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Abstract

We have investigated systematically the angular dependence of resistivity p(9), 

where 9 is the angle between the magnetic field and the ab-planes, and the tem

perature dependence of resistivity p(T) over a temperature range between T̂ a and 

Tc-onset within the superconducting transition in an applied magnetic field B up to 

1 T in a series of Y B a2Cu^07s  (YBCO) thin films both optimally doped and un

derdoped of different Tc, critical current density Jc, film thickness, and preparation 

techniques. The angular dependence of p was measured using a high resolution angle- 

control system with the angular position of the sample accurately monitored by an 

optical encoder. Our studies were concentrated on four different important properties 

of p(9) and p(T): Tc dependence of the normal state resistivity, pinning by planar 

defects (twin boundaries) close to Tc, variation of anisotropy factor 7 , and phase-slip 

resistivity.

1. The studies of the normal state resistivity revealed an upward deviation in p(T) 

from the high temperature T-linear dependence below a certain characteristic 

temperature T*. This upward deviation increases with an increasing oxygen 

content (optimally doped films show the largest upward deviation and the high

est T*).

2. For a few YBCO films, investigation of p{9) for the angular range 0 — 180° 

revealed a minimum in p(9) near 9 = 90° (B || c-axis) which was attributed 

to magnetic pinning by twin boundaries (TB’s). However, the majority of the 

films display a broad maximum around 9 = 90° similar to that observed in 

untwinned YBCO single crystals. The presence of a minimum in p{9) for B || c- 

axis is not related to the magnitude of Jc. This minimum is present only in films 

that were deposited very slowly, thus allowing the growth of crystallographically 

well-defined and sharp TB’s.

3. p(9) measured for B close to 9 =  0° (B || ab-planes) for both B || J  and B L  J  

(where J  is the current density) revealed a sample dependent variations in the
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shape and width of the minimum at 9 — 0°, from a flat to a very sharp behavior. 

The results of scaling of p{9) with the reduced field B(y~2 cos2 6 +  sin2 9) l 2̂ 

allowed a quantitative determination of the value of the intrinsic anisotropy 

factor 7 which varies between 7 and 400, and is independent of Tc, film thickness, 

or Jc. The sharper the minimum in p(Q) at 9 = 0° the larger is the anisotropy. 

For highly anisotropic film (7 ~  400), p{9) showed an identical behavior for 

B || J  and B ±  J. The large variation in 7 could be attributed to the ’’buckling” 

of the CuC>2 planes.

4. For a 2D-like highly anisotropic (7 ~  400) film, the measurements of p revealed 

a resistive maximum in p{9) at 9 =  0° over a narrow temperature range below 

Tc-onset. The width of this maximum decreases with an increasing B. A cor

responding maximum has been observed in p(T) at temperatures just below Tr 

onset. The resistivity of the maximum is higher than the normal state resistivity 

at Tc onset. The maximum in p(T) is almost independent of the magnitude of 

magnetic field applied along the ab-planes. However, the resistivity at the max

imum is dramatically reduced when B is rotated from the ab-planes towards the 

c-axis. The maxima in p(T) and p(9) at 9 =  0° also decrease with an increas

ing applied current density. The data imply that the resistive peaks in p(T) 

and p(9) originate from the thermally activated phase-slip voltage according to 

theories of Langer-Ambegaokar and McCumber-Halperin.
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the sample-dependent variation of (jypB..................................................... 84
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4.5 (a) Normalized angular dependence of resistivity p/pm0i  =  p(<f>)/p{4>t b )

measured at different temperatures close to Tc onset, and over a small 

angular range between -50° and +50° in a constant field for film 7 

(with a minimum near 0 =  0°). The minimum (due to TB’s pinning ) 

in p(<f>) can be seen up to 85.42 K, but it disappears completely at 85.53 

K. (b) Resistivity and its temperature derivative dp/dT measured as a 

function of temperature near the transition (between 83 and 96 K) in a 

constant field B || c-axis. The temperature Tt b =85.5 K, at which the 

minimum in p((j>) disappears completely, marks the onset temperature 

of TB’s pinning. Note that dp/dT  did not show any steep upturn or 

shoulder as observed in YBCO single crystals................................  87

4.6 (a) Normalized angular dependence of resistivity p/pmax =  p{.4>)/p{0°)

measured for different temperatures close to Tc in a constant field for 

film 3 (with a maximum in p{4>) near 0 =  0°). (b) Resistivity and its 

temperature derivative dp/dT measured as a function of temperature 

near the transition (between 87 and 96 K) in a constant field B || c- 

axis. Note that dp/dT did not show any noticeable difference from

that shown by film 7 (with a minimum in p{4>)) [see Fig.4.5(b)]. . . .  89

4.7 (a) The accommodation angle (f>rB, calculated from Fig.4.3, as a func

tion of the reduced temperature T /T c at a constant field for films 5 

(open circles) and 7 (solid circles). 4>tb  is defined as the half of the 

angular width between the two resistivity maxima surrounding the 

minimum in p(<f>) [see Fig.4.4]. The solid lines are guides for the 

eye. (b) The normalized depth, calculated from Fig.4.3, as a func

tion of the reduced temperature T /T c at a constant field for films 5 

(open circles) and 7 (solid circles). The normalized depth is defined 

as Ap/p(<^re) =  [p{4>t b ) — p{®a)\!p{4>t b )- Note the linear decrease of 

Ap/ p(<I>t b ) with temperature for both films. The solid lines are the 

linear fits to the experimental data................................................... 92
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4.8 Angular dependence of resistivity p(<f>) measured for fields of 0.59 T 

and 0.86 T at 84.34 K for film 5 (a) and at 84.43 K for film 7 (b).

Note the difference between the width (2 foe)  and the depth [p(<£tb) — 

p(O°)]/p(0tb) °f the minimum between these films, (c) Normalized 

angular dependence of resistivity p/pmax =  p(0)/p(0tb )  measured in 

four different fields at a constant temperature of 84.34 K for film 5. The 

width of the minimum ( 24>tb) and the normalized depth, [p(<Are) -  

p(0o)]/p(<^ra), are increasing with a decreasing field. The inset shows 

the experimental configuration where B is rotated off the c-axis and

B _L J ............................................................................................................ 94

4.9 (a) The accommodation angle as a function of field, calculated from 

Fig.4.8, at a constant reduced temperature for films 5 (solid circles) and 

7 (open circles), (b) The normalized depth [p(^re) — p(Q0)]/p(<I>t b ), 

calculated from Fig.4.8, as a function of magnetic field at a constant 

reduced temperature for films 5 (solid circles) and 7 (open circles).

Both the accommodation angle and the normalized depth decrease 

with an increasing field for both films. The solid lines are guides for
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4.10 Twin boundary pinning energy per unit length Up (calculated from 

Eq.4.3 and the data in Fig.4.7(a) (see text) as a function of T /T c at a 

constant magnetic field for films 5 (open circles) and 7 (solid triangles).

The lines are guides for the eye.................................................................  98

5.1 (a) A semi-log plot of the temperature dependence of resistivity for four

YBCO thin films of different Tc (see Table 5.1) measured in a zero mag

netic field, (b) the corresponding normalized resistivity [p/p(100/<’)] 

as a function of the normalized temperature (T/Tc).......................  110
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5.2 (a) Two configurations of B with respect J that were used during 

the measurements of the angular dependence of resistivity p(9) in a 

magnetic field: B is rotated in a plane parallel to both J and the c- 

axis (left side), or B is rotated in a plane parallel to the c-axis but 

perpendicular to J (right side). A semi-log plots of the resistivity as 

a function of temperature measured in B=0 and B=0.68 T for film 1 

(b) and film 3 (c). The measurements in B=0.68 T  were carried out 

for three different orientations of B relative to J : B  || J (with B || 

ab-planes, i.e 0 =  0°), B i .  J (with B || ab-planes, i.e 0 =  0°) and B || 

c-axis (with B _L J, i.e 0 =  90°). Note that the shift in Tc between the 

(B ±  J ||) ab-planes and B || c-axis orientations for film 1 is about

1.0 K and that for film 3 is about 1.7 K...................................................... I l l

5.3 A semi-log plots of the resistivity as a function of temperature mea

sured in B=0 and B=0.68 T for film 2 (a) and film 4 (b). The mea

surements in B= 0.68 T were carried out in three different orientations 

of B relative to J : B || J (with B || ab-planes, i.e 0 =  0°), B ± J 

(with B || ab-planes, i.e 0 =  0°) and B || c-axis (with B 1  J, i.e 

0 =  90°). Note that the shift in Tc between the (B J_ J ||) ab-planes 

and B || c-axis orientations for film 2 is about 2.0 K and that for film 

4 is about 3.0 K. Notice also the overlap of the data for film 4 for the 

three configurations: B || J, B ±  J, and B=0 T ..................................  112

5.4 Angular dependence of resistivity p(0) for 9 between —8° and 8° for four 

YBCO thin films of different Tc , measured in an applied magnetic fields 

of 0.68 T for B J_ J at a fixed reduced temperature {T/Tco =  0.990) 

for all films. The graph shows that the width of the minimum in p(0) 

decreases with a decreasing resistivity, with the sharpest minimum 

(smallest width), for film 4, corresponding to the lowest resistivity.

Note that there is no correlation between the width of the minimum

and Tcq. The lines are guides for the eye..................................................  114
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5.5 Normalized angular-dependent resistivity [p/ p{W°)blj\ as a function 

of 9 for B || J and B J_ J orientations, at a fixed reduced temperature 

T /T c =  0.994 and in a field of 0.68 T for films 1 (a) and 3 (b). While 

film 1 displays a flat minimum in p(9) and a small i y ^  ratio of 

0.25, film 3 has a sharper minimum and a larger ratio of 0.5.

The lines are guides for the eye.................................................................  116

5.6 Normalized angular-dependent resistivity [p/ p(10°)b\.j\ as a function 

of 9 for B || J and B 1  J orientations, at a fixed field of 0.68 T 

and a reduced temperature T /T c =  0.990 for film 2 (a) and a reduced 

temperature T /T c =  0.996 film 4 (b). Note the sharp minimum in p(9) 

and the overlap of data of p{9) for B || J and B _L J orientations for 

film 4. The ratio is 0.5 for film 2, and 1.0 for film 4. The lines

are guides for the eye.................................................................................. 117

5.7 A semi-log plot of resistivity versus angle 9 for film 4 for several tem

peratures near T& in a field of 0.68 T for B ±  J orientation. An 

identical behavior of p(9) has been observed for B || J orientation.

29C represents the width of the minimum at FWHM. This width de

creases with an increasing temperature from 3.2° at T=81.23 K to 2.0° 

at T=81.63 K. The drop in resistivity defined as p(0°)/p(5°) increases 

with an increasing temperature from about 8% at T=81.23 K up to 

about 19% at T=81.63 K...........................................................................  118

5.8 A semi-log plot of resistivity versus the angle 9 measured for different 

applied magnetic fields at a temperature of 89.42 K for films 1 (a) 3 

(b). The solid lines represent a fit to the equation p(9) = p(0°)(cos2 9 +

72 sin20)1/2 for p(9) at different fields (see text). While film 1 displays 

a flat minimum at different fields (a), film 3 shows a sharp minimum 

with a width that decreases with an increasing magnetic field (b). . . 121
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5.9 p(0) measured in different fields for B || J orientation at T=89.42 K, 

as a function of the reduced field B (j~2 cos2 6 +  sin2 0)1/f2 for films 

1(a) and 3(b) (see text). The insets show a semi-log plot of resistivity 

p(0), before scaling, for different magnetic fields B at T=89.42 K. The 

scaling gives a 7= 8.2 for film 1 and 34.6 for film 3. The lines are guide
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5.10 (a) A semi-log plot of p(0), measured in different fields for B || J orien

tation (at T=79.73 K), as a function of the reduced field B(-y~2 cos2 6+ 

sin2 0)1/2 for film 2 (see text). The inset shows a semi-log plot of resis

tivity p(0), before scaling, for different magnetic fields B at T=79.73 

K. (b) A semi-log plot of resistivity p(0) for different magnetic fields 

B for B || J orientation, for film 4 at T=81.43 K.(c) the corresponding 

scaling behavior, of p{0) in (b), as a function of the c-axis component
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5.11 (a) Replot of Fig.5.10(c) on a log-log scale (positive angles only).
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5.12 x-ray diffraction spectrum using Cu Ka radiation of an average wave
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6.1 (a) Two configurations of B with respect J  that were used during the 

measurements of the angular dependence of resistivity p(9) in a mag

netic field: B is rotated in a plane parallel to both J  and the c-axis 

(left side), or B is rotated in a plane parallel to the c-axis but perpen

dicular to J  (right side), (b) Temperature dependence of resistivity for 

YBCO thin film measured in a field of 0.68 T  at different orientations 

and in a zero field. Region I denotes a temperature range over which 

p(0) displays a minimum at 9 =  0° (B parallel to the ab-planes) [see 

Figs.6.2(a) and 6.3(a)]. Region II denotes a temperature range over 

which p{9) displays a maximum at 9 =  0° [see Fig.6.3(b)]. A minimum 

in p{9) at 9 =  0° was again observed for the temperature range of 

83.5-84.0 K. For B  parallel to the ab-planes, a maximum in p(T) at 

T=83.25 K was observed. It is independent of the magnitude of B for 

B || J . For B -L J  this maximum increases with B. Note the absence

of the maximum when B is oriented along the c-axis............................. 151

6.2 (a) Angular dependence of resistivity for YBCO film, at different tem

peratures between 81.43K and 82.23K in a field of 0.68 T for both 

B || J  and B J_ J  configurations, which reveals a minimum in p(9) at 

9 =  0° (B parallel to the ab-planes). Identical behavior of p(0) can 

be observed for both field orientations with respect to J  (B || J  and 

B -L J). (b) The corresponding angular dependence of p measured as 

a function of the magnitude of B at a temperature of 81.43 K for the 

B || J  orientation. An identical behavior has been observed for B J. J  

orientation....................................................................................................  153

6.3 Angular dependence of resistivity in a field of 0.68 T, measured as a 

function of temperature from 82.52 K up to 83.23 K. Note the change of 

p(9) at 9 =  0° from a minimum at low temperatures (T < 82.82K')(a)

to a maximum at higher temperatures (b)...............................................  154
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6.4 (a) Temperature dependence of the peak height, defined as Ap  =  

p(0°) — p(5°), in p(9) seen in Fig.6.3. (b) Angular dependence of resis

tivity p{9) in a field of 0.68 T, measured over an angular range between 

—30° and 210° at a temperature of 83.23 K. Note the resistive peaks 

at 9 =  0° and 9 =  180° (B parallel to the ab-planes) which are about

30% higher than the maximum at 9 = 90° (B parallel to the c-axis). . 155

6.5 Angular dependence of resistivity p(0) for 9 between —5° and 5°, mea

sured for different applied magnetic fields at a fixed temperature of 

83.13 K. (a) the data for B ±  J  orientation where p(9) increases with 

an increasing B for | 9 |<  1° but decreases with an increasing B for 

| 9 |> 1°. (b) the data for B || J  orientations; p at 9 = 0° is almost 

independent of B. Note the decrease of p{9) with an increasing B for

| 0 |> 0.5°......................................................................................................  157

6.6 (a) Comparison of p{9) measured for B _L J  and B || J  orientations 

in a field of 0.68 T at a temperature of 83.13 K. Note that for B || J  

orientation p(0) decreases faster with an increasing | 9 | than that for 

B _L J  . Comparison of the peak height A p  =  p(0°) — p(5°) (b) and 

the peak width (FWHM) (c) measured as a function of B for B .L J
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6.7 (a) Angular dependence of resistivity p{9) measured as a function of 

an applied current density J over an angular range of -5° and 5° (for 

B=0.68 T and T=83.03 K ). Note that the maximum observed at 9 =  0° 
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6.8 Temperature dependence of resistivity p(T) measured as a function 

of an applied current density J for B || J  orientations in a field of

0.68 T. At a temperature of 83.19 K a maximum in p(T) is seen.

The resistivity at the maximum decreases with an increasing J (see 

the inset), (b) Angular dependence of resistivity p{6) measured at 

different temperatures higher than 83.03 K over an angular range of 

—5° and 5° (in a field of 0.68 T). When the temperature is increased 

towards Tc onset, the maximum at 6 =  0° is converted to a minimum.

The minima at temperatures of 83.63 K and 83.83 K are shown on an 
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6.9 Scaling of p(0), measured for different fields for the B || J  orienta

tion (at a temperature of 81.43 K), as a function of the reduced field 

J3(7- 2cos20 -t-sin2#)1/2 for 7 =  16 (a) and 7 = 40 (b). (c) the corre

sponding scaling behavior of p{6) as a function of the c-axis component
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Chapter 1

Introduction and Theoretical 

Background

Many of the unusual properties of high temperature superconductors (HTSC) stem 

from large anisotropy caused by the layered structure, and from extremely short co

herence length and prominent fluctuation effects associated with the high transition 

temperature of cuprates. Large anisotropy reveals itself in resistivity, upper critical 

field Hc2, and critical current density measurements. Moreover, it has been recog

nized both experimentally and theoretically that the normal state of HTSC exhibits 

an extraordinary behavior above Tc, due to the nature of the characteristic excita

tions in the normal state, which however still remains unresolved. Therefore, proper 

understanding of the normal state is an essential first step towards the explanation of 

the fundamentals of the mechanism of high temperature superconductivity. Investi

gations of the normal state have involved so far a wide variety of electrical, magnetic 

and optical studies.

We have focused our attention on a few important aspects related to the intrinsic 

anisotropy obtained from scaling rules, superconducting fluctuation effects at tem

peratures between Tc(p =  0) and the onset Tc, and on the normal state resistivity in 

YBCO thin films. These are described in detail in the next section.

1
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1.1 Motivation and goals

There has been a huge amount of published data related to the measurement of the 

angular dependence of the in-plane resistivity in a magnetic field on HTSC. The 

purpose of most of these measurements was to investigate the dissipation mechanism 

in these materials. Many groups have reported that when both the magnetic field 

B and the current density J  are oriented along the C u02 planes, the resistivity p 

of some samples either does not change with the variation of an angle 0 between B 

and J  or changes only very slightly. An important question that has been raised: is 

this a Lorentz-force free dissipation? Normally in order to extract contributions from 

the Lorentz-force-driven dissipation for an applied current and field in the ab-planes, 

the resistivity measurements have to be performed for two configurations, B || J  and 

B J_ J , and the results have to be compared. When the flux lines are drifting with 

velocity v i ,  due to the macroscopic Lorentz force (J x B), flux-line motion generates 

an electric field E = B x v t  along the direction of the current J . In an ideal flux- 

flow, the flux line velocity v ,̂ is determined by the balance between the Lorentz force 

and the viscous drag force, J  x $  =  tjvl, where $  is the total magnetic flux and 77 

is the viscosity coefficient. Then v i  =  [J $ /t]) sin 0 and the corresponding angular 

dependence of resistivity is p(0) =  (BQ/rf) sin2 0.

Although, in principle the angular dependence of resistivity p(0) should follow this 

simple formula for the Lorentz-force-driven dissipation, many experimental findings 

appear to contradict it. For the case of YBCO, this could be due to an additional twin 

boundary contribution to the resistivity [1, 2], which superimposes on the intrinsic 

resistivity. As a result, an angular dependence of resistivity with additional terms, 

P = Pq + Pi sin2 0 + P2 sin2 20, has been proposed, where p0, Pi, and P2 are constants 

[1, 3]. A sharp minimum in the resistivity due to twin boundary pinning has been 

observed, when the magnetic field is oriented close to the twin plane [1, 2]. Such a 

sharp minimum was observed only in high quality twinned single crystals but has not 

been seen in impure single crystals or in as-grown thin films. [3, 5]. Moreover, the 

simple Lorentz-force dependent dissipation mechanism does not apply to the case of

2
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BSCCO whose resistivity p(8), where 0 is the angle between the field direction B and 

the ab-planes, shows an extremely sharp angular dependence when B is very close 

to the ab-planes. Iye et. al [3], using a high resolution angular system to measure 

the in-plane resistivity p(9) for BSCCO confirmed that for rotation of B off c-axis, 

p{9) is independent of the plane of rotation with respect to the current. However 

for YBCO, the same group observed the dependence of p{9) on the relative angle 

between the applied current and field. Kwok et. al [4] performed a measurement 

of the angular dependence of resistivity very close to the ab-planes on YBCO single 

crystals. A sharp minimum in p{9) was observed when the field was rotated in a plane 

perpendicular to the current whereas a flat minimum of p{9) was detected when the 

field was rotated in a plane parallel to the current direction.

If one compares the experimental results for p(9) in YBCO (small anisotropy) with 

that for BSCCO (very highly anisotropic and approaching the 2D-limit), one could 

notice that the contributions of the non-Lorentz-force mechanism to the resistivity 

become more significant in systems with higher anisotropy. In addition, the presence 

of a sharp minimum in p{9) for YBCO could also suggest that in some cases the 

anisotropy of this compound is much higher than previously assumed value (typical 

value of 7 «  7 for optimally doped YBCO). These experimental results could also 

imply that the angular dependence of resistivity may partially originate from the 

Lorentz-force-free dissipation mechanism.

These experimental findings and ideas have motivated us to carry out the system

atic studies of the angular dependence of resistivity in YBCO thin films with a focus 

on the following experiments:

1. Investigation of the intrinsic anisotropy in YBCO thin films. Is a value of 7 «  7 

a universal one in optimally doped YBCO films or is it much higher in some 

cases?

2. Investigation of the difference between the angular dependence of resistivity 

measured for two different orientations of B versus J , i.e B 1  J  (where the 

field is rotated in a plane perpendicular to the current) and B || J  (where the

3
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field is rotated in a plane parallel to the current). Is this difference related to 

the anisotropy or not? These ideas originated from the fact that for highly 

anisotropic HTSC like BSCCO, p(0) for B X J  and B || J  is identical [3].

3. Investigation of how effective is the twin boundary pinning in YBCO thin films. 

Motivation for these studies stemmed from the experimental fact that a sharp 

minimum in p{9) (which was attributed to twin boundary pinning) has been 

observed only in high quality twinned YBCO single crystals but not in thin 

films [3, 5].

An unusual behavior of p(T) and p{0) has been observed close to the Tc onset in 

highly anisotropic HTSC. Remarkable sharp peaks have been seen in the temperature 

dependence of resistivity just below Tc onset and in p{0) for magnetic field rotations 

very close to the ab-planes in BSCCO [6, 7, 8], LCCO [9], TBCCO and organic 

superconductors [7]. These resistive peaks are much larger than the normal state 

resistivity at Tc onset and they decrease with an increasing applied magnetic field 

and (or) an applied current. The presence of such peaks has been interpreted as due 

to a quasireentrant superconductivity resulting from an intrinsic granularity of the 

HTSC. In thin wires of conventional superconductors like aluminium (Al) [10,11, 12], 

the temperature dependence of resistivity has also been found to exhibit a similar peak 

below Tc onset, whose magnitude decreases with an increasing applied current. The 

peak in p(T) of Al wires has been attributed to the phase-slip induced resistivity.

It has been argued [7] that in HTSC the presence of such peaks in p{6) close to Tc is 

a result of quasi-2D nature and very high anisotropy of these materials and therefore 

this could explain why such peaks have never been reported in moderately anisotropic 

superconductors like YBCO [7]. Motivated by these experimental observations we 

have decided to investigate the temperature and angular dependence of resistivity 

very close to Tc in YBCO thin films in order to:

1. Verify the existence of these resistive peaks in p(T), at different magnitudes 

and directions of the applied field, and in p(6) for angles 6 very close to the

4
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ab-planes.

2. Find the relationship between the resistive peaks and the intrinsic anisotropy 

of YBCO thin films. Are these peaks associated only with high anisotropy as 

it was suggested [7]?

3. Investigate the origin of this dissipation, which is much larger than the normal 

state resistivity.

Another important experimental observation that has attracted our attention is 

related to the peculiar properties of the normal state of HTSC. For many HTSC, 

the temperature dependence of resistivity p(T) exhibits a deviation from the T-linear 

dependence at temperatures T* Tc. For most underdoped cuprates, a downward 

deviation of p(T) from its high temperature T-linear behavior has been observed at 

temperatures T* < 200K. The downward deviation increases with a decreasing oxy

gen content. This phenomenon was attributed to a spin-gap opening [13, 14]. On 

the other hand, an unusual upward deviation from the T-linear dependence has been 

reported in BSCCO (2212), BSCCO (2223) [15], and in Nd doped La2- xSrxCuOi

[16] at temperatures well above Tc. The upward deviation was attributed to a struc

tural transformation and a charge ordering in the stripe phase [15]. Observations 

of an upward deviation in p(T) in some HTSC, stimulated our investigations of this 

phenomena in YBCO thin films both optimally doped and underdoped. We have 

focused on the following experiments:

1. Investigation of the presence of the upward deviation in YBCO thin films. How 

is it related to the oxygen content, Tc, thickness, and other properties of YBCO 

thin films?

2. Investigation of the origin of this unusual behavior. Is it an intrinsic property 

of the temperature dependence of the normal state resistivity? How is it related 

to the sample disorder?

5
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Josephson string

Figure 1.1: Schematic diagram of the structure of a single flux line in a strongly
anisotropic superconductor. The vortex line can be viewed as an array of pancake 
vortices located in the superconducting Cu02 layers connected by Josephson strings 
(located between the layers).

We studied the anisotropy in YBCO thin films with the help of the scaling laws 

for p(0) in different magnetic fields. Kes et al. [17] proposed a model which can be 

applied to highly anisotropic 2D HTSC like BSCCO. In this model, the flux line is 

no longer a straight line in the sample, but instead it transforms to vortex pancakes 

in the superconducting C u 0 2 planes connected by Josephson strings located between 

the C u02 planes (see Fig. 1.1). The essential driving force originates from the per

pendicular component of the applied field acting on the pancakes only, whatever the 

field direction may be. According to this model, the angular dependence of resistiv

ity should follow the scaling behavior B  sin0 (vertical component of the field) [17]. 

The scaling behavior can be extended to 3D anisotropy (less anisotropic materials ) 

by including the anisotropy parameter 7 and using the 3D GL-effective mass model 

Breduced =  B (j~2 COS2 6 +  sin2 0)l/2.

6
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Our experimental results and discussions are presented in the next few Chapters 

with the following sequence: In Chapter 2, the experimental setup, experimental 

procedure, sample preparation and sample characterization are discussed. Our ex

perimental results regarding an upward deviation from the T-linear dependence in 

normal state resistivity are presented in Chapter 3. Studies of twin boundary pinning 

effects in YBCO films using the angular dependence of resistivity are presented in 

Chapter 4. Important results of ours regarding the anisotropy in YBCO films using 

the scaling rules and the ”lock-in transition” are discussed in Chapter 5. Finally, 

our major results which shows the presence of sharp resistivity peaks just below the 

Tc-onset and our interpretation using the phase-slip model are presented in Chapter 

5. The material of this thesis is presented in a scientific paper format, where each 

chapter includes its own introduction, experimental results, discussion, followed by a 

summary, conclusions, and references.

In the following sections of this Chapter we present theoretical models related to 

the above issues. In the next section, the issue of layered structure of the HTSC 

cuprates and the corresponding anisotropy is discussed from the point of view of the 

2D Lawrence-Doniach and the 3D Ginzburg-Landau models with emphasis on a 2D- 

3D crossover. Then, anomalous normal state properties of HTSC are discussed. In the 

last section, we present some theoretical models which describe the superconducting 

fluctuation effects.

1.2 Layered superconductors and anisotropy

1.2.1 The Lawrence-Doniach model

In this model [18], layered superconductors are treated as a stacked array of two 

dimensional (2D) superconductors (within each the GL order parameter ipn(x,y) is 

a 2D function), coupled together by Josephson tunnelling between adjacent layers. 

This model reduces to the anisotropic 3D GL theory for Iong-wavelength phenomena 

which dominate near Tc, but it can give rise to different results for short-wavelength

7
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phenomena at lower temperatures after effectively crossing over to 2D behavior.

Following the conventional GL theory notations, the model can be defined in terms 

of a free-energy expression for the stack of layers. The layers define the ab-planes and 

the c-axis is normal to them. One could take z as the coordinate along c-axis, with s 

as the interlayer distance, and x, y as coordinates in the planes. Then omitting the 

vector potential for simplicity, the free energy can be written as

= £ / ‘*W ’ + i « * J 4 + £ (
dip„
dx +

dlpn
dy )

+
2 mcs"rIV’n - V ' n - l l 2 ( 1 .1 )

where the sum runs over the layers and the integral is over the area of each layer, a  

and /? are constants introduced by the GL theory, and m ab and mc are the effective 

charge carrier masses along the ab-planes and c-axis, respectively (for simplicity, the 

relatively small anisotropy in the ab-planes has been ignored). The z-derivative has 

been replaced by the finite difference form which is appropriate to a discrete system. 

Minimizing Eq.1.1 with respect to a variation in -0 *, one obtains the LD equation for 

Tpn-

+ P\tpn\*1pn ~
QfTlab

( d 2 d2 \  , 
U x 2 + dy2 )  * n 2 TTlrS-; ( lpn+l  ~ 2 l p n  + l l > n - l )  = 0  ( 1 .2 )

Note that the last term is the discrete form of the second derivative.

1.2.2 The anisotropic Ginzburg-Landau limit

The free energy expression of Eq.1.1 can be reduced directly to a GL form in the 

long-wavelength limit where the variation along the z is smooth enough to replace 

(ipn -  ipn_ i)/s  by dip/dz. In this limit Eq.1.2 reduces to

+̂  “ y  (v - fcA) ■ Q ) ■ (v “ %A) *=0 (L 3 )

where the vector potential term was inserted and now both V and A are 3D 

quantities and m  is the mass tensor with principal values (ma6, mab, mc). If the 

interlayer coupling is weak, then mc »  mab.

8
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The mass anisotropy causes the coherence length f  to be anisotropic. The GL 

coherence length can be generalized to include the effect of anisotropy as:

(1 '4)

where the subscript i refers to a particular principal axis. According to the GL 

theory a(T) is isotropic and proportional to (T — Tc), which implies that £ diverges 

like |T  — Tc|~1/2. Hence, sufficiently close to Tc, ip will vary smoothly to justify this 

continuum GL approximation.

The mass anisotropy affects the shape of the vortex line in a superconductor. For 

example, consider an Abrikosov vortex in a sample with the magnetic field along the 

a-axis. In an isotropic superconductor, this vortex would have a circular symmetry. 

In an anisotropic superconductor, however, the core radius along the plane direction 

will be tab, whereas the core radius in the c direction will be fc £a6. On the other 

hand, the flux-penetration radius will be Ac along the plane direction, whereas it will 

have a smaller value A i n  the c direction. Thus, both the core and the current 

streamlines confining the flux are flattened into ellipses with long axes parallel to the 

planes (b axis), as shown in Fig.1.2.

The anisotropy of the upper critical field in this GL regime can be worked out. 

Since Hc2 =  <pQf  27t£2 (where <pQ =  h/2e is the flux quantum) is determined by vortices 

of current flowing in a plane perpendicular to the field, the relevant values of are

those for the two axes perpendicular to the field direction. For field along the two

distinct principal axes, we have

Hc2\\c = <Po/2ngb (1-5)

Hc2\\ab =  0o/2* « c  (1-6)

so that HC2\\ab >  HC2\\c since »  fc. But because Hcl ~  1/A2, which is inversely 

related to l /£ 2, the anisotropy in Hcl will be inverse to that for Hc2; i.e., ifci||aft <  

#ci||c- Based on the above equations and relations one could define the conventional

9
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Figure 1.2: Schematic diagram of the cross-section of a vortex along the a-axis
in an anisotropic superconductor. The anisotropy parameter is expressed as 7 =

_ y /2 =  =r me______
J âb

dimensionless anisotropy parameter 7 as

/y  =  f  7110 ^  l/ /2  —  _  f s *  _  ( Hc2\\ab  \  _  f  f l e l l l c  \  q  j \

\TTlab' ^ab  £ c  \  H C2\\c )  \ ^ c l \ \ a b  /

The anisotropy parameter 7 is approximately 7 for YBCO and >  150 for BSCCO. 

This anisotropy is one of the decisive factors in making the HTSC act differently from 

the conventional superconductors.

Within the anisotropic GL approximation, the angular dependence of Hc2 can be

written as

Hc2^  (cos2 0 + 7 " sin2 0)W  ^ '8)
where 8 is the angle between the magnetic field and the ab-planes.

1.2.3 Crossover to two-dimensional behavior

Very close to Tc, £C(T) «  £c(0)(l -  T /T c)~1̂ 2 will always be large enough to justify 

the GL approximation discussed in the previous section. But as the temperature

10
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decreases, £C(T) decreases until it becomes smaller than the interlayer distance s. 

Below this distance the smooth variation assumption used to obtain the GL limit 

(Eq.1.3) will break down at some temperature T*.

This leads to a criterion usually adopted to go from a continuous anisotropic to 

a discrete layered description. This criterion is related to the magnitude of the co

herence length along the c-axis £c with respect to the interlayer separation s which 

can be expressed by the dimensionless ratio r  =  2^(0 ) /s2. The ratio r  character

izes the crossover from a quasi-2D layered to a continuous 3D anisotropic behavior. 

For a large coherence length £c(0), 1, the continuous description is always ap

propriate. On the other hand, for a small r  <  1, a crossover will take place at a 

temperature T* =  (1 — r)Tc < TCl where the system behaves in a quasi-2D manner 

at low temperatures below T * and exhibits 3D anisotropic behavior above T* [20]. 

In a field strictly parallel to the layers and at T  < T* the vortex cores lie between 

the layers, and each layer, treated as a 2D superconductor of zero thickness, has an 

infinite critical field. This unphysical infinity is eliminated by taking into account 

the finite layer thickness, pair breaking due to Pauli paramagnetism, and spin-orbit 

coupling effects [19]. In general, a  continuous anisotropic description is appropriate 

to YBCO over a wide temperature range, whereas the more strongly anisotropic Bi 

and T1 compounds belong to the class of materials with r  <  1, and therefore the 

LD model applies. In fact, BSCCO crosses over to 2D behavior at a temperature 

approximately 0.1 K below Tc in fields exactly parallel to the ab-planes.

1.3 Intrinsic pinning

Intrinsic pinning in oxide superconductors is a consequence of the layered structure 

of these materials, with strong superconductivity present in the metallic CuO^ planes 

and only weak or vanishing superconductivity in the intermediate buffer layers. There

fore the superconducting order parameter and, the condensation energy are expected 

to exhibit strong oscillations with period s, the interlayer distance. If the magnetic

11
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field B is aligned parallel to the ab-planes (y-axis), the vortex lattice tries to accom

modate itself to the layer structure so that the vortex cores come to lie in between the 

strongly superconducting C 11O2 planes. A current density J  (applied parallel to the 

x-axis) flowing along the planes will exert a Lorentz force on the vortices which point 

along the c-axis (z-axis). In order to move, the vortices have to cross the strongly su

perconducting layers, which involves a large expenditure of condensation energy, thus 

creating the intrinsic pinning barriers. Note that a current density running along 

the c-axis will push the vortices to move along the planes (x-axis) where no barriers 

are inhibiting the flow. In this case, point defects are essential for producing a finite 

critical current density [20].

The first quantitative analysis of intrinsic pinning in layered superconductors was 

introduced by Tachiki and Takahashi [21]. In their model the modulus of the order 

parameter ^  =  /ex p (i0 ) is assumed to exhibit a periodic spatial variation of the 

form

f{z) = fo + f i  cos2tt- , 0 < f i  < f 0 (1.9)s

The strength of the coupling between the layers is parameterized by the ratio 

S =  fi/fo -  A vortex running parallel to the planes (y-axis) and located at a height 

z = zQ will modify the order parameter according to

fv(r, zQ) = f(z )  tanh G)
1 /2

( 1.10)

where e = 72 is the anisotropy of the system. This modification leads to a periodically 

changing cost in the condensation energy density (//^ /87t){1 -  [fv{r,Zo)/f{z)]2}- A 

simple integration in the xz-plane provides the intrinsic pinning potential uin.

1.4 Twin boundary pinning

Since YBCO has an orthorhombic crystal structure, in which the a and b directions 

in the plane are not exactly equivalent, twin planes are a prominent form of defect 

in this material. Twin planes are parallel to the (110) and (110) lattice planes and

12
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and they form separate domains in which the a and b directions interchange roles. 

Because point defects and impurities accumulate along a twin boundary and weaken 

the superconductivity there, it will attract vortices. Moreover, because of its extended 

planar structure, the pinning acts in a coherent rather than a random way on a flux 

line lying in the plane, making the pinning unusually effective. In this case, the 

Larkin-Ovchinnikov collective pinning model [22] is not appropriate.

The first observations about the effect of twin boundaries on pinning of vortices in 

YBCO were made by Vinnikov et al. [23] and by Dolan et al. [24]. In their decoration 

analysis of the low-field vortex structure, the attraction of the vortices to the twinning 

planes manifests itself directly in a higher concentration of flux lines within the twin 

planes in comparison to that in the bulk. The attraction of the vortices to the 

twin boundaries produces a variety of interesting effects, such as vortex trapping and 

locking when the field is rotated towards the direction of the twin boundary planes, 

and an enhanced pinning for vortex motion orthogonal to the twin planes.

Not only are the vortices attracted to the twin boundaries; their motion along the 

twin planes seems to be influenced by the twin boundaries as well. In particular, for 

both the field and the current density directed along the ab-planes (i.e., the Lorentz 

force and hence the vortex motion directed along the c-axis) the motion of the flux 

lines appears to be more strongly hindered than in the bulk, an effect which was at

tributed to the presence of enhanced pinning within the twin planes. This conclusion 

can be drawn from the experiments of Kwok et al. [4], who observed a sharp (~  5° 

wide) drop in resistivity close to Tc when the magnetic field is aligned with the twin 

boundaries. The same conclusion can be obtained from the torque experiments of 

Gyorgy et al. [25] and from the magnetization experiments of Liu et al. [26] who 

observed an increase in the critical current density within the glass regime whenever 

the field is directed along the twinning planes. On the other hand, for a magnetic field 

directed along the c-axis, experiments of Duran et al. [27] suggested that the pin

ning along twin boundaries is reduced. This conclusion was based on the analysis of 

real-time imaging experiments of flux profiles, which suggest that the twinning planes
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provide favorable channels for flux penetration into the sample. However, magneto

optical experiments by Vlasko-Vlasov et al. [28] show that the twin boundaries act 

as obstacles to the flux entering the sample, leading to an accumulation of vortices 

along one side of the twinning planes and a depletion on the other. Whereas some 

flux enters the sample through a narrow channel along the twin boundary potential 

well, their main effect is to guide the vortices on one side of the twin planes into the 

sample.

Thus it appears that vortices trapped in the potential well of a twin boundary 

and moving along the twin planes experience an enhanced pinning in some cases, 

but a reduced pinning in others. Due to the reduction of the order parameter in the 

twin plane (which follows from the observed attraction of the vortices to the plane), 

the vortex core is elongated along the plane [29], and hence the pinning is reduced. 

On the other hand, thermal fluctuations (which are particularly important in HTSC) 

leading to a smearing of the pinning potential a t high temperatures, are reduced 

when the vortex is trapped in the potential well of the twin boundary, causing an 

enhanced pinning force in the planes. Whereas the thermal effect should be dominant 

at high temperatures, reduced pinning may be more relevant at low temperatures. 

The direction of motion (along or perpendicular to the c-axis) may influence the result 

as well, since in one direction (along the c-axis) the intrinsic pinning potential of the 

layered structure is relevant.

Enhanced pinning by twin boundary can be understood as a two-step process: 

Consider a magnetic field directed along the ab-planes. As the vortices are turned 

toward the twin planes, the attractive interaction between the vortices and the twin 

boundaries leads to a deformation of the vortices, with increasingly large segments of 

the vortices trapped in the potential wells of the twin boundaries. Under the action of 

a driving current J  || ab-planes, the vortices are forced to move along the c-axis, with 

the trapped segments moving within the twin boundary potential well. Due to the 

partial trapping of the vortex in the potential well, transverse thermal fluctuations of 

the vortex line are suppressed (dimensional reduction of the fluctuations) [20], leading
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to an enhanced pinning for those vortex segments trapped by the twin boundaries.

1.5 The normal state of high-Tc superconductors

One of the important issues which remains unresolved in the physics of the high 

temperature superconductors is the nature of the excitations in the normal state 

(T > Tc). Many normal state properties have been found to behave anomalously 

compared to a simple metallic or Fermi liquid behavior [30,31], possibly indicating the 

existence of quite exotic elementary excitations typical for strongly correlated electron 

systems. A deep insight in the normal state may provide a way to the understanding 

of the superconductivity mechanism itself. Experimentally, the investigations of the 

normal state involve a wide variety of electrical, magnetic, and optical studies.

Many models have been constructed to deal with the normal state behavior, which 

can be roughly classified into Fermi- and non-Fermi-liquid scenarios. They either 

assume preformed pairing leading to the superconducting gap (of the same d-wave 

symmetry) or treat the pseudogap separately from the superconducting gap. These 

models include spin-fluctuations [37], stripe phase [38], bipolaronic conduction [39], 

and interlayer tunnelling [40].

This section outlines the most important normal state anomalies. Our experimen

tal results related to the normal state resistivity, which reveal an unusual behavior 

above Tc, will be discussed in Chapter 3.

1.5.1 Anomalous normal state properties

Compared with metals, the high-Tc cuprates exhibit a few anomalous properties in 

the normal state such as anisotropy, pseudogap, and non-Fermi-liquid behavior. Ac

cordingly, many models have been proposed to interpret these anomalies. Below, we 

summarize the major properties of the normal state.
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Anisotropy

As we discussed in the previous section HTSC have a highly anisotropic layered struc

ture composed of CUO2 planes separated by buffer layers. The electrical conductivity 

within the planes is much higher than that in the perpendicular direction. While the 

resistivity anisotropy p d  Pah can reach as high as 105 in strongly anisotropic BSCCO 

materials, it is only between 30-70 and roughly temperature independent for fully oxy

genated YBCO. This large anisotropy had led to the interlayer tunnelling theory of 

high-Tc superconductivity [32], which assumes that the blocking of the c-axis conduc

tion in the normal state provides the energy of superconducting condensation. The 

resistivity anisotropy ratios p d  Pah are consistent with the effective mass anisotropy 7 

estimated from the anisotropy of the magnetic properties of superconductivity (such 

as £, A etc.) [31].

Temperature dependence of resistivity

For homogeneous single-phase superconducting samples, the in-plane resistivity pab 

is metallic with temperature [30]. The T-linear dependence of resistivity is quite 

ubiquitous for the HTSC in their optimal doping (maximum Tc) regime. This linear 

dependence have been observed over a wide temperature range from Tc up to 1000 

K [34], where a T 2 temperature dependence is expected (according to Fermi-liquid, 

if no other scattering exists, electron-electron scattering gives a T 2 dependence of 

resistivity [31]). It was noted by many workers that for the ’’best” samples of YBCO, 

the linear p(T) extrapolates to zero as T  -» 0 (vanishingly small residual resistivity) 

[31]. For the overdoped samples, resistivity takes the form

p = p0 + a T n , 1 < n < 2, (1.11)

while in the underdoped regime, p is linear in T at high temperature but starts to devi

ate downward below a certain characteristic temperature T* ~  200AT. The downward 

resistivity deviation from T-linear dependence is believed to be a manifestation of a 

spin-gap opening [34, 13], and has been normally observed in underdoped cuprates.
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As the hole doping level is decreased further by decreasing the oxygen content, the re

sistivity increases rapidly (upward bending in p(T)) at lower temperatures, indicating 

the onset of localization effects (carrier localization) [14].

Spin gap (pseudogap)

Recently, there has been an interest in underdoped cuprates because these materials 

display unusual normal state properties that suggest the opening of a pseudogap in the 

spin or charge excitation spectrum well above Tc. Although there is an ample evidence 

for the existence of a pseudogap in underdoped cuprates, no one has established a 

direct correlation between the pseudogap and the superconductivity. Furthermore, it 

is not known whether a superconducting gap opens at Tc.

Spin gap refers to a reduction in the density of states in the spin excitation spec

trum. The phenomenon is found to be universal for at least the underdoped cuprates. 

Many experimental techniques were employed to probe spin gap in YBCO such as 

resistivity [14, 13], NMR [35], and neutron scattering [36]. The spin gap is closely 

related to the individual Cu02 planes, and it is unlikely to depend on the interlayer 

coupling.

Currently, the major controversial issues related to pseudogap in the normal state 

are:

• The relationship between the pseudogap and superconducting gap. There is still 

debate on whether or not the pseudogap is a precursor of the superconducting 

gap.

•  Dependence of T*, where T* is the temperature at which the pseudogap opens, 

on doping level. T* is generally believed to be linearly dependent on the doping 

level, i.e. T * drops with an increasing hole density. It could reach Tc at optimal 

doping, where the pseudogap develops into the superconducting gap. On the 

underdoped side, T* may be saturated instead of extrapolating to a lower doping 

region.
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•  Spin-charge separation. This scenario assumes that the pseudogap is associated 

with the pairing of spinons, which are hypothetically charge-neutral fermions 

with the electron’s spin, whereas the charge is carried by a spinless boson called 

holon.

•  Existence of pseudogap in the overdoped regime.

1.5.2 Carrier doping

The doping of charge carriers (holes or electrons) in cuprates is crucial for many as

pects of material properties. The parent compounds are antiferromagnetic insulators. 

Upon addition of charge carriers, they become superconducting at low temperatures. 

Carrier doping can be achieved by two ways: changing oxygen stoichiometry or adding 

metals (such as Pb or Y). The chemical composition of high-Tc cuprates can be rep

resented by a general formula, (Ln1_r Mx)n+lCu„03„+i_m, where Ln is a trivalent 

rare-earth ion, e.g. Y, and M is a divalent alkaline ion such as Ba, Sr, or Ca, n is the 

number of CuO-i planes and m denotes the number of oxygen vacancies. Since copper 

can have 4 to 6 oxygen coordinations to form CuO\ squares, C u05 pyramids and 

C u06 octahedra, a large number of perovskite-like structures with oxygen deficiency 

can be synthesized from these ” building blocks” . In these compounds, the copper is 

usually oxidized in a state of Cup+ with 0 < p < 0.4, the value of m is thus related to 

the concentration x of divalent ions M. According to the doping status, a cuprate can 

achieve three doping regimes: optimal, under- and over-doping. The superconduct

ing transition temperature reaches the maximum value in the optimal doping state, 

which has 0.2 holes per Cu site. The most significant macroscopic effects of doping on 

superconducting properties of cuprates include dependence of transition temperature 

Tc upon the doping level and pseudogap behavior in underdoped samples. The ex

perimental studies on the former had successfully led to a reliable empirical relations. 

A consistent Tc —p (hole concentration) relation had been established

a  1 - a ( p - 6)2 , (1.12)
-*cmax
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where is the maximum Tc at optimal doping level, a and b are experimental 

parameters related to cuprate type [41]. One difficulty involved in applying this 

elegant relation is the precise determination of oxygen concentration and Tc.

1.6 Superconducting fluctuation effects

It has been shown experimentally that superconducting fluctuations below and above 

Tc play an important role in various physical properties of HTSC. In conventional 

superconductors the superconducting fluctuations in a thin one-dimensional wire leads 

to the appearance of a finite resistance below Tc. The dissipation originates from 

superconducting fluctuations of the order parameter ip. In particular, the fluctuations 

of the phase of the order parameter mainly contribute to the resistive dissipation. 

Above Tc, thermodynamical fluctuations toward the superconducting state lead to 

the appearance of excess conductivity, diamagnetism, specific heat, and tunnelling 

currents. In conventional superconductors these effects are generally small, but they 

can be measured experimentally, particularly in superconducting samples of reduced 

dimensionality (on the scale of GL coherence length), such as thin wires and films, 

and whisker-shaped crystals [42]. In HTSC the fluctuation effects are expected to 

be more pronounced because of the high operating temperatures which enhances the 

fluctuation effects.

1.6.1 2D superconducting fluctuations: 

the Kosterlitz-Thouless transition

As it was mentioned earlier, superconducting fluctuations can cause resistance to ap

pear in a thin ID superconducting wire below Tc. These fluctuations reduce the order 

parameter ip to zero at some point along the wire, thus momentarily disconnecting 

the phase at one end of the wire from the other. This allows the phase to slip by 

27t before ip recovers its usual finite value. This idea of superconducting fluctuations 

inducing phase slip events was first introduced by Langer and Ambegaokar [43] and

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



was later used to explain the appearance of a finite resistance in ID Al wires below 

Tc by Moshchalkov [12]. The phase slip model is described in detail in Chapter 6.

In the case of 2D superconductors, the fluctuation effects lead to the onset of 

resistance at Kosterlitz-Thouless transition temperature Tkt < Tc. The appearance

Below Tkt , thermal energy is insufficient to allow the vortices to unbind. Above Tkt 

they can unbind because the free energy U — T S  (where U is the internal energy

with two independently moving vortices relative to a single bound pair. In a 2D 

film the phase slip by 27r can occur continuously by the motion of a vortex from one 

edge of the film to the other. However, a more typical process would be the creation

opposite directions driven by the current, until both disappear at opposite edges. 

Either process leads to a 27t phase slip between the ends of the film.

The behavior of the resistivity as a function of temperature is schematically shown 

in Fig.1.3. The superconducting transition takes place at the mean-field supercon

ducting transition temperature T&, which indicates a large drop of resistivity and 

a loss of entropy accompanied by the growth of amplitude of the order parameter. 

The resistivity, however, does remain finite due to fluctuations of the phase of the 

order parameter until Tkt is reached, below which the resistivity becomes zero due 

to the freezing of the phase. In this case the resistivity, p(T), is expected to follow a 

temperature dependence of the form:

where a and b are the dimensionless constants of the order of unity. Such a resistivity

HTSC in both single crystals and thin films of YBCO [45], and BSCCO [46]. In some 

cases the magnetoresistivity is found to follow a power law [47], which is a further 

evidence for the existence of the Kosterlitz-Thouless transition. This is expected in

20

of a finite resistivity above Tk t  is due to the creation of thermally-excited vortices.

and S is the entropy) is lowered sufficiently by the gain in entropy that is associated

of a vortex-anti-vortex pair in the interior of the film, followed by their motion in

K Tc/ T k t  ~  1)

T / T k t  ~  1

1/2
(1.13)

behavior has been reported in thin films in conventional superconductors [44] and in
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no long range correlation 
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Figure 1.3: Schematic diagram of the normalized resistivity in a Kosterlitz-Thouless 
transition in two dimensions. The resistivity drops sharply at the mean-held supercon
ducting transition temperature Tco with tail that goes to zero at Kosterlitz-Thouless 
transition temperature T k t -

the case of inhnitesimally small currents only, because a larger current would destroy 

the bound vortex-antivortex pairs around and below Tk t , resulting in a nonlinear 

current-voltage relation.

1.6.2 Superconducting Fluctuations in HTSC

HTSC are characterized by a short coherence length. For highly anisotropic materials 

like B i2Sr2CaCu20 $+x, £ab w 10 — 30A and £c «  0.2 — 3A represent the coherence 

lengths in the ab-plane and along the c-axis, respectively. Such a 2D anisotropy 

enhances significantly the superconducting fluctuation effects. There has been theo

retical and experimental work in conventional thin-film superconductors, which may
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provide a unique model for this specific issue in the study of the superconducting fluc

tuation effects within the framework of the Gaussian fluctuation theory [19, 42]. The 

critical fluctuation region, where the superconducting fluctuation effect is significant, 

can be understood using the Ginzburg criterion in a zero magnetic field as

When the magnetic field is applied, this critical fluctuation region extends greatly

where Tcb and Tco represent the superconducting transition temperature in a magnetic 

field B and in a zero field, respectively, and AC(Tc) represents the jump in the specific 

heat at Tc. For example, the estimated critical fluctuation regions for YBCO in a 

zero field and in a 5 T  field parallel to the c-axis using equations 1.14 and 1.15 

are T  ~  0.2 K and T  ~  2.2 K, respectively. Similarly, for single crystal BSCCO, 

they are estimated to be about T  ~  6 K in a zero field and T  ~  15 K in a 5 T 

field. Fisher et al. [48] considered the effect of higher order terms to the GL free 

energy and found these terms to become significant while the leading Gaussian term 

is still quite small relative to the mean-field jump. Therefore it is important to 

include a \ip\4 term in the GL free energy beyond the Gaussian term. Following this 

concept, Tsuneto and his collaborators [49] developed a renormalized superconducting 

fluctuation theory, which explicitly considered higher-order contributions from the 

GL free energy expansion. As a result, they have shown that many features such 

as resistivity, its angular dependence, magnetization, specific heat, and their scaling 

behaviors, have successfully been calculated with reasonable agreements, at least near 

the mean-field transition temperature, Tc.

32tt2 VA<?(Tc)&6(0Kc(0)
(1.14)

because of the reduction of the effective dimensionality of the system from two to 

zero dimensions due to the orbital quantization, and it is expected to be

AC( r e)M c(0)
(1.15)
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1.6.3 A phenomenological superconducting fluctuation the

ory

As we described earlier, the dissipation stems from superconducting fluctuations of 

the order parameter. It is natural to expect that this may be a good approximation 

as a mechanism of the resistivity at least at low temperatures. In order to describe 

this effect a new phenomenological theory of dissipation has been developed by taking 

into account only the broken phase relation between pancake vortices in the super

conducting fluctuation regime, and by assuming that the layer structure in HTSC 

forms intrinsic Josephson junctions. In the following, the essence of this approach, is 

described.

The resistive dissipation in the broken phase coherence was discussed by Ambe- 

gaokar and Halperin [50] for the case of a conventional Josephson junction. According 

to their calculations the resistivity is written as

p(T)/p„ = (I,[Ej/2kB(T  -  Ti„)\)-2 (1.16)

where pn is the normal-slate resistivity, / 0(z) is the modified Bessel function, E j is 

the Josephson coupling energy and T,rr is the irreversibility temperature. Note that 

the thermal energy kBT  is replaced by kB(T  — Tirr). Although this shift in tempera

ture has brought controversy regarding whether or not the cause of superconducting 

fluctuations is thermal fluctuations, this is phenomenologically introduced into the 

expression in order to produce better agreement with the experimental results. This 

temperature modification has also an important implication on the issue of the vor

tex phases. Because of this shift in temperature, zero resistivity is reached at a finite 

temperature, T{Tr, which may separate the phase diagram into two distinct regions 

governed by different vortex dynamics. In fact, the resistivity observed experimen

tally in both La.2- xSrxCu04-s and BSCCO (YBCO is exceptional on this point) has 

a clear tendency to diverge in the logarithmic plot towards Tirr, at least within the 

experimental sensitivity. This fact provides direct information on the occurrence of
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long-range order of the phase in the superconducting order parameter at Tirr-

According to the Lawrence-Doniach model [18], the maximum Josephson current 

density, perpendicular to the layers, is given by Jmax =  <f)Q/2‘KHQs\* for 3D anisotropic 

superconductors, where s is the interlayer distance and Ac is the penetration depth 

along the c-axis. Then, the maximum Josephson current, Imax, flowing along the 

c-axis can be written by introducing the effective Josephson junction area, A(H,T), 

as

w  = = S f !  (U7)
Therefore, the corresponding Josephson coupling energy, E j = Imaxh/e, is given by

By applying a magnetic field perpendicular to the superconducting layers, a 

straight stack of pancakes is formed at sufficiently low temperatures. This straight 

stack is disturbed by the thermal motion of pancakes at high temperatures, resulting 

in the formation of Josephson strings in between the superconducting layers. As a 

result, a phase change associated with the Josephson current between the adjacent 

junction layers is created within the effective junction area A(B,T), which can be ap

proximated to be proportional to r,A r, where r3 = s j  is the Josephson penetration 

depth and characterizes the Josephson interaction range, 7 is the anisotropy ratio and 

Ar is the relative displacement between the pancakes in the adjacent layers induced 

by thermal fluctuations. Following this, one can separate the thermal effect and the 

field effect in the effective junction area as A(B,T) = a(B)[AT/Tc]a, where a(B) de

pends only on magnetic field and decreases with an increasing B, and AT = T — Tirr. 

The parameter a  is introduced to absorb all corrections from the ideal picture and in 

fact reflects the extent of the Josephson coupling area between the layers.

By substituting the new form of A(B,T) into Eq.1.18, one can describe the Joseph

son coupling energy as

E j  =
2
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Consequently, using Eq.1.16 and by introducing AC(T) =  AC(0)[1 - T /T c]-1/2, one can 

obtain the final expression for the resistivity for B  || c-axis as

C ( B ) ( l - T /T c) ] \~ 2
P I  Pn — (/o A T fT cy~« \ j ( 1.20)

where C (B ) =  a(B)<f>l/4ir2HQskBTc\ c(0)2, which depends only on the magnetic field.
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Chapter 2

Experimental Procedure and 

Sample Characterization

2.1 Introduction

The study of the anisotropy of the high temperature superconductors (HTSC) requires 

a particularly high degree of precision in the angular control for the measurements 

of an angle-dependent physical property (resistivity, torque etc.). Especially, the 

measurement of the angular dependence of resistivity p{9) in a magnetic field B 

requires a careful control of 9 when measuring p{9) very close to the ab-planes for 

both single crystals and films.

For highly anisotropic HTSC like BSCCO for example, the angular dependence 

of p(0) is very steep when B is very close to and through the ab-planes (for rotations 

off the c-axis) and requires an angular resolution much better than 1° in order to 

detect fine details of the resistivity p(9). A poor angular resolution leads sometimes 

to underestimating the intrinsic anisotropy factor 7 =  yjmclm ab. Moreover, precise 

angular alignment of B parallel to the ab-planes is an essential experimental require

ment for the measurement of p{9) within the ab-planes or for the measurements that 

require the field to be parallel to the applied current J . For magnetic field rotations 

in the ab-planes, even small misalignment between the c-axis and the normal to the
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plane in which the field is rotated, could lead to an additional contribution of the c- 

axis resistivity which may actually dominate the angular dependence of p{4>) (where 

<j> is the angle of rotation of the field in the ab-planes) [lj.

The use of the normal stepping motors or the commercial micro-stepping systems 

to obtain high angular resolution (less than 0.1°) without using a sensor (optical 

encoder), which allows one to read the exact angular position of the sample, may 

lead to a substantial ambiguity in the angular position especially if one adds to that 

the error due to a backlash of the stepping motor. Stepping motor backlashes can be 

minimized or eliminated by using a high ratio gear reducer between the sample and 

the stepping motor.

The other important issue, which also requires a special attention in the measure

ment of p(0), is the precise control of the sample temperature. When a sample is 

rotated in a magnetic field, this produces an induced emf in the heater circuit and in 

the leads of the thermometers attached to the sample holder. If the rotation speed 

is large, this will disturb the heater current and consequently cause large tempera

ture fluctuations during the measurement. In order to reduce these effects very slow 

rotation speed is essential.

In the design of the experimental setup used to measure the angular dependence 

of resistivity, we have used a combination of a stepping motor and a 100-1 planetary 

gear reducer to eliminate the backlash and to provide reliable fine rotations. We have 

used an optical encoder attached directly to the sample to read accurately the angular 

position of the sample. The sample was rotated with very low speed to minimize the 

temperature fluctuations.

In the following sections experimental setup, sample preparation, measurement 

procedure and sample characterization are described in detail.
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2.2 Experimental setup

The setup that was used to perform the resistive measurements consists of four major 

parts: cryostat, non-superconducting magnet, sample holder and the angle-control 

system. LN^ cryostat, capable of holding LiV2 for a period between 48 to 72 hours, 

was equipped with a narrow tube. This allowed the magnet pole separation to be as 

small as 10 cm in order to achieve greater magnetic fields in the sample region. The 

cryostat consists of a two vacuum-can system. The outer can was evacuated down 

to a pressure of about 5 x 10-7 torr and the inner one was filled with low pressure 

helium gas.

The magnetic field was generated using a horizontal copper-wound water-cooled 

magnet which was powered by two HP Harrison 6260A DC power supplies connected 

in parallel. The magnet had an iron core that yielded a large field strength. The 

magnet provided a maximum field of 1 T at 110 A and 10 V. The magnetic field 

at the sample wets monitored using a Hall probe located directly behind the sample. 

This consistently showed that the applied field did not change by more than 0.1%.

The sample holder was attached to a stainless steel hollow tube of 10 mm outer 

diameter and about 1 m long. The upper end of the tube hosted all the electrical con

nections and was connected to the angle-control system through a flexible coupling. 

The lower end was attached to a V-shape copper block with a carbon-glass resistance 

thermometer, an inductionless heater and a Hall probe (to monitor the field at the 

sample position) embedded inside it. The sample was placed on the flat side of the 

V-shape copper block. Good thermal contact between the sample and the copper 

block holder was achieved using a thin layer of Apiezon grease.

Computer-controlled angle-control system was built using a 200-step stepping mo

tor, an IMS Micro-LYNX-4 integrated micro-stepping controller, a 100-1 CGI Paragon 

Planetary Gear-head reducer and a US Digital 3-channel (index) 2000-line optical 

encoder. The Micro-LYNX-4 has a programmable integrated micro-stepping mo

tor drive and high-performance controller which provided microstep resolution up to 

51200 steps per revolution. This could allow one to obtain an angular resolution of
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0.007°. However, in general the microstepping devices do not have a linear response 

which results in a  nonuniform microsteps. In order to eliminate this nonuniform mi

crostepping, we have used a backlash-free 100-1 gear reducer. The optical encoder 

was attached directly to the sample holder by means of flexible coupling from one 

side, and the other side was connected to the gear head. We used a three-channel 

2000-line optical encoder which imposed an upper limit on the angular resolution 

that can be accurately monitored. Although the microstepping device could reach 

an angular resolution as high as 0.007°, the minimum angular step the encoder could 

read was 360°/8000(lines)= 0.045°.

We also performed critical current versus temperature measurements using a scan

ning Hall probe system which consists of a cryogenic refrigerator and a copper-block 

sample holder. The Hall probe is kept at room temperature and in air in order to 

avoid any offsets in the magnetic field reading. This system was built and tested 

earlier for this purpose by Darhmaoui and Jung [2, 3, 4].

2.3 Sample Preparation

Since the discovery of the HTSC, several methods have been employed to prepare 

high-Tc thin films. Most YBCO films were deposited onto heated substrates of 

SrTiOz, LaAIOz, MgO or sapphire using laser ablation from stoichiometric ceramic 

targets, rf and dc sputtering from ceramic targets, and reactive coevaporation tech

nique. Among these methods, off-axis rf sputtering was considered to be the most 

successful one because it allowed a slow growth of films and a large area deposition

[5]-

In this work, we have used rf magnetron sputtering technique to prepare c-axis 

oriented YBCO thin films on (100) oriented SrTiOz and LaAIOz substrates. This 

method allowed us to grow films with different thicknesses and transition temperatures 

through changing the sputtering conditions.

The sputtering deposition system that was used to prepare YBCO thin films
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consists of a vacuum chamber with a base pressure of 1 x 10-7 torr produced by 

a cryopump, an rf magnetron gun and a heater with a nickel plate and a chromel- 

alumel thermocouple. A temperature controller was used to control the substrate 

temperature with a stability of ±1 °C.

It is known that the growth of epitaxial thin films depends on the deposition 

conditions and the substrates. For a sputtering deposition technique, these condi

tions include: the substrate temperature, the 0 2/A r  gas pressure ratio, the total 

gas pressure, the substrate-target distance, the sputtering configuration (on-axis or 

off-axis) and the sputtering power which controls the deposition rate. YBCO thin 

films were deposited on (100) oriented SrT i0 3 and LaAIOz substrates (of dimen

sions 10 x 10 x 0.5 mm3 and 10 x 14 x 0.5 mm3) using the off-axis configuration. The 

substrates were attached to the heater plate using a silver paste in order to achieve 

uniform heating. A 2-inch diameter commercial stoichiometric Y\Ba2Cu$07-& target 

of 99.999% purity was used during the deposition. The sputtering was performed 

using an rf power between 20 to 50 W at a total pressure of 110 - 125 mtorr in 5:1 

oxygen-argon gas mixtures. During sputtering the substrates temperatures were kept 

at 750°C for both kind of substrates. The deposition time ranged between 10 to 20 

hours. After deposition, the chamber was filled with oxygen at a pressure slightly less 

than 1 atmosphere and the films were subsequently cooled down to 500°C for 15 - 30 

minutes annealing and then slowly down to room temperature.

We have also investigated YBCO thin films that were deposited in different labo

ratories using laser ablation technique (McMaster University, and National Research 

Council of Canada NRC) and dc sputtering technique (St. Petersburg Electrotechni

cal University, Saint Petersburg, Russia) [6, 7] (see Table 2.1).

Initially the films were patterned with a metal mask, using the conventional pho

tolithography technique and wet etched with a diluted phosphoric acid, into rings of 

outer and inner dimensions of 8.5 and 5.0 mm or into disks of 8.5 mm in diameter. 

After the measurement of the temperature dependence of the critical current density 

(Jc), the films were patterned into a form of a 30 to 100pm  wide (see Table 2.1) and
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Table 2.1: Samples characteristics: substrate type, deposition method, thickness of 

films and the width of the bridges.

Film

No.

Film

ID

Substrate

type

Deposition

Method

Thickness

(nm)

Bridge 

Width (/im)

1 MID053 SrTiOs Laser ablation 210 60

2 MAH2 LaAIOz rf-magnetron 310 40

3 BT6004 SrTiOz Laser ablation 230 60

4 NRC-L96-08 Sapphire/C e02 Laser ablation 140 60

5 MAH16 SrTiOz rf-magnetron 210 30

6 YR117 AI2O3/C e02 dc-magnetron 330 60

7 YR118 AI2O3 fC  e0 2 dc-magnetron 610 100

8 MAH17 L0.AIO3 rf-magnetron 100 60

9 NRC-L96-11 Sapphire/Ce02 Laser ablation 110 60

10 NRC-L96-20 LaAIOz Laser ablation 340 60

11 MID049 LaAIOz Laser ablation 130 60

12 NRC-L96-12 Sapphire/Ce02 Laser ablation 190 60

13 MAH18 S rT  i0 3 rf-magnetron 420 60

6.4 mm long strip with six measurements probes Fig.2.1(a) . Large area contacts 

on the film were deposited by silver-sputtering in order to minimize Joule heating 

effects. The silver-sputtering was performed using an rf power between 30 to 40 W at 

an Ar pressure of 15 mtorr for about 15-20 minutes. Copper leads were attached to 

silver contacts using mechanically pressed indium. A typical distance between voltage 

probes was 0.4 mm.
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YBCO bridge
J!!______  a
Hall voltage leads ------

Current

Linear voltage leads

substrate

c-axis
B - L J  c-aix ls

Figure 2.1: (a) schematic illustration of the bridge which was etched from a disk-
or a ring-shaped samples, showing the voltage and current leads, (b) Two configura
tions of B with respect to J  that were used during the measurements of the angular 
dependence of resistivity p{6) in a magnetic field: B is rotated in a plane parallel to 
both J  and the c-axis (left side), or B is rotated in a plane parallel to the c-axis but 
perpendicular to J  (right side).
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2.4 Measurement Procedure

2.4.1 Resistivity measurement

We have performed the measurements of the resistivity as a function of temperature 

p(T) between Tc and 300 K in zero magnetic field, and between Tc and 100 K in a con

stant magnetic field. The measurement of the temperature dependence of resistivity 

in a constant magnetic field was carried out for three different orientations of the field 

B relative to the current J: (1) B || J (with B || ab-planes, i.e 9 =  0°); (2) B J. J 

(with B || ab-planes, i.e 9 =  0°); and (3) B || c-axis (with B J_ J, i.e 6 =  90°), where 

6 is the angle between the ab-planes and the direction of the magnetic field B. p(T) 

measurements for the range of temperatures between Tc and 300 K were performed 

twice, during cooling from room temperature down to Tc and during heating from Tc 

up to room temperature. No temperature hysteresis in p(T) was observed.

We have also measured the resistivity as a function of the angle 6 between the ab- 

plane of the film and the direction of the magnetic field B. These measurements were 

done over a temperature range within the superconducting transition, as a function of 

the magnitude of the magnetic field and the applied current density. The angle 9 was 

changed by rotating the copper sample holder about its vertical axis in a horizontal 

magnetic field up to 1 Tesla. Films were mounted on the sample holder with the 

c-axis perpendicular to the sample holder’s vertical rotating axis, which allowed us 

to change the magnetic field direction in a plane parallel to the c-axis.

Resistivity was measured using a standard DC four-probe method. The current 

was applied to the sample in the form of short pulses (of duration less than 200 ms) in 

both directions, in order to eliminate the background noise and charge accumulation, 

as well as to reduce Joule heating. The voltage was measured using a Keithley 

2182 nanovoltmeter in synchronization with a Keithley 236 current source, where the 

nanovoltmeter was used as the triggering unit. The nanovoltmeter was operated in a 

’’delta” mode. This mode allowed the measurement and the calculation of the voltage 

using a DC current-reversal technique to eliminate the effects of thermal emf’s in the
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leads. Each ’’delta” reading was calculated from two voltage measurements for two 

opposite directions of the current. In this mode, the basic ’’delta” voltage calculation 

is given by:
V. -  Vo

Vdetta =  — 2- -  ( 2 .1 )

where Vi and V2 are the voltages corresponding to the positive and negative directions 

of the current. The 2182 nanovoltmeter is optimized to provide low-noise readings 

when the measurement speed (the applied current reversal speed) is set between 100 

msec and 333 msec. Each ’’delta” mode measurement was repeated ten times and 

subsequently stored in the buffer of the nanovoltmeter. The average value of these 

ten measurements, the maximum and the minimum values were transferred to the 

computer. The difference between the average and the corresponding maximum or 

minimum value was less than 0.1%.

Most of the measurements were done at temperatures within the superconducting 

transition region where the change in resistivity with temperature was most steep, and 

for magnetic fields applied very close to the ab-planes, where the variation of p(0) is 

large. Large changes in dp/dT  essentially require precise temperature control. There

fore, temperature, which was monitored by a carbon-glass resistance thermometer, 

was controlled using an inductionless heater to better than ±10m K  for each single an

gular sweep. This was achieved by rotating the sample very slowly in a magnetic field 

in order to eliminate emf in the heater and thermometer leads which could otherwise 

disturb the temperature stability.

Term ’’resistivity” was used in this work to denote the quantity E /J  (where E is 

the electric field and J is the transport current density), and it does not imply an 

ohmic response.

Before each p(9) measurement in a magnetic field, the field was first aligned par

allel to the ab-planes using the Hall probe located behind the sample and the angle- 

control system. This position was marked as a reference point using the index channel 

of the optical encoder.

All angular measurements were carried out with the transport current J  parallel to

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the ab-planes. However, each angular measurement was performed for two different 

orientations of the magnetic field with respect to the current. In the first one the field 

was rotated in a plane perpendicular to the current direction, while in the other one 

the field was rotated in a plane parallel to the current and the c-axis directions [see 

Fig.2.1(b)]. All measurements were done in the field cooling (FC) regime, with the 

magnetic field applied to the sample at a temperature above the Tc(onset), followed 

by slow cooling down to the required temperature of measurement. A typical angular 

sweep ranges between 6 =  —90° and 0 = +90° with an angular step between 3° -  5°. 

For 6 close to the ab-planes, the angular step was smaller (between 0.05° — 0.3°) in 

order to detect very sharp dependence of resistivity on the angle 0 (shown by some 

YBCO films with high intrinsic anisotropy).

The measurements of p(0) and p(T) were computerized using a GBIB IEEE-488 

interface card for all electronics except the Micro-LYNX angle-controller which was 

remotely controlled by an RS-232 interface port. The program code was written in 

Microsoft Visual Basic language. The experimental setup with the remote control 

was capable of performing automatic measurement of the voltage (InV-lOOV) as a 

function of the current (10 pA-100 mA), the temperature (65-300 K), and the angle 

(0.045° -  360°).

2.4.2 Critical current measurements

The magnitude of the critical current in the ab-planes of YBCO films was obtained 

from the magnitude of the axial component of the magnetic field generated by a 

maximum self-supporting supercurrent circulating in a ring- or disk-shaped sample. 

For YBCO thin films, persistent current was induced in a ring- or disk-shaped sample 

by applying and subsequently switching off the external magnetic field generated by 

a solenoid along the c-axis of the film. The profile of the current’s self-magnetic field 

was recorded with a scanning Hall probe at a constant distance from the surface of 

the film. The external magnetic field was increased in steps until the self-field of 

the persistent current reached the saturation level (for more details about the JC(T)
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measurement procedure see [2, 4]).

2.5 Sample Characterization

2.5.1 Temperature dependence of resistivity

Measurements of the temperature dependence of resistivity over a temperature range 

between Tc and 300 K in a zero magnetic field were performed on thirteen YBCO 

thin films of different thickness and preparation techniques, both optimally doped 

and underdopecl. Using the resistivity versus temperature curve, the zero resistance 

transition temperature 7*j, mid-point transition temperature Tan, onset transition 

temperature Tc (onset), superconducting transition width ATc, and resistivities at 

100 K p(lOOA') and at 300 K p(300K) were calculated for all films and tabulated in 

Table 2.2. The zero resistance transition temperature T,# is defined as the temperature 

at which the resistive voltage drops below 10-15 nV in a zero magnetic field. The 

mid-point transition temperature is the temperature at which the temperature 

derivative of resistivity dp/dT  has a maximum, Tc onset is the largest temperature 

at which dp/dT reaches 5% of its maximum value. The transition width ATc is the 

difference between the two temperatures at which dp/dT reaches 10% of its maximum 

value (this is in fact equivalent to the standard 10%-90% criteria of p{T)). Fig.2.2 

shows a typical resistivity curve and its temperature derivative dp/dT  measured for 

temperatures between 84K and 92K. The graph illustrates different definitions of Tc 

and ATc described above.

Films with the highest Tc (i.e films 1, 3 and 11) are characterized by a sharp 

transition width ATC ~  1K. The resistivity p(T) of most of YBCO films investigated 

in this work exhibited a linear temperature dependence only at high temperatures 

(between 220 K and 300 K), but at lower temperatures down to onset Tc they showed 

an upward deviation from this linear dependence (see the next Chapter).
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Table 2.2: Normal and superconducting properties of YBCO films, p is the in-plane 
resistivity, Tc0 is the transition temperature at p =  0 and B=0, is the mid-point 
transition temperature taken as the temperature at which dp/dT  is maximum, ATc 
is the transition width and t is the thickness of the film. Films are sorted according 
to their Trt.

Film

No.

substrate

type

t

(nm)

To

(* )

T*cm

(K)

ATC

(K)

p(lOOAT)

(pQcm)

p(300AT)

(pflcm)

M3Q0K)
p(100K)

1 SrTiOz 210 90.0 90.5 1.0 8.03 27.32 3.40

11 LaAIOz 130 89.9 90.6 1.0 38.37 133.71 3.49

3 SrTiOz 230 89.5 90.3 1.2 74.89 265.82 3.55

9 Sapphire/Ce02 110 86.2 86.8 0.9 33.48 98.09 2.93

10 LaAlOz 340 85.8 86.6 1.2 54.10 126.85 2.34

12 Sapphire/Ce02 190 85.4 87.1 1.6 100.20 297.21 2.97

13 SrTiOz 420 85.4 86.1 1.2 67.57 208.24 3.08

7 Al20 i/C e 0 2 610 85.0 85.9 2.0 389.41 1119.23 2.87

8 LaAIOz 100 84.6 86.1 3.0 41.22 127.15 3.08

6 Al20 2/CeO2 330 84.6 86.2 2.5 259.39 741.16 2.86

5 SrTiOz 210 84.5 86.4 1.9 113.42 315.39 3.78

4 Sapphire/Ce02 140 81.7 82.6 3.7 14.21 34.16 2.40

2 LqAIOz 310 80.3 81.0 2.3 169.69 450.14 2.65

2.5.2 Temperature dependence of the critical current

The temperature dependence of the critical current in the ab-planes has been mea

sured over a temperature range between 10K to Tc in a zero magnetic field for about 

fifteen YBCO films of various thickness, Tc, and preparation techniques, using the 

scanning Hall probe device described earlier.

The experimental data for four selected YBCO thin films, which exhibit typical 

temperature dependence of IC(T), are shown in Fig.2.3(a). Critical currents in each 

sample were normalized to their values at 10K. All films in Fig.2.3(a) are characterized
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Figure 2.2: The resistivity p(T) curve and its temperature derivative dp/dT  versus 
temperature between 84K to 92K measured in a zero magnetic field of a typical 
YBCO film. The zero resistance transition temperature Tc0, the mid-point transition 
temperature T ^ , the onset transition temperature Tc-onset, and the superconducting 
transition width ATC are marked on the graph.

by a Ginzburg-Landau-like (GL) concave temperature dependence (Tc — T )3/2 close to 

Tc which extends to lower temperatures for films with low Tc. A Ginzburg-Landau- 

like temperature dependence (Tc — T )3/2 over a full temperature range (10 - 90K) 

was observed by Darhmaoui and Jung in most thin films of Tc below approximately 

60K [4, 8]. The magnitude of the critical current density at 10K in various films 

investigated was between 1.6 x 106 and 3.0 x 107A/cm2 (see Table 2.3).

In order to identify more clearly a GL-like temperature dependence (Tc — T)3!2 

portion of Ic (as it was done in Ref. [2]), the data of Fig.2.3(a) were replotted as 

[IC(T)/ IC(IQK)]2/3 versus temperature in Fig.2.3(b). The results revealed the pres

ence of a Ginzburg-Landau-like (GL) temperature dependence of the critical current 

IC(T) close to Tc. For film 1, with the highest Tc «  90.5, [IC(T)/ IC(10K)\2/3 versus
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Figure 2.3: (a) Temperature dependence of the critical current in selected c-axis
oriented YBCO thin films with Tc that ranges between 82 K and 90.5 K. The critical 
current is normalized to its value at 10K. (b) Plot of the results shown in (a) as 
[IC(T)/ IC(10K)]2̂  versus temperature. This allows one to identify the Ginzburg- 
Landau portions of IC(T ) (solid lines) close to Tc. A gradual expansion of the 
Ginzburg-Landau (Tc — T )3/2 tail to low temperatures can be seen upon reduction of 
Tc.
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temperature shows a linear dependence (GL-like temperature dependence) approxi

mately between Tc and 82 K. The GL-like temperature dependence extends down to 

about 68 K for films 5 and 7 and down to about 62 K for film 2 (Tc ~  82K).

According to Darhmaoui and Jung [2, 4] by plotting I ^ Z(T) versus temperature, 

it is possible to separate a GL-like dependence of /c(T) at low temperature from an 

Ambegaokar-Baratoff (AB)-like behavior. Theoretical fits to the experimental data 

of Fig.2.3(b) were performed assuming a superposition of these two dependencies of 

the critical current on temperature [see Figures 2.4 and 2.5]. An AB-like dependence 

was calculated from Clem’s model of an Ambegaokar-Baratoff to a Ginzburg-Landau 

crossover in JC(T) of granular superconductors [9] using the coupling constant e0 

between the grains as a fitting parameter.

IC(T ) of oxygen deficient YBCO thin films of Tc as low as 50K is characterized 

by a pure GL-like (Tc — T )3//2 dependence [2, 4]. Optimally doped YBCO thin films 

exhibit an AB-like /C(T) [2, 4]. Therefore, the superposition of a GL-like and an AB- 

like dependence in IC{T) indicate that YBCO films could be modelled as a mixture 

of two phases of low and high oxygen deficiency. At low temperatures, the AB- 

like part of IC(T) is weakly temperature dependent, and IC(T) is dominated by the 

GL-like dependence. Theoretical fits to the experimental data were performed using 

superposition of the GL-like and the AB-like dependencies [see Figures 2.4 and 2.5], 

with the ratio of the AB component of / C(T) to the total critical current /C(T) at 10 

K taken as a fitting parameter [10]. This ratio (fraction) is sample-dependent. For 

our YBCO films, the fraction changes between 0.48 and 0.68 and is Tc-independent. 

Table 2.3 shows some of the critical current-related parameters: Tc obtained from 

the measurement of Jc (taken as the temperature at which the field signal drops 

below the sensitivity of the Hall probe: ±2mG), Tco obtained from the resistivity 

measurement, critical current densities at 10K and 77K, and the fraction (ratio) of 

the AB-component in IC{T) to the total value of Ic at 10K.
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Figure 2.4: The dependence of the critical current on the normalized temperature
(plotted as [IC(T )/IC(10K)]2̂  versus T /T c for two selected YBCO disk-shaped films 1 
(a) and 2 (b). The open circles mark the experimental data for IC(T). The solid lines 
represent theoretical fits to the experimental data: they are the superposition of the 
GL-like dependence (open triangles) at low temperature and the AB-like dependence 
[Clem’s model (solid triangles) with the coupling constant e0 =  100]. Frac. represents 
the fraction (ratio) of the AB-component of IC(T) to the total critical current at 10K.

45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 .0 o Exp. data  
a  AB 

GL
 T heor. fit

0.8
S
o 0.6

o

e . 0 .4

0.2

0.0
0.0 0.2 0.8 1.00 .4 0.6

T/T

(b ) o Exp. data  
a  GL

—a—  AB 
 T heor. fit

1.0

0.8

o
0.6O

o

0 .4

0.2

0.0
0.0 0.8 1.00.2 0.60 .4

T/T

Figure 2.5: The dependence of the critical current on the normalized temperature 
(plotted as [IC(T)/ IC(10K)]2̂  versus T /T c for two selected YBCO disk-shaped films 
5 (a) and 7 (b) with a larger fraction (Frac.) of the AB-like IC(T) to the total IC(T) at 
10 K. The open circles mark the experimental data for IC(T). The solid lines represent 
theoretical fits to the experimental data: they are the superposition of the GL-like 
dependence (open triangles) at low temperature and the AB-like dependence [Clem’s 
model (solid triangles) with the coupling constant £o =  100].
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Table 2.3: Critical current-related parameters: TC(JC =  0) is the transition tempera
ture obtained from the measurement of JC(T) (taken as the temperature at which the 
field signal drops below the sensitivity of the Hall probe: ± 2mG), Tco is the corre
sponding transition temperature obtained from the resistivity measurement (taken as 
the temperature at which the nanovoltmeter signal drops below 10 — 15nV), JC(IQK) 
and JC(77K) are the critical current densities at 10 K and 77 K, respectively, and the 
Frac. is the ratio of the AB-component in /C(T) to the total value of Ic at 10K. The 
data is sorted according to Tco

Film

No.

Too

(JO
TC(JC =  0)

(JO

j c(ioa:)

(A /cm 2) x 106

JC(77K) 

(A/cm2) x 105

Frac.

1 90.0 90.5 24.0 22.1 0.50

11 89.9 90.5 19.1 17.4 0.54

3 89.5 90.5 24.1 23.6 0.52

9 86.2 86 30.5 18.9 0.51

10 85.8 87.5 14.3 10.5 0.48

12 85.4 86 19.6 11.1 0.52

13 85.4 86 N/A 25.2 N/A

7 85.0 86 1.6 1.0 0.63

6 84.6 85 2.0 1.1 0.62

8 84.6 85 9.2 3.9 0.68

5 84.5 86 22.0 10.8 0.60

4 81.7 82 5.2 0.8 0.66

2 80.3 82 10.5 2.0 0.56
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Figure 2.6: The resistivity measured at 100K p(100/(r) for thirteen YBCO films
plotted as a function of the magnitude of the critical current density measured at 77K 
JC(77K). The inset shows the results for p(ZQ0K) plotted as a function of JC(77K).

2.5.3 Relation between Jc and the normal state properties

We have investigated a possible relationship between the magnitude of Jc at different 

temperatures and the normal state properties obtained from resistivity measurements 

for YBCO films. No correlation has been found between the magnitude of JC(T) and 

Tc. However, in general the normal state resistivity decreases with an increasing 

critical current density. Fig.2.6 shows a plot of the resistivity at 100 K as a function 

of Jc at 77 K for all thirteen YBCO films studied. For films with small Jc (below 

5 x 105 A /cm 2) the resistivity at 100 K and at 300 K (see the inset of Fig.2.6) decreases 

very fast with an increasing Jc, and appears to saturate for films with higher Jc.

Another Jc related quantity that shows an unusual behavior as a function of the 

normal state resistivity is the fraction (ratio) of the magnitude of the AB-component 

of JC(T ) to the total magnitude of Jc measured at 10 K. Fig.2.7 presents a plot of the 

resistivity at 100 K and 300 K as a function of the fraction for all thirteen YBCO 

films. The resistivity at 100 K and 300 K follows a variable amplitude sinusoidal-
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Figure 2.7: (a) The resistivity measured at 100 K p(lOOA') for thirteen YBCO films 
plotted as a function of the fraction, (b) /j(300A') plotted as a function of the fraction. 
The fraction is the ratio of the AB-component in IC(T) to the total value of Ic at 10K. 
The dashed line is a guide for the eye.

like behavior with an increasing fraction, where it shows many cusps with different 

amplitudes. The fraction (ratio) is not related to the magnitude of Jc at 10 K or 77 

K. At this time we are unable to explain the unusual behavior of p versus fraction. 

One could speculate that the cusps of p versus fraction are related to the percolation 

thresholds as the amount of AB-like optimally doped phase increases relative to the 

underdoped GL-like one in YBCO.
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Chapter 3 

Upward Deviation from T-Linear 

Dependence in the Normal State 

R esistivity of YBCO Thin Films

3.1 Introduction

One of the most striking features of the high-Tc superconductors (HTCS) is the ex

traordinary transport properties of the normal state because they are inconsistent 

with the conventional electron-phonon scattering mechanism [1]. These properties 

have been extensively investigated, since the excitation which interacts with carriers 

in the normal state might play an important role in understanding the mechanism 

of superconductivity [2]. Many normal-state properties, like resistivity and Hall co

efficient, have been found to behave anomalously with respect to a simple metallic 

or Fermi liquid behavior. This possibly indicates the existence of quite unusual el

ementary excitations which are typical for strongly correlated electron systems [3]. 

Therefore this non-Fermi liquid character has been emphasized as a key to under

standing the physics of the HTSC [4],

Among the normal-state properties investigated experimentally, resistivity mea

surements displayed many interesting features. At the hole concentration for optimum
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Tc, the in-plane resistivity pab(T) is linear in temperature over a wide temperature 

range that extends from above Tc onset to nearly 1000 K [5, 6]. Martin et al. [6] re

ported a T-linear resistivity down to 10 K in Bi2Sr2C u 0 6■ For underdoped cuprates, 

the in-plane resistivity PabiT) exhibits a well-known downturn from the T-Iinear re

lation at a temperature T * Tc which is normally considered as a signature of spin 

gap opening [7, 8]. For YBCO, it is well established by now that the reduction of 

the oxygen content (x) leads to a decrease in Tc and a corresponding marked increase 

in the absolute resistivity for single crystals and thin films. However, reducing x be

low its optimum doping value (x=6.95) produces a clear change in the temperature 

dependence of P a b (T ) .  The temperature range over which P a b (T )  is linear systemat

ically shifts to higher temperature and becomes narrower, and a downward bending 

develops at lower temperatures, eventually followed by an upward bending which be

comes more pronounced as x decreases [3]. For x  < 6.3, the YBCO material becomes 

non-superconducting and only an upward curvature can be observed [3].

Recently, some unusual features in the normal state resistivity have been reported 

by a few groups. Nakamura and Uchida [9] have reported a resistivity jump from 

the high temperature linear behavior both in Pab(T) and pc(T) at T  > Tc in Nd 

doped La2- xSTxCuO^. They attributed this jump to a structural phase transition 

together with stripe correlations [9, 10]. More recently Chen et al. [7] observed an 

upward resistivity deviation from the T-linear dependence in Bi-2223 whiskers at 

a temperature T* ~  250K. The authors explained the resistivity anomalies using 

the scenario of the structural transformation and charge ordering in the stripe phase 

within the C u02 planes.

In this Chapter, we report similar upward deviations in the normal state resistivity 

of YBCO thin films of various Tc, critical current density Jc, thickness and preparation 

techniques. For all thirteen films studied except one, p(T) measurements showed an 

upward deviation from the high temperature T-linear behavior below a temperature 

T* ~  265 A" for optimally doped films (Tc ~  90 K) and below T * ~  210 -  240K  

for underdoped ones (Tc ~  80 — 86.5 K). While p(T) continues to decrease with a
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decreasing T as usual, the upward deviation continues to increase with a decreasing 

temperature down to another characteristic temperature 7\ close to Tc onset. Below 

Ti the upward deviation seizes and p(T) decreases rapidly to zero. For one film 

(Tc ~  85.8 K), p(T) exhibits a downturn below T* ~  237K  similar to that observed 

usually in underdoped single crystals and films. For this film, the y-intercept, at T=0 

K, of the line fitted to the high temperature data has a large positive value compared 

to a large negative values for the films that showed a large upward deviation. We found 

that in general the ” excess resistivity” caused by the upward deviation, increases with 

an increasing oxygen content for YBCO films.

3.2 Experimental results

Temperature dependence of resistivity p(T) has been measured in a zero magnetic field 

over a temperature range between T ^ p  =  0, B =  0) and 300 K for thirteen YBCO 

thin films of various Tc, Jc, thickness and preparation techniques both optimally doped 

and underdoped. The zero resistance transition temperature T ^ p  = 0, B = 0), 

mid-point transition temperature Tan (taken as the temperature at which dp/dT  is 

maximum), superconducting transition width ATC, resistivity at 100 K p(100) and at 

300 K p(300), and the ratio of p(300)/p(100) for all films are listed in Table 3.1.

Fig.3.1 shows the temperature dependence of the in-plane resistivity p(T) in a 

zero magnetic field between Tcq and 300 K for two selected YBCO films 3 (close to an 

optimum doping) and 4 (an underdoped film). The transition width is about 1.2 K 

for film 3 and 3.7 K for film 4 (see Table 3.1). Both films did not exhibit any foot or 

a step in p(T) at the zero resistance temperature Tco, which usually exists in samples 

mixed with other phases of lower transition temperature. For both films, p(T) at 

high temperatures follows the usual linear behavior. The linear relation is indicated 

by the solid line in Fig.3.1. The fit to p(T) data in the high temperature region was 

performed using a linear function with two parameters of the form: p(T) — a + bT. 

The solid straight line for film 3 has a large negative y-intercept, but a small positive
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one for film 4 (see Table 3.2). An unusual feature in p(T) can be observed below a 

certain temperature T* which is about 265 K and 220 K for films 3 and 4, respectively. 

Below T*, p(T) starts to deviate upward from the linear relation represented by the 

solid line (in Fig.3.1) with a decreasing temperature, rather than following the well- 

known downturn observed in some underdoped HTSC.

This upward deviation increases as T decreases, eventually reaches a maximum 

at another characteristic temperature 7\ which is about 100 K for both films (see 

Table 3.2). In order to see the upward deviation more clearly the ’’excess resistivity”, 

defined as: Ap(T) =  p(T) — (a + bT), which is the difference between p(T) data 

and the linear relation fitted to the high temperature data, has been plotted as a 

function of temperature. Although the choice of the fitting range for the linear relation 

p(T) = a+bT  could slightly affect the deviation temperature, the two major features; 

the deviation of p from T-linear dependence at T* and the maximum at a temperature 

Ti are clearly identifiable regardless of this choice. The range over which p(T) shows 

an upward deviation from the linear dependence is wide (> 100AT) for all films studied. 

This deviation has been observed in almost all of the YBCO films studied which 

implies that this behavior could be related to the intrinsic properties of YBCO thin 

films. The fractional deviation defined as: Ap(Ti)/p(Ti) = [p(Ti) — (a +  bTi)]/p(Ti) 

is about 29% for film 3 and about 10% for film 4 (see Table 3.2).

Fig.3.2 shows p(T) and Ap(T) for two slightly underdoped films 7 and 9 with Tc 

of 85.0 K and 86.2 K respectively. The transition width is about 0.9 K for film 9 and 

about 2.0 K for film 7 . Both films did not exhibit any foot or a step in p(T) at the 

zero resistance temperature Tcq. For both films, the linear behavior of p(T) extends 

over a wider range of temperatures than that for film 3 [see Fig.3.1 (a)]. The upward 

deviation from the linear behavior is much smaller than that displayed in Fig.3.1 for 

films 3 and 4. The fractional deviation Ap(Tx)/p(Ti) is about 5% for film 7 and only 

3% for film 9 (see Table 3.2). The solid line fitted to the high temperature data for 

both films has a very small (close to zero) y-intercept (see Table 3.2).

Fig.3.3 displays p(T) for the underdoped film 10 with Tc =  85.8K  and a transition
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Figure 3.1: Temperature dependence of the in-plane resistivity p(T) measured in
a zero magnetic field between T& and 300 K for YBCO films 3 (close to optimum 
doping)(a) and 4 (underdoped) (b). Ap =  p(T) -  (a + bT) (open triangles) is the 
upward deviation from the solid line fitted to the high temperature data between 265 
and 300 K for film 3 and between 225 and 300 K for film 4. 7\ is the temperature at 
which Ap  reaches its maximum value. Note the difference in Ap, y-intercept (p(0)) 
and T* between these films.
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Figure 3.2: Temperature dependence of the in-plane resistivity p(T) measured in a 
zero magnetic field between Tcq and 300 K for two underdoped YBCO films 7 (a) and 
9 (b). Ap  = p(T) -  (a+ bT) (open triangles) is the upward deviation from the solid 
line fitted to the high temperature data between 210 and 300 K for film 7 and between 
225 and 300 K for film 9. 7\ is the temperature at which Ap  reaches its maximum 
value. Note that both films show a small fractional upward deviation Ap/p(T\) and 
an almost zero y-intercept (p(0)) in comparison to those of Fig.3.1 which show a large 
fractional Ap/p(7\) associated with a large y-intercept (see Table 3.2).
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Table 3.1: Normal and superconducting properties of YBCO films, p is the in-plane 
resistivity, Tdo is the transition temperature at p =  0 and B=0, T^n is the mid-point 
transition temperature taken as the temperature at which dp/dT  is maximum, ATc 
is the transition width and t is the thickness of the film. Films are sorted in an order 
of decreasing Tc0.

Film

No.

substrate

type

t

(nm)
Tco

(K)

Tcm

(K)

a t ;

(K)

p(100K)

(pQcm)

p(300K)

(ptlcm)

(>(300K )  
p(lOOtf)

1 SrTiOz 210 90.0 90.5 1.0 8.03 27.32 3.40

11 LaAIOz 130 89.9 90.6 1.0 38.37 133.71 3.49

3 SrT  iO$ 230 89.5 90.3 1.2 74.89 265.82 3.55

9 Sapphire/Ce02 110 86.2 86.8 0.9 33.48 98.09 2.93

10 LaAIOz 340 85.8 86.6 1.2 54.10 126.85 2.34

12 Sapphire/0eO2 190 85.4 87.05 1.6 100.20 297.21 2.97

13 SrT  i03 420 85.4 86.1 1.2 67.57 208.24 3.08

7 Al20 z/C e0 2 610 85.0 85.92 2.0 389.41 1119.23 2.87

8 LaAIOz 100 84.6 86.1 3.0 41.22 127.15 3.08

6 Al20 3/C e0 2 330 84.6 86.2 2.5 259.39 741.16 2.86

5 SrTiOz 210 84.5 86.4 1.9 113.42 315.39 3.78

4 Sapphire/0 e02 140 81.7 82.6 3.7 14.21 34.16 2.40

2 LaAlOi 310 80.3 81.0 2.3 169.69 450.14 2.65

width of about 1.2 K. Deviation from the T-linear dependence is very small especially 

at high temperatures. In order to see this deviation clearly we have plotted the excess 

resistivity Ap(T) = p(T) -  (a+ bT) as a function of temperature on the same graph. 

This film did not show any noticeable upward deviation like other films but shows a 

downturn deviation from the T-linear relation fitted to the high temperature data. 

p(T) starts to deviate from the linear relation (solid line in Fig.3.3) at T* =  230K. 

Below T*, Ap(T) is negative (indicating a downward deviation) and decreases faster 

as T  approaches the onset Tc. Note that the solid line (fitted to the high temperature
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Figure 3.3: Temperature dependence of the in-plane resistivity p(T) measured in
a zero magnetic field between Tco and 300 K for the underdoped YBCO film 10. 
Ap = p(T) — (a + bT) (open triangles) is the downward deviation from the solid 
line fitted to the high temperature data between 230 and 300 K. Note the downward, 
deviation at T* =  230K" and the large positive y-intercept (p(0)) of the solid line. 
The measurement of p(T) performed two months earlier showed a very small upward 
deviation Ap/p(7\) ~  1.3% which has disappeared in the present measurement.

data) for this film shows a large positive y-intercept. In fact this film exhibits the 

largest positive y-intercept among all films investigated and it is the only film that 

displayed a downturn deviation too.

Deviation of p(T) data from the T-linear dependence observed at high tempera

tures ( T* > 200 K), has been investigated for all thirteen films. The deviation-related 

characteristic parameters: T*, 7\, maximum fractional deviation at T\: Ap(Tt)/p(7\) 

together with the parameters a and b for the linear function (fitted to the high tem

perature data) are listed for all samples in Table 3.2.
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Table 3.2: Upward deviation-related characteristic parameters of YBCO films, Tco 
is the transition temperature at p =  0 and B=0, T* and 7\ are the temperatures 
at which the deviation from the linear dependence starts and becomes maximum, 

respectively. Ap(Ti)/p(Ti) is the maximum fractional deviation calculated at 7\ and 

a and b are the y-intercept and the slope of the linear function p(T) = a + bT  fitted 

to the high temperature data. Films are sorted in an order of decreasing Tc0.

Film Td, T* A p (7 \)M ri) a b

No. (* ) (* ) (K) % (pQcm) (pQcm/K)

1 90.0 266 115 17 -5.04 0.11

11 89.9 265 104 31 -27.70 0.54

3 89.5 266 102 29 -53.25 1.07

9 86.2 225 114 3 -0.08 0.33

10 85.8 237 N/A 0 39.39 0.55

12 85.4 230 106 8 -8.19 1.02

13 85.4 240 97 18 -19.93 0.76

7 85.0 220 110 5 -4.74 3.75

8 84.6 223 103 10 -8.25 0.45

6 84.6 220 110 11 -7.81 2.50

5 84.5 236 112 4 3.79 1.04

4 81.7 221 102 10 2.04 0.11

2 80.3 210 106 3 22.72 1.43
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3.3 Discussion

3.3.1 Tc-dependence of the upward deviation in p(T)

The temperature T* at which p(T) deviates from the T-linear dependence is Tc and 

sample dependent. Fig.3.4(a) shows temperatures T* at which the deviation starts 

and T\ at which this deviation has a maximum as a function of Tc for all films that 

showed upward deviation. The upward deviation from T-linear dependence occurs at 

high temperatures (T* ~  265AT) for films close to an optimum doping, and at lower 

temperatures (T* ~  210 — 240K) for underdoped films. In general T* increases with 

an increasing Tc for YBCO films. This is in contrast to the observation that the tem

perature T* at which the downward deviation of p(T) from the T-linear dependence 

occurs, has been shown to decrease with an increasing oxygen concentration and to 

approach Tc for optimally doped YBCO crystals ( Tc ~90 K ) [2].

This downward deviation was found to coincide with the development of a gap in 

the spin excitation [2] (known as pseudo-gap opening seen in the neutron and NMR 

studies [11, 12]), since the temperature at which the spin gap becomes apparent de

creases with an increasing oxygen concentration and becomes indistinguishable from 

the superconducting gap in optimally doped YBCO.

The temperature 7\ at which the upward deviation reaches a maximum is almost 

sample independent [see Fig.3.4(a)]. The plot in Fig.3.4(a) of Ti versus Tc for different 

films does not reveal any systematic variation of Ti with Tc. It is almost constant 

with small fluctuations about an average value of 107 K.

Ito el al. [2] studied the deviation from the T-linear behavior in the in-plane 

resistivity of YBCO single crystals with various oxygen concentration (x). They 

observed a perfect linear behavior for Tc =  9QK crystals (x  =  6.90 very close to 

the optimum doping x  = 6.95). This is in contrast to our films where we observed 

the largest upward deviation from the T-linear for films with Tc ~  90K . Although 

p(T) for slightly oxygen deficient YBCO single crystals shows linear dependence over 

a wide range of temperatures and deviates downward from T-linear at iow T*, in

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



300
i (a)

2 5 0
o

2 “  200 -  — A  —

1 5 0

A
100

0.2
: (b>

0.1

S  o.o o
o

§  -0.1

.p
- 0.2

- 0 .3
8 0 8 2 8 4 86 88 9 0 9 2

0 .4
(C)

0 .3

0.0

- 0.1
- 0 .3 - 0.2 - 0.1 0.0 0.1 0.2

p (0 ) /p (3 0 0 K )

Figure 3.4: (a) Temperatures T* (at which the upward deviation of p(T) starts) and 
T\ (at which the deviation has a maximum) plotted as a function of Tc for all films that 
exhibit an upward deviation. Note that 7\ is almost Tc-independent, but T* increases 
with an increasing Tc for YBCO films, (b) Normalized residual resistivity: p(0)/p(300) 
plotted as a function of Tc for all YBCO films with an upward deviation. For each 
film, p(0) was taken as the y-intercept of the line fitted to the high temperature data 
between T * and 300 K. (c) Fractional deviation from the linear dependence fitted to 
the high temperature data: Ap(7\)/p(Ti) plotted as a function of the corresponding 
y-intercept. The solid lines are guides for the eye.
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highly oxygen deficient crystals it starts to deviate rapidly downward from the T- 

linear dependence at higher T*. The deviation temperature T* is 180 K and 220 K 

for x  =  6.85 and 6.78, respectively [2].

Whyts et. al. [3] investigated systematically the normal state resistivity in a 

series of oxygen-deficient c-axis oriented YBCO thin films. An upward deviation of 

p(T) from the T-linear dependence near T* ~  265A was observed in an underdoped 

film with x =  6.85 while for films with x  < 6.85, p(T) displayed the usual down

ward deviation. Similar upward deviation has also been observed in other HTSC’s. 

Chen et al. [7] have seen an upward deviation of p(T) from the linear dependence at 

T* ~  250A in Bi-2223 (Tc ~  110A”) and Bi-2212 (Tc ~  87K ) whiskers. The upward 

deviation increases with a decreasing temperature over a range of about 50 K. The 

upward deviation observed in Bi-2212 whiskers is similar to the one observed in our 

YBCO films, where in both compounds the excess resistivity Ap above T* keeps in

creasing smoothly until it reaches a maximum before going down rapidly below 7 \ . 

However, for Bi-2212, the deviation Ap extends over a narrow temperature range of 

about 30 K, while for YBCO films it extends over a much wider range of temperature 

[(T* — 7\) ~  100 — 150A]. Chen et. al [7] attributed this effect to a structural trans

formation or lattice distortion followed by charge or spin excitations as established 

by neutron scattering studies.
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3.3.2 Relation between the upward deviation in p(T) and the 

y-intercept p(0K)

The residual resistivity p(QK), both its magnitude and sign, is believed to be related 

to the carrier density in the normal state [4]. To verify this we have studied the 

relationship between the y-intercept of the linear part of p(T) and the corresponding 

upward deviation (which is related to the oxygen deficiency). For each film, p(0) 

was taken as the y-intercept, at T=0 K, of the line fitted to the high temperature 

data between T * and 300 K after extrapolation to T=0 K. Variation of both mag

nitude and sign of the y-intercept in our YBCO thin films (see Table 3.2) appear 

to be related to the oxygen deficiency of the films. Films with the largest deviation 

Ap(Ti)/p(Ti) are characterized in general by a large negative y-intercept (for example 

films 3 and 11 with y-intercepts of -53 and -28 pQcm have a deviation Ap(7\)/p(7i) 

of about 29% and 31%, respectively). On the other hand, films with a small upward 

deviation Ap(Ti)/p(7\) < 5% are characterized by either a very small (approaching 

zero) negative or positive y-intercept. For example films 5 and 9 have y-intercepts of 

3.8 and -0.1 p£lcm respectively and a deviation Ap(Tx) /  p(Tx) of about 4% and 3%, 

respectively. Fig.3.4(b) shows the normalized residual resistivity p(0)/p(300) divided 

by the resistivity at 300 K as a function of Tc for all YBCO films with an upward 

deviation. In general the normalized residual resistivity p(0) decreases with an in

creasing Tc for different films. Films that are close to an optimum doping (Tc ~  90 K) 

have large negative values of p(0)/p(300) while underdoped films have either small 

negative values (very close to zero) or positive values.

It is interesting to investigate the correlation between the y-intercept of the linear 

high temperature part of p(T) and the deviation Ap, and whether they are related to 

the oxygen concentration. This could enable us to correlate these quantities to the 

hole concentration as it is known that the hole concentration increases with an increas

ing oxygen content [4, 7]. Fig.3.4(c) shows the fractional deviation Ap(7\)/p(7\) from 

T-linear dependence plotted as a function of the normalized y-intercept p(0)/p(300/C) 

for all YBCO films (see Table 3.2). In general Ap(7\)/p(7\) decreases with an in-
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creasing y-intercept reaching almost zero (no upward deviation) at y-intercept of +40 

pSlcm for film 10 which did not show any upward deviation. Ap(Ti)/p(T{) reaches 

a large values up to 30% (for film 3, which is close to an optimum doping with 

Tc ~  90/if), with a negative y-intercept of -53 pQcm.

3.3.3 Dependence of the upward deviation on the O 2 content

Chen el al. [7] found that annealing of Bi-2223 whiskers in 0 2 shifts the y-intercept to 

negative values while annealing in JV2 (removing oxygen) shifts it up to positive values. 

In addition, samples that were annealed in 0 2 revealed a corresponding increase in 

the excess resistivity Ap with decreasing T, while those annealed in N2 displayed a 

smaller Ap that is almost temperature independent. They attributed the increase in 

Ap at low temperature to an increase in hole concentration [7]. Our results shown 

in Fig.3.4(c) and Table 3.2 agree with these findings. One could therefore interpret 

the upward resistivity deviation from the linear dependence in YBCO thin films in 

a similar manner. Further support for this view came from the following experiment 

that we performed on films 4 and 10. For both films the resistivity measurement 

has been repeated under the same conditions and the same applied current (5 pA) 

approximately two months after the first measurement (see Table 3.2). Fig.3.5 shows 

the old and new p(T) data together with the corresponding deviation Ap from the 

T-linear dependence. There are four main features that can be seen clearly from this 

graph for both films: (1) the new measurement revealed a drop in Tc0 by about 1.1 

K for film 4 and about 0.7 K for film 10 [see the insets in Fig.3.5]; (2) a significant 

increase in the resistivity was observed especially for film 10; (3) the y-intercept 

increased to larger positive values; and (4) the upward deviation Ap decreased in 

the new measurement compared to the old one while T * did not show any significant 

change [see Fig.3.5 and Table 3.3]. The drop in Tc and the corresponding increase in 

the resistivity imply that both films have lost oxygen. This loss has resulted in a small 

decrease in the upward deviation Ap  and a corresponding increase in the y-intercept 

for both films. Film 10 has shown an interesting feature. While the old measurement
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Table 3.3: Comparison between the old and new upward-related properties for
YBCO films 4 and 10. The Table lists the transition temperature Tco, maximum 
fractional upward deviation Ap(7\)/p(7\) and the y-intercept of the linear function 
p(T) =  a +  6T fitted to the high temperature data. The new measurements were 
carried out approximately two months after the first one.

Film Tco Ta, W i)
P(Ti)

Ap(7i)
PCTi) y-intercept y-intercept

No. old (tf) new (K ) old% new % old (pQcrn) new old (pClcm)

4 81.7 80.6 10.3 8.7 2.04 5.26

10 86.5 85.8 1.3 0.3 23.45 39.39

has shown a small upward normalized deviation from the T-linear dependence with a 

maximum Ap(Ti)/p(Ti) ~  1.3%, the new one exhibited an almost negligible upward 

deviation (Ap(7i)/p(7i) ~  0.3%. The new measurement for film 10 has shown instead 

a downward deviation at a high temperature T* = 230K  compared to 175 K for the 

old one. This could imply that below a certain oxygen concentration p(T) switches 

its deviation (from the T-linear dependence) from an upward one to a downward one.

We have repeated the measurement of p(T) for a second time for all films listed 

in Table 3.2 after a period between two to three months from the first one. Except 

for films 4 and 10 discussed above, the drop in Tc for the other films was very small 

and not associated with any increase in the resistivity as that shown by films 4 and 

10. The changes in the upward deviation from the T-linear was also very small for 

these films. However, we have noticed that a decrease in y-intercept (if any) is always 

associated by a corresponding increase in the upward deviation.

The discussion above could imply that the increase in the upward deviation is 

caused by an increased hole concentration as a result of high oxygen content (as in 

the case of 90 K films). According to Chen et al. [7] this leads to a continuous charge 

localization due to sufficient holes. On the other hand, an increase in Ap with a 

decreasing temperature is small in underdoped films, because the reduced hole con

centration may prevent charge segregation from occurring due to insufficient holes [7].
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Figure 3.5: Comparison between the old and new measurements of the temperature 
dependence of the in-plane resistivity p(T) measured in a zero magnetic field for 
two underdoped YBCO films 4 (a) and 10 (b) and the upward deviations, Ap = 
p(T) — (a + bT), from the solid line fitted to the high temperature data. The insets 
show the old (open circles) and new (solid circles) resistive transition. Note the drop 
in Tc, the corresponding increase in resistivity, the increase in the y-intercept and 
the corresponding decrease in the upward deviation Ap  for the new measurement in 
comparison to those for the old one.
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Since the residual resistivity p(0) increases with a decreasing oxygen concentration, 

this could lead to the conclusion that p(0) is directly related to the hole concentration

[4] [ see Figs. 3.4 and 3.5 and Table 3.2]. The upward deviation from the T-linear de

pendence Ap{T) in the temperature region T\ < T  <T* can be fitted to an empirical 

power law of the form:

The results of fitting of Ap(T) data using Eq.3.1 are shown in Fig.3.6 for films 3,4,7,9 

and 11. Fig.3.6 shows the natural logarithm of Ap/p(100AT) as a function of the 

natural logarithm of (1 — T/T*). The fitting allowed us to determine the values of 

the power m from the slope of the lines fitted to the data. These values which range 

between 1.1 to 1.5 for different YBCO films, are in contrast to Bi-2223 values which 

range between 1.6 and 2.0 [7].

3.4 Summary and Conclusions

We have investigated the temperature dependence of the normal state resistivity 

p(T) for a temperature range between Tc onset and 300 K in a zero magnetic field 

for thirteen YBCO films both underdoped and optimally doped of different Tc, thick

ness, and preparation techniques. For all films studied except one, p(T) showed an 

upward deviation from the high temperature T-linear dependence below a charac

teristic temperature T* ~  265 K  for optimally doped films (Tc ~  90 K) and below 

T* ~  210 -  240K  for underdoped ones (Tc ~  80 -  86.5 K). While p(T) continues 

to decrease with a decreasing T as usual, the upward deviation continues to increase 

with a decreasing temperature down to another characteristic temperature 7\ close to 

Tc onset. This upward deviation from the T-linear dependence increases with an in

creasing oxygen content (optimally doped films shows the largest upward deviation). 

There is a direct relationship between the upward deviation and the corresponding 

y-intercept at T=0 K (residual resistivity) of the straight line fitted to the high tem-

(3.1)
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Figure 3.6: Logarithmic plots of Ap/p(100K) versus (1 — T/T*) for films 3,4,7,9 and 
11 for the temperature range between and T* . The solid lines represent a fit of 
the function Ap  =  (1 — T /T ')m to the experimental data. The slopes of the lines give 
the exponent m  for different films (see the inset).

perature data of p(T). Films with a large upward deviation show a large negative 

y-intercept, while those with small deviation show a small (close to zero) positive or 

negative y-intercept.

The question is why most YBCO thin films, both optimally doped and under

doped, show an upward deviation? This behavior has been observed in other YBCO 

thin films [13] and other HTSC like BSCCO ( both 2212 and 2223), La2_I 5 rI(7u04, 

and even in YBCO single crystals [14, 15]. However, it has not received enough atten

tion because it has been believed that this behavior is due to sample inhomogeneity. 

It is strongly believed that high quality optimally doped single crystals show a linear
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behavior in p(T), that extends over a wide range of temperatures between Tc onset and 

room temperature, and an almost zero residual resistivity (zero y-intercept at T=0 

K). Moreover In general, a low resistivity, high Tc, sharp superconducting transition, 

and a perfect T-linear relation of p(T) are associated with high-quality samples. In 

terms of this criteria, single crystals are considered better quality (defect free) than 

thin films or polycrystalline samples, and therefore considered as a representative of 

the intrinsic nature of the material. Recent results reported by Qadri et al. [14] sug

gest that this may not be true. With the use of high resolution x-ray diffraction, their 

results revealed a distribution in the c-axis lattice parameters, which was interpreted 

as an evidence of a distribution in oxygen content. This led them to conclude that 

structural defects exist even in single crystals with sharp superconducting transitions 

(< 0.5K). Assuming that random oxygen defects affect normal state transport prop

erties in C u02 planes through scattering, the mean free path in the ab-planes must 

be related to the density of these defects (average distance between defects is approx

imately a/VS, where a is the lattice parameter and S is the oxygen deficiency) [15]. 

The measurement of p(T) for single crystals reported by [14, 15] showed an upward 

deviation from the high temperature T-linear relation similar to the one observed by 

our thin films. Our earlier investigations of p(T) in ceramic polycrystalline YBCO 

samples (Tc is close to 91 K) revealed that p(T) shows either a T-linear dependence 

between Tc onset and room temperature or an upward deviation. These experimental 

findings suggest that an upward deviation in p(T) from the T-linear dependence may 

be related to the disorder which results from distribution of oxygen content in the 

sample.
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Chapter 4 

Twin-Boundary Pinning in YBCO  

Thin Films

4.1 Introduction

The central question in all flux motion models is the nature of the effective pinning 

centers. Various defects have been suggested, including oxygen vacancy clusters, sec

ondary phases, columnar defects produced by proton and heavy-ion irradiation, and 

twin boundaries (TB’s). Among those defects TB’s, a common naturally occurring 

type of c-axis correlated disorder, are considered one of the most important sources of 

vortex pinning in YBCI2CU3O7-S (YBCO). Twins are ubiquitous in superconducting 

YBCO. They normally form to accommodate strains arising from a crystallographic 

tetragonal to orthorhombic transitions as a result of oxygen vacancy ordering. Twins 

occur in two orthogonal families called "colonies” . For YBCO, the coherent TB is 

lying within {110} directions, so there are two sets of twins lying on (110) and (110) 

planes [1].

Experimental evidence for the role of TB’s as effective pinning centers has been ob

served very early, just after discovery of high Tc materials. A sharp drop in resistivity 

as the magnetic field direction is rotated through the c-axis is normally considered to 

be a signature of this type of pinning in clean materials [2, 3, 4, 5]. Additional support
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for the TB pinning came from a low-temperature neutron-diffraction measurements of 

heavily twinned YBCO [6]. A square pattern of Bragg peaks was strongly suggestive 

of pinning by two orthogonal families of twin planes for field parallel to the c-axis.

The effect of TB’s on vortex dynamics has been investigated by many authors 

using different experimental techniques. Magnetic decoration experiments at low 

temperatures and low fields revealed a concentration of vortices along the TB planes 

[7, 8]. Magnetization hysteresis on twinned and untwinned crystals showed that TB’s 

are effective pinning centers [9, 10]. Later, using a high resolution magneto-optical 

technique, it was possible to investigate the interaction of vortices with individual 

TB [11]. This study revealed that TB’s do not act as channels for easy flux entry 

but they are strong barriers for transverse vortex motion. This results in a build-up 

of flux on the side of the TB facing the motion and consequently leads to a guided 

vortex motion parallel to the TB’s in the region adjacent to it [11].

Investigations involving pinning by TB’s take advantage of many useful features 

that are not available in any other kind of defects. These are: (1) The twin planes 

are naturally occurring in the system, which allows the use of fully oxygenated sam

ples without the need to introduce additional artificial defects that may suppress 

Tc and increase oxygen deficiency; (2) samples can be cleaved to obtain parts with 

no or a few TB’s, or TB’s can be removed without altering the stoichiometry; (3) 

TB’s pinning sites are observable optically which facilitates the alignment of field 

and current directions; and (4) TB’s are extended planar objects, and therefore their 

effect as pinning centers can be seen through angular dependent measurements (re

sistive, magnetization and torque) [2]. The TB’s planar nature and their existence in 

two different crystallographic directions ((110) and (110)), suggest that anisotropic 

pinning behavior for flux motion parallel and perpendicular to the TB’s should be 

expected. A large effect of the TB’s has been observed when the Lorentz force is di

rected perpendicular to them [12]. However, it has been shown by angular-dependent 

magnetoresistance measurements that pinning by TB’s occurs even when the Lorentz 

force is directed parallel to them [12]. This was explained qualitatively in terms of
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the existence of atomic-size defects and disorder within TB’s [12]. Fleshier et al. [2] 

studied the relationship between TB pinning and direction of the Lorentz force in 

YBCO twinned single crystals near Te using angular resistivity measurements in a 

moderate magnetic field. This was achieved by applying the current in the ab-planes 

either parallel, perpendicular, or at an angle of 45° with respect to TB’s. Pinning by 

TB’s manifests itself as a drop in the resistance when the magnetic field is oriented 

within a certain depinning angle relative to TB’s near the c-axis. They found that 

the drop in resistivity, the depinning angle, and the zero-resistance temperature to 

be enhanced when the vortices move in a direction normal to TB’s, indicating that 

the pinning barriers for this direction of flux motion are significantly larger. The 

depinning angle for rotations off the c-axis decreases with an increasing field and a 

decreasing temperature, whereas for rotations of field in the ab-planes it is nearly 

field independent.

The effect of TB’s on motion of vortices has also been observed in the torque [13] 

and transport measurements of the critical current density Jc [14, 15]. Roas et al.

[14] performed transport measurements of Jc for epitaxial thin films in a magnetic 

field with various orientations of the applied current with respect to TB’s. Their 

results indicate that Jc does not depend on the direction of the Lorentz force with 

respect to TB’s for B  || c-axis. The authors have shown this for more than twenty 

samples, where the current paths were randomly oriented with respect to the a and 

6 axis [14]. On the other hand, Safar et al. [15] carried out a transport resistive 

measurements on thick YBCO films at T=75 K and in field of 5.3 T in order to 

determine Jc. They performed the measurements for two different orientations of the 

applied current with respect to TB planes: one at 45° and the other is simultaneously 

parallel and perpendicular to TB’s. Their results showed that Jc is a factor of two 

higher for the 45° orientation than that of the other one [15].

From the theoretical viewpoint, Blatter et al. [16] investigated the pinning prop

erties of TB’s in YBCO single crystals within the framework of the collective-pinning 

theory. They proposed that TB pinning can occur only for magnetic fields directed
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within some critical angle <f>c relative to TB’s. In the single-vortex pinning picture, 

this critical angle is determined by the tilt modulus and the pinning energy associated 

with the suppression of the order parameter in TB’s. They showed that at angles 

<f> < <j)c, the vortex lattice is accommodated to the lattice of twinning planes, resulting 

in a decrease in resistivity and a corresponding enhancement of the critical current 

density. Above the bulk depinning temperature Tp, the pinning properties of TB’s are 

enhanced as compared to the bulk pinning [16]. Nelson and Vinokur [17] developed 

a theory of vortex pinning in high-Tc superconductors by correlated disorder in the 

form of TB’s, grain boundaries, and columnar defects.

It is believed [2] that TB’s pinning is strong enough to produce a minimum in p(<f>) 

in single crystals, if the field is oriented within a certain depinning angle from the 

c-axis. In addition, the onset temperature of TB’s pinning is marked by a shoulder ob

served in the low-temperature end of the magnetic field broadened resistive transition 

for B || c-axis for YBCO single crystals [2] and films [18]. However, Charalambous et 

al. [19] have found a shoulder in the temperature dependence of resistivity of twinned 

YBCO crystals for B _L c-axis and J  || c-axis. This resistivity drop was interpreted 

as evidence for the first-order freezing transition into the Abrikosov flux lattice. In 

completely twin-free samples, a shoulder was also observed even for fields along the 

c-axis [17].

Our measurements of the angular dependence of resistivity performed on YBCO 

thin films of various Tc, Jc, thickness, and preparation techniques revealed that some 

films showed a minimum in p(<f>) for fields oriented within a certain angle from the 

c-axis. The majority of these films did not show a sharp minimum but instead a 

smooth fiat maximum as B is tilted closer to the c-axis, similar to that seen in typical 

untwinned YBCO crystals. However, those films which displayed a minimum in p(<f>) 

for B close to the c-axis, did not show any characteristic shoulder in p(T) measured 

in an applied magnetic field parallel to the c-axis in contrast to that reported in 

References [2, 18].

In this Chapter, we present detailed study of the angular dependence of resistivity
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as a function of temperature and magnetic field for fifteen YBCO films of various Tc, 

Jc, thickness, substrates, and preparation techniques. We focus on the angular region 

of p{<f>) with <f> close to the c-axis where TB pinning is expected to be the most effective. 

Our results revealed that the angular width of the minimum (i.e the accommodation 

angle) for rotations off the c-axis decreases with an increasing field and an increasing 

temperature in accordance with previous reports [3]. The most striking result is that 

there is no correlation between the measured critical current density Jc in YBCO 

films and the presence of the minimum in In fact, we have also found that the 

minimum in p(<f>), for YBCO thin films studied, is present only in films which were 

deposited very slowly, thus allowing the growth of crystallographically well-defined 

and sharp TB’s.

4.2 Results and discussion

Correlated disorder plays an important role in understanding the dynamics of vortex 

motion. One significant source of correlated disorder is twin boundaries. Poten

tially more important for applications are the columnar defects, produced by highly 

energetic heavy ions like lead, gold, uranium etc. The c-axis correlated disorder is 

manifested by a sharp drop in the angular dependence of resistivity p(<j>) as the mag

netic field B is aligned close to the c-axis (parallel to TB’s or columnar defects) 

[2, 3, 4, 5, 20, 21]. In addition, columnar defects and TB’s shift the irreversibility line 

to higher temperatures and increase the critical current density Jc at high tempera

tures and high fields due to a large increase in the pinning strength [15, 20, 21, 22].

In order to understand the effect of TB’s as pinning centers in YBCO thin films, we 

have measured the angular dependence of resistivity p{<f>) as a function of temperature 

and magnetic field for fifteen YBCO films of various Tc, Jc, preparation techniques, 

thickness and oxygen deficiency. Surprisingly, out of these fifteen films only three 

showed a minimum in p(<f>) as the field is tilted close to the c-axis. The other films 

displayed no minimum but a round maximum similar to that observed in typical clean
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Table 4.1: The normal and superconducting properties of YBCO films, p has been 

measured in the ab-planes, Tco is the transition temperature at p =  0 and B=0, ATc 

is the transition width at a zero field and t is the thickness of the film.

Film

No.

substrate

type

Deposition

method

t

(nm)
Too

(K)

A Tc 

(* )

p(100K)

(p.£lcm)

p(300K)
p(lOOK)

3 SrT  iOz laser-ablation 230 89.5 1.2 74.9 3.55

4 Sapphire+Ce02 laser-ablation 140 81.7 2.9 14.2 2.40

5 SrTiOz rf-magnetron 210 84.5 1.9 113.4 2.78

6 Al20% +  CeOi rf-magnetron 330 84.6 2.5 259.4 2.86

7 Al20$ +  C e02 rf-magnetron 610 85.0 2.0 289.4 2.87

untwinned YBCO crystal [21]. The superconducting and normal state characteristics 

of the samples used in this Chapter are listed in Table 4.1.

In the following sections we discuss the effect of the critical current density, tem

perature and magnetic field on the minimum around <f) =  0°, and estimate TB pinning 

energy from the accommodation angle.

4.2.1 Dependence of TB pinning on Jc

Fig.4.1 shows the angular dependence of resistivity p{4>) as a function of temperature 

close to Tc, in a constant magnetic field for two selected YBCO films 5 and 7 which 

displayed a minimum in p(4>)- For both films the field was rotated in a plane per

pendicular to the current direction in order to maximize the Lorentz force effect. For 

the range of temperatures shown in Fig.4.1, the resistivity increases as the magnetic 

field is tilted away from the ab-planes (<f> =  ±90°), eventually reaching a maximum 

at an angle foa  (which is temperature dependent), and then decreases as the field 

direction approaches the c-axis, reaching a minimum at (j> =  0° (B || c-axis).

As we pointed out earlier in the introduction, the minimum in p(<f>) that oc

curs when the field is oriented within a certain angular width around the c-axis is
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Figure 4.1: Angular dependence of resistivity p(<f>) measured in a constant magnetic 
field at different temperatures close Tc for two YBCO films 5 (a) and 7 (b), which 
exhibits a minimum in around <j> =  0°. The angle <f> is measured with respect to 
the c-axis (<j> = 0°) and the field is rotated off the c-axis in the plane perpendicular 
to the applied current direction (B J_ J) [see the inset in (a)]. The minimum in p{4>) 
is due to the twin boundary pinning in both films. Note that p{<f>) increases as B is 
rotated away from the ab-planes (<f> — ±90°), reaching a maximum at a certain angle 
<f>, and then decreases as the B approaches the c-axis, reaching a minimum at 0 =  0° 
(B || c-axis).
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attributed to twin boundary pinning [2, 23]. Film 5 has a relatively high critical 

current density Jc at 77 K, while film 7 has a low Jc (see Table 4.2). Fig.4.2 presents 

p(<t>) as a function of temperature close to Tc, at a constant magnetic field for two 

selected YBCO films 3 and 4 that did not show a minimum in p{4>) for B  close to 

the c-axis. Film 3 has the highest Jc at 77 K compared to other films investigated, 

while film 4 has the lowest Jc (see Table 4.2). Note that the resistivity for films 3 

and 4 of Fig.4.2 is the largest when the field is aligned parallel to the c-axis and has 

a minimum when the field is parallel to the ab-planes. This angular dependence of 

resistivity arises from the intrinsic anisotropy of YBCO. Films with large anisotropy 

exhibit a large difference between p(0°) and p(90°). It is worth noting here that the 

mass anisotropy ratio 7 =  \Jmc/m ab was estimated to be 35 for film 3 and about 400 

for film 4 (see the next Chapter).

In order to verify if there is any correlation between the minimum in p(<f>) and 

the magnitude of Jc for different films, it is important to use Jc values measured at a 

fixed reduced temperature T /T c very close to Tc where the measurement of p((f>) has 

been performed. For this purpose, Jc values measured at T /T c =  0.977 were used. 

At high temperature of T /Tc =  0.977 thermal activation energy is high enough to 

overcome pinning by point defects and therefore any vortex pinning by point defects 

can be neglected. Thus only c-axis oriented defects (TB’s, grain boundaries, columnar 

defects) are the source of effective pinning centers. TB’s are planar defects and their 

effect should be visible even at high temperature as demonstrated by the minimum 

at <f> =  0°. Comparing the values of Jc measured at T /T c =  0.977 (see Table 4.2) for 

films 5, 6 and 7 (with a minimum) with those of films 3 and 4 (without a minimum), 

we could not establish any correlation between the presence of the minimum in p(<f>) 

for field rotations close to the c-axis and the magnitude of Jc.

Temperature dependence of Jc was measured by a contactless magnetic method 

using a scanning Hall probe [24]. This method involves inducing a supercurrent in a 

disk- or a ring- shaped sample by applying an external magnetic field and subsequently 

switching it off. The measurement of Jc using a self-supporting supercurrent prevents
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Figure 4.2: Angular dependence of resistivity p(<f>) measured in a constant magnetic 
field at different temperatures close Tc for two YBCO films 3 (a) and 4 (b), which 
exhibits a broad maximum in p(<f>) around (f> =  0°. The angle <f> is measured with 
respect to the c-axis and the field is rotated off the c-axis in the plane perpendicular 
to the applied current direction (B ± J ) .  Note that p(<f>) for both films is the largest 
when B || c-axis and has a minimum when B || ab-planes. This angular dependence 
is a result of the intrinsic anisotropy of YBCO.
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Table 4.2: Characteristics of the YBCO films: critical current density Jc measured at 

77 K and at a reduced temperature T/T c = 0.977 , </>tb  is the TB’s accommodation 

angle taken from Fig.4.4, and [p(4>t b ) — p(^°)\f p(4>t b ) is the normalized depth of the 

minimum in p(<f>).

Film

No.

minimum

present

JC(77K)

(A/cm2)

U r .  = 0-977)

(A/cm2)

<t>TB

(degrees)

P(0Tfl)-p(O°)
p(^t b )

3 no 2.36 x 106 7.28 x 104 N/A N/A

4 no 8.10 x 104 1.62 x 104 N/A N/A

5 yes 1.08 x 106 2.82 x 104 23.8 0.116

6 yes 1.13 x 105 1.59 x 104 28.8 0.134

7 yes 1.03 x 105 1.02 x 104 37.0 0.240

adding normal currents (which may flow through parts of the sample of very low 

resistance) to the measured value of Jc. Effects of normal currents on Jc especially 

very close to Tc can not be avoided in standard methods such as an I-V four probe 

method. According to our method of measuring Jc, the induced supercurrent is 

circulating in a closed loop in the ab-plane of the film. Therefore the effect of TB’s 

pinning should be encountered especially at high temperatures close to Tc where the 

effect of point defect pinning is negligible.

Fig.4.4 shows the angular dependence of resistivity p{<t>) at a fixed field and a 

reduced temperature T /T c for three YBCO films very close to Tc. All three films 

display a minimum for angles near <f> =  0°. This minimum is characterized by a width 

and a depth which are temperature, field, and sample dependent. The accommodation 

angle (</>tb) is defined as half of the angular width between the two resistivity maxima 

surrounding the minimum (see Fig.4.4). The accommodation angle represents the 

largest angular range for which TB pinning is effective. The normalized depth of 

the minimum defined as [p (4>t b ) ~  p(O°)]/p(0tb)> >s als° temperature, field, and 

sample dependent. The accommodation angles 4>tb, calculated from Fig.4.4, for
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Figure 4.3: Normalized angular dependence of resistivity p / p max =  p (4>)/p (<1>t b )
measured in a constant magnetic field at different temperatures close Tc for films 5 
(a) and 7 (b). The field was rotated off the c-axis in a plane perpendicular to the 
current direction. Each normalized angular-dependent isotherm curve was produced 
by dividing p(<j>) [shown in Fig.4.1] by its maximum value p(^tb)- Note that the 
depth of the minimum in p(<f>) decreases as temperature is increased and eventually 
disappears completely close to Tc.
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films 5, 6 and 7 are 23.8°, 28.8° and 37.0°, respectively. The depths of the minimum 

— p(0°)]/p(<Atb) for films 5, 6 and 7 are 0.116, 0.134, and 0.240 respectively. 

<f>TBi [p(<!>t b ) — p{®°)]/p{4>t b ) and Jc at T /T c = 0.977 are listed in Table 4.2 for 

comparison. Note that film 5 has the highest Jc and film 7 has the lowest one. From 

Table 4.2, one can also see that 4>tb  and [p(<I>t b ) ~  p{0°)]/p(<(>t b ) increase with a 

decreasing Jc. This kind of behavior is not expected since the TB pinning should 

have the same effect on the magnitude of Jc and the minimum in p(<f>). In other 

words, the width and the depth of the minimum should increase with an increasing 

Jc. This behavior can be explained by taking into account the direction of the applied 

current I relative to the TB.

YBCO films contain TB’s along both (110) and (110) directions and thus the 

Lorentz force that acts on the flux lines is directed at two angles relative to TB’s 

directions simultaneously. The alignment of bridges (current direction) was randomly 

chosen for all films studied, which implies that the current could be directed parallel 

and perpendicular to TB or at an arbitrary angle with respect to the TB mosaic. A 

large effect of TB pinning is expected for directions of I at 45° from the mosaic of 

TB’s but a smaller one when I is oriented parallel and perpendicular to TB’s. Safar et 

al. [15] investigated the effect of TB on Jc in thick YBCO films. They observed that 

Jc was a factor of two higher when the current was directed at 45° from the mosaic 

of TB’s in comparison to the case when I was directed parallel and perpendicular 

to TB’s. Fleshier et al. [2] studied extensively the Lorentz-force dependence of TB 

pinning in YBCO single crystals close to Tc. They cut these crystals in order to 

obtain samples with only one TB orientation. Current was applied in the ab-planes 

at three different directions relative to TB’s: parallel, perpendicular, and at 45°. 

The authors observed that TB’s reduce the resistance more significantly and provide 

pinning over a wider angular range (4>tb is larger and the minimum is deeper) when 

the Lorentz force is oriented perpendicular to TB planes (i.e I || TB’s) for rotations 

off the c-axis. More explicitly, <f>TB for crystals with 11| TB’s is more than twice that 

for crystals with I 1  TB’s, and the ratio [p (<}>t b ) / p {0°)] is two orders of magnitude
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Figure 4.4: Angular dependence of resistivity p(<f>) measured in a constat field and 
a constant reduced temperature T /T c for three YBCO films 5 (a), 6 (b) and 7 (c) 
very close to Tc. All three films display a minimum for angles near <j> =  0°. The 
accommodation angle (4>tb) is defined as the half of the angular width between the 
two resistivity maxima surrounding the minimum. The inset in (b) shows the exper
imental configuration for all three films where B is rotated off the c-axis with B _L J. 
Note the sample-dependent variation of <j)rB-
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larger for crystals with I || TB’s than that for crystals with I J_ TB’s. Note that 

the minimum at <j> =  0° was always observed for all orientations of I relative to TB 

planes. These two experimental observations suggest that the orientation of I relative 

to TB’s is important because it determines the Lorentz-force direction which governs 

the direction of flux-motion. The flux lines experience the maximum TB’s pinning 

when it moves across the TB’s and the minimum pinning when they move parallel to 

TB’s. In our case, films 6 and 7 have comparable Jc values at T /T c =  0.977 which 

are about two times less than that for film 5 (see Table 4.2). For the measurement of 

Jc, the issue of orientation of I is not important since in our contactless measurement 

the supercurrent is circulating in a closed loop (thus crossing all TB planes in a 

certain area). Films 6 and 7 are expected to have similar TB pinning strength and 

the difference between their respective minima depths and widths could be due to 

orientation of I at different angles relative to TB mosaic. For film 5, with the highest 

Jc and smallest <f>TB among all three films (see Table 4.2), the effect of TB’s pinning 

could be minimized if the direction of I is parallel and perpendicular to TB planes. 

This is in fact consistent with the results of Safar [15] et al. discussed earlier, which 

showed a change of Jc by a factor of two due to different orientations of I relative to 

TB planes. This change is similar to the difference in Jc values between films 5 and 

6 (see Table 4.2).

4.2.2 Onset of twin-boundary pinning

Fig.4.3(b) displays the normalized angular dependence of resistivity p{4>) /  p {4>t b ) for 

an angular range between -90° and +90° for film 7 at a fixed field of 0.68 T measured 

at different temperatures very close to Tc. The field was rotated in a plane perpen

dicular to the current direction in order to maximize the Lorentz force effect. The 

drop in p(<f>) relative to p($rn) due to TB’s pinning is very large at low temperatures, 

about 55% at 83.63 K, for film 7 [see Fig.4.3(b)], but it decreases as temperature is 

increased and eventually disappears completely near 85.5 K. In order to identify the 

temperature at which the minimum disappears completely, p{<j>) has been measured
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for a finer temperature interval of 0.1 K. The results of this measurements for an an

gular range between —50° and +50° in a constant field of 0.68 T  for film 7 is shown in 

Fig.4.5(a) for a temperature range between 84.83 K and 85.53 K. For film 7, effect of 

TB pinning is still detectable up to 85.43 K at which a very shallow minimum appears 

over the angular range between —30° and 35°. However at 85.53 K, the minimum 

in p(4>) for field tilts close to the c-axis completely disappears and instead a round 

maximum is observed. Thus the TB onset temperature ( T t b ) below which TB causes 

a drop in the angular dependence of resistivity for B=0.68 T is 85.50 ±  0.05K.

Fleshier et al. reported a measurement of p{4>) and p(T) as a function of temper

ature at a constant magnetic field on YBCO twinned crystals close to Tc. They have 

identified a shoulder in the temperature dependence of resistivity p(T) that corre

sponds to a steep upturn in the derivative dp/dT [see Fig.5 in Ref. [2]]. The authors 

have shown that the temperature at which the upturn in dp/dT  occurs corresponds 

to the onset temperature of the TB pinning Ttb [2]. Casaca et al. [18] also reported 

a similar observation of a characteristic shoulder in p(T) for YBCO thin films in 

magnetic fields up 18 T. They identified this effect as a signature of the onset of TB 

pinning [18]. In order to verify whether our measurement shows a similar character

istic shoulder, the resistivity as a function of temperature at a constant field of 0.68 

T (applied along the c-axis) has been measured over a temperature range between 

83 and 96 K. The results of p(T) and dp/dT  for film 7 are shown in Fig.4.5(b). This 

figure did not reveal any characteristic shoulder in p(T) or any corresponding upturn 

in dp/dT  at the temperature which corresponds to the onset of TB pinning.

It is important to verify whether the resistivity curve p(T) measured for B || c- 

axis and its derivative dp/dT  for films whose p{<f>) has a minimum have any special 

character that distinguish them from those films whose p(<f>) has a maximum for field 

alignments close to the c-axis. Fig.4.6(a) shows the normalized resistivity p(<f>)/p(0°) 

for film 3, with Tc =  89.5K , measured at different temperatures in a field of 0.68 T 

for B ±  J . This film shows a maximum in p(<f>) which excludes the possibility of any 

significant TB pinning at all temperatures and fields investigated [see Figures 4.2(a)
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Figure 4.5: (a) Normalized angular dependence of resistivity p/pmax — p(4>)/PifaB) 
measured at different temperatures close to Tc onset, and over a small angular range 
between -50° and +50° in a constant field for film 7 (with a minimum near </> — 0°). 
The minimum (due to TB’s pinning ) in p(<f>) can be seen up to 85.42 K, but it dis
appears completely at 85.53 K. (b) Resistivity and its temperature derivative dp/dT  
measured as a function of temperature near the transition (between 83 and 96 K) in 
a constant field B || c-axis. The temperature Tt b = 85.5 K, at which the minimum 
in p(<f>) disappears completely, marks the onset temperature of TB’s pinning. Note 
that dp/dT did not show any steep upturn or shoulder as observed in YBCO single 
crystals.
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and 4.6(a)]. Fig.4.6(b) presents p(T) measured in a field of 0.68 T (applied along the 

c-axis) and the derivative dp/dT as a function of temperature between 87 and 96 K 

for film 3. Comparison of the data for film 7 [see Fig.4.5(b)] with those of film 3 [see 

Fig.4.6(b)], revealed no change in the shape of either p(T) or dp/dT  curves between 

the two films. Therefore we conclude that the onset temperature of TB pinning in 

YBCO films is not correlated to a shoulder in p(T) or a steep upturn in dp/dT  in 

contrast to that observed by Fleshier et al. [2] and Casaca et al.[18]. The magnitude 

of the applied magnetic field does not have any significant effect on the existence of 

such features in p(T) or in dp/dT. These features were observed both in a low field 

of 1-3 T for single crystals [2] and in a high field of 14-18 T for thin films [18]. Our 

measurements performed in a low field (B  < IT), did not show any similar features.

The onset temperature of TB pinning for YBCO films occurs at temperatures 

above the middle of the transition (marked by the peak in dp/dT  [see Fig.4.5(b)] 

for B || c-axis). For higher fields Ttb shifts to lower temperatures. This result is 

consistent with the results of Fleshier et al. for YBCO twinned crystals (see Fig.6 in 

Ref. [2]) and Casaca et al. for YBCO thin films (see Fig.2 in Ref. [18]).

It is important to indicate that a similar kind of shoulders in p(T) have also been 

observed for different orientations of field in YBCO materials. Charalambous et al.

[19] found a shoulder in p(T) of twinned YBCO crystals, when the field was oriented 

perpendicular to the c-axis. This shoulder was interpreted as an evidence for first 

order freezing transition of flux into the Abrikosov lattice. However, in completely 

twin-free YBCO crystals, a shoulder in p(T) was also observed even for fields aligned 

along the c-axis [17].

Polarized light microscope studies on YBCO films that showed a minimum in p(<f>) 

at (f> =  0° (films 5,6, and 7) did not show any trace of twin boundaries even with use 

of the highest resolution available (1000 times magnification). This may imply that 

the spacing between these twin boundaries is very small, on a sub-micron level, to 

be seen using this magnification. Typical TB spacing in single crystals 0.2 — 15pm  

[2, 11] as determined by transmission electron and optical microscopies. For thin
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films, transmission electron microscope studies by Safar et al. [15] indicated that 

films contain grains of typical size between 2 to 5 /tm . These grains are seen to have 

many TB’s with a typical separation of 0.2p.m. They also noticed that, most grains 

contain TB’s running along a single direction (either along (110) or (1110)). There 

is a little correlation between the orientation of TB’s in adjacent grains. As a result, 

the sample is composed of a dense distribution of small domains, extending over 

very few grains, of single TB orientation. This is in contrast to single crystals where 

large domains (hundreds of microns) of the same TB orientation is normally observed 

[2, 12]. These results suggest that the TB’s in YBCO films exist within the grains 

and they are very small to be seen using an optical polarized light microscope which 

is in contrast to those of single crystals which can be seen easily using polarized light 

microscope. Therefore one has to use a transmission electron microscopy technique 

to see that.

4.2.3 Temperature and field dependence of TB pinning

The minimum in p(<j>) around <j> =  0° is characterized by a width and a depth which are 

temperature, field, and sample dependent. The sample dependence has been discussed 

in the first section. In this section we focus on temperature and field dependence of 

TB minimum. The TB accommodation angle is operationally defined as half 

of the angular width between the two resistivity maxima around the minimum [see 

Fig.4.4 and Fig.4.8].

Fig.4.1 shows the resistivity p(<j>) as a function of temperature in a constant mag

netic field for films 5 and 7 for B X J. The measurement were done for a range of 

temperatures very close to Tc. Since the variation in resistivity close to Tc is very 

large, it is difficult to see the effect of temperature changes on the minimum in p{<f>). 

In order to see this effect more clearly, each angular-dependent resistivity isotherm 

was normalized to the maximum resistivity at <f> =  4>t b - The results of this normal

ization for films 5 and 7 are shown in Fig.4.3 for a wider range of temperatures for 

each film. For both films, the width of the minimum (2 <£tb) and the normalized
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depth, defined as [p{<foa) — p(O°)]/p(0re), increase with a decreasing temperature. 

Fig.4.7(a) shows the accommodation angle <foB, calculated from Fig.4.3, as a function 

of the reduced temperature T /T c a t a constant field for films 5 and 7. The two films 

display a relatively different non-linear behavior, which may suggest a difference be

tween their respective TB’s pinning mechanisms. For both films <foa decreases with 

an increasing reduced temperature T /T c.

Fig.4.7(b) shows the variation of the normalized depth, calculated from Fig.4.3, 

as a function of the reduced temperature T /T c at a constant field for films 5 and 7. 

We defined the normalized depth as the difference between resistivities measured at 

<f> = fo B (maximum resistivity) and <j> =  0° ( minimum resistivity for B || c-axis) 

normalized to />(0tb)'- A p/p^fos)  =  [p($tb) — p(O°)]/p(0tb)- This ratio shows the 

fractional drop in p(0) relative to p(<Atb)- This depth measures the strength of the 

TB pinning. For both films, the normalized depth displays a linear behavior with 

T /T e. Ap/p(fog) decreases with an increasing temperature. The two slopes are 

almost equal, -28.1 for film 7 and -27.2 for film 5. These large slopes imply that the 

TB pinning strength is increasing very fast with a decreasing temperature.

Measurements of TB accommodation angle in YBCO single crystals revealed a 

value of (foB = 24° at a reduced temperature of T/Tc =  0.950 and a field of 1 T 

[2, 3]. For our YBCO films, TB accommodation angle reaches a value of (fos = 36° 

at T /T c =  0.980 and a field of 0.86 T for film 5 and a value of <fos =  44° at 

T /T c = 0.980 and a field of 0.68 T for film 7. These values are even larger at lower 

temperatures. Therefore TB pinning manifests itself over a much wider angular range 

in YBCO thin films in comparison to those observed in YBCO single crystals (24°) 

at lower temperatures T /T c =  0.950, or in the torque measurements (5 -  7°) at 77 K

[25]. Decoration experiments revealed that TB’s affect the vortex configuration for 

field tilts up to 40° off the c-axis in a low magnetic field (10 G) and liquid helium 

temperatures [26].

Fig.4.8 shows the angular dependence of resistivity at fields of 0.59 T and 0.86 

T and at 84.34 K for film 5 [Fig.4.8(a)] and at 84.43 K for film 7 [Fig.4.8(b)]. In
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lines are the linear fits to the experimental data.
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order to see the effect of the field on the minimum clearly, each angular-dependent 

resistivity measured at a constant temperature and field has been normalized to the 

maximum resistivity at <f> =  4>t b - The results of this normalization for film 5 is 

shown in Fig.4.8(c) for four different fields. The width of the minimum ( 24>t b ) and 

the normalized depth, [p(<Ars) -  p ( O ° ) ] / p ( 0 t b ) i  increase with a decreasing field.

Fig.4.9(a) displays the field dependence of the accommodation angle, calculated 

from Fig.4.8, at a constant reduced temperature for films 5 and 7. The accommoda

tion angle was found to decrease with an increasing field for both films.

Fig.4.9(b) shows the normalized depth [p{4>tb) — p ( 0 ° ) ] / p ( < / > t b ) ,  calculated from 

Fig.4.8, as a function of magnetic field at a constant reduced temperature for films 5 

and 7. For both films, the normalized depth was found to decrease smoothly with an 

increasing magnetic field over the entire range of fields investigated. The decrease in 

depth for film 7 is faster than that of film 5. The slopes of the linear parts for the field 

range between 0.5 to 0.9 T were -0.13/T and -0.64/T for films 5 and 7, respectively. 

This suggests that the TB pinning in film 5 could provide pinning for a larger range 

of magnetic fields (larger density of flux lines) compared to film 7 where the strength 

of TB pinning decreases much faster (five times faster) with an increasing field. In 

YBCO films the accommodation angle <j>TB decreases with an increasing field much 

faster in comparison to that for YBCO single crystals. For film 7, the slope of the 

linear part of the data in a field region between 0.45T and 0.9T is a about — 19.6°/T 

[see Fig.4.9(a)] compared to — 1.6°/T for single crystals [2], which is roughly an order 

of magnitude smaller than that for YBCO films. Paulius et al. reported a slope 

of —16.7°/T  in untwinned YBCO single crystal irradiated with 1-GeV uranium ions 

[21].

4.2.4 Calculation of the pinning energy per unit length from 

the accommodation angle

It is possible to relate the observed angular dependence of resistivity to the micro

scopic pinning characteristics. This allows one to estimate the strength of the pinning
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energy per unit length Up from the depining angle. Sonin [27] studied pinning by twin 

boundary in terms of continuum electrodynamics for type II superconductors, which 

takes into account the elastic vortex-line tension, but neglects the shear rigidity of the 

vortex array. When the field is applied at angle <(> with respect to the TB plane, the 

trapped vortex line in the TB consists of three regions: a trapped piece of length ltr 

joined by two ’’healing” (non-trapped) regions traversing between neighboring TB’s, 

as reported by Sonin [27]. At low temperatures, where the effect of thermal energies 

can be neglected, the depinning angle coincides with the accommodation angle. The 

accommodation angle is the angle at which the trapped length of the vortex line ltT 

goes to zero [16]. The accommodation angle can be expressed as a function of the 

pinning energy per unit length of the linear correlated defect (TB)[21, 3] as

ei

where,

tan foB  = (4.1)

,n
Oq

L«T)J (4-2)
is the linear tension of the vortex line in an anisotropic superconductor, $o = 2.07 x 

10-7G cm2 is the flux quantum, oq ~  ($o/B )1!2 is the distance between vortices, 

and A(T) and <f(T) are the temperature-dependent magnetic penetration depth and 

coherence length, respectively. Thermal fluctuations become important when kBT  

becomes of the order of the energy of the pinned vortex Epy. At angles <f> < (foe, 

where the characteristic trapped length ltr is of the order of a0/ 7, Epv ~  Upa0/-y. For 

kBT  < UpOo/y, the depinning angle is very close to the accommodation angle. At 

higher temperatures when kBT  > Up 0.0/ 7 , the accommodation angle decreases due 

to thermal fluctuations and the pinning energy per unit length is given by [21, 3]

2kBT  tan <j>TB ^
Up — cq €0 Oq

where kB is the Boltzman constant and e0 is given by,

(4.3)

£° (4jtaL)> (4 ' 4)
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Using Eq.4.3 and the accommodation angles from Fig.4.7(a), one could estimate the 

pinning energy per unit length Up as a, function of temperature and at a constant field 

for films 5 and 7. In our calculations of Up, we assumed a temperature-dependent 

penetration depth of the form =  1400A/^2(1 —T /T c0) [21, 3]. Fig.4.10 shows 

the twin boundary pinning energy per unit length Up (calculated from Eq.4.3) as a 

function of T /T c for the same range of temperatures shown in Fig.4.7(a) for films 5 

and 7. For both films, the TB pinning energy per unit length UP was found to de

crease smoothly with an increasing temperature over the entire range of temperatures 

investigated. For T /T c <  0.988 these two films display almost the same behavior and 

have the same magnitude of Up, however, for T /T c > 0.988 the TB pinning energy 

of film 7 becomes larger than that of film 5 until they match again at Tc. The val

ues that are obtained for films 5 and 7 are closely comparable to those obtained for 

twinned single crystals and about an order of magnitude smaller than that of irra

diated crystals. Teresa et al. [3] reported a pinning energy of Up «  4 x 107 K /cm  

at T /T c =  0.97 and B=1 T, for YBCO twinned crystals. At the same temperature 

and field Paulius et al. [21] reported a value of Up «  2 x 108 K /cm  for irradiated 

untwinned YBCO single crystals. Twinned YBCO single crystal value is very close 

to our value of Up «  4.5 x 107 K /cm  at the same reduced temperature and a field of 

0.86 T, while Up of irradiated untwinned YBCO crystal is approximately five times 

larger than our Up.

4.2.5 Mechanism of twin boundary pinning

The existence of a minimum in the angular dependence of resistivity for field align

ments less than </>t b  off the TB’s implies that vortices are pinned in the TB’s over 

some part of their length. It has been shown experimentally [2] that the maximum 

effect of the TB pinning is achieved when the Lorentz force is normal to TB (i.e. 

applied current is parallel to TB’s), since the large potential barriers associated with 

the planar interface of TB must be overcome. These barriers are due to strains asso

ciated with the interchange of the a and b axes across the twin plane and are present
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even when TB’s are free from atomic defects. The effect of TB pinning can also be 

seen when the Lorentz force is directed parallel to TB’s. In this case the pinning is 

controlled by point-defects, which are likely to be enhanced in the TB’s relative to 

the bulk.

The static configuration of a single vortex for a  magnetic field oriented at an angle 

relative to TB’s was considered in a model proposed by Blatter, Rhyner, and Vinokur

[16]. The vortex configuration is determined by two competing energy contributions: 

the gain in energy due to pinning by TB’s and the loss in elastic energy due to 

bending of the vortex line away from the internal field. When the magnetic field 

is parallel to the TB’s, the vortex line is straight and pinned over its entire length
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because of the low condensation energy of the TB’s compared to the surrounding 

perfect superconductor. For a slight misalignment of the field relative to the TB’s, 

the model assumes that the vortex line bends itself such that some segments r(<f>) of 

the line remain in the TB’s to take advantage of the reduced condensation energy. 

This results in a staircase vortex line, taking advantage of the pinning energy at each 

successive TB by following it for a finite length r(<f>). As the magnetic field is rotated 

further away from the TB’s, the elastic energy required to bend the line at each TB 

plane becomes greater, and the distance over which the vortex is pinned by the TB’s 

decreases. The critical angle is defined as the angle at which r{$) goes to zero and 

occurs when the loss in elastic energy equals the gain in the TB pinning energy Ac 

which determines the critical angle <f>c =  (2 A e/e/)1/2, where e* is the tilt modulus 

of an isolated vortex [16, 2]. Above the critical angle, the cost of the elastic energy 

becomes so large that it is no longer energetically favorable for the vortex to bend 

itself and the vortex is then directed parallel to the internal field.

Using this staircase model, the strong dependence of the accommodation angle 

<f>TB on the magnetic field shown in Fig.4.9(a) can be explained qualitatively. In this 

model, the structure of the staircase pattern depends on the competition between the 

TB pinning energy (favoring alignment of the vortex line with the TB) and the elastic 

bending energy (favoring alignment of the vortex with the internal field). As the field 

increases, the elastic bending energy for a certain angular displacement from the TB 

also increases, while the TB pinning energy remains essentially constant. Since the 

accommodation angle <f>TB is the angle at which the two energies are equal, then 

the increase in field requires a reduction in the angle in order to reach this equality 

between the two energies. Thus, the pinning effect, and the accommodation angle 

are reduced with an increasing field.
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4.3 Summary and Conclusions

We have investigated the angular dependence of resistivity p(0) for the angular range 

(—90° > <j> < +90°) close to Tc in YBCO thin films. We have found that only a 

few films exhibited a minimum in p(0) near 0 =  0° (B || c-axis) which is typical 

of magnetic pinning at twin boundaries. Most of the YBCO films display a broad 

maximum around 0 =  0°. Our results did not reveal any relationship between the 

magnitude of the critical current density and the existence of a minimum in p(0) near 

0 =  0°. The width (0tb) and the depth of the minimum decreases with an increasing 

temperature and an increasing magnetic field.

The question is why the minimum in p(0) due to TB’s does not show up in all 

YBCO thin films since all of them are twinned. Our investigations of the minimum 

around 0 =  0° in the angular dependence of resistivity for field rotations off the c-axis, 

showed that this minimum is present only in films that were deposited very slowly, 

thus allowing the growth of crystallographically well-defined and sharp TB’s. Films 

5, 6, and 7, which showed a minimum, were grown using the rf-magnetron deposition 

techniques with sputtering time ranging from 14 to 18 hours while films 3 and 4, 

which did not show a minimum, were grown using laser-ablation technique with a 

short deposition time between 15 and 20 minutes. The absence of the minimum in 

p(0) in those films (grown fast) suggests that thin film growth leads to disordered 

TB’s [28] which are a weak flux pinning centers. In YBCO the twins nucleate during 

the tetragonal-to-orthorhombic phase transformation. The twin spacing and colony 

size are optimized to accommodate the strain in the local environment. Sarikaya and 

Stern [29] attributed the variations in twin spacing to variations in oxygen content and 

local changes in orthorhombicity. This suggests that slow growth of the film allows 

sufficient time for a smooth transition from a tetragonal phase to an orthorhombic 

phase, which produces well-defined sharp twin boundaries. Thus, this may provide 

a possibility of explaining why the minimum in p(0) near 0 =  0° does not appear 

in YBCO films which are grown rapidly resulting in a formation of thick disordered 

and interfering TB’s. In order to confirm this, one has to do a careful investigation of
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both types of films (those with and without a minimum) using transmission electron 

microscope. Polarized light microscope studies on both types of films did not reveal 

any difference in the structure between the two types. Careful investigation using 

high magnification ratio up to 1000 times on films with a minimum did not show any 

trace of twin boundaries in these films. This may suggest that, unlike YBCO single 

crystals, the twin boundaries spacing is very small to be seen using optical devices 

(like the polarized light microscope). Scanning electron microscope studies of the 

surface of the thick films that showed a minimum, revealed the existence of granular 

structure with an average size of the grain of about 0.4/im. We could not see any 

twinning within the grains themselves, which may suggest that the strong pinning 

could be due to the grain boundaries instead of twin boundaries. Other films (that 

showed a minimum around <f> = 0°) showed an array of holes similar to that seen in 

an irradiated samples (columnar defects). These holes could be a source of strong 

pinning. An additional structural investigations are needed in order to reach a more 

conclusive decision about the nature of the pinning that causes this type of minimum 

near 0 =  0°.
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Chapter 5 

Large Variation in Intrinsic 

Anisotropy o f YBCO Thin Films

5.1 Introduction

Most of high-Tc layered cuprates, including Bi-based and highly oxygen-deficient 

Y B a2Cu30 2s  (S > 0.3), are quasi-2D materials exhibiting weak interlayer coupling 

and large resistivity anisotropies pjpab ranging from 105 in Bi2Sr2CaCu20g to 103 

in oxygen-deficient YB a2Cu30 e j  [1]. The anisotropy is defined as the ratio of the 

effective masses of the Cooper pair motion in the C u02 planes to that along the c-axis 

and expressed as 7 =  y j ^  = ^  where f  and A are the temperature depen

dent coherence length and magnetic penetration depth, respectively. Estimations of 

7 have been made from extensive studies of the normal state resistivity, magnetic 

penetration depth, coherence length (through the upper critical field) and the torque 

measurements in the ab-planes and along the c-axis. These studies have shown that 

for YB a2Cu30 7̂ s, 7 increases with a decreasing oxygen doping from 7 for optimal 

doping (6 =  0.05) up to about 30 for an extremely underdoped case (S =  0.3). On 

the other hand Bi2Sr2CaCu2Og (BSCCO) exhibits a 2D anisotropy with 7 as high 

as 140 [1]. This high anisotropy is generally accompanied by a ” semiconducting-like” 

increase in the c-axis resistivity pc near Tc, [pc ~  T -Q(0 < a  < 2)].
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Experimental evidence about the dimensionality of superconducting thin films is 

usually obtained from the angular dependence of the upper critical field HC2. Tin- 

kham [2] was the first to point out that while the angular dependence of the HC2 

is a continuous differentiable function in 3D GL theory, HC2{9) shows a ”cusp-like” 

behavior with a discontinuous derivative in a 2D thin film limit. Naughton et al. [3] 

reported that HC2{6) (with 6 measured from the ab-planes) of YB a2C u z O ^  shows a 

smooth behavior around 0 =  0° in accord with the 3D-GL theory. On the other hand, 

a 2D cusp-like HC2{6) with a sharp peak at 6 = 0°, has been observed in BSCCO [3]. 

Bauhofer et.al. [4] studied the angular dependence of HC2 in YBCO as a function 

of oxygen deficiency. A 3D-like HC2 has been observed in YB a2Cu3Oe.9 while a 2D 

cusp-like HC2 has been seen in YBa2Cu30 6.e- Anisotropy of the latter composition 

was found to be 7 =  40 [4]. Difficulty with the measurement of HC2 in high-Tc super

conductors is that this field can not be accurately determined from the dependence 

of resistive transition on the magnetic field, due to thermally activated flux flow.

Anisotropy of the electronic properties can be viewed as a direct consequence of 

anisotropy of the crystallographic structure. The distance d between the C u02 bilay

ers for BSCCO (2212) (15.5 A )  is much higher than that for YBCO(123) compound 

( 1 1 . 7 A ) .  Depending on the value of £c with respect to d, layered superconductors 

can be described either by the 3D anisotropic GL effective-mass model or with the 

Lawrence-Doniach model for 2D superconducting layers weakly coupled by Josephson 

junctions [5]. For temperatures close to Tc, £C(T) =  £c(Q)/yJl — T/Tc is large enough 

for superconductor to be described in terms of the 3D-GL model. However, a dimen

sional crossover from 3D to 2D behavior is expected to happen at temperatures for 

which & is less than the layer spacing d. According to the Lawrence-Doniach model, 

if a magnetic field is strictly parallel to the ab-planes, H#* is predicted to diverge at a 

temperature T* for which £C(T*) =  d /\/2. On the other hand, at lower temperatures 

the vortex core lies between the layers and if each layer is treated as a 2D supercon

ductor of zero thickness, it will have an infinite critical field. The 3D-2D crossover 

temperature T* can be calculated from the expression 72(1 -  T ‘/Tc) =  2 M 0 ) /d ]2
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[6]. For BSCCO with ^ ( 0 )  = 2.7 — 3.8nm, d =  1.2 nm and 7 ~  50 — 70, one obtains 

T*/Tc =  0.996. For YBCO with fo*(0) =  1.6 — 2.4 nm, d =  1.2 nm and 7 ~  5, one 

gets T*/Tc =  0.68. This implies that YBCO behaves like a 3D superconductor at 

temperatures down to about 60 K, whereas for BSCCO a crossover to a 2D behavior 

occurs at temperatures less than 0.4 K below Tc.

When the coupling between the superconducting layers becomes very weak, de

scription of a superconductor in terms of superconducting layers coupled by 2D 

Josephson junctions is more realistic than that given by the 3D-GL model. In a 

2D description the order parameter is large in the CuO2 planes, but almost vanishes 

between the layers. This leads to a breakdown of Abrikosov’s Flux-Line-Lattice (FLL) 

model when a magnetic field is applied parallel to the ab-planes, which also implies 

that the formation of FLL is only related to the field component perpendicular to the 

layers [7].

Anisotropy reveals itself clearly in the dependence of resistivity on the angle be

tween the ab-planes and the direction of an applied magnetic field B. For very highly 

anisotropic cuprates, with both field and current applied parallel to the ab-planes, the 

angular dependence of resistivity is independent of the angle between the direction 

of magnetic field B and the direction of applied current J  [8]. This behavior contra

dicts the standard flux flow picture where dissipation stems from the Lorentz force 

which acts on the flux lines and therefore strongly depends on the angle between 

B and J . High anisotropy is also responsible for a sharp minimum in the angular 

dependence of resistivity p(0) as the magnetic field is brought very close to the ab- 

planes (6 ~  0°). Moreover, the minimum at 6 =  0° is almost independent of the 

magnitude of the applied field. Since highly anisotropic superconductors behave like 

2D ones, the resistivity is expected to depend only on the vertical component of the 

field (c-axis component) and therefore should scale with Bsind. On the other hand, 

for less anisotropic cuprates, p(0) depends on the angle between B and J  and the 

difference between p(0°) (B ||ab-plane) and p(90°) (B ||c-axis) decreases with a de

creasing anisotropy. For B close to the ab-planes, p{9) has a flat behavior with no
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sharp minimum. In this case, the angular dependent resistivity can be scaled using 

the anisotropic 3D-GL model.

Angular dependence of resistivity has been studied extensively by many groups 

[9,10, 11, 12]. Iye et al. studied the resistivity of both YBCO and BSCCO thin films 

for magnetic field applied close to the ab-planes as a function of the angle between B 

and J  (both in the ab-planes). Their results revealed that p(4>) depends on the angle 

<f> between B and J  for YBCO, but it is independent of <j> for BSCCO [9]. Moreover, 

for YBCO they noticed that the dependence on (j> diminishes and the minimum in 

p ( d )  becomes sharper as the film thickness decreases, which indicates that YBCO 

approaches a 2D limit with a decreasing thickness [10]. For BSCCO they observed a 

very sharp minimum in p ( 9 )  at 0  = 0°. p { 6 )  in BSCCO scales almost perfectly with 

B sind except for very small angles 6 < 1°, which reflects finite dimensionality of the 

sample [9, 13, 14]. Kwok et al. [15] studied p { 9 )  for both twinned and untwinned 

single crystals of optimally doped YBCO. They reported an observation of a very 

sharp minimum (of width ~  0.5°) in p { 0 )  that occurs only when the magnetic field 

direction is below a critical angle Bc < 1 from the CuO-i planes. This sharp minimum 

has been seen only for B J_ J  orientation while for B || J  such an effect has not been 

observed. The resistivity for B || J  is lower by one order of magnitude from that 

for B J_ J . They explained this sharp minimum in terms of a lock-in transition of 

vortices in the ab-planes due to a very strong intrinsic pinning.

The experiments described above suggest that the measurement of the angular 

dependence of resistivity could be used to obtain a quantitative estimation of the 

anisotropy factor 7 in high-Tc materials through using the scaling laws. Comprehen

sive investigations of anisotropy in YBCO thin films or crystals of different Tc using 

scaling laws were not performed before. Most experimental studies of an optimally 

doped YBCO assume a constant value of the anisotropy factor 7 ~  5 — 7, which is 

underestimated in many cases.

We have used the measurements of angular dependence of resistivity and the 

scaling laws, to study anisotropy of fifteen different YBCO thin films (both optimally
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doped and underdoped) of various thickness and preparation techniques. Our results 

revealed a large variation of the anisotropy factor from a 3D to a 2D-like in these 

films. The anisotropy does not depend on the transition temperature, thickness or 

critical current density.

5.2 Experimental results

Temperature dependence of resistivity p(T) for four YBCO thin film samples (see 

Table 5.1) described in this Chapter has been measured in a zero magnetic field over 

a temperature range between T^{p  =  0, B =  0) and 300 K. p[T) has been inves

tigated for different orientations of the magnetic field with respect to the direction 

of current density J  for a smaller range of temperatures between T ^ p  =  0, B) and 

100 K. A semi-logarithmic plot of the temperature dependence of resistivity in zero 

magnetic field and a temperature range of 7^-100 K , for four YBCO films is shown 

in Fig.5.1(a). A plot of the normalized resistivity p/p(100K) as a function of the 

normalized temperature T/Tc in a zero magnetic field is shown in Fig.5.1(b).

Fig.5.2(a) shows two possible orientations of the magnetic field B with respect to 

J  and the ab-plane of the films, used in the experiments. The left figure illustrates 

the case where the field B is rotated in a plane which is parallel to the direction of J, 

while the right one represents the case where B is rotated in a plane perpendicular 

to J. We refer to the first configuration as B || J  and the second one as B 1  J. 

Resistivity measurements for each YBCO film in a constant field were carried out 

for three different orientations of B relative to J  : B || J  (with B || ab-planes, i.e 

0 = 0°), B _L J  (with B || ab-planes, i.e 6 =  0°) and B || c-axis (with B _L J, i.e 

0 =  90°). A semi-logarithmic plots of the resistivity as a function of temperature in 

a field of 0.68 T for these orientations as well as for B=0, are shown in Figures 5.2 

and 5.3.

Comparisons of p(T) for four different YBCO films show that the difference be

tween Tco for B=0 and B || c-axis: A = Tco(B =  0) -Tco(B || c-axis) increases from
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Figure 5.1: (a) A semi-log plot of the temperature dependence of resistivity for four 
YBCO thin films of different Tc (see Table 5.1) measured in a zero magnetic field, (b) 
the corresponding normalized resistivity \p/ p{\WK)\ as a function of the normalized 
temperature (T /T c).
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plane parallel to the c-axis but perpendicular to J (right side). A semi-log plots of the 
resistivity as a function of temperature measured in B=0 and B=0.68 T for film 1 (b) 
and film 3 (c). The measurements in B=0.68 T were carried out for three different 
orientations of B relative to J : B || J (with B || ab-planes, i.e 9 =  0°), B X J (with 
B || ab-planes, i.e 9 =  0°) and B || c-axis (with B 1  J, i.e 9 =  90°). Note that the 
shift in Tc between the (B X J ||) ab-planes and B || c-axis orientations for film 1 is 
about 1.0 K and that for film 3 is about 1.7 K.
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were carried out in three different orientations of B relative to J : B || J (with B || 
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Notice also the overlap of the data for film 4 for the three configurations: B || J, 
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about 2 K for optimally doped films 1 and 3 up to about 3 K for underdoped films 

2 and 4. While A i n c r e a s e s  with a decreasing Tea (B =  0), there is no correlation 

between A a n d  Jc or p(100/Q (see Table 5.1). On the other hand, the difference 

between Tco(B =  0) and Tco[B -L J with B || ab-planes] or between (B =  0) and 

Tco[B || J with B || ab-planes] is sample dependent. There is no relationship between 

ATtf = TaiB  =  0) — Tco (B J_ J, B || ab-planes) and Tc, Jc or p^OO/f) listed in 

Table 5.1. However, there is some correlation between AT^ and the magnitude of p 

measured with B || ab-planes close to Tco at T/Tca =  0.99.

Film 4 [see Fig.5.3(b)] shows a unique behavior of resistivity. Unlike all other 

films studied, for B || ab-planes the resistivity of this film does not depend on the 

magnitude of the applied field or the angle between the field and the current directions 

for temperatures below 82.8 K. Moreover, there is a very large anisotropy in resistivity 

between B || ab-planes and B || c-axis. This film also exhibits a peak in p(T) close 

to Tc onset. This peak disappears when B is oriented along the c-axis. This peak is 

not caused by the phase separation but by the resistivity induced phase-slip events 

(see next Chapter).

Angular dependence of resistivity p(0) in a magnetic field at different tempera

tures, has been measured for both B || J and B _L J configurations for an angular 

range from —20° to +20°. Fig.5.4 presents p(8) for four YBCO samples in a mag

netic field of 0.68 T (for B J_ J orientation) at a constant reduced temperature 

T/Tc =  0.990. For all samples, p(6) displays a minimum at 6 = 0°. The width of 

this minimum is sample dependent. Film 4, which has the lowest resistivity at 8 =  0° 

among all films studied, shows the smallest width of the minimum, while film 1 which 

has the highest resistivity, shows a very broad minimum. There is no correlation 

between the width of the minimum and Tco.

Figures 5.5 and 5.6 display the normalized resistivity {p/p(10°)blj) as a function 

of 0 for both B || J and B L  J configurations, at a fixed temperature and field for all 

four films. The data in Figures 5.5 and 5.6 revealed sample dependent variations of 

p{6) when B is rotated from the ab-planes for both B  || J and B _L J orientations.
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Figure 5.4: Angular dependence of resistivity p{0) for 0 between - 8° and 8° for four 
YBCO thin films of different Tc , measured in an applied magnetic fields of 0.68 T 
for B -L J  at a fixed reduced temperature {T/Tco = 0.990) for all films. The graph 
shows that the width of the minimum in p(0) decreases with a decreasing resistivity, 
with the sharpest minimum (smallest width), for film 4, corresponding to the lowest 
resistivity. Note that there is no correlation between the width of the minimum and 
Tcq. The lines are guides for the eye.
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Table 5.1: The normal and superconducting properties of YBCO films, Jc and p have 

been measured in the ab-planes, T<$ is the transition temperature a t p =  0 and B=0, 

ATc is the transition width and t is the film thickness.

Film

No.

substrate

type

t

(nm)

Id,

(K)

A Tc 

(* )

JC(10K)
(M4 )
'e m 2 '

JC(77K)
(M4)
'e m 2 *

p(l00K)

(pClcm)

M300K)
p(100K)

1 SrTiO$ 210 90.0 1.0 24.0 2.21 68.3 3.4

3 SrTiOz 230 89.5 1.2 24.1 2.36 74.9 3.5

4 Sapphire/C'eC>2 140 81.7 2.9 5.23 0.08 14.2 2.4

2 LaAIOz 310 80.3 2 .0 10.4 0 .2 0 169.7 2.7

p(8) exhibits two types of minima near 8 =  0°: the first one with a flat minimum 

shown by films 1 and 2 and the second one with a sharp minimum shown by films 3 

and 4. The ratio for all films is listed in Table 5.2. In general, this ratio is

increasing with a decreasing width of the minimum from 0.25 for film 1 to 1.00 for 

film 4. The difference between Pb u  and ps\\j decreases with a decreasing angle 8 for 

all films except film 4 which does not show any significant difference between the two 

orientations.

Fig.5.7 shows resistivity versus the angle 8 close to the ab-planes for film 4 for 

several temperatures near Tco in a magnetic field of 0.68 T for B J_ J  orientation. An 

identical behavior of p{9) has been observed for B || J  orientation for this film. This 

figure shows a sharp drop in resistivity as the angle 8 approaches zero. The width 

of the drop at FWHM (indicated in the graph as 28c) decreases with an increasing 

temperature from 3.2° at T=81.23 K to 2.0° at T=81.63 K. The drop in resistivity 

defined as p(0°)/p(5°) increases with an increasing temperature from about 8% at 

T=81.23 K to about 19% at T=81.63 K.

Basic normal and superconducting properties of the four films studied, i.e Tc, Jc, 

thickness, transition width etc. are listed in Table 5.1.
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Figure 5.5: Normalized angular-dependent resistivity [pjp(IQ°)b u ] as a function of 
6 for B || J  and B -L J  orientations, at a fixed reduced temperature T /T c = 0.994 
and in a field of 0.68 T for films 1 (a) and 3 (b). While film 1 displays a flat minimum 
in p{6) and a small ratio of 0.25, film 3 has a sharper minimum and a larger

p(io°jflxj rat*° 0-5. The lines are guides for the eye.
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of 0 for B || J  and B _L J  orientations, at a fixed field of 0.68 T and a reduced 
temperature T /T c =  0.990 for film 2 (a) and a reduced temperature TjTc — 0.996 
film 4 (b). Note the sharp minimum in p(6) and the overlap of data of p(6) for B || J  
and B _L J  orientations for film 4. The ratio P/!n<Ja"'J is 0.5 for film 2, and 1.0 for 
film 4. The lines are guides for the eye.
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Figure 5.7: A semi-log plot of resistivity versus angle 9 for film 4 for several tempera
tures near Tco in a field of 0.68 T for B _L J  orientation. An identical behavior of p{6) 
has been observed for B || J  orientation. 29c represents the width of the minimum at 
FWHM. This width decreases with an increasing temperature from 3.2° at T=81.23 
K to 2.0° at T=81.63 K. The drop in resistivity defined as p(0°)/p(5°) increases with 
an increasing temperature from about 8% at T=81.23 K up to about 19% at T=81.63 
K.
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5.3 Discussion

Anisotropy of YBCO films and crystals has been investigated extensively by various 

experimental methods including resistive [16, 17], magnetic [18] and torque [19] mea

surements. In general these investigations have given consistent results with values of 

the anisotropy factor 7 ranging between 5 and 10 for pure YBCO close to an optimal 

doping. However a much higher values of 7 have been reported for YBCO in the case 

of very thin films and highly oxygen deficient crystals. Iye et al. [10] reported a very 

large value of 7 close to infinity for a very thin YBCO film of 10 nm  in thickness (Tc of 

this film was 81.5 K, which corresponds to S =  0.13). In this case, the film approaches 

a 2D limit and p(9) scales well with the perpendicular component of the field: B  sin 9. 

Bauhofer et al. [4], using resistive measurements to determine HC2 as a function of 

the angle 9, reported a value of 7 =  40 for highly underdoped YBCO crystals with 

6 =  0.4 and Tc = 60K. Fu et al. [20] reported on measurements of magnetoresistance 

as a function of the angle 9 in Y B C 0 /PrBa.2Cu307 superlattices. p(9) measured in 

different fields was scaled with a reduced field of the form: B y sin2 9 +  7 -2 cos2 9. For 

thick multilayer YBCO/PrBCO=l:3 superlattice a very good scaling was obtained 

with the perpendicular component of the field, which implies fully decoupled YBCO 

layers (7 ~  00). For a thinner superlattice YBCO/PrBCO=l:l, a finite anisotropy 

(7 =  50) had to be assumed in order to achieve a good scaling.

Our measurements of the angular dependence of resistivity in a magnetic field up 

to 1 T, performed on YBCO thin films revealed that in some cases an increase in the 

anisotropy is neither related to a decrease in thickness of the film nor to an increase in 

the oxygen deficiency <5. In the following sections we have calculated the anisotropy 

factors of these films using various methods.
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5.3.1 Calculation of anisotropy from Bardeen-Stephen the

ory

In the flux flow regime, according to Bardeen-Stephen theory [21] the resistivity in a 

magnetic field can be expressed as

where HC2 is the upper critical field. For a field applied at an angle 6 to the ab-planes, 

HC2(0) is given by the anisotropic Ginzburg-Landau theory [22] as :

Here H ^ (0) and ff|^ (0) are the upper critical fields along the c-axis and in the ab- 

planes at zero temperature, respectively. Substituting Eq.(5.2) into Eq.(5.1) results 

in an expression for the angular dependence of resistivity:

is the resistivity at 0 = 0°. Using Eq.(5.4), it is possible to obtain a quantitative 

value for the anisotropy factor 7 by fitting the data of p{0) at different fields to this

The results of this fitting give a value of 7 =  7 — 8 for film 1 (of Tc =  90/sT) and 

7 =  32 — 35 for film 3 (of Tc =  89.5A"). Both films are very close to optimal doping 

and therefore they should have an anisotropy factor 7 no larger than 7, according to 

many reports (see for example Ref. [23]). While 7 values obtained from fitting for 

film 1 agree closely with these reports, film 3 has a much higher value of 7 than the

(5.1)

Hc,(6) = H'£(sin20 + 7 - 2 c o s2 S ) - ,/2  , (5.2)

where 7 is the anisotropy factor given by:

(5.3)

p(6) =  p(0°)(cos2 0 +  72 sin2 0)1/2 , (5.4)

where

(5.5)

equation. Fig.5.8 represents such a fit at different magnetic fields for films 1 and 3.
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Figure 5.8: A semi-log plot of resistivity versus the angle 0 measured for different
applied magnetic fields at a temperature of 89.42 K for films 1 (a) 3 (b). The solid 
lines represent a fit to the equation p(0) =  p(0°)(cos2 6 +  y2 sin2 0)1/2 for p(0) at 
different fields (see text). While film 1 displays a flat minimum at different fields 
(a), film 3 shows a sharp minimum with a width that decreases with an increasing 
magnetic field (b).
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expected one. In fact, a value of 7 =  32 — 35 obtained for film 3 is very close to 7 =  40 

reported by Bauhofer [4] for heavily underdoped YBCO crystals with 5 =  0.4.

Fitting using Eq.(5.4) has been performed as well for an underdoped film 2 (of 

Tc as 80K). The fitting results (not shown) is not as good as the one displayed 

in Fig.5.8 for higher Tc films. The obtained value of 7 =  25 -  29 is higher than 

that expected for such an underdoped film. A value of 7 =  10 has been reported 

for a YBCO sample with Tc =  80/C and S = 0.13 [1]. We could not achieve any 

reasonable fitting using Eq.(5.4) for film 4 which shows a sharp minimum in p{0). 

Equation (5.4) describes the high angle (high resistivity) region in which flux flow 

is the dominant contribution to dissipation. For small angles, HC2(9) becomes larger 

and the pinning potentials increases as well. With an increase of pinning, other 

dissipation mechanisms such as flux creep become more effective, and this may cause 

the resistivity to decrease faster with a decreasing 6 than that given by Eq.(5.4). In 

systems with higher anisotropy like BSCCO (of 7  > 100) and for field direction close 

to the ab-planes, the intrinsic pinning due to the layered structure becomes effective, 

and the extra pinning causes significant deviations from p{9) given by Eq.(5.4) [24]. 

This implies that failure of Eq.(5.4) to fit the data of p{9) for film 4 is probably 

caused by high anisotropy of this film. This high anisotropy is reflected by the sharp 

minimum [see Fig.5.6(b)], developed at angles close to the ab-planes, which is caused 

by a strong intrinsic pinning. We have therefore attempted to calculate 7 for this film 

using different methods.

5.3.2 Effect of anisotropy on the temperature dependence 

of resistivity at different field orientations

Measurements of the resistivity in a magnetic field as a function of an angle 9 can 

provide information about the anisotropy factor 7 through Eq.(5.4). For 9 = 90° 

Eq.(5.4) becomes:

(56)
7 ‘  (K0“) (5 6)
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Figures 5.2 and 5.3 show the temperature dependence of resistivity for films 1 and 3 

and films 2 and 4, respectively. Resistivity was measured for four different configu

rations of the magnetic field; B=0, B || J (with B || ab-planes), B J_ J (with B || 

ab-planes) and B ||c-axis (with J || ab-planes). Comparison of the data for films 1 

and 3 of Fig.5.2, reveals that the difference in resistivity between B || c-axis (p(90°)) 

and B ±  J || ab-planes (p(0°)) for film 3 is larger than that for film 1. On the other 

hand, the difference in resistivity between B J_ J and B || J configurations for film 

3 is smaller than that for film 1. For B ||ab-planes, the effect of the magnitude of 

the field on resistivity is small for film 3 compared to film 1. p(T) for films 2 and 4 

of Fig.5.3 shows clearly that the difference in resistivity between p(90°) and p(0°) for 

film 4 is much larger than that for film 2. In fact this difference is the largest among 

all fifteen films studied. Moreover, the data obtained for B ±  J and B || J configu

rations for film 4 are almost identical and overlap with the resistivity measured in a 

zero field. This indicates that for this film when a magnetic field is applied parallel to 

the ab-planes, the magnitude of the field does not affect dissipation. Film 2 displays 

similar behavior to that of film 1 but with a smaller difference between the B J . J 

and B | |  J resistivities. The ratio p ( 9 0 ° ) / p ( 0 ° ) b ± j ,  which is equal to 7 for the pure 

flux flow regime, is shown in Table 5.2 for all four YBCO films.

Variations of anisotropy between different samples could also be found by analyz

ing the difference in the angular dependence of resistivity between B J_ J and B || J 

configurations. This difference decreases with an increasing anisotropy and disap

pears completely for highly anisotropic materials like BSCCO for fields applied close 

to the ab-planes. For very large anisotropy the vertical component of the applied 

field becomes the only factor that controls the dissipation and since this component 

is the same for both field orientations (i.e B J_ J and B || J), there should not be any 

difference between the resistivities measured in these two cases. p(0) for B 1  J and 

B || J configurations for all films is shown in Fig.5.5 and Fig.5.6 at temperatures just 

below Tco and in a field of 0.68 T. The difference between p e u  and pB\\j at 0 = 10° 

is the largest for film 1 (pb\\j =  0.25pblj), is reduced by 50% (Pb\\j =  0.50pexj)
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for films 2 and 3 and vanishes in the case of film 4 (p b \ \ j  — P b j l j )  • This difference 

decreases further with a decreasing angle |d| and reaches its minimum value at 0 =  0°. 

Another anisotropy related feature which can be seen in Figures 5.5 and 5.6 is the 

sharpness of the minimum in p(0). While films 1 and 2 display broad minima for 

B J_ J, as well as for B || J, films 3 and 4 exhibit sharp minima (the sharpest in the 

case of film 4).

The three experimental observations discussed above: variations of the anisotropy 

in the resistivity p(0) upon rotating the field B from the ab-planes to the c-axis (i.e 

variations of the ratio p(90°)/p(0°)), various dependencies of p(0) on the angle between 

B and J (i.e from a large to an almost vanishing dependence), and the film-dependent 

changes in the sharpness (width) of the minimum in p(0), suggest a corresponding 

variation in the intrinsic anisotropy (represented by 7) in these films. Several groups 

have studied variation of these properties and the corresponding anisotropy in dif

ferent HTSC materials, but no detailed investigations of variation of anisotropy in 

different YBCO films were reported. Iye et al. [9, 10, 11, 13, 14] reported the mea

surements of p{0) in thin films of BSCCO(2212) and YBCO(123) at temperatures 

between Tc to 15 K below Tc. When both B and J are oriented along the ab-planes, 

p does not change with the variation of the angle between B and J for BSCCO but 

it does for YBCO [13]. The minimum in p(6) for BSCCO becomes very sharp for 

angles 6 very close to the ab-planes (6 < 2°), whereas this minimum is much broader 

for YBCO [10, 8]. They also observed that the difference between p for B || c-axis 

and p for B || ab-planes is very large for samples with large anisotropy like BSCCO [ 

p(90°) p(0°)] but this difference decreases with a decreasing anisotropy [10]. These

observations are in agreement with our observations for YBCO films. Therefore we 

could conclude that film 1 has the smallest anisotropy and its 7 ~  7 value is very close 

to those previously reported but film 4 has the largest anisotropy (2D-like) which is 

comparable to that of BSCCO. Films 2 and 3 have an intermediate anisotropy, larger 

than film 1 but smaller than film 4.

A decrease of the difference in p{0) between B -L J and B || J orientations and an
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increase in the sharpness (decrease in the width) of the minimum close to 0 =  0° is a 

result of a strong intrinsic pinning due to the layered structure in highly anisotropic 

superconductors. Materials with large anisotropy display a behavior which is very 

close to a 2D limit. Flux lines penetrating a weakly coupled layered superconductor 

at an angle 6 may be viewed as a stack of 2D pancakes vortices. In this 2D limit, 

the pancake vortices in adjacent layers are completely decoupled and their density 

is directly related to the vertical component of the applied field (Bsin0). The in

dependence of p{6) on the orientation of the magnetic field with respect to current 

(identical behavior of p{0) for B J_ J  and B || J  configurations) for film 4, shown 

in Fig.5.6(b), can be attributed to the fact that the contribution to p(9) due to the 

motion of Josephson vortices (strings) for B _L J  configuration is negligible. This hap

pens because of a very strong intrinsic pinning which locks them between the planes 

and therefore prevents their expected motion (due to Lorentz force) along the c-axis. 

For both B JL J  and B || J  orientations, components of B perpendicular to the ab- 

planes are identical, and this results in an identical Lorentz force acting on pancake 

vortices, giving rise to an identical electric field E  || J . For film 1 [see Fig.5.5(a)], 

which has a small anisotropy, the large difference in p{9) between B _L J  and B || J  

configurations could be attributed to additional contribution, due to the motion of 

Josephson strings for B J_ J , since intrinsic pinning there is much weaker. For the 

other two films 2 and 4, which have intermediate anisotropies, larger intrinsic pinning 

reduces the contribution due to the motion of Josephson strings and consequently 

reduces the difference between p{9) for B  _L J  and B || J  configurations.
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Table 5.2: Comparison of anisotropies obtained by different methods for YBCO films. 

7/  is obtained by fitting p{6) with Eq.(5.4), 7s is the corresponding value obtained 

using scaling, and T * is the 2D-3D crossover temperature.

Film

No.

p(90°) p (10°)b ||j
7 / 7* T T*

p (o° ) b x / p (1°°)bx./ *-c

W

1

(K)
1 11 0.25 7-8 8 90.0 73.8

2 12 0.48 25-29 17 80.3 76.7

3 59 0.48 32-35 35 89.5 88.6

4 227 1.00 N/A 400 81.7 81.69

5.3.3 Calculation of anisotropy using scaling of p(Q) at dif

ferent fields

It has been proposed by Kes et al.[7] that in a layered superconductor with a very 

weak coupling between the layers, only the field component perpendicular to the lay

ers is relevant for the analysis of transport and magnetic properties. These properties 

therefore should scale with the perpendicular component of the field. This has been 

proven by Raffy et al. [5] by scaling the angular dependence of resistivity of BSCCO 

thin films with B  sin 6 . However this scaling is not valid when the angle 0 is smaller 

than a certain critical value (0a- ~  1°), which is a consequence of a finite dimensional

ity of these compounds (not a perfect 2D). Blatter et al. [25] developed a theoretical 

model which allows one to translate various superconducting properties from isotropic 

to anisotropic ones. According to Blatter et al., the angular dependence of resistivity 

in a magnetic field at an arbitrary angle 6 can be scaled with a reduced field given 

by:

Bre,i =  B( 7~2 cos2 0 +  sin2 0)1̂ 2 (5.7)

This equation adds a weighted parallel component to the perpendicular component 

of the field. This relation is reduced to B sin 0 for a perfect 2D case where 7 «  00. 

Using this reduced field as a scaling parameter, lye et al. [26] were able to obtain

126

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a good scaling of p(0) in BSCCO thin films, using an anisotropy factor of 7 =  200. 

This value substantially exceeds previous estimates which gave 7 =  55 [27] or 7 =  120 

[28]. Iye et al. attempted also to scale the same data using 7 =  cx> (i.e using B  sin0 

as a scaling parameter) but below BsinO ~  0.1 T  they could not obtain good scaling 

(significant deviations can be seen on a log-log scale).

Using Eq.(5.7) as a scaling parameter we were able to obtain very good scaling 

for p(0) measured at different fields for films 1,2 and 3. The scaling behavior of 

the angular dependence of resistivity as a function of magnetic field at a constant 

temperature is shown in Fig.5.9 (for films 1 and 3) and Fig.5.10 (for films 2 and 

4). The insets in these Figures show p{0) as a  function of magnetic field for B || J  

orientation. These measurements were performed at high temperatures very close to 

Tc (T/Tc ranges from 0.994 to 0.998) to ensure that thermal activation is high enough 

to neglect any effects of vortex pinning and to ensure a 3D behavior of vortices [29]. 

All the scaled data for different fields can be plotted on a single curve, as shown in 

Figures 5.9 and 5.10 for films 1,2 and 3. In order to investigate scaling in the vicinity 

of 0 = 0° and in the low field region, where some deviations are expected, the data 

were plotted on a logarithmic scale [see Figures 5.9 and 5.10(a)],

Even on this scale one could not observe any significant deviations from the single 

curve for all three films investigated. Values of the anisotropy factor 7 obtained 

from this scaling are close to those obtained by fitting the same data to Eq.(5.4) 

(see Table 5.2). Only for film 1 (of Tc =  90AT) the obtained value of 7 =  7 -  8 is 

consistent with that reported for optimally doped YBCO [23]. On the other hand, 

film 3 (of Tc =  89.5/f) whose oxygen content is also very close to optimal doping has 

a relatively high anisotropy which is in fact comparable to that of a highly oxygen 

deficient YBCO of S — 0.4, Tc ~  60K  and 7 =  40 [4]. Film 2, an underdoped one 

with Tc = 80/if, shows a larger than expected anisotropy, but still smaller than that 

of film 3. This implies that in some cases the anisotropy is independent of Tc. This 

appears to contradict the fact that anisotropy is increasing with a decreasing Tc due 

to an increasing oxygen deficiency. For film 4 (which exhibits a sharp minimum in
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Figure 5.9: p{6) measured in different fields for B || J  orientation at T=89.42 K, as 
a function of the reduced field J3(7 - 2cos2# +  sin2#)1/2 for films 1(a) and 3(b) (see 
text). The insets show a semi-log plot of resistivity p(0), before scaling, for different 
magnetic fields B at T=89.42 K. The scaling gives a 7= 8.2 for film 1 and 34.6 for 
film 3. The lines are guide to the eye.

128

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

T 1 r
y =  (me/m->)1/2=  17.3
T=79.73 K 
B // J

Film 2

(a)

Eo

0.1

o 0 .8 6 T
• 0.68 T
A 031  T

0.34 T
+ 0.17 T

f
V

**><

I i i i i I i . i ■ I ■ i i ■
20 -10 0 10 20 30

0 (degrees)
■ 1 ■ ■ ■_I___I__I I I__L

0.2 0.3
Reduced Field (T)

0.5

i i i | i i n  | n  i 'f pri i i | t i i » | i i i r

T=81.43K w  ;
B // J // ab-plane
J=116 A/cm

0.1

* • 0.86 T
a 0.68 T
V 0.51 T
4* 0.34 T
O 0.17 T

Film 4

1 ■ 1 ■ 1 1 1 1 * I i i « . I «

i | i i »‘i  ■ i I i | i i r | i r i j  i

T=81.43 K (C)
B // J // ab-plane
J = 1 1 6  A /cm 2

■ 1 ■ ■ ‘ 1 1 ‘ 1

Film 4

! »««! « *- » 1 »
-30 -20 -10 0  10 20 30 -0.4 -0.2 0.0 0.2 0.4

6 (degrees) B s i n ( e )

Figure 5.10: (a) A semi-log plot of p(0), measured in different fields for B || J
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p(8) [see Fig.5.10(b)]) we were unable to get any reasonably good scaling with the 

reduced field of Eq.(5.7) up to a value of 7 =  50. However very good scaling has 

been obtained using Bsind  as a scaling parameter. Such a scaling makes all data 

points from different fields to collapse onto a single curve [see Fig.5.10(c)], indicating 

that the 2D model could be successfully applied to some YBCO films. This type of 

scaling works quite well in a linear plot and even in a semi-log plot [see Fig.5.10(c)]. 

However, these plots can not differentiate between the real 2D-limit and the 3D 

anisotropic effective mass model with large value of 7, especially at very small angles 

and fields. In order to resolve this problem and investigate more carefully this scaling 

at very small angles (8 ~ 0°), the data for film 4 were replotted on a log-log scale in 

Fig.5.11 (a) with 7 «  00 (which implies the use of the perpendicular component of the 

field as a scaling parameter). In this log-log plot, scaling is very good only down to 

B  sin 8 «  0.003T, but below that value slight deviations become apparent. The best 

scaling for these data was achieved using a 3D anisotropy of Eq.(5.7) with 7 =  400 

[see Fig.5.11(b)].

X-ray diffraction (XRD) data of film 4 showed a typical patterns of stoichiometric 

c-axis oriented YBCO films [Fig.5.12(a)]. The data did not reveal any observable 

secondary impure phases. The lines are strong and sharp [the half width of the (005) 

line is 0.26° which is consistent with an epitaxial layer. The only Ce02 line present is 

the (200) line. This indicates a single orientation of the CeO2 layer. Film 4 has a good 

microwave surface resistance at 32 GHz. The XRD data for this film has 28 =  22.82° 

for the (003) line. This gives a c-axis spacing of 3.90 A, which implies a somewhat 

lower oxygen composition of about 6.8 [30]. For comparison purposes, the XRD data 

for film 12, of higher TC=85.4K than film 4 (see Table 2.2), is also shown in data 

Fig.5.12(b). The XRD patterns of film 12 is very much similar to that of film 4. Film 

12 had a very good surface resistance at 32 GHz. There is a slight shift of the (003) 

peak for film 12 compared to film 4 20 =  22.86°. This gives a c-axis spacing of 3.89 

A, which corresponds to an oxygen composition of about 6.9. The other difference 

between the XRD data of the two films is that the YBCO peaks for film 4 are smaller
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than that for film 12, probably because the YBCO film 4 is thinner than film 12 (see 

Table 2.2).

The results of scaling of p{6) indicate that the intrinsic anisotropy of various 

YBCO(123) films does not depend on Tc, thickness, critical current density and 

preparation techniques and can be substantially larger than previously believed and 

reported, approaching that of BSCCO in some cases. On the other hand, even for 

films with very high 7 values, like film 4, scaling behavior is distinctly different from 

that for the 2D-limit model, indicating a finite interlayer coupling. Sometimes, finite 

mosaic spread of the sample and/or insufficient angular resolution of the used exper

imental technique could lead to an underestimation of anisotropy in YBCO films.

5.3.4 Lock-in transition

In highly anisotropic materials, like Bi and T1 based HTSC, the most favorable mag

netic flux lattice structure consists of Abrikosov vortices (pancakes) along the c-axis 

and Josephson vortices parallel to the layers. For a magnetic field applied in the ab- 

planes, the vortex cores prefer to lie between the layers, and at a certain angle with 

respect to the ab-planes, a tilted vortex forms kinks connected by segments parallel 

to the layers [31, 32]. Feinberg and Villard [33] predicted that when a magnetic field 

direction is at a certain angle d < 6C very close to the layers, these kinks become 

unstable and vortices prefer to run strictly parallel to the layers with their cores re

maining locked-in between the layers. This process is called the ” lock-in transition” 

and implies a ” transverse Meissner effect” with the field component perpendicular 

to layers being zero. Theoretical predictions have provided different values for the 

lock-in transition angle 0* (measured from the ab-planes): 4 — 71° [33], 0 .1 -1 °  [34] 

for YBCO and 21° [33] for BSCCO(2212).

There have been many reports of experimental evidence for a lock-in transition 

in HTSC. It was believed that torque measurements for fields near the ab-planes 

direction would bring clear and direct evidence for this transition. Farrell et al. [23] 

reported an anomaly in the angular dependence of the magnetic torque for YBCO at
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80 K. Janossy et al. [35] showed that magnetization for Tl(2212) near the ab-planes is 

independent of temperature and applied field, which suggests that vortices are locked 

parallel to the planes. An experimental evidence for a lock-in transition was also 

obtained from magnetization measurements in the low field region for BSCCO(2212)

[36].

Experimental investigation of the lock-in transition is difficult for several reasons. 

In low magnetic fields, flux penetration is diminished by pinning and surface barri

ers, so that magnetization and torque [37] are dominated by a strong diamagnetic 

contribution due to screening currents. In high fields, the lock-in transition takes 

place at angles 0 very close to the planes (0 < 0.5°) and can be detected only using 

an extremely high angular resolution method [15]. Moreover, at high temperatures 

thermal fluctuations may make this effect undetectable [36].

Kwok et al. [15] reported the observation of a strong intrinsic pinning represented 

by a sharp drop in the angular dependence of resistivity p(0) in YBCO single crystals 

for fields very close to the ab-planes, and at temperatures very close to Tc. This drop 

in resistivity was seen only when the field was rotated in a plane perpendicular to 

the current and parallel to the c-axis. The authors argued that this sharp minimum 

in p(9) could be attributed to a lock-in transition of the vortex lines due to a strong 

intrinsic pinning.

From the theoretical point view, the lock-in transition phenomena have been in

vestigated for different ranges of fields by Feinberg and Villard [33], however they 

have not accounted for the effects of demagnetizing factor (sample geometry), which 

is of great importance. This problem has been studied carefully by Feinberg and 

Ettouhami [31]. They analyzed this effect both in the quasi-2D regime of Lawrence- 

Doniach (LD) model for T  T*, where £C(T) < d, (T* is the 3D-2D crossover 

temperature and d is the interlayer distance) and in the quasi-3D anisotropic regime 

of the GL model for T  > T*, where the core of the vortex extends over more than 

one interlayer spacing. According to their analysis, the angle 0[ at which the lock-in
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transition occurs for the quasi-2D regime is given by

mir^A^, yd)
T (5.8)

and for the quasi-3D regime is given by

H  sin $i 2a!(ln7 +  a 0) T  > t * (5.9)
7T

where and £ab are the penetration depth and the coherence length parallel to the 

ab-planes, respectively, 02d denotes the core energy of a single 2D vortex, Of0 is a 

constant, and a* is defined as

with t =  1 — T / Tc and t* =  1 — T*/Tc.

We have tried to use the above equations to calculate the lock-in transition angle 

0i for YBCO films studied. In order to do that, one has to find first the crossover 

temperature T* for each film. Roughly speaking, one could take ^ ( 0) «  20A as

7 =  fai(0)/£c(0), we have calculated £c(0) for all films using the estimated values of 

ys obtained from the scaling procedure listed in Table 5.2. For films 1, 2, 3 and 4, 

f c(0) =  2.4,1.2,0.58 and 0.05A respectively. Taking the interlayer distance d=8 A, 

we have estimated the crossover temperature T* by setting (see Ref. [6])

The estimated values of T* are listed in Table 5.2. According to these values, 

the temperature range over which the measurements of p(6) were performed is above 

T* for all films except film 4. Therefore films 1, 2 and 3 follow the 3D regime, and 

film 4, which exhibits a crossover from 3D to 2D regime at temperatures less than 10 

mK below Tc (because of very high anisotropy), follow a 2D regime. Calculations of 

the lock-in transition angle using Eqs.(5.8) and (5.9) were performed only for films 3 

and 4, since these two films show a sharp drop in resistivity for B  very close to the

(5.10)

a representative average value for YBCO (£aft(0) ranges between 16-24A[1]). Using

d U 0) (5.11)
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ab-planes. Films 1 and 2 have a flat minimum in p(6) at small angles and therefore 

they are unlikely to exhibit any lock-in transitions [see Figures 5.5 and 5.6]. Film 

4 shows a very sharp minimum in p(6) with a width of the minimum about 2°. At 

T  =  81.43i f  < T* = 81.69i f  this film is in a 2D regime, therefore one could use 

Eq.(5.8) to find 9t. Assuming 7 =  400, Aab(t) =  1600t"1/2A, £ah(0) =  20A and 

(*2d — 0.75 [31], H  sin 61 in Gausses is given by

i/s in0 j =  375t (512)

For T=81.43 and H=6800 G, the critical angle (61) is equal to 0.010°. The cal

culated critical angle is the angle between the internal magnetic field if, and the 

ab-planes, while the measured angle 0im for the lock-in transition is the angle between 

the external applied field Ha and the ab-planes. Ha is related to Hi by [15, 31, 33]

Ha = nB + ( I -  n)Hi (5.13)

For 0 < 0lm, B x =  H{X, B z — 0 and Haz =  (1 — nz)Hiz, where Bx is the horizontal 

component of the field (parallel to the ab-planes), Haz is the vertical component of 

the applied field (parallel to the c-axis) and nz is the demagnetization factor. For 

very small 6 one could write 0lm =  (1 — nz) 61 [15].

For a film of thickness s and width w, (1 — nz) =  irs/2w. For film 4, s=144 nm and 

w =  60pm, and the lock-in transition occurs at 0/m = 0.00004°. This value is much 

smaller than the measured width of 2°/2 =  1°. This very small value is impossible 

to observe in our experimental system with an angular resolution of 0.045°. For 

film 3, which shows a wider minimum than film 4, the measurement were done at 

a temperature of 88.93 K which is higher than the estimated crossover temperature 

T* = 88.6K. Therefore, at this temperature film 3 is in a 3D regime and one should 

use Eq.(5.9) to calculate 0t. Assuming 7  = 35, Aab(t) =  1600£-1/2A, T* =  88.6/f, 

and a 0 =  2.13 [31], H s i n i n  Gausses is given by

H sin 0i = 368613/2 (5.14)

For T=88.93K and H=6800 G, 61 =  0.016°. Using the demagnetization expression 

(1 — nz) =  irs/2w with s=230nm and w =  60pm, the lock-in transition for film 3
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should occur at 9im =  0.0001°, which is also much smaller than the observed width 

of 4°/2 =  2°. From these calculations, the width of the m inim um (20/) is decreasing 

with an increasing anisotropy factor 7 , giving a sharper minimum in p{9) for larger 

7 . Our measurements agree with this; the observed FWHM of the minimum in p(9) 

of film 3 (2°) is almost double that of film 4 (1°).

We conclude that the observed sharp drop in resistivities of films 3 and 4 as 0 

approaches zero is not due to the lock-in transition. The lock-in transition is very 

difficult to observe in thin films using transport measurements because of a very small

(1 -  nz) factor [31, 33, 34].

Feinberg and Ettouhami [31] provided an expression for the kink energy E k in a 

3D regime (T > T*) given by

Quantitatively, for optimally doped YBCO with 7 =  7, A0/,(t) =  16001 l 2̂A  and 

T* =  80K, one finds the following temperature dependence of E k (in degrees Kelvin)

Therefore even at t=0.1 (T=80 K), E k is of the order of a hundred degrees K, 

so one could expect many kinks to be thermally created. This makes the lock-in 

transition difficult to observe using transport measurements [31]. To our knowledge, 

the only experimental observation of a lock-in transition in YBCO using transport

sharp drop in resistivity, which however does not fall down to zero at 9 — 0°. The 

authors analyzed their experimental findings for the lock-in angle using theoretical 

predictions of Feinberg and Villard [33] and Blatter et al. [38]. They argued that

that the kink energy E k > T  [15]. Based on this assumption and using Ek =

(5.15)

E k =  7.9 x 103f3/2 (5.16)

measurements was reported by Kwok et al. [15] who observed (very close to Tc) a

since the relative change in resistivity is considerably less than unity, then even at 

0 =  0° there is a considerable number of thermally activated kinks which implies

v/ar/[0od/(47rAa6)2] ln(«7), they obtained a value of 3 for the constant \/ai] which
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was used to find 0im ~  0.21° close to the measured one of 0.3°. According to Feinberg 

and Ettouhami [31] the calculated value of 0jm could be overestimated due to an 

overestimation of E k  itself. Using the experimental conditions of Ref.[15] T =  89.71 

K and Tc=90.31, the kinks energy E k  given by Eq.(5.15) is E k  & 4.3K  which is much 

smaller than E k  = T  = 89.7K. On the other hand, using Eq.(5.9) one could estimate 

the lock-in transition angle 0i in this case. For T=89.71 K and H=1T, 6i ~  0.004°. 

Taking into account the demagnetization factor nz, (1 — nz) =  0.09 for the YBCO 

crystal, 0(m ~  0.00034° which is surprisingly about four orders of magnitude smaller 

than Qim ~  0.21° reported in Ref.[15].

5.4 Summary and conclusions

The measurements of the angular dependence of resistivity p(0) in a magnetic field 

B close to the angle 0 =  0° (B || ab-planes) were performed for several underdoped 

and optimally doped YBCO thin films of Tc between 80 and 90 K using two different 

configurations of B versus J  i.e B [| J  and B JL J . These measurements revealed 

sample-dependent variations in the shape of the minimum around 9 = 0°, from a 

flat to a very sharp behavior. The results of scaling of p(0) with the reduced field 

B (7- 2cos20 +  sin20)1/2 allowed us determine the value of the anisotropy factor 7 

which varies between 7 and 400, and is independent of Tc, film thickness, or critical 

current density.

The question is what is the reason behind this large variation in 7 for YBCO films 

close to an optimal doping. X-ray diffraction (XRD) data of the film with high 7 ~  400 

showed a typical patterns of stoichiometric c-axis oriented YBCO with no difference in 

the structure compared to other films of moderate anisotropy. The data did not reveal 

any observable secondary impure phases. High resolution electron microscopy studies 

of YBCO crystals by Etheridge [39] revealed a weak diffuse scattering in electron 

diffraction pattern of Y B a 2Cu306+x (z > 0.9) which arise from static displacements 

of atoms from their periodic lattice sites. The local atomic displacements partition
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the copper-oxygen planes into cells with dimension comparable to coherence length in 

the ab-planes (about 2nm). These studies have suggested that the ab-planes buckle 

into the network of slightly misaligned cells in a struggle to relieve internal stresses. 

One source of internal stress is a mismatch between ’’natural” (sometimes called 

prototypical) lattice constants of the copper-oxygen planes and the chain-oxygen and 

barium-oxygen planes. It is therefore very likely that the coupling between the ab- 

plane layers in YBCO and thus the anisotropy factor 7 could be affected by the 

’’buckling” process in the copper-oxygen planes. The ’’buckling” is very sensitive to 

a local disorder in oxygen concentration. This could explain the large variations in 7 

in YBCO films close to an optimal doping.

Halbritter [40] discussed anisotropy in YBCO and argued that high anisotropy 

in this material could be attributed to weak-link effects. Defects can either cre

ate insulating or conducting behavior depending on the position of the defects and 

orientation of the current. For example, defects may enhance the small conductiv

ity cr~ perpendicular to the planes, whereas defects reduce the strong conductiv

ity cr̂  along the planes. This implies that defects make cuprate superconductors 

more isotropic. Due to layered structure defects are often organized in planes, of re

duced conductivity, which are named ’’weak links” . Their grain boundary resistances 

(flj. > 10 7 — 10 9f2cm2) are several orders of magnitude larger than the metallic 

resistance, indicating that weak-links are insulating. Weak links contain localized 

states that carry current across by resonant tunneling. For YBCO such states are 

due to oxygenation in the Cu chains. By pair weakening the localized states have a 

lowered energy gap and by resonant tunneling the defects reduce the perpendicular 

resistivity px  drastically. For YBCO this yields an intrinsic anisotropy of 5 x 105 [40] 

which suggests that weak-link effects could result in a very large anisotropy.
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Chapter 6 

Giant Phase Slip Dissipation in 

YBCO Thin Film

6.1 Introduction

lOne of the most fascinating properties of high-Tc layered cuprates is their anisotropy, 

especially high in bismuth and thallium based materials, which results from the weak 

interlayer coupling. This coupling influences the vortex dynamics, which is different 

than that observed in conventional or less anisotropic materials (3D-like YBCO). For 

a magnetic field applied at an angle with respect to the layers, this weak coupling 

changes the effective dimensionality of the vortex lines to 2D (’’pancake” vortices), 

allows formation of Josephson vortices and vortex loops in the insulating regions 

between the CuOi bilayers, and causes very strong intrinsic pinning for the motion 

of Josephson vortices along the c-axis [1].

It is believed that for a tilted magnetic field ( HCl < H  < HC2 ), applied at an 

angle 0 relative to the C11O2 layers of a superconductor, the vortex lattice breaks up 

into a staircase structure. In weakly coupled layered materials, this can be considered 

as a combined lattice of Abrikosov point vortices (pancakes) in the planes, connected 

by Josephson strings locked in the space between the planes [2]. In highly anisotropic 

1A version of this Chapter has been submitted for publication to Phys. Rev. Lett.
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cuprates this staircase provides a possible explanation for the in-plane resistivity, that 

is independent of the relative angle between the current density J  and the magnetic 

field H  , both in the ab-planes. Since the staircase always has a component of H  

perpendicular to J , there will be a Lorentz force on it, which results in an electric 

field E  || J . As the angle 9 is reduced, the number of pancake vortices decreases with 

a decreasing sin# and at the same time, intrinsic pinning of the Josephson strings 

between the planes prevents direct string hopping parallel to c-axis except perhaps at 

very high applied transport currents [3, 4]. This implies that in this case dissipation 

is directly related to pancake motion and in the absence of thermal excitations, it de

pends only on the c-axis component of the magnetic field (if sin 0). This dependence 

has been revealed by many measurements performed over a wide range of angle 9 

and magnetic field H. Therefore this is believed to control the dissipation in Bi and 

Tl-based superconductors [3, 4].

If the magnetic field is tilted very close to the ab-plane, additional features could 

be observed. At 0 =  0, one expects that for a very clean sample and a sufficiently 

high anisotropy (7 =  > 100), no pancake vortices are present (since the c-

axis component of H  is zero). For a quasi-2D superconductor a lock-in transition 

has been predicted [6, 7]. It implies that if the field H is applied at an angle 9 less 

than a certain critical angle 9C the flux lines prefer to run strictly parallel to the 

ab-planes and remain locked-in between the layers. The lock-in transition is expected 

to cause a distinct change in torque, a sharp drop in the flux-motion resistance (a 

minimum in resistivity p{9)) and a corresponding rise in the critical currents, all 

within some critical angle 9C very close to the C u02 planes. Sharp drop in the flux 

motion resistivity has been observed in moderately anisotropic materials like YBCO 

crystals [8]. A change in torque related to a lock-in transition has been reported in 

higher anisotropy materials like BSCCO and TBCCO [9, 10, 11].

Moreover, for the same parallel configuration (H parallel to the ab-planes), un

expected features have been observed in highly anisotropic layered superconductors. 

A peak at H || ab-planes has been seen in the angular dependence of resistivity
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p{0) of films and single crystals of BSCCO, TBCCO and organic superconductors. 

Aukkaravittaryapun et al [12] investigated the angular dependence of resistivity in 

BSCCO whiskers. They observed unusual angular dependence in the ohmic flux flow 

regime (at low currents and for temperatures close to Tc at zero resistivity). For 

magnetic field close to the ab-plane, they found two resistivity minima with a central 

maximum , a three minima and two maxima or a single minimum with shoulders, de

pending on temperature. Scaling of resistivity with field revealed that these features 

depend only on the magnitude of the field component perpendicular to the layers 

(H sin 6). Their results were explained using a model of a transition between a very 

mobile vortex gas and vortex solid phases [13]. Chaparala et al [14] reported that 

when a magnetic field is brought close to the layers [in Tl-2212, Bi-2212, Tl-1223 or 

(BED T — TTF)2C u(N C S )2 single crystals], an anomalous rise was observed in the 

in-plane resistivity with a large maximum centered at 6 =  0 , superimposed on a small 

background resistivity minimum over a relatively narrow angular range of approxi

mately 1°. The authors argued that this maximum corresponds to a local minimum 

in the critical current density at a zero angle. This extraordinary dissipation was 

attributed to the motion of noninteracting thermally excited vortex-antivortex pairs 

in the planes at low vortex densities. The authors concluded that the quasi-2D nature 

and the high anisotropy (7 > 100) in the materials they studied, are solely responsible 

for the increase in dissipation at an applied field H || ab-planes. They stated that this 

could explain why this resistivity maximum has never been reported in moderately 

anisotropic superconductors like YBCO.

However in a 2D-like YBCO thin film of Tc ~  81, similar effects have been ob

served. We report on the first experimental evidence for an extraordinary dissipation 

peak in the angular dependence of resistivity of YBCO. For temperatures very close 

to Tc onset, as the magnetic field is brought parallel to the CuO2 layers, we have 

observed an increase in the in-plane resistivity with a peak centered at 6 =  0. The 

width of this peak decreases with an increasing magnitude of the field. Temperature 

dependence of the in-plane resistivity revealed the corresponding peak at tempera-
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tures just below the onset Te. The peak in p(T) disappears when the magnetic field 

direction is rotated from the ab-planes towards the c-axis. The magnitude of this 

peak is also reduced by an increasing applied current. Similar features have been 

observed in highly anisotropic Nd  1.85Ce0.15C ii04 and Pr^sCeo.isCuC^ crystals by 

Crusellas et al. [15] and in BSCCO(2212) crystals by Han et al. [16]. The authors 

argued that these features are due to a quasireentrant superconducting behavior in 

these systems. In thin wires of conventional superconductors like aluminium (Al) 

[17, 18, 19], the temperature dependence of resistivity has been found to exhibit a 

peak below Tc onset, which decreases with an increasing applied current. The peak in 

p(T) of Al wires has been attributed to the phase-slip induced dissipation according 

to the Langer-Ambegaokar (LA) theory [20].

Our results obtained on a 2D-like YBCO film imply that the major contribution to 

the resistive peak comes from the phase-slip events. Since the LA theory is valid only 

for one-dimensional superconducting wires, this observation suggests a filamentary 

flow of the current in this system.

6.2 Experimental procedure

6.2.1 Sample Preparation

We have studied an epitaxial c-axis oriented YBCO thin film (140 nm thick) grown 

on a (100) oriented sapphire substrate (with CeOi buffer layer) using laser ablation 

technique. The sample exhibits a vanishing zero-field resistivity at Tc =  81.7AT and 

has a transition width of about 3.4 K, and room temperature resistivity ^300*: = 

ZA.2pQcm (*]jjjjj£- =  2.4). This film has a relatively high critical current density Jc 

of 5.2 x 106A/cm 2 at 10 K. Critical current measurements versus temperature were 

performed using a scanning Hall probe technique [21] and a disk-shaped sample. Jc 

was estimated from the magnitude of the remanent magnetization at the saturation 

level using the Biot-Savart law.

Initially the film was patterned with a metal mask, using conventional photolithog-
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raphy and wet etching, to form of a disk of an 8.5 mm in diameter. After the measure

ment of the temperature dependence of the critical current density (Jc), the film was 

patterned into a form of a 60ym  wide and 6.4 mm long strip with six measurement 

probes. Large area contacts on the film were deposited by silver-sputtering in order 

to minimize Joule heating effects. Copper leads were attached to silver contacts using 

mechanically pressed indium. A typical distance between voltage probes was 0.4 mm.

6.2.2 Measurement Procedure

We performed the measurements of the resistivity as a function of the angle 0 between 

the ab-plane of the film and the direction of the magnetic field H. These angular 

studies were done over a temperature range within the superconducting transition 

[between T ^ R  =  0) and Tc onset], as a function of the magnitude of the magnetic 

field and applied current density. The angular measurements were carried out by 

rotating a copper sample holder about its vertical axis in a horizontal magnetic field 

up to 1 Tesla generated by a copper-wound coil magnet.

The angular rotation was driven by a computer-controlled, backlash-free, stepping 

motor and a 100 to 1 gear reducer combination. The reading of the angle was accu

rately monitored by an 8000-line optical encoder attached to the sample holder. The 

angular resolution of the system is 0.045° as determined by the optical encoder. The 

film was mounted on the sample holder with the c-axis perpendicular to the holder’s 

vertical rotating axis, which allowed us to change the magnetic field direction in a 

plane parallel to the c-axis.

Resistivity was measured using a standard DC four-probe method. The current 

was applied to the sample in the form of short pulses (of duration less than 200 ms) in 

both directions, in order to eliminate the background noise and charge accumulation 

as well as to reduce Joule heating. The voltage was measured using a Keithley 2182 

Nanovoltmeter in synchronization with a Keithley 236 Current Source, where the 

nanovoltmeter was used as the triggering unit. The nanovoltmeter was operated 

in a Delta mode. This mode allowed the measurement and the calculation of the
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voltage for the DC current-reversal technique to eliminate the effects of thermal emf’s 

in the leads. Each Delta reading was calculated from two voltage measurements 

of the sample for two opposite directions of the current. Since the measurements 

were done in the superconducting transition region where the change in resistivity 

with temperature was the steepest, a precise temperature control was an essential 

experimental requirement. Temperature was monitored by a carbon-glass resistance 

thermometer and an inductanceless heater and controlled to better than ±10m K  for 

each single angular sweep. This was achieved by rotating the sample very slowly in 

the magnetic field in order to reduce variations in the emf in the heater which could 

disturb the temperature reading. The term ’’resistivity” is used in this paper to 

denote the quantity E /J  (where E is the electric field and J is the transport current 

density), and it does not imply an ohmic response.

All measurements were carried out with the transport current J  parallel to the 

ab-planes. However, each measurement was performed for two different orientations 

of the magnetic field with respect to the current. In the first one, the field was rotated 

in a plane perpendicular to the current direction while in the other one the field was 

rotated in a plane parallel to the current and the c-axis directions [see Fig.6.1(a)]. 

All measurements were done in a field cooling (FC) regime, with the magnetic field 

applied to the sample at a temperature above the Tc(onset), followed by slow cooling 

down to the required temperature of measurement.

6.3 Experimental results

6.3.1 Temperature dependence of resistivity

The temperature dependence of resistivity p has been measured over a temperature 

range of 78-300K in a zero magnetic field. For a smaller range, (78-90 K) between 

Tcq{R =  0) and Tc(onset), p has been investigated for different orientations of the 

magnetic field with respect to the direction of the current density J. Fig.6.1(a) shows 

two possible orientations of the magnetic field B with respect to J  and the ab-plane
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of the film. The left figure illustrates the case where the field B is rotated in a plane 

which is parallel to the direction of J  while the right one represents the case where B 

is rotated in a plane perpendicular to J .  We refer to the first configuration as B || J  

and the second one as B J_ J . Fig.6.1(b) shows the temperature dependence of 

resistivity for a temperature range of 78-87 K for B=0 T and 0.68 T. The resistivity 

measurements in the field were carried out for three different orientations: B [| J  

(0 =  0), B _L J  with B parallel to the ab-plane (0 =  0), and with B parallel to the 

c-axis. In Fig.6.1(b) two temperature regions are identified: region I represents the 

range of temperatures over which the angular dependence of resistivity p as a function 

of 0 [p{0)\ shows a minimum for both B || J  and B J_ J  while region II represents the 

range of temperatures over which p(0) and p(T) displays a maximum for the same 

configurations. It is important to notice that for B parallel to the ab-planes, in region 

I, p(T) is independent of the magnitude of B and the relative angle between B and 

J .  On the other hand in region II, p(T) is independent of B  only for B || J. The peak 

in p(T) in this region for B 1  J  is higher than that observed for B || J. This peak 

is completely suppressed for B || c-axis case. The maximum resistivity in the peak is 

higher than the onset resistivity. The resistivity between the onset temperature and 

the room temperature exhibit a linear temperature dependence.

6.3.2 Angular dependence of resistivity: Effect of tempera

ture and magnetic field

The angular dependence of resistivity p(0) in a constant magnetic field for different 

temperatures in region I, has been measured for both B || J  and B 1  J  for the 

angular range from —20° to +20°. Fig.6.2(a) shows p(0) as a function of temperature 

from 81.43 K to 82.23 K in a magnetic field of 0.68 T. p(0) displays a sharp minimum 

at 0 =  0 and it increases with temperature. p(0) is the same for both B j| J  and 

B J_ J . The very small differences in p(0) could be attributed to small temperature 

fluctuations. The width of this minimum [defined as half width at half minimum
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B=0.68 T 
J=1.2 kA/cm

Figure 6.1: (a) Two configurations of B with respect J  that were used during the
measurements of the angular dependence of resistivity p(0) in a magnetic field: B 
is rotated in a plane parallel to both J  and the c-axis (left side), or B is rotated in 
a plane parallel to the c-axis but perpendicular to J  (right side), (b) Temperature 
dependence of resistivity for YBCO thin film measured in a field of 0.68 T at different 
orientations and in a zero field. Region I denotes a temperature range over which 
p(0) displays a minimum at 0 =  0° (B parallel to the ab-planes) [see Figs.6.2(a) and 
6.3(a)]. Region II denotes a temperature range over which p{9) displays a maximum 
at 9 =  0° [see Fig.6.3(b)]. A minimum in p(0) at 0 = 0° was again observed for the 
temperature range of 83.5-84.0 K. For B parallel to the ab-planes, a maximum in 
p(T) at T=83.25 K was observed. It is independent of the magnitude of B for B || J . 
For B _L J  this maximum increases with B. Note the absence of the maximum when 
B is oriented along the c-axis.
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(HWHM)], decreases with an increasing temperature. The widths at 81.43 K and

82.23 K are 1.54° and 1.07°, respectively. On the other hand, the depth of the 

minimum, defined as (p(5°) — p(0°)), increases with an increasing temperature. The 

depths of the minimum at 81.43 K and 82.23 K are 1.49 /zficro and 2.24 pQcm, 

respectively.

Fig.6.2(b) shows the angular dependence of resistivity at a constant temperature 

of T=81.43 K, as a function of magnetic field. We measured this dependence for both 

B || J and B i .  J configurations. The data for these two configurations are identical. 

The minimum in resistivity at 0 =  0° is independent of the magnitude of B. HWHM 

decreases from HWHM=2.3° at B=0.17 T down to HWHM=2.0° at B=0.86 T. The 

depth of the minimum increases with the field.

Fig.6.3(a) shows p{0) as a function of temperature between 82.52 K and 82.93 K 

in a magnetic field of 0.68 T. At a temperature of approximately 82.82 K, which cor

responds to the border line between region I and II in Fig.6.1(b), there is a crossover 

from a minimum in p(6) to a peak in p(6). This peak grows with an increasing tem

perature reaching a maximum value at 83.23 K [see Fig.6.3(b)]. While the minimum 

in p(0) is independent of the orientation of B with respect to J [B J_ J and B || J, 

see Fig.6.2(a)], the peak in p{0) depends on these orientations [p ( 0 ) b x j  > p(0 )b \ \ j ] -

The peak height plotted as a function of temperature is shown in Fig.6.4(a). This 

behavior is approximately parabolic with a maximum at 83.25 K.

In order to compare the peak in p{0) at 0 = 0° with that at 0 =  90°, we measured 

p(0) over an angular range between —30° and 210° [see Fig.6.4(b)]. Clearly, p for B || 

ab-plane is much higher than that for B || c-axis. Moreover p{0) reaches its minimum 

at 0 =  36° for all fields.

The peak in p(0) was measured as a function of magnetic field for both B 1  J 

and B || J configurations [see Fig.6.5]. For fields between zero and 0.5 T, the peak 

increases with field but the magnitude of the peak saturates at higher fields. In 

Fig.6.5(a) for B _L J configuration, one can distinguish two different dissipation 

regimes: the first one for | 0 |>  1.5° where p(0) decreases with an increasing field,

152

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



B s0.68 T B // ab-plane B // J
J=5.8 kA/cm

• * ** 82.23 

82.03

1 ■ » * 1

V  ¥  ^  4.  -  -  81.83

s V > : ,  *
iP a* 81 ja* 81.43

0 4
0 (degrees)

i i "j i i i i " p  r i i i | i i i i |

T=81.43 K 
B // J // ab-plane
J=116 A/cm2

«* * - Q
O °

• 0.86 T
□ 0.68 T
w 0.51 T
+ 0.34 T
o 0.17 T

1 * 1 1 1 1 1 ■ 1
10 0 10 

0 (degrees)
20 30

Figure 6.2: (a) Angular dependence of resistivity for YBCO film, at different tem
peratures between 81.43K and 82.23K in a field of 0.68 T for both B || J  and B 1  J  
configurations, which reveals a minimum in p(6) at Q =  0° (B parallel to the ab- 
planes). Identical behavior of p(9) can be observed for both field orientations with 
respect to J  (B || J  and B 1  J). (b) The corresponding angular dependence of p 
measured as a function of the magnitude of B at a temperature of 81.43 K for the 
B || J  orientation. An identical behavior has been observed for B _L J  orientation.
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Figure 6.3: Angular dependence of resistivity in a field of 0.68 T, measured as a
function of temperature from 82.52 K up to 83.23 K. Note the change of p(0) at 
6 = 0° from a minimum at low temperatures (T < 82.82#) (a) to a maximum at 
higher temperatures (b).
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Figure 6.4: (a) Temperature dependence of the peak height, defined as Ap =  p(0°) -  
p(5°), in p(d) seen in Fig.6.3. (b) Angular dependence of resistivity p{0) in a field of 
0.68 T, measured over an angular range between —30° and 210° at a temperature of
83.23 K. Note the resistive peaks at 6 = 0° and 9 =  180° (B parallel to the ab-planes) 
which are about 30% higher than the maximum at 0 = 90° (B parallel to the c-axis).
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while the other for smaller angles (| 9 |<  1°) where p(9) increases with an increasing 

field. For the B || J case [Fig.6.5(b)], p(9) for | 0 |>  0.3° is dominated by the first 

regime [p(9) decreases with an increasing B]. For small angles (| 9 |<  0.3°), p(9) is 

almost independent of the field.

Fig.6.6(a) compares the peaks in p(9) for the B || J and B _L J  at 0.68 T and 

83.13 K. p(9) for B  -L J is larger than that for B j| J for the whole range of angles 

measured, but the difference between the two curves is decreasing with a decreasing 

angle | 9 |. Peak height, defined as p(0°) -  p(5°), increases logarithmically with the 

field B [see Fig.6.6(b)], while the peak width (half width at half maximum HWHM) 

decreases logarithmically with an increasing B [Fig.6.6(c)]. The peak height is larger 

for B || J case in comparison to that for B J_ J, however the peak width for B || J is 

smaller than that for B ±  J.

6.3.3 Angular dependence of resistivity: Effect of the applied 

current

The angular dependence of resistivity was measured also as a function of the applied 

current density at a  constant temperature and field. Fig.6.7(a) presents the results 

for the peak in p(9) for a wide range of applied current density J ( from 0.9 to 

69.4 kA/cm 2) at a field of 0.68 T and a temperature of 83.03 K. As expected, for 

angles | 9 |> 2° , p{9) increases non-linearly with an increasing J, but for small angles 

| 9 |< 1° the opposite happens. In the region, where | 9 |<  1°, starting at small current 

density (J  < 11.6kA /cm 2) the peak initially decreases with an increasing current, 

but for J larger than 23.1 kA/cm2, a minimum in p(9) develops. This behavior is 

essentially the same for both B || J and B _L J configurations. At temperatures lower 

than 82.80 K, p(9) exhibits a minimum for both B || J and B J_ J [see Figures 6.2(a) 

and 6.3(a)]. Effect of the current on this minimum is different from that observed for 

the peak at higher temperatures. The minimum in p(9) is completely suppressed at 

very large applied currents (J  > 57.9kA/cm2). At very small J, less than 0.2kA/cm2, 

the minimum is independent of J.
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Figure 6.5: Angular dependence of resistivity p(9) for 9 between —5° and 5°, mea
sured for different applied magnetic fields at a fixed temperature of 83.13 K. (a) the 
data for B J_ J  orientation where p(9) increases with an increasing B for | 9 |< 1° 
but decreases with an increasing B for | 9 |>  1°. (b) the data for B || J  orientations; 
p at 9 =  0° is almost independent of B. Note the decrease of p{9) with an increasing 
B for | 9 |>  0.5°.

157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13.0

T=83.13 K 
8=0.68 T
J=1.2 kA/cm'

12.5

12.0
Eu 11.5

o o
O'

B//J
10.5

▼ ir

10.0
-2.5 2.5

0 (degrees)
2.5

2.0

- O -  B-L. J

2.5
T=83.13K

o B-I.JS 2.0

5 ,  1.5

0.5
0.0 0.60.2 0.4 0.8 1.0

B(T)

Figure 6.6: (a) Comparison of p(9) measured for B J_ J  and B  || J  orientations in 
a field of 0.68 T at a temperature of 83.13 K. Note that for B || J  orientation p(0) 
decreases faster with an increasing | 0 | than that for B J_ J  . Comparison of the 
peak height Ap = p(0°) — p(5°) (b) and the peak width (FWHM) (c) measured as a 
function of B for B ±  J  and B |{ J  orientations at a temperature of 83.13 K.
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Figure 6.7: (a) Angular dependence of resistivity p(6) measured as a function of an 
applied current density J over an angular range of —5° and 5° (for B=0.68 T and 
T=83.03 K) . Note that the maximum observed at 6 =  0° at low J is gradually 
converted to a minimum when J is increased, (b) The corresponding behavior of 
p(0) as a function of J measured at a lower temperature of 81.83 K. Note that the 
minimum at 0 =  0° observed at low J, disappears gradually when J is increased.
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Temperature dependence of resistivity was measured as a function of current den

sity at a fixed field for B || J. Fig.6.8(a) shows p(T) for three selective applied current 

densities J ( from 0.1 to 57.9 kA /cm 2) at a field of 0.68 T. For the range of tempera

tures over which p(T) displays a peak [region II in Fig.6.1(b)], p(T) decreases with an 

increasing current. At all other temperatures, p(T) increases with an increasing cur

rent as expected. The inset in Fig.6.8(a) shows the resistivity as a function of current 

at a fixed temperature of 83.19 K and a field of 0.68 T for B || J. At temperatures 

less than 82.8 K, just below the peak in p(T), p(6) exhibits a minimum at 0 =  0° 

[see Fig.6.3(a)]. The question was, what is the shape of p(6) around 0 =  0° above the 

peak in p(T), at temperatures between 83.4 K and Tc (onset), where p(T) increases 

with J. Fig.6.8(b) displays p{9) as a function of temperature between 83.03 K and 

83.83 K in a magnetic field of 0.68 T for B J. J. p(0) displays a peak for the range of 

temperatures between 82.87 K to 83.35 K similar to that shown in Fig.6.3(b), but at 

higher temperatures (T > 83.4/0 a minimum in p(6) starts to develop over a narrow 

angular range of | 9 |<  1° while still the peak persists for angles | 0 |> 1°. However 

at higher temperatures (83.65AT < T  < 84.0/0, the peak disappears completely and 

instead a sharper minimum appears similar to those shown in Fig.6.2(a). The inset of 

Fig.6.8(b) is a re-plot of the minimum at two temperatures 83.63 and 83.83 K using 

a smaller vertical scale to show the sharpness of the minimum.

6.4 Discussion

6.4.1 Investigations of Anisotropy

Almost all careful experimental investigations of the angular dependence of resistivity 

p(0) of YBa2Cu307-s  (YBCO) thin films in a magnetic field parallel to the ab- 

planes revealed a clear difference between p(6) for B || J and B JL J configurations 

[3, 4, 22, 23]. The only exception from this behavior is the case of very thin films 

(~  lOnm), with Tc=80.5 K and S =  0.13 [4], where the film approaches the 2D limit 

and the results for the two configurations B || J and B 1  J are identical. The
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Figure 6.8: Temperature dependence of resistivity p(T) measured as a function of an 
applied current density J for B || J  orientations in a field of 0.68 T. At a temperature 
of 83.19 K a maximum in p(T) is seen. The resistivity at the maximum decreases with 
an increasing J (see the inset), (b) Angular dependence of resistivity p(0) measured 
at different temperatures higher than 83.03 K over an angular range of —5° and 5° (in 
a field of 0.68 T). When the temperature is increased towards Tc onset, the maximum 
at 6 =  0° is converted to a minimum. The minima at temperatures of 83.63 K and 
83.83 K are shown on an expanded vertical scale in the inset.
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difference between p(0) for B || J and B _L J indicates smaller anisotropy. In general 

YBCO behaves like 3D and in fact is believed to be the least anisotropic among all 

high-Tc cuprates. In general, the anisotropy factor 7 in YBCO increases with an 

increasing oxygen deficiency factor 8. The results of our experiments contradict this 

general behavior. They revealed that some YBCO films, of thickness much larger 

than 10 nm (namely between 140 and 300 nm) and of Tc =  82K  or 90 K , do not 

follow the general dependence of 7 on 8 and in fact exhibit a higher anisotropy ( a 2D 

like at small 8 i.e 7 =  35 for YBCO with Tc ~  90K  and 7 > 100 (see Chapter 5) for 

YBCO with Tc ~  82K ). The following experimental observations on a selected YBCO 

film support this argument. Temperature dependence of resistivity [Fig.6.1(b)] for 

temperatures less than 82.8 K (region I), shows the overlapping data for B || J, B  J_ J 

and B=0 (B ||ab-planes). In other words, p(T) is independent of the magnitude 

of B and the angle between B and J which means that the dissipation is mainly 

controlled by the component of B perpendicular to the ab-planes (Bj. = Bsinfl), 

and p(6) scales with B sin 0. This type of dissipation is a result of 2D-like anisotropy. 

Observation of the minimum in p(9) [Fig.6.2(b)], measured at different temperatures, 

which is independent of the relative orientation of B with respect to J indicates 

a large anisotropy (which approaches the 2D limit) like that observed for BSCCO 

system [24]. p{6) measured at different applied currents densities [see Fig.6.7(b)j, is 

also independent of B || J and B _L J orientations, and very similar to that observed 

in BSCCO [24]. For materials with small anisotropy, the difference in p(6) between 

B || J and B _L J is expected to increase with an increasing current which we do not 

observe here.

Large anisotropy is responsible for the fact that p(0), plotted in Fig.6.2(b) for 

different fields B, is independent of B || J  and B 1  J  orientations. This figure 

enabled us to obtain a quantitative estimate of the anisotropy of the sample using 

scaling. The anisotropy factor 7 of YBCO, for a 3D case, can be calculated using 

the anisotropic Ginzburg-Landau (GL) model (known as the effective mass model). 

The effective mass anisotropy factor 7 =  ^  is about 5 [25, 26, 28] for fully
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oxygenated YBCO (overdoped case , 5 =  0). Factor 7 in YBCO increases with an 

increasing oxygen deficiency, as the CuO chain layer becomes more insulating. For 

YBCO of Tc «  80/if, similar to the YBCO film we studied, 7 is about 16 [29] while 

for low Tc YBCO («  60K), 7 is as high as 40 [29]. However, no scaling of p{0) 

with a reduced field defined as cos2 6 + sin2 6, according to the GL model,

has been achieved for 7 =  16 [Fig.6.9(a)] for our film. A better scaling (especially 

at low angles 0 ) has been obtained using 7 =  40, the largest reported for YBCO, 

[see Fig.6.9(b)]. Surprisingly an excellent scaling has been obtained using B sin 6 

as the scaling parameter instead of B\Jy~2 cos2 0 +  sin2 6. Such scaling makes all 

data points from different fields to collapse onto a single curve, which shows that 

the 2D model works quite well for the YBCO sample under study [see Fig.6.9(c)]. 

Therefore this film appears to be very highly anisotropic with a value of 7 similar to 

that of BSCCO (7 > 100). The anisotropy of this sample approaches the 2D limit, 

which means that the magnetic field lines penetrating the film at an angle 6 to the 

planes, consist of strongly pinned Josephson strings between the layers, connected by 

” pancake vortices” in the layers. The former contributes very little to the dissipation.

It has been argued [14] that a transport current applied along the ab-planes could 

make a detour across the layers (parallel to c-axis) due to stacking faults and other 

inhomogeneities that may be present in the ab-planes. For a highly anisotropic HTCS 

this interlayer current could produce an additional dissipation. In our measurement 

we excluded this possibility using the following arguments:

1. There is a significant difference between the peak in p(T) [see region II in 

Fig.6.1(b)] measured for B || J  and B J_ J  configurations [the peak of p ( T ) b l j  > 

the peak of p(T) Bp]. If one assumes that J  flows along the c-axis, one should not 

observe any difference between the peaks in p(T) for these two configurations 

since the Lorentz force acting on the c-axis flux lines in both configurations is 

identical.

2. It has been shown that for BSSCO [27] when the current and magnetic field 

are both applied parallel to the c-axis, a maximum (peak) occurs in p(T), even
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at zero field, due to the competition between the semiconducting c-axis normal 

resistance and the Josephson interplanar coupling. Such a peak grows with 

the magnetic field. Therefore if one assumes a current flowing along the c-axis 

then the peak, that was observed in p(T) for YBCO, should increase with an 

increasing c-axis field which is contrary to what we observed. In 2D-YBCO 

case a small magnetic field (500 G) applied parallel to the c-axis suppresses this 

peak completely [see Fig.6.2(b)].

6.4.2 Peak at 0 =  0° in the angular dependence of the resis

tivity

As mentioned in the introduction, observation of a dissipation peak in the angular de

pendence of resistivity at 0 =  0° in highly anisotropic HTSC single crystals has been 

reported by two groups under different experimental conditions [12, 14]. Aukkaravit- 

tayapun et al. [12] carried out a measurement of the angular dependence of resistivity 

on a single crystal BSCCO whiskers. For temperatures very close to Tc and small 

applied magnetic fields up to 0.1 T perpendicular to the current direction (B 1  J), 

they observed a peak centered at 0 =  0°, which is completely suppressed at higher 

fields. In their case, p(d) for different applied fields scales with the c-axis component 

of the magnetic field (Bsin0) for a range of temperatures between 67 and 70 K. The 

authors explained these results using the models of Brandt et al. [30] and Blatter 

and Geshkenbein [13]. According to Brandt et al. thermal fluctuations produce a 

long range Van der Waals interactions between flux lines. Blatter and Geshkenbein 

predicted transitions from a dilute vortex gas phase to an intermediate liquid vortex 

phase or to a solid vortex phase as a function of the strength of these interactions. 

According to Aukkaravittayapun the peak at 6 =  0° originates from an enhancement 

of vortex mobility in the vortex gas phase close to Tc. At higher fields, the peak is 

suppressed due to a transition to the vortex solid phase. However, sharpening of the 

peak (decrease in the peak width) at fields higher than 0.1 T has not been explained 

by these models.
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Detailed results of effect of the applied magnetic field and current on p(9) for 

TBCCO (2212 and 1223) and BSCCO (2212) single crystals has been provided by 

Chaparala et al. [14]. For TBCCO (2212) at temperature of 90 K (T /T c =  0.86) and 

for a field applied at an angle 9 to the ab-planes (B 1  J), their data show a sharp 

peak in the in-plane resistivity p(9) at 9 = 0°. For magnetic fields below 2 T, the 

peak height increases with the current and the field while the peak width (HWHM) 

increases with the current, but decreases with the field. On the other hand for fields 

larger than 2 T, the peak height decreases with both the field and the current. They 

also observed a decrease in the magnitude of the peak in p(9) at 9 = 0° upon change of 

orientation of B from B -L J  to B || J . Examination of Fig.2 in Ref. [14] shows that 

for small angles (very close to the ab-planes), the peak in p(9) increases in magnitude 

with an increasing magnetic field but at the same time its width decreases. This 

means that there is a crossover from a regime at small 9 where p{9) increases with 

field to a one at larger 9 where p(9) decreases with the field. The authors proposed 

a tentative model based on thermal activation of vortex-antivortex pairs. Thermal 

fluctuations of Josephson strings as the angle 9 approaches zero leads to a random 

nucleation of vortex-antivortex pairs out of the segments of the Josephson strings. 

Since the dissipation voltage is proportional to the product of the vortex density 

and the vortex mean velocity then the deficit in the density of the vortices due to a 

reduction of the angle 9 should be overcome by an enhancement of the vortex velocity. 

This could explain an increase in the dissipation as the angle 9 is reduced. According 

to this model an increasing applied current increases the velocity of the vortices and 

subsequently increases the dissipation.

Our results on YBCO film and the results of the above references (Refs [12, 14]) 

suggest that the presence of the peak in p(9) at 9 =  0° is associated with high 

anisotropy of the samples studied (7 > 100).

A decrease in the width of the peak (FWHM) with an increasing magnetic field, 

observed in all these experiments, means that above a certain angle 9C, resistivity de

creases with an increasing field. This suggests that a standard dissipation mechanism
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based on magnetic flux flow is not a major contributor to p(0) at angles larger than 

Oc

Angular dependence of resistivity over a wide range of angles 0 — 180° for a 2D- 

YBCO film [Fig.6.4(b)] reveals that p(0°) is approximately 30% larger than p(90°). 

This behavior was not observed in references [12, 14] where p(0°) is smaller than 

p(90°). In general, for a 2D system with a weakly coupled CuOi layers one expects a 

maximum resistive dissipation when a magnetic field is aligned along the c-axis due 

to the motion of a large number of pancake vortices. Therefore large resistivity at 

6 = 0° implies dissipation mechanism different from that due to flux flow.

This is supported by an additional observation of a peak at a temperature of 83.3 

K in the temperature dependence of resistivity for our YBCO film [see Fig.6.1(b)] 

whose magnitude is approximately 10% larger than the resistivity at Tc onset (85.1 K). 

This peak in p(T) decreases with an increasing applied current and increasing c-axis 

component of an applied field. A similar phenomenon in the temperature dependence 

of resistivity p(T) near Tc has been observed in conventional superconductors [17, 18, 

19]. For example Moshchalkov et al [19] reported observation of a peak in p(T) for 

Al strips of width much smaller than the Ginzburg-Landau coherence length and 

magnetic penetration depth. The peak is about 10 — 20% higher than the normal 

state resistance determined from the plateau in p(T ) above Tc onset and is suppressed 

by an increasing transport current. This resistance anomaly has been explained in 

terms of thermally activated phase slips of the superconducting order parameter in 

quasi-one-dimensional wires according to the models of Langer-Ambegaokar (LA) [20] 

and McCumber-Halperin (MH) [31].

6.4.3 Phase slip model

The basic idea of the phase slip model comes from the fact that the conservation of a 

supercurrent Js (neglecting the normal current) requires that Js(x) oc| ^(x) I2 vs(x) 

be constant. If the order parameter is defined as ip{x) = | ip(x) | e1̂ 1' , where <f>(x) is
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the phase, then

I V’fc) 12 = const ex. I  (6.1)

A phase slip corresponding to a substantial increase of in Eq. (6.1) should 

therefore be associated by a proper decrease of | ip(x) |2, which induces an intrinsic re

sistance in the superconducting state. For a ID thin wire with a transverse dimension 

d <gi f  (the GL temperature dependent coherence length) and (the magnetic

penetration depth), so that magnetic energies can be neglected compared to kinetic 

energies, the (LA-MH) theory predicts that the resistance in the superconducting 

state is mainly determined by thermally activated phase slips events. These phase 

slips cause the magnitude of the order parameter to vanish briefly at some points 

along the wire. The free energy barrier (difference in free energy between the normal 

and superconducting states) associated with this process is

AF„ = (6.2)

where A is the cross sectional area of the wire and HC(T) is the thermodynamic 

critical field.

In the absence of the current, phase slips by ±2n are equally likely, and this results 

in a fluctuating noise voltage with zero net dc component. If a constant voltage V 

is applied, the phase difference A (j) will increase steadily at a rate of 2 eV/h  but 

instantaneously snaps back by 2ir whenever each phase slip occurs. This will cause 

the current to build up to a steady-state value at which the phase jumps of A(j> =  — 2ir 

outnumber the phase jumps A(f> = +27T by an amount of 2eV/h per second according 

to Josephson relation. So the net result of the current in the wire is to make the 

phase jumps more probable in one direction than the other. The different jump rates 

arise from a difference 5F in the energy barrier for jumps in two directions and this 

difference stems from the electric work /  IV dt done in the process. For a phase slip 

of 27t, the energy difference is [32].

8F = AF+ -  AF_ =  A / ,  =  ^  (6.3)
le
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Where fa = the superconducting flux quantum. SF = fa I  should be larger 

than the thermal energy kgT  (where kg is the Boltzmann constant), which defines

direction and the resistance is nonlinear [31]. / t sets a lower limit on the applied 

current Ia. The upper limit is set by the critical current Ic which is the mean-field 

critical current given by

The average voltage Vs arising from the phase slip events is determined by the 

number of these events in the sample [N(T) =  L/£(T), where L is the length of 

the wire], a  characteristic time r(T), Boltzmann factor exp(—AFo(T)/fcgT), and the 

factor s\nh(Isfa /2kgT) derived from the difference 8F in the energy barrier for +2ir 

and —2ir phase jumps

It is very important to emphasize the fact that the energy being supplied during 

the occurrence of these phase slips at a rate of IV, is dissipated as heat rather than 

converted into kinetic energy of supercurrent, which would otherwise soon exceed the 

condensation energy [32]. The theory predicts that the total resistance of a macro

scopic superconductor close to Tc can be calculated by assuming that the supercurrent 

I3 and the normal current In are running in parallel: R~1 = R~l +  R ^ 1. However, 

using this assumption it is not possible to obtain a total resistance R higher than Rn.

the characteristic current Ii = above which most phase slips go in the driven

(6.4)

and
kgT

(6.5)

Vs =  2faQ(Is, T) exp (6 .6)

where

A F(T) =  AF0(T) + (6.7)

and Ci(Is,T ) is an attempt frequency which can be approximated as

(6.8)
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Moshchalkov et al. [19] suggested that for Al wires with width w f , the currents 

/ ,  and /„ can not run in parallel for any specific time to because the coexistence of 

the two currents in parallel leads to a huge increase in energy due to variation of the 

modulus of the order parameter on a very short length scale uj Therefore they 

proposed that in quasi-ID superconducting wires the instantaneous currents I a(to) 

and In(to) can only flow in series and, assuming that Kirchhoff laws are still valid, 

= In(to) and R = Rs +  Rn where Rs =  Vs/ I s and Vs is given by Eq. (6.6).

6.4.4 Phase slip dissipation in YBCO

Our explanation of the experimental results obtained on YBCO film is based mostly 

on the (LA-MH) phase slip model.

We suggest that the peaks in both p(T) and p(0) are mainly due to phase slip 

events with a small contribution due to flux motion. Fig.6.1(b) shows the resistivity 

peak, which is present only for magnetic field applied parallel to the ab-planes. This 

peak is completely suppressed when a field larger than 500 G is applied along the c- 

axis. For B || c-axis case the field also broadens the transition (reduce zero-resistance 

Tc) while for B || ab-plane, the field does not broaden the transition and remains 

almost unchanged. Fig.6.5 reveals that for both B || J  and B 1  J , p(6) decreases with 

the field for angles 0 larger than a certain critical angle 9C. These two observations 

can be explained in terms of the phase slip model. Since the YBCO film under 

study behaves like a 2D system, only the c-axis component of the magnetic field 

contributes to any dissipation mechanism. The magnetic field dependence does not 

appear explicitly in Eq.(6.6) of the phase-slip model, however its effect on the phase- 

slip voltage appears through the dependence of Ic on the field, Ic oc gsjn^. Increasing 

the c-axis component of B, which can be done by increasing the angle 0 and/or 

the magnitude of the field, reduces the critical current Ic. This in turn results in a 

reduction of the phase slip events and the voltage Vs. Observation of the phase-slip 

resistivity is confined to a range of the applied current Is between I\ and Ic [see 

Eq.(6.5)]. According to the theory Is per ID current channel has to be larger than
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Ii =  A:bT/0o> which is 0.56/xA in our case. If I„ is too close to / c, the phase-slip 

events are less likely to occur. Therefore reducing Ic while keeping Is fixed leads to a 

reduction of the phase-slip events and consequently the voltage Vs. In other words, 

an increasing magnetic field reduces the phase slip resistivity through reducing the 

critical current Jc. The phase slip model depends only on the magnitude of B but 

not on the relative orientation of B with respect to J.

Fig.6.7(a) and Fig.6.8(a) show that the peaks in both p{9) and p(T) decrease with 

an increasing current. This behavior provides further support to the phase-slip origin 

of these peaks. According to Eq.(6.6) of the phase-slip voltage, Vs decreases with 

an increasing Ia, since a decrease of the prefactor f2(/a, T) is faster than an increase 

in the sinh(^j-) factor. Appearance of a minimum in p(9) at high applied currents 

( J  > 23kA/cm2) can be explained by the fact that the applied current / ,  approaches 

the critical current value / c, leading to a large reduction of the phase-slip events. In 

this case the dissipation is governed by the flux flow and therefore one expects to 

observe a decrease in p(Q) as 6 decreases (with minimum centered at 9 = 0°). On 

the other hand, for fixed (even small) applied current and at temperatures above 

the peak in p(T) (83.4# < T  < 84.0#) a minimum in p{9) has been also observed 

[see Fig.6.8(b)]. This can be explained by the fact that the decrease of Jc with an 

increasing temperature reduces the phase-slip events . In short, we can say that 

phase-slip events can be reduced either by increasing the applied current at fixed 

temperature or by increasing the temperature at fixed current.

The phase-slip model predicts a very sharp resistance peak, very close to the onset 

Tc, with a temperature width of a few mK. On the other hand, this model is valid for 

quasi one-dimensional wires of diameter smaller than the coherence length and the 

penetration depth . The peak in p(T) measured in zero magnetic field for YBCO film 

[see Fig.6.1(b)| is very broad (of width about 1.1 K) compared to the that predicted 

by the model. YBCO is composed of well-separated cells, of c-axis lattice constant 

of 1 1 .7 A , containing two closely-spaced C u02 plane layers. Therefore, the 2D-YBCO 

film, approximately 1 4 0 0 A  thick, contains about 2 4 0  C u 0 2 bi-layers. Because of
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high anisotropy of the film, these layers are weakly coupled and behave like a stack 

of very thin independent superconducting sheets. Slight underdoping of the film 

with Tc ~  82K  could result in a variation of the transition temperature between the 

different layers. One can therefore assume that each layer produces a very sharp 

phase-slip peak of a few mK in width and the broad peak observed in this film is in 

fact the result of an overlap of a large number of sharp peaks (Gaussain distribution). 

Rough calculations revealed that the typical peak width is about 5 mK which would 

result in a total width of about 1 K, as observed.

6.4.5 Effect of flux flow

It should be noted that since Figures 6.1(b) and 6.6(a) show a difference between p 

for the B || J and B ±  J orientations, there is another dissipation mechanism that 

depends on the angle between B and J. In order to understand the origin of this 

dissipation we plotted in Fig.6.10 the difference in p(0) between B J. J and B || J 

orientations, A p(0) =  p { 8 ) b i .j — p {8)b \\j , as a function of angle 6.  These results reveal 

that Ap(0) decreases with a decreasing angle 6 and displays a minimum at 9 = 0° 

which is similar to that observed at low temperatures close to [see Fig.6.2(a)]. 

This behavior implies that flux flow contributes to the dissipation.

In the absence of phase slip events one expects to see a decrease in p{9) as 6 is 

decreased down to 0 =  0° because of the reduction of the c-axis component of the 

field. Therefore we can say that this flux flow dissipation is governed by the motion of 

Josephson strings since the difference Ap(0) between the B 1  J and B || J, shown in 

Fig.6.10, is proportional to the motion of these strings. For B || J and angles 8 < 9C, 

the peak in p(0) at 0 = 0° is almost independent of the magnitude of the applied 

field. The contribution due to the motion of Josephson strings is almost zero in this 

case. On the other hand for B _L J, an increase in the peak height [see Fig.6.1(b)and 

Fig.6.5(a)] compared to that for B || J can be attributed to the motion of Josephson 

strings along the c-axis. This motion can be facilitated by thermal activation of 

vortex-antivortex pairs at low flux density and the Lorentz force along the c-axis. For
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Figure 6.10: The difference between the maxima in p{0) measured for B J_ J  and
B || J  orientations as a function of the angle 0 . This difference p i  — p\\ was calculated 
from Fig.6.6(a) for B=0.68 T. The dashed line is just a guide for the eye.

B J l  J, the peak increases with an increasing field due to an increase of the Lorentz 

force. An increase of A p(0) in Fig.6.10 with an increasing angle 0 can be attributed 

to a decrease in the length of the Josephson strings which leads to a reduced pinning 

of these short segments.

6.5 Summary and conclusions

Results of the measurements of resistivity p in a 2D-YBCO film, as a function of 

the angle 0 between the ab-planes and the direction of the applied magnetic field 

revealed a resistive maximum in p{0) at 0 — 0° over a narrow temperature range
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below Tc onset. The width of this maximum decreases with an increasing magnetic 

field. A corresponding maximum has been observed in the temperature dependence 

of resistivity at temperatures just below Tc onset. The resistivity of the maximum 

is higher than the normal state resistivity at Te onset. The maximum in p(T) is 

independent of the magnitude of magnetic field applied along the ab-planes for the 

B || J  configuration. However, the resistivity at the maximum is dramatically reduced 

when the magnetic field direction is rotated from the ab-planes towards the c-axis. 

The maxima in p(T) and p(6) at 6 =  0° also decrease with an increasing applied 

current.

The data imply that the resistive peaks in p(T) and p(0) originate from the 

phase-slip voltage in accordance with theories of Langer- Ambegaokar and McCumber- 

Halperin [20, 31]. However these theories apply to one-dimensional wires of diameter 

less than £(T) and A(T). Therefore, observation of phase-slip induced resistive peaks 

in a 2D-like YBCO film of Tc ~  82K, suggests that the current must flow in narrow 

filamentary paths of width w < £(T) within the 2D C u02 sheets. This is likely to 

happen since this underdoped sample has a broad superconducting transition width. 

According to Moshchalkov et al. [19], who studied the phase-slip induced resistivity 

peak below the onset Tc in Al wires, the fact that the resistivity p(T) in the phase- 

slip peak is higher than the normal state resistivity at the Tc onset, implies that the 

supercurrent and the normal current flow in series during the phase-slip events. Ac

cordingly, in the case of YBCO film, filamentary structures in the 2D C u02 sheets 

could enhance the phase-slip resistivity.

The final question is why the phase-slip resistivity has not been continuously ob

served in 2D-like HTSC in general. This could be partly governed by the magnitude 

of the current applied to the sample during the measurements of resistivity. As men

tioned in the discussion, observation of the phase-slip resistivity is limited to a narrow 

range of the applied current /, (kgT/fa  < / ,  < Ic). If I, is either too close to kgT/fa  

or to Ie, the phase-slip events are less likely to occur. Recent STM work by Howald et 

al. [33] and Pan et al. [34] on BSCCO(2212) cuprates revealed a nanodomain struc-
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ture in the ab-planes. This in fact supports a filamentary (percolative) mechanisms 

of the flow of the current in these 2D materials.
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Chapter 7 

Summary and Conclusions

The research in this thesis was focused on the angular dependence of resistivity p(0), 

with 6 the angle between the ab-planes and the applied magnetic field, measurements 

on YBCO thin films. These measurements were also used to study some intrinsic 

properties of this compound like anisotropy. This research can be divided into four 

major parts:

1. Deviation of the normal state resistivity from the linear behavior.

2. Strong pinning effects in p(6) for field orientations close to c-axis (9 =  90°).

3. Large variation of intrinsic anisotropy factor 7 .

4. Phase-slip resistivity peaks near Tc-

We have investigated systematically the angular dependence of resistivity p(0), 

where 6 is the angle between the magnetic field and the ab-planes, and the tem

perature dependence of resistivity p(T) over a temperature range between Tco and 

Tc-onset within the superconducting transition in an applied magnetic field B up to 

1 T in a series of YBa-iCujQT-6 (YBCO) thin films both optimally doped and un

derdoped of different Tc, critical current density J c, film thickness, and preparation 

techniques. The angular dependence of p was measured using a high resolution angle-
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control system with the angular position of the sample accurately monitored by an 

optical encoder.

studies of the temperature dependence of the normal state resistivity p(T) re

vealed an upward deviation in p(T) from the high temperature T-linear dependence 

below a certain characteristic temperature T*. This upward deviation increases with 

a decreasing temperature, eventually reaches a maximum at another characteristic 

temperature 7\. Our results showed that the upward deviation increases with an 

increasing oxygen content (optimally doped films show the largest upward deviation 

and the highest T*). There is a direct relationship between the upward deviation and 

the corresponding y-intercept at T =0 K (residual resistivity) of the straight line fitted 

to the high temperature data of p(T). Films with a large upward deviation show a 

large negative y-intercept, while those with small deviation show a small (close to 

zero) positive or negative y-intercept. Upward deviation of p(T) from the T-linear 

dependence has been observed in YBCO single crystals and ceramic samples. For 

YBCO single crystals, high resolution x-ray diffraction [1] revealed a distribution in 

the c-axis lattice parameters, which can be interpreted as an evidence of a distri

bution in oxygen content. This lead to the conclusion that structural defects exist 

even in single crystals with sharp superconducting transitions (< 0.5K). We could 

not reach to a solid ground of what is causing the upward deviation in YBCO, but 

the experimental findings (for thin films and single crystals) suggest that an upward 

deviation in p(T) from the T-linear dependence may be related to the disorder which 

results from distribution of oxygen content in the sample.

We have investigated systematically the angular dependence of resistivity p(6) for 

a wide range of angles (0° < 9 < 180°) for about fifteen YBCO thin films near Tc. 

The results revealed three distinct behaviors for different films:

1. Three film showed a broad minimum  near 0 = 0° and 9 = 180° (B  || ab-planes), 

but a sharp minimum near 9 =  90° (B  || c-axis).

2. Two films showed a sharp minimum  near 0 = 0° and 9 =  180° (B  || ab-planes) 

with a broad maximum near 0 =  90° (B  || c-axis).
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3. The majority of films a broad minimum near 6 = 0° and 9 =  180° (B || ab- 

planes) and a broad maximum near 9 =  90° (B || c-axis).

These three distinct behaviors can be related to the intrinsic properties of YBCO thin 

films. The first behavior, which was shown only by three films, is normally attributed 

to strong pinning by twin boundaries since all YBCO films are twinned. This behavior 

is also typical to all twinned YBCO single crystals. The presence of a minimum in 

p(9) for B  || c-axis is not related to the magnitude of Jc. The width and the depth of 

the minimum decreases with an increasing temperature and an increasing magnetic 

field. Our investigations showed that this minimum is present only in films that were 

deposited very slowly, thus allowing the growth of crystallographically well-defined 

and sharp TB’s. The absence of the minimum in p{9) in the films which were grown 

fast suggests that thin film growth leads to disordered twin boundaries [2] which are 

a weak flux pinning centers. Polarized light microscope studies on both types of films 

(with and without minimum) did not reveal any difference in the structure between 

the two types. Careful investigation using high magnification ratio up to 1000 times 

on films with a minimum did not show any trace of twin boundaries in these films. 

This may suggest that, unlike YBCO single crystals, the twin boundaries spacing 

is very small to be seen using optical devices (like the polarized light microscope). 

Scanning electron microscope studies of the surface of the thick films that showed 

a minimum, revealed the existence of granular structure with an average size of the 

grain of about 0.4/zm. We could not see any twinning within the grains themselves, 

which may suggest that the strong pinning could be due to the grain boundaries 

instead of twin boundaries. Other films (that showed a minimum around <f> =  0°) 

showed an array of holes similar to that seen in an irradiated samples (columnar 

defects). These holes could be a source of strong pinning.

The measurement of p(9) for field orientations close to 9 =  0° (B || ab-planes) 

for both B || J  and B -L J  (where J  is the current density) revealed a sample 

dependent variations in the shape and width of the minimum at 9 = 0°, from a flat 

to a very sharp behavior. The width and sharpness of this minimum is related to
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the intrinsic anisotropy of YBCO. The results of scaling of p { 0 )  with the reduced 

field B{pf~2 cos2 6 + sin2 0)1̂2 allowed a quantitative determination of the value of the 

intrinsic anisotropy factor 7 which varies between 7 and 400, and is independent of 

Tc, film thickness, or the critical current density Jc. The sharper the minimum in 

p ( 0 )  at 6 =  0" the larger is the anisotropy factor 7 . For the highly anisotropic film 

with 7 ~  400, p(0 )  showed an identical behavior for B || J  and B -L J. This behavior 

is identical to that shown by BSCCO and other highly anisotropic HTSC. This very 

high anisotropy in YBCO, which is known to be a moderately anisotropic material 

with 7 ~  7, is unexpected and therefore is revolutionary and needs more careful 

investigations. However, X-ray diffraction (XRD) data of the film with high 7 ~  400 

showed a typical patterns of stoichiometric c-axis oriented YBCO with no difference 

in the structure compared to other films of moderate anisotropy. High resolution 

electron microscopy studies of YBCO crystals by Etheridge [3] revealed a weak diffuse 

scattering in electron diffraction pattern of YBa2Cu-iO^JrX (x  > 0.9) which arise from 

static displacements of atoms from their periodic lattice sites. These studies have 

suggested that the ab-planes buckle into the network of slightly misaligned cells in 

a struggle to relieve internal stresses. One source of internal stress is a mismatch 

between ’’natural” (sometimes called prototypical) lattice constants of the copper- 

oxygen planes and the chain-oxygen and barium-oxygen planes. It is therefore very 

likely that the coupling between the ab-plane layers in YBCO and thus the anisotropy 

factor 7 could be affected by the ’’buckling” process in the copper-oxygen planes. 

The ’’buckling” is very sensitive to a local disorder in oxygen concentration. This 

could explain the large variations in 7 in YBCO films close to an optimal doping. 

On the other hand, Halbritter [4] discussed anisotropy in YBCO and argued that 

high anisotropy in this material could be attributed to weak-link effects. Weak links 

contain localized states that carry current across by resonant tunneling. For YBCO 

such states are due to oxygenation in the Cu chains. By pair weakening the localized 

states have a lowered energy gap and by resonant tunneling the defects reduce the 

perpendicular resistivity pL drastically. For YBCO this yields an intrinsic anisotropy
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of 5 x 105 [40] which suggests that weak-link effects could result in a very large 

anisotropy.

Very large anisotropy in HTSC could lead to an unusual effects in the temperature 

and angular [5] dependence of resistivity. The last part of this thesis was devoted to 

the discussion of the effect of high anisotropy on the behavior of resistivity close to 

Tc. For a 2D-like highly anisotropic (7 ~  400) film, the measurements of resistivity 

revealed a maximum in p{0) around 0 = 0° over a narrow temperature range below 

Tc-onset. The width of this maximum decreases with an increasing magnetic field. 

A corresponding maximum has been observed in p(T) at temperatures just below Tc 

onset. The resistivity of the maximum is higher than the normal state resistivity at Tc 

onset. The maximum in p(T) is almost independent of the magnitude of magnetic field 

applied along the ab-planes for the B || J  configuration. However, the resistivity at 

the maximum is dramatically reduced when B is rotated from the ab-planes towards 

the c-axis. The resistive peaks in p(T) and p(8) a t 6 =  0° also decrease with an 

increasing applied current. The data imply that the resistive peaks in p(T) and 

p(9) originate from the thermally activated phase-slip voltage according to theories 

of Langer-Ambegaokar and McCumber-Halperin [6, 7]. The phase-slip resistivity 

peaks have been observed previously in many low Tc [10, 11, 12] and high Tc [8, 9, 5] 

materials. However these theories apply to one-dimensional wires of diameter less 

than £(T) and A (T). Therefore, observation of phase-slip induced resistive peaks in 

a 2D-like YBCO film of Tc ~  82K , suggests that the current must flow in narrow 

filamentary paths of width w < f(T) within the 2D C 11O2 sheets. This is likely to 

happen since this underdoped film has a broad superconducting transition width. 

Someone may ask why the phase-slip resistivity has not always been observed in any 

2D-like HTSC in general. This could be partly governed by the magnitude of the 

current applied to the sample during the measurements of resistivity. According to 

the theory of Langer-Ambegaokar and McCumber-Halperin [6, 7], observation of the 

phase-slip resistivity is limited to a narrow range of the applied current I, {ksT /fo  < 

I  a < Ic)- If Is is either too close to kgT/fo  or to / c, the phase-slip events are less
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likely to occur.

In brief summary, I can say that careful study of a large number of samples of dif

ferent characteristics (like different Tc, thickness, critical current density, preparation 

technique, etc.) leads to a better understanding of the superconducting properties of 

the material and may lead sometimes to a discovery of new unexpected phenomena. 

It is still too early and very difficult to talk about the general properties of YBCO 

on the basis of measurements done on few samples.
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