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ABSTRACT

Specific heat measurements have been performed on a
YBCO superconducting sample in the vicinity of T¢, and on several
Bi-compound superconducting samples from about 2.6 to 120 K.
The YBCO sample shows that the ratio AC(Tc)/ yT¢ larger than 3.0,
and thus appears to be in the strong coupling limit. For some Bi-
compound samples, specific heat jumps at two transition tempe-
rature have been observed. However, the sizes of anomalies are
different from sample to sample. For the Bi-compound sample
whose Meissner fraction and Debye temperature are small, the
anomaly at transition temperature cannot be detected. The low-

temperature specific heat data of Bi-compound superconductors

can be fitted with the equation C(T)=A/T 2-a-~ﬁ,T+|3T3+mC¢;(T), where
Ce(T) is an Einstein term, and the least-squares fits tell us that
there is no temperature-linear term in the low-temperature
specific heat within' the experimental uncertainty. There are big
differences among Debye temperatures which are obtained from
low temperatures and from high temperatures for Bi-samples.
This means that the Debye theory is not a good theory for these
complicated compounds. However, perhaps the lattice specific
heat of these compounds can be understood with the assumption
of several sets of lattice vibrations, every of which has its own
individual Debye temperature 6pj, and 8p/ 6pj = (Mj/Mi)s, where M;
represents atomic mass, § is considered as the coupling

coefficient among different lattice vibrations.
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CHAPTER 1
INTRODUCTION

Before 1986, if the word 'superconductivity' was men-
tioned, it referred to a remarkable combination of electric and
magnetic properties which appeared in certain metals when they
are cooled to very low temperatures. However, this concept
has changed since mid 1986 when Bednorz and Muller reported a
sharp drop in the electrical resistivity of Ba-La-Cu oxide near
30 K, and suggested that it was a possible superconducting tran-
sition. Their revolutionary discovery was soon confirmed by
Meissner effect measurements (Bednorz et al. 1987, Uchida ét
al. 1987, Takagi et al. 1987). In March 1987, superconductivity
above liquid nitrogen temperature was reported by Wu and
colleagues in the Y-Ba-Cu-O system. However, it should also be
mentioned that the earliest discovery of a superconducting oxide
was made by Schooley et al. in 1964. The first known example
was SrTiOs, but its transition temperature was low.

Bednorz and Muller's discovery has posed a new challenge
to solid-state physics, induced the intense interest in these
remarkable materials, and led to the creation of a new termi-
nology "high temperature superconductor (HTSC)". In the
past four years, a tremendous amount of research on high tem-
perature oxide superconductors has been done, and progress has

been steadily made, however, the mechanism responsible for



the high transition temperature still remains unclear.

The knowledge of specific heats is of fundamental signifi-
cance for understanding of physical systems, because it is one of
the most powerful tools to study lattice vibrations, electronic
distributions, transition properties, and so on. Especially, in the
history of the development of conventional superconductors, the
specific heat measurements played a very important role in un-
derstanding the mechanism, and helping to shape the development
of the BCS theory (Bardeen, Cooper and Schrieffer 1957, Bardeen
and Schrieffer 1961). Recall, as just one fact, that the first
quantitative experimental evidence for the energy gap in the
conventional superconductivity came from the accurate mea-
surements of the specific heat of superconducting electrons in
Vanadium made by Corak et al. in 1954.

Those measurements revealed that at very low tempera-

tures the specific heat of superconducting electrons varied as
Ces= @ exp(-2), (1.1-1)

where a and b are constants. Such an exponential variation is the
form to be expected if there is a gap in the range of energies
available to an electron. When the temperature rises, electrons
are excited across the energy gap above their ground state, and
each of these electrons absorbs an amount of energy equal to the
energy gap Ey in this process. The number of electrons excited

across such a gap is proportional to exp(-E4 2kgT) according to

2



statistical mechanics, where kg is the Boltzmann's constant.
The specific heat associated with the process is proportional
to the derivative of the energy absorbed in exciting these
electrons, therefore its variation with temperature is very
nearly exponential.

The BCS theory shows that the energy gap Eg=2A almost
is constant at very low temperatures, but decreases as the
temperature is raised towards to the transition temperature,
falling to zero at T.. Because of the rapid decrease in the energy
gap just below T, the specific heat of a superconductor quickly
increases as the temperature approaches Te.

Besides the electronic specific heat, anotlier main contri-
bution to C cbmes from the lattice. In the superconducting
transition, no structural changes are observed in the lattice.
Therefore, it is reasonable to suppose that the lattice specific
heat is the same in the normal and superconducting states.
According to the Debye theory, at very low temperatures, the

lattice specific heat can be expressed as
CL=BT%63, (1.1-2)

where 09 is the Debye temperature near T=0, an important para-
meter, and B is a constant. Hence, if a material is in the super-
conducting state after a complete superconducting transition,
and if there is no other contribution to C except the electronic

and the lattice specific heat, at very low temperatures (in the

3



limit T-0), we should have
C=a exp(-l,Il, ) + BT3/03. (1.1-3)

It is obvious from the above equation that there is no term
with a linear temperature dependence (T-linear term) in the low-
temperature specific heat of a conventional superconductor after
a complete superconducting transition.

In contrast with Eq. (1.1-1), the normal-state electronic

specific heat is
Cen=1T, (1.1-4)

where y is the Sommerfeld coefficient which is a measure of

N(E), the electronic density of states at the Fermi surface, and
y = (1/3)n2kaN(Ep). (1.1-5)

Therefore, if a material remains in the normal state

at very low temperatures, the specific heat is
C=BT%63 +7¢T. (1.1-6)

There is a temperature-linear term in C, and a plot of the
experimental data of C/T against T2 should give a straight line

whose slope is 3/98 and whose intercept is v. Hence, if the
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superconductivity is quenched by applying a sufficiently strong
magnetic field, which is available in a modern laboratory for the
conventional superconductors, the very important parameter y
can be determined from the measurements on the superconductor
in the normal state, and then people will be able to separate the
electronic and the lattice specific heat from the total specific
heat of the sample.
As mentioned above, the .electronic speciiic heat in the

normal and superconducting states are different, but the lattice

specific heat is usually assumed to be the same, therefore
AC(T) = Cy- Cs = Cen~ Ces. (1.1-7)

From ordinary thermodynamic considerations, it can be obtained
that the difference in free energy between the normal and

superconducting states without applied magnetic field is

Gn‘Gs = t-é—\/, (1 .1 ‘8)
8=

where H; is the critical magnetic field, and V denotes the volume

of specimen. Since the entropy S=-0G/aT, it can be derived that

Cr Co= T2:80-84) = T, ch ) - (1.1-9)
4n aT2

At the transition temperature, Hc=0, therefore, the jump in the

5



specific heat is

TV ch2
Ch-Cs)Te = —— (— , 1.1-10
(Cn-Cs) yye (aT . ( )

This equation is called Rutger's formula. Equation (1.1-9) and
(1.1-10) are strictly valid only when H¢ is obtained from the
experiments in which the magnetic field suppressing the super-
conductivity is along the axis of a long cylindrical specimen. For
other orientation and shapes, an intermediate state must be
considered.

For type-ll superconductors, H; in Equation (1.1-10) should
be considered as the thermodynamic critical field, the relation
between H. and the upper critical field Hc2, and between H; and

lower critical field Hgy are

Hep = Y2xHe, (1.1-11)
and
Het = Ho(In x + 0.08)/12x, (1.1-12)

where «x is the Ginzburg-Landau parameter, and x=A/ & while A
and £ denote the penetration depth and the the coherence length
respectively. x for type-ll superconductors is larger than Y2/2,
which corresponds to a negative surface energy associated
with the boundary between a normal and a superconducting

region.



For many conventional superconductors, the dependence

of He on temperature is approximately of the parabolic form
2
He = Ho[1 - ()], (1.1-13)
Te

where Ho represents the critical field at 0 K. From (1.1-10) and

(1.1-13), it is easy to get

AC(T) = Gy~ Cs = Cen- Ces = H% VT[1 -3(l)2]_ (1.1-14)
2rT2 Te

Therefore, we have

Y= H% V, (1.1-15)
21tT§
and
(Cs'Cn)Tc = 2’YT¢. (1 A -1 6)

Equation (1.1-15) can be used to find y once Hp is known.
However, as we know, Equation (1.1-15) and (1.1-16) are based
on assuming the parabolic temperature dependence of H,, and
there are some deviations of the H-T curve from: the parabolic
law. Therefore, the accurate determination of y depends on the
accurate determination of H.-T curve if we do not use calori-
metric method to find the value of 1.

The BCS theory yielded an exponential variation of Ces for

7



the conventional superconductors which agreed well with
experiments, and indicated that, for the weak coupling limit,
the discontinuity in the specific heat at transition temperature,
AC(T¢), should be 1.43yT. (not 2yT.;, which deviated from
experimental data considerably), or, the relation is written as

AC(Te) _ 1 43, (1.1-17)
¥Te
In cases where the coupling is strong, the ratio é_C_.(r'_TQ
Yic

increases. For example, it is 2.4 for Hg, and 2.7 for Pb (Mersevey
and Schwartz 1969). The strong coupling effects also increase

the ratio R2$— to a value greater than 3.53 which comes from
blc
another BCS-relation in the weak coupling limit.

Finally, the specific heat measurements can be regarded
as a reliable test to distinguish between bulk superconductivity
and superconducting filaments which might occupy only a small
fraction of the material. Such information can not be provided by
the resistivity measurements, but may be obtained from AC(T¢)
and yT in zero magnetic field, because, for the conventional
superconductors, an incomplete transition to the superconduc-
ting state means that there would be a T-linear term in the
zero-field specific heat, and a reduction in AC(T¢), and both
narameters are proportional to the non-superconducting volume
of a sample. However, it should be mentioned that in principle v

can be derived from AC(T¢) according to Equation (1.1-17), but in
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practice, the computation of y from AC(T¢) is associated with a
large uncertainty since the BCS-ratio in Eq. (1.1-17) can vary
considerably. Therefore, if one wants to determine f,, the frac-
tion of the sample which remains normal, and fs=(1-f5) accura-
tely, one should get y from T-linear term in the superconducting
state and in the normal state which are denoted by ys and y, res-
pectively here, then obtain fa=ys/ .

For the high temperature superconductors, although several
hundreds of papers on specific heat measurements have been
published since 1987, the explanation of the data still remains
ambiguous, and the final picture is not yet available. Major
problems which have caused this situation are the sample quality
and inadequate characterization. They have led to experimental
results with sample-to-sample differences and contradictory
conclusions. It also should be mentioned that, so far, there is no
mature theory for HTSC which can provide quantitative predic-
tions, therefore, comparisons of experiment with theory are
mainly based on the theory, both microscopic and phenomeno-
lcgical, of conventional superconductors though there are some
obvious differences between high-Tc and conventional super-
conductors such as the very short coherence length, &, of HTSC.
Furthermore, there are several other problems which make the
specific heat measurements and the analysis of data on HTSC
much more complicated and difficult, they are:

1. The superconducting transitions are rather broad in most

cases, and the transition temperature is in the temperature



region in which the lattice specific heat, C_, makes by far the
largest contribution in comparison to the electronic part, Ce, and
does not have a simple temperature dependence.

2. There is no directly calorimetrical method for determi-
ning the extremely important parameter y and the lattice spe-
cific heat, because the upper critical fields of HTSC are very
high, and it is impossible to suppress superconductivity (except
very near the transition temperature) with the magnetic fields
which are available in the laboratory.

3. With few exceptions, there is an upturn in C/T at low
temperatures, and it makes the interpretation of the data diffi-
cult and uncertain.

We started the specific heat measurements on HTSC
in 1988, after the installation of an adiabatic calorimeter. In
that year, the Bi-Sr-Ca-Cu-O superconductors were discovered
by Maeda, H. et al. (1988). About one year before the Maeda's
discovery, a very striking property that there was a T-linear
term, T, in the low-temperature specific heat of La-M-Cu oxide
(M=Ba and Sr) superconductors was first reported by Ginsberg et
al. (1987), Dunlap et al. (1987) and Wenger et al. (1987). Further
investigation revealed that, for the Y-Ba-Cu-O superconducting
samples, there was also a T-linear term in the low-temperature
specific heat (Ayache et al. 1987, Phillips et al. 1987, Fisher et
al. 1988c, Eckert et al. 1988, Von Moinar et al. 1988).

Is this striking property a general feature for all high-T.

superconductors? Is it intrinsic or extrinsic? In order to answer

10



these questions which have gotten the most attention, investi-
gation of the specific heat of Bi-compound superconducters is
necessary after they are discovered.

it should be pointed out that the origin of the T-linear
term has, so far, not been clearly known yet. Therefore, the
notation YT which is used here is different from yT (Cen), and
does not have any implication that it comes from the electronic
part of the specific heat in origin.

Investigation of the specific heat of the Bi-compound su-
perconductors is more complicated than that of Y-Ba-Cu-O su-
perconductors. This is because control of the sample quality for
Bi-compound superconductors is more difficuit. So far, most of
the experiments concerning the specific heat of the HTSC's desc-
ribe the measurements of C of Y-Ba-Cu-O.

In the present work, with one exception, we focus our
attention on the specific heat of the Bi-compound supercon-
ductors. The details of our investigation on the specific heat will
be given in Chapter 4, while Chapter 2 concerns our experimental
apparatus.

All  high-T. superconducting samples on which we per-
formed specific heat measurements were made by ourselves
except one. Therefore, we will describe the sample-preparation,
and give some discussion about it in Chapter 3.

Preliminary results of this work have already been pub-

lished elsewhere.
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CHAPTER 2

APPARATUS FOR THE ADIABATIC
SPECIFIC HEAT MEASUREMENTS

The specific heat of a substance is defined as the quantity
of heat required to raise the temperature of a unit mass of the

substance by a unit degree of temperature.

Ci= lim (:—2), (2.0-1)
dT—0

where X is the property which is held constant when a heat input
raises the temperature of the substanze. Therefore, either P

or V can be kept constant during the change of temperature, and
correspondingly there are two principal specific heats, Cp and
Cv. Heating the substance at constant pressure causes an inc-
rease in the internal energy and also forces the substance to do
external work in expanding against the pressure of the system.
In contrast with this, in heating at constant volume there is no
work done against the pressure, and all the heat goes to raise
the internal energy. Therefore, Cpis larger than Cy. The diffe-

rence between Cpand Cy is

2
Cp - Cv=T:f , (2.0-2)

12



where V is the volume, B denotes the coefficient of cubical
expansion, and xy represents the isothermal compressibility.
The difference is about 5 % in most solids at room temperature,
but it decreases rapidly as the temperature drops. Mainly, it is
because the coefficient of cubical expansion decreases quickly
when the temperature is lowered. For copper, the difference is
only 0.6% at 100 K , and can hardly be detected at 4 K. The
behavior of other solids is very similar (Gopal 19686).

In the present work, Cpis measured in an adiabatic calo-

rimater.

2.1 Adiabatic Calorimeter

The adiabatic calorimeter which we designed and instal-
led to measure the specific heats is shown in Figure 2.1.

The copper can C surrounded by liquid helium or nitrogen
is connected, through the thin-wallad stainless steel tube A ,
with a high vacuum system which can maintain a pressure of
less than 10" mm Hg in the can.

The copper chamber M, which is supported by the stainless
steel tube D from the top of the can C, is used as the radiation
shield. It has its own heater F. There are two heat sinks E on the
top of the radiation shield. All wires have to pass through the
heat sink, and obtain the same temperature as that of the radia-
tion shield, before they get to the calorimeter K.

The calorimeter to which two thermometers and a heater

are attached is suspended from four copper bars N by nylon
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threads. | is the thermometer holder and another heat sink. The
wires from E have to go through this sink, then connect with the
thermometers. Therefore, it is assured that the temperature
measured by the thermometers is the temperature of the calori-
meter.

The heat switch L which is used to speed the drop in the
temperature of the calorimeter is attached to two copper bars,
and controlled by a string of steel. In order to improve the
thermal contact between the calorimeter and the switch, both
of them are coated by gold. After the temperature of the calori-
meter is dropped to the same as that of the radiation shield, the
switch will be opened.

A thermocouple ( Au+0.07% Fe vs. Chromel ) is used to
indicate the temperature difference between the radiation
shield and the calorimeter. According to the indication, the
current of the shield heater is carefully adjusted so that a
difference of less than 20 mK can be maintained when the
measurements are being performed.

The sample H is placed on the calorimeter. There is a very
thin layer of high vacuum grease between the sample and the
calorimeter which improves the thermal contact between them
very much.

Cooling to about 2.4 K can be obtained by pumping liquid
helium. In this case, the liquid helium would last for about 24

hours without a refill.
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FIGURE 2.1
THE APPARATUS FOR ADIABATIC SPECIFIC HEAT MEASUREMENTS
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2.2 Calculation of the Heat Leak
In a measurement of the specific heat by the adiabatic

method, the calorimeter and the sample must be thermally iso-
lated from its immediate environment, the cooling medium. In
other words, the amount of heat leaking between the calorime-
ter and its surroundings must be controlled to be sufficiently
small, otherwise there will be a large error in a measurement,
especially in the measurement at th: low temperature range,
because the specific heats of substances are very small at this
range.

In general, heat may be transferred by conduction, radia-
tion and convection. In most low-temperature apparatuses, con-
vection is eliminated by evacuation of gas. Then effective heat
transfer takes place by conduction through the residual low
pressure gas, conduction through the solids that interconnect
the various parts in the cryostat, and by radiation.

In our design of the adiabatic calorimeter, the amount of
heat leaking was targeted for less than one per cent of the heat

input dQ in equation (2.1-1).

2.2-1 Conduction of heat by the residual gas

As mentioned above, a pressure of 10°” mm Hg in the vessel
B is maintained. In this case, the mean free path of the gas
molecule is much large than the dimensions of the system,
therefore, for approximately parallel surfaces at temperature

T,and T, the heat transferred to the unit area of a surface

17



per unit time by conduction through the residual gas is (White
1968) :

q1=KoP (T, - Th) (2.2-1)

where P is the pressure, K is a constant whose value is 0.028
for helium; op is related to the individual accommodation
coefficients o, and o and the areas A;and A, of the two

surfaces by

— 000
Ol = 2.2-2
0 AdAX1-0r)or o 222

In our apparatus, A, the area of the sample surface, is about 13

an?, and Aj, the area of the surface of the radiation shield, is
420 an?; thus (A/Ap) is about 0.03. Assuming that 0;=0,=0.5

(White 1968), then we get that 0u=0.5. Since P=10""mm Hg,
(Tz - T1)=20 mK, therefore, from (2.2-1), we have

qq= 3 x 101! W/am? (2.2-3)
and
Q=qA=4x100wW (2.2-4)

This is the heat leaking from the shield to the sample by con-

duction through the residual gas.
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2.2-2 Heat transfer by radiation
For two plane parallel surfaces areas of which are A, and
A,, and emissivities €; and €3, and at respective temperatures T;

and T, the heat transfer to A, by radiation per unit time is

Q=cAF(TS-T}) (2.2-5)

where
= €1€2 2.2-6
F = e o)X e2k: (2.2:6)

and o is Stefan's constant, has a value of 5.67 x 107> W a2 deg™.
In our apparatus, the radiation shield is made of polished copper
the value of whose emissivity, €, is about 0.02 (White 1968),
and we suppose that the value of sample emissivity, €;, is 1,
then from (2.2-6), F is about 0.4. Assuming that T;= 4.02 K, and
Ti= 4 K, then according to (2.2-5), we get that

QEé K =15x10"1"w (2.2-7)

At the liquid nitrogen temperature range, suppose that T;=

80.02 K, and Ti= 80 K, we have
Q80 K)=1.2x10° %W (2.2-8)

2.2-3 Heat transfer through solids (wires)

If the ends of a solid bar of uniform cross-section A and

19



length L are at temperatures T;and T, the heat flow Q3 through

the solid bar is given by

L

T2
Q=A f AT)dT (2.2-9)
T

where A(T) is the temperature-dependent thermal conductivity
of the solid. For practical calculations, the mean thermal con-
ductivity of a solid bar with certain end temperatures is most

often needed., and it is defined as

T2
A= (To-Ty)! f AMdAT, (2.2-10)
Ty
then (2.2-8) becomes
Q; = i‘ﬁ (To-Ty) . (2.2-11)

There are ten manganin leads ( $=0.075 mm, L=15 cm), one
Au-Fe lead(¢=0.075 mm, L=25 cm),one chromel lead(¢=0.075mm,
L=25 cm), and two copper leads ( $=0.0625 mm, L=25 cm)
which connect the calorimeter with the radiation shield in our
equipment. At 4 K and 80 K, we take A(manganin)= 0.005 and
0.13 W/cm K (Berman 1976), A(copper)=4 and 4.1 W/cm K
(White 1968), A(Au-Fe)=0.5 W/cm K (Yan and Lu 1985) and 8

W/ecm K respectively, and suppose that A of chromel is the same

20



as that of manganin. Therefore, when the temperature difference

between the calorimeter and the shield is 20 mK, according to

(2.2-10), we have

Q3(4 K) = 0.22 W, (2.2-12)

and
Q3(80 K) = 0.57 uWw. (2.2-13)

From (2.2-4), (2.2-7) and (2.2-12), it can be seen that, at
4K, Q; is much larger than (Qi+Q), hence

Q+Q+Qs = Q3 = 0.22 uW; (2.2-14)
and at 80 K, according to (2.2-4), (2.2-8) and (2.2-13), we have

Q+Q+Qs = Qu+Q3 = 1.8 UW. (2.2-15)

At 4 K and 80 K, the power which we use to heat sample is about
40 uW and 6 mW respectively, therefore, the ratio of the heat
leaking to the heat input is about 0.22/40 = 0.6% at 4 K, and
about 1.8/6000 = 0.03 % at 80 K.

In Fig. 2.2, we present some data in T vs. t (time) in the
vicinity of 4 K which were gotten when the calorimeter was
tested. In this figure, it can be seen that before and after the

calorimeter was heated, its temperature was very stable, and
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temperature fluctuation was less than imK. It means that the

heat leaking is very small and acceptable.

2.3 Thermometry
Two thermometers are used to measure the temperature of

the calorimeter. One is a carbon-glass resistance thermome-
ter which is sensitive in the low temperature range, and used
between 1 and 50 K. Another one a the platinum resistance
thermometer which is used from about 50 K to room tempera-
ture.

The carbon-glass thermometer was calibrated by the com-
pany (Lake Shore) which made it. The sensitivity (dR/dT) at 4K
is 2415 Q/K , and it decreases by nearly five orders of magni-
tude from 4K to 300K. The reproducibility at 4.2K is within + 1
mK. According to the information provided by the company, the
temperature of test data for the calibration are those measured
with the standard thermometers maintained by Lake Shore Cryo-
tronics, while the resistance values are the measurements
recorded on the device being calibrated. The estimated typical
error of the calibration which is expressed in deviation from
EPT-76 and IPTS-68 is 4 mK at 10 K. A polynomial equation
based on the Chebychev polynomial has been fit to the test data.

This equation is of the form

T =Y, AixCOS(ixARCCOS(X)), (2.3-1)
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where A; represents the Chebychev coefficients, and X is a

variable given by
X = ((Z-2L)-(2U-2))/(ZU-ZL), (2.3-2)

where Z = Logo(R), R is the resistance (Ohms), ZL and ZU desig-
nate the lower and upper limit of the variable Z over the fit
range. When the fitting range is between 1.40 and 6.90 K, 0<i<9;
and when the range is from 6.90 to 29.0 K or from 29.0 to 109.9
K, 0<i<8. For the three fitting ranges mentioned above, we list
values of the Chebychev coefficients, ZL, ZU and RMS error of fit
in Table 2.1, 2.2 and 2.3.

The platinum thermometer was calibrated against another
platinum thermometer which was calibrated by National Re-
search Council of Canada (NRCC). For convenience, we call the
former PT-A, and the latter PT-B. According to the report from
NRCC, the PT-B was compared from 10.2 to 90 K with the stan-
dard piatinum resistance thermometer calibrated in terms of
the N.B.S.1955 temperature scale (NBS-55), and maintained by

NRCC. The uncertainty of comparison was +0.1x10°2 ohms. In the
temperature range -183°C to +250°C, the resistance-tempera-

ture relationship of PT-B is of the form

Ry/Ro = 1+At+Bt2+C(t-100)t3 (2.3-3)

where t is in degrees Celsius, and defined by the International
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Practical Temperature Scale of 1960, that is t=T-273.15. In the
above equation, Rg=25.530 ohms, A=3.98471x10"%, B=-5.857
x10°7 and C=-4.350x10"'2. NRCC reported that, for the PT-B,
these values should be accurate enough to permit temperature
measurements to within 0.002°C over the range -183°C to
+250°C. In order to calibrate PT-A, we compared it with PT-B
from 40 K to 300 K, and the uncertainty of comparison was
about +0.5x10°3 ohms. The estimated error of the calibration,
for the PT-A, is about 10 mK at 80 K, the sensitivity (dR/dT) at
80 K is 0.426 Q/K.

It should be mentioned that there is a scale difference
between NBS-55 and IPTS-68 over the range 13.81 to 90.188 K.
The difference is shown in Fig 2.3 from 50 to 90 K. As we know,

the specific heat is

c=29_4Q R (2.3-4)
AT AR AT

Therefore, if Cgg and Css denote the specific heat which is

obtained according to IPTS-68 and to NBS-55 respectively, we

have

(AB) -(AB
Ces-Css . AT ¢g AT 55 (2.3-5)
Ces (AR
AT g8

From the above equation, we have calculated the difference

25



between Cgg and Css for using PT-A to measure specific heat
from 50 to 90 K, and the results are shown in Fig. 2.4. The

maximum value of (Cgg - Css) /Ces is 0.27% which is at about

88 K.
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Table 2.1 Chebychev coefficients in the temperature range of

fit 1.40 to 6.90 K

Order Coefficient A Std. Dev. of Coeff.
0 3.469587 9.2705x10°°
1 -3.243287 1.5920x10°*
2 1.343478 1.3526x1074
3 -.519022 1.2278x10"*
4 0.203792 1.0256x10"*
5 -.075711 9.7796x10°°
6 0.028969 1.0777x10™*
7 -.011178 1.2612x1074
8 0.003808 1.2563x10™*
9 -.001543 1.1480x10°*

ZL = 2.37591103859

ZU = 6.6903185319
RMS error of fit = 0.24 mK
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Table 2.2 Chebychev coefficients in the temperature range of
fit 6.90 to 29.0 K

Order Coefficient A; Std. Dev. of Coeff.
0 14.208457 5.2253x10°*
1 -12.078669 8.8357x10™*
2 4.431473 7.5375x107*
3 -1.501479 6.2053x10°*
4 0.477663 5.2431x10"*
5 -.144847 5.5490x10"*
6 0.043369 6.8629x10™*
7 -.011627 7.3106x10™*
8 0.004283 6.3684x10°*

ZL = 1.57062671857

ZU = 2.9355106101
RMSE error of fit = 1.27 mK
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Table 2.3 Chebychev coefficients in the temperature range of

fit 29.0 to 109.9 K

Order Coefficient A Std. Dev. of Coeff.
0 62.599513 2.2355x1073
1 -48.148936 3.5372x10°3
2 14.405174 3.2809x10°3
3 -3.727650 3.0353x1073
4 0.859122 2.8220x1073
5 -.176478 2.8086x1073
6 0.032354 2.7860x10°2
7 -.004990 2.7823x10°3
8 -.001799 2.7356x1073

ZL = 1.18751761718

ZU = 1.67288400316
RMS error of fit = 7.63 mK
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CHAPTER 3

SAMPLE PREPARATION

Not long after the superconductor with T¢ of about 90 K,
whose superconducting phase was later identified as YBayCusOs,
was discovered by Wu and his colleagues (1987) , it almost
became a standard procedure to make it, and therefore, it is
quite easy to get a good YBCO superconducting sample. In con-
trast with this, although almost three years passed after Bi-
compound superconductor was reported (Maeda et al. 1988),
it is still very difficult to make a good Bi-Sr-Ca-Cu-O super-
conducting sample, especially, to make a single 110 K phase
sample, if it is possible to make now. This is because the
properties of the Bi-compound superconductor are affected by
so many factors such as composition, heat treatment, cooling
rate, oxygen pressure and other preparative conditions (Tara-
scon et al. 1988, Sumiyama et al. 1988, Kijima et al. 1988,
Endo et al. 1988, Koyama et al. 1988, Nobumasa et al. 1989,
Endo et al. 1989, Den and Akimitsi: 1989, Ishida and Sakuma
1988, Ishida 1989, Majewski et al. 1990), and, so far, people
have not really understood what the key point is for making good
Bi-compound superconducting sample.

In this chapter, we will describe our sample preparation,
mostly, we will focus on the Bi-compound sample preparation,

and give some discussion about it.
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3.1 Three superconducting phases in Bi-compound
system

The Bi-compound superconductor is often expressed as
Bi2SraCan.1CunOy, where n is the number of Cu-O layers in half
a unit cell, and different n Ieadé to different superconducting
phase.The phases which n=1,2 and 3 correspond to are often
denoted as the 2201, 2212 and 2223 phase respectively. The
transition temperature Tg for all three phases depends on the
nominal composition and preparative conditions. However,
empirically, Tc¢ increases with increasing number of n up to 3,
and decreases for further increase of n (lhara et al. 1988).
Roughly, the transition temperatures of the 2201, 2212 and
2223 phase are between 8 and 25K (Maeda et al. 1990), 65 and
85K (Mohanram et al. 1990) and 100 and 110K, respectively. For
the n=4 phase, according to our knowledge, so far, people know
very little about it.

With few exceptions, the samples for all three phases
have a tetragonal unit cell (Maeda et al. 1990). The lattice
parameter a(=b) is approximately 5.4 A, and changes liitte when
the n changes from 1 to 3 (Tallon et al. 1988, Tarascon et al.
1988, Endo et al. 1988, Maeda et al. 1990). The lattice para-
meters ¢ of 2201,2212 and 2223 phase are about 24.6, 30.6 and
37.2 A respectively (Tallon et al. 1988, Raveau et al. 1989
Ramesh et al. 1988, Pierre et al. 1989, Maeda et al. 1990).
According to the X-ray diffraction patterns of our samples
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(radiation: CoK,, wavelength A=1.79026 A), we got that the
lattice parameter ¢ is 30.6+0.2 A for 2212 phase, 36.910.2 A
for 2223 phase, and that a=b=5.39+0.01 A.

From measurements of the Hall effect, it has been found
that the carriers in all three superconducting phases are holes,
and the transition temperature T¢ is strongly affected by the
hole concentration (Den and Akimitsu 1989, Maeda et al. 1990,
Groen et al. 1990).

It should be mentioned that the ideal composition which
was calculated from the crystal structure model based on the

X-ray diffraction analysis (Tarascon et al. 1989b) gives the

valences completely balanced, indicating cu*?0

, and, therefore,
the structure model does not explain the superconductivity (No-
bumasa et al. 1989).

It is known that it is difficult for one to get a single
22(n-1)n phase sample if one uses the nominal composition
2:2:(n-1):n to make the sample. Therefore, when people make
samples, the composition is often different from 2:2:(n-1):n.

For instance, it is reported (Maeda et al. 1988, Tarascon et al.
1989a) that in order to get the single 2212 phase, the nominal
composition 2:(2-X):(1+X):2 with X>0 was used instead of 2:2:1:2.
For the single 2223 phase, according to our knowledge, it may be

impossible to get it using the composition 2:2:2:3.
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3.2 Sample Preparation
3.2-1 YBCO Sample

The first sample which we use to measure the specific
heat is a YBaxCusO7 superconductor. We label it as YBCO. The
sample was prepared from powders of Y203, BaCO3 and CuO. The
powders were thoroughly mixed, pressed into a pellets, and
heated at 920°C for 24 hours in air. Then, the pellet was re-
ground, repressed and calcined at 925°C for 10 hours in flowing
oxygen. After calcination, the sample was slowly cooled down
to room température in Oo. Finally, the sample had a diameter of
3/4 inch, and a weight of 17.221 g. The X-ray measurements
confirmed that it was a single phase superconductor. Dc-mag-
netization measured with a SQUID magnetometer showed a
single phase transition near 91 K (Fig. 3.1). However, resistance
measurements showed a "foot" to zero-resistance at 87 K after
a sharp drop near 91 K (Fig 3.2). The origin of the foot is not

clear s far.

3.2-2 BSCCO Samples

As mentioned above, so far, it is not known what determi-
nes T¢c of the Bi-compound superconductors, and what is the
real key point for making a good Bi-compound sample. Some-
times, even using the same composition and conditions, people
could not get the same results. Therefore, when people make
Bi-compound samples, they determine the recipes and prepa-

rative conditions mostly according to their experience.

35



In 1988, we started to make Bi-compound superconducting
samples. At the beginning, we used various compositions which
did not contain Pb to make samples under various conditions,
and tried to get the 2223 phase as much as possible. For a
typical Bi-compound sample without lead which we made, there
was a sharp drop in resistivity near 110 K, then a tail with zero
resistivity temperature at 65-80 K. Some group reported that
zero resistance at >100 K could easily be observed, although X-
ray diffraction might show that there is only 20-30% of the
2223 phase in a sample (Mohanram et al 1989). Our results,
however, do not coincide with theirs. Many non-lead-doped
samples made by us do contain more than 25% of the 2223
phase, but there is still a tail, and the zero-resistance tempe-
rature was far below 100 K.

The first Bi-compound superconducting sample which we
made to measure the specific heat is BiSrCaCu20y. We call it
BSCCO1. The sample was prepared by the zolid-state reaction.
Bi2O3, SrCO3, CaCOs and CuO were used, and the purity of all
these compounds was larger than 99.99%. The nominal composi-
tion of Bi:Sr:Ca:Cu was 1:1:1:2. The powder was well ground and
mixed in an agate mortar, and pressed into a pellet. The pellet
was calcined at 830°C for 14 hours in air. Then, it was reground,
remixed and repressed into a small cylinder with a diameter of
3/4 inch, and subsequently, calcined in air at 872°C for 72
hours. After calcination, it was slowly cooled to 700°C (1 deg-

ree/min), and then cooled to room temperature in the oven. We
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wanted to increase the content of 2223 phase, therefore, the
above procedure was repeated. According to the resistivity
measurements, however, it seemed that the 2223 phase did not
increase, but decreased after the procedure was repeated.
Eventually, the sample approximately contains 30% of the 2223
phase and 70% of the 2212 phase according to the low angle part
of the powder X-ray spectrum ( Fig. 3.4). The resistivity mea-
surements by the standard four-lead method show that there are
sharp drops near 110 K and 80 K, with zero resistance tempeia-
ture at 65 K (Fig. 3.3). The dc-magnetization of the sample was
measured in a SQUID magnetometer. The results also show two
sharp drops near 110 K and 80 K (Fig. 3.5). The mass of the
sample is 9.523 g.

Besides sample BSCCO1, we have performed specific heat
measurements on another non-lead-doped sample. We call the
sample BSCCO2, and it was made by Hoechst Company, Germany,
and its nominal composition of Bi:Sr:Ca:Cu is 2:2:1:2. According
to the powder X-ray spectrum, it seems to be a pure 2212 phase
sample (Fig. 3.6). However, the resistance measurements reveal
that besides a big drop near 91 K, there is another slight drop
near 115 K which can be seen in Fig 3.7. This means that the
sample still contains some 2223 phase. The dc-magnetization
measurements show that the superconducting transition of this
sample starts about 90 K, and it is not sharp, but quite broad,
and near 76 K second gradual drop is visible ( Fig 3.8). The slight
drop at 115 K has not been detected by the magnetic measure-

ments. The mass of this sample is 17.815 g.
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3.2-3 BPSCCO Samples

Since the discovery of superconductivity in Bi-compound
system, much effort has been made to increase high-T¢ phase
(the 2223 phase). In order to do so, an addition of excess Ca, Cu
and Sr (Sumiyama et al. 1988, Kijima et al. 1988, Endo et al.
1989), prolonged sintering, low pressure or high pressure
oxygen treatments (Endo et al. 1988, Koyama et al 1988 Kuwa-
hara et al. 1988), and partial substitution of Pb for Bi (Sunshine
et al. 1988, Takano et al. 1988) have been attempted. Among
these efforts, according to our experience and knowledge, the
partial substitution of Pb for Bi is the most effective way in
increasing the ratio of the high-T¢ phase.

It has been observed (Nobumasa et al. 1989) that the Pb
atoms are located in Bi-O layers. The valence of Pb is +2, and
Bi could have the valence of either +3 or +5, therefore, the
substitution of Pb for Bi to occupy its sites will increase the
hole concentration. This suggests that the increase of content of
the high-T¢c phase in Bi-compound samples strongly connects
with a proper increase in the hole concentration.

After Pb is added to the Bi-compound system, it becomes
easy to make samples with zero-resistance termperature above
100 K. However, in order to ra..e the percentage of the 2223
phase in samples, it is necessary that samples are sintered for
sufficiently long time at a suitable temperature. We have made
a group of samples whose nominal composition of Bi:Pb:Sr:Ca:Cu
is 1.5:0.5:2:2:3. After being fired at 810°C for 16 hours, the
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samples have been reground and remixed, then sintered at

845°C for 50, 140, 240 and 340 hours respectively. The X-ray
measurements show that these samples contain about 25%, 55%,
65% and 75% .t the 2223 phase respectively. However, if there
is a further increase in sintering time, the 2223 phase does not
increase any more, but decreases. For instance, when the sample
mentioned above is sintered at 845°C for 460 hours, the content
of the 2223 phase drops to about 65% (see Fig. 3.9). It is because
the 2223 phase begins to decompose after an optimum sintering
time is exceeded. Other groups have also observed this kind of
phenomenon ( Shi et al. 1989, Wang et al. 1990).

On the other hand, more intermediate grindings and
mixings aiso are helpful for increasing the 2223 phase. We have
compared two samples. One is calcined at 845°C for 340 hours
with three intermediate grindings, and another one is calcined
at the same temperature for the same hours without any inter-
mediate grinding. The X-ray measurements tell us that there is
about 75% of the 2223 phase in the first sample, but only 35%
of the 2223 phase in the second one. This may be because more
intermediate grinding make the solid-state reaction more
uniform.

We would like to point out that, according to our experi-
ments, it is still very difficult to make single 2223 phase after
lead is added to the samples, if it is possible now. Very
recently, P. Majewski et. al. (1990) also reported that, so far,
the 2223 phase could not be prepared without significant

amounts of impurity phases, i.e. 2212 phase, copperoxide and
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(Ca, Sr)-cuprates.

The sample which is denoted as BPSCCO1 was also prepared
by solid reaction method. The initial reagents were Bi>O3, PbO,
SrCO3, CaCO3 and CuO, all of them were in high purity (>99.99%).
The nominal composition of Bi:Pb:Sr:Ca:Cu was 1.6:0.4:1.6:2.0:2.8.
After the powder was well ground, mixed and pressed into a
pellet, it was first calcined at 810°C for 16 hours in air. Sub-
sequently, the pellet was reground, remixed and repressed into
a small cylinder with a diameter of 3/4 inch, and calcined at
845°C for 240 hours in air. Then, the sample was cooled to
500°C slowly ( 1°C/min.), and further cooling to room tempera-
ture naturedly happened in the oven. Finally, the mass of the
sample is 12.710 g.

Sample BPSCCO1 shows a single resistive transition to
R = 0 at 106.3 K (fig. 3.10). The X-ray diffraction patterns of
this sample shows, however, that there still is the presence of
both the 2223 and the 2212 phase, but, at this time, the 2223
phase is about 70%, and the 2212 phase is roughly 30% (Fig.
3.11). The susceptibility of this sample also show the two
superconducting transitions, one is at 108.9 K, and another is
near 82 K (Fig. 3.12).

Koyama et al. reported (1988) that the low oxygen pres-
sure treatment was remarkably helpful to increase and single
out the 2223 phase. However, the results from our experiments
disagree with theirs. A paper by Mohanram et al. (1989) also re-
ported that although the making procedures reported by Koyama
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ot al. were exactly followed, they could not get a sample con-
taining the pure 2223 phase, instead of that, the sample only
contained about 60% of the 2223 phase.

Sample BPSCCO2 was made under a low oxygen pressure
in our laboratory. The nominal composition of this sample was
Bi:Pb:Sr:Ca:Cu = 1.84:0.24:1.91:2.03:3.06. The powders were pre-
pared by mixing Bi2O3, PbO, SrCOs, CaCO3; and CuO, followed by
heating at 810°C for 16 hours in air. Subsequently, they were
reground and pressed into a pellet, and refired at 843°C for
170 hours under a oxygen pressure of 1/13 afm. After the firing,
the sample was slowly cooled to 500°C ( 0.5°C/min.), then oven-
cooled to the room temperature.

The X-ray powder diffraction of this sample reveals that
there still are two phases, the 2223 and the 2212 phase, and
the 2223 phase is only about 25% ( Fig. 3.14). The dc-magneti-
zation measurements of this sample in a SQUID magnetometer
also confirm the existence of the two superconducting transi-
tions, one is near 109 K, and another one is at about 77 K (Fig.
3.15).

The mass of this sample is 14.657 g.

3.3 Sb-doped Bi-compound samples

A paper by Liu et al. (1989) reported that they got super-
conducting samples with zero-resistance temperature above
130 K, after adding Sb to Bi-Pb-Sr-Ca-Cu system. We followed

their procedures exactly, however, could not achieve the results

55



claimed by them. Our experiments show that adding Sb to Bi-
compound system does not increase T¢, but decreases T¢ if the
content of Sb in the Bi-compound superconductor is in excess of
a certain value.

With the nominal compositions of Bi:Pb:Sb:Sr:Ca:Cu=1.84:
(0.35-X):X:1.91:2.03:3.06 ( X = 0, 0.05,0.10,...,0.35), the samples
were prepared by the solid state reaction. The powders, Bi>Os,
PbO, Sb203, SrCO3, CaCO3; and CuO, were well mixed, then sin-
tered 12 hours at 820°C in air. After they were reground and
pressed into pellets, the pellets were refired at 845°C for 150
hours in air, and finally, slowly cooled to room temperature.

The results in Tc, the zero-resistance temperature, vs. X
are presented in Fig. 3.16. It is clear from the results that the
Tc changes little with increasing X when X < 0.15, and then, has
a sharp drop when 0.15 < X < 0.30, finally, Tc almost keeps
constant again when X > 0.30. It also should be mentioned that
when X < €.15, each of these samples shows a single resistive
transition to R = 0 near 106 K (Fig. 3.17), however, when X =
0.20 (just above 0.15), the sample shows a tail with R = 0 at 80
K after a sharp drop of resistivity near 106 K (Fig. 3.18), and the
behavior is very similar to that of samples without lead.

Suppose the valence of Pb is +2, and that of Sb is +3, there-
fore, substitution of a Sb atom for a Pb atom eliminates a hole
in the system. This implies that if the hole concentration lower
than a certain level, the Tc will dramatically decrease. As men-

tioned above, for these Bi-compound superconductors Pb:Sb=
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(0.35-X):X, hence X=0.175 means Pb:Sb =1:1. When X=0.20 (just
larger than 0.175), the resistance-behavior of sample suddenly
changes, and becomes very similar to that of sample without Pb.
This fact makes us believe that the hole concentration reaches
a critical point when Pb:Sb =1:1. On the other hand, these expe-
riments suggest that adjusting the content of Pb and Sb in
composition may be an etfective means to control the hole

concentration in Bi-compound superconductors.

3.4 The influence of quenching on properties of Bi-
compound samples

Some experiments have also been done by us to try to
figure out the the effect of quenching on sample properties. Our
results are quite similar to those gotten by Ishida, T. (1989),
however, do not agree with the results reported by Liu et al.
(1989).

Fig. 3.19 shows the data in Tc, the zero resistance tempe-
rature, vs. Tq, the quench temperature. The nominal composition
of our samples was Bi:Pb:Sb:Sr:.Ca:Cu = 1.6:0.3:0.1:2.0:2.0:3.0.
After calcination at 8635°C for 60 hours, the samples were
slowly cooled to various quench temperatures, Tq, from which
they were subsequently quenched to air (room temperature).

From Fig. 3.19, it is obvious that quenching has little
influence on T¢ if Tq < 700°C, but, when the quench temperature
is larger than 700°C, the influence becomes drastic. On the other
hand, the quenching also affects the normal-state propertics

of the samples. The normal-state resistivity gradually
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transforms from a metallic temperature dependence to a
semiconducting one as the Tq is increased, and when the guench
temperature exceeds 800°C, the R-T curve shows semiconduc-
ting behavior (Fig. 3.20). The X-ray measurements also tell us
that there is no semiconducting phase if we cool samples slowly
after calcination, and that the semiconducting phase, whose
characteristic peaks are at 8.5° and 20.7° (the wave-length of
X-ray A=1.7903A ), appears, when the quench temperature
reaches 500°C. 1{ shcuid also be mentioned that, generally
speaking, quenchiing of sample deceases the content of the 2223
phase. Hcwever, surprisedly, when the quench temperature
equzais the calcination temperature (865°C) the content of the
2223 phase increases, though there is a big drop in T¢, the zero-
resistance temperature. We list the samp'e name, Tq (quench
temperature), Tc (zero-resistance temperature) and the
percentage of 2223 phase in Table 3.1 (see the next page).

In order to explain these phenomena, Ishida, T. assumes
(1988b and 1989) that the normal state transport occurs
through CuO; as well as (BiO)2 layers, and they work as a
parallel circuit of two resistors. Furthermore, he supposes that
the hole concentration contained in CuO» layers play an essen-
tial role for determination of T¢ in Bi-compound superconduc-
tors; holes are supplied from the (Bi0)2 layer to the CuOz layers,
and the extent of hole transfer may be controlled by quenching,
hence, the Tc depends on the quench temperature.

At this stage of the reszarch, people need more evidence
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to judge whether Ishida's hypothesis is correct or not. However,
it is clear from their and our experiments that the high tempe-
rature quenching of samples drastically decreases Tc, and af-
fects their normal-state properties. In order to make good high-
Tc Bi-samples, it is necessary that samples are cooled down

sinwly after calcination.

Table 3.1 Tq, Tc and the content of 2223 phase for seven Bi-

samples

Specimen Tq Tc 2223 phase
1-M-190 25°C 92.8 K 50%
2-M-190 250°C 92.0 K
3-M-190 500°C 88.0 K 31% |
4-M-190 600°C 90.0 K 36%
5-M-190 700°C 91.1 K 32%
6-M-190 800°C 76.3 K 30%
7-M-190 865°C 478 K 65%

3.5 Conclusions

In conclusion of this chapter, making good Bi-compound
superconducting samples is much more complicated and ditfi-
cult than making good YBCO samples, because many more factors
affect the properties of Bi-compound samples, and so far people
still do not clearly know the key point for making good Bi-com-
pound samples. According to our experiments, in order to inc-

rease the content of the 2223 phase in samples, so far the most
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efficient method is the partial substitution of Pb for Bi. How-
ever, it is alsc necessary for raising the percentage of the 2223
phase to sinter samples for appropriately long time at suitable
temperatures. This time is about 200 - 300 hours. If the opti-
mum time is exceeded, the 2223 phase starts decomposing.
Dopping antimony to Bi-compound samples will not increase the
transition temperature, but decrease it. This may be due to a
decrease in the hole concentration of samples. Quenching of
samples will cause formation of the semiconducting phase.
High-temperature quenching drops the transition temperature of
samples drastically, while low-temperature quenching does not
affect Tc much. It is important for making good high-T¢ Bi-

superconductors to cool sample slowly after sintering.
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CHAPTER 4

SPECIFIC HEAT MEASUREMENTS

In general, scientists focus the specific heat measure-
ments and data analysis on two temperature regions: (1) the
vicinity of iihe transition temperature, (2) the low temperature
area; because very most of the interesting and significant infor-
mation, such as the Debye characteristic temperature 6., the
Sommerfeld parameter y and the strength of the electron-phonon
coupling, could be obtained from thcse regions. For the conven-
tional superconductors, the T¢ is quite low, hence the two re-
gions often merge into one. However, for the HTSC's, the two
regions sepérate far from each other, and the specific heat mea-
surements are often performed in a large temperature range, but
most of the attention is still paid to the two regions, though
some anomalies happen in the region which is far above the T,
(Laegreid et al. 1987, Slaski et al. 1989).

In this chapter, we aiso concentrate most of our attention
on the two regions. Section 4.1 will be about the specific heat
near T¢, and Section 4.2 focuses on the low temperature specific
heat, while the lattice specific heat will be discussed in Sec-

tion 4.3 which is not only related to the two regions.

4.1 Specific heat nearT.
For the high-T. superconductors, measurements of AC(T¢)

have proved difficult, some of reasons for that have mentioned
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in Chapter 1: dominant laiiice specific niwat, broad and possibly
incomplete transitions. Furthermore, it needs quite long time
(a few minutes in our experiments) for samples to get thermal
equilibrium at high temperatures, because of the low thermal
conductivity.

If a superconducting transition is incomplete, and the
fraction of the sample remaining in normal state is f,, then BCS

relation (1.1-4) should be corrected to

AC(Te) _ (- fy)a = fs0, (4.1-1)
1Te

whese a is the BCS-ratio, and equal to 1.43 for the weak coup-
ling limit. On the other hand, ihere should be a T-linear term in

C at low temperatures from the normal fraction of the samp's,

and
Yo = fny. (4.1-2)

If one wants to determine the BCS-ratio o, one must know y and
fn first. Unfortunately, so far, it is impossible to obtain y calo-
rimetrically, because there is no magnetic field large enough

to quench superconductivity of HTSC's at low temperatures.
Therefore, less direct methods have been used to estimate ¥y, and

we will give some discussion later.
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4.1-1 YBCO sample

The first sample on which we performed specific heat
measurements was YBCO sample. The results about resistance
and magnetic measurements of this sample have been described
in Chapter 3. The specific heat measurements showed a clear
anomaly in C/T vs. T near 88 K (see Fig. 4.1). The behaviour both
below 87 K and above 91.5 K was quasi-linear. Therefore, we
made linear extrapolations to estimate the discontinuity
AC(T¢)/ Te. The temperature of the idealized jump was drawn so
as to preserve the entropy balance. Using this way, we got
AC(Tc)/ Te = 67 md/mol K2 + 15%.

In order to determine the BCS-ratio, we try to obtain the
value of y from the temperature-independent paramagnetic

susceptibility above the transition temperature, because

2
= 1(mko 4.1-3
Y 54%) Xps ( )

where kp, is the Boltzmann constant, u, is the Bohr magneton, and
Xp is the Pauli paramagnetic susceptibility. Shown in Fig. 4.2 is

x(T) versus T from 100 to 300 K in an applied field of 4 T. The

data are fitted by the two-parameter expression
x(T) = %o+B/T, (4.14)

where y, is temperature-independent susceptibility, and the

least-squares fit gives y,=(2.41£0.02)x10°* emu/mol. However,
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the yo contains not only the contribution from the Pauli para-
magnetism xp, but also the contributions from other sources: the
core diamagnetism xc, the Van Vleck paramagnetism xy, and the
Landau-Peierls diamagnetism yx_. It is very difficult to extract
the value of xp from yo precisely. The Lardau-Peierls diamag-
netism, = -1/3(m/m')2xp, is believed to be small compared
with xp, and can be neglected. Hence, we make corrections for
the core diamagnetism yc and the Van Vleck paramaznetism xv
to obtain the approximate value of xp from yo. For wfferent
ions, core diamagnetic contributions are different: Y“3(-1.2x10’5
emu/mol.), Ba*3(-3.2x10°%), Cu*?(-1.1x10%) and 0%(-1.2x10°°)
(Nevitt et al. 1987), therefore, xc=-1.93x1 04 emu/mole. The
Van Vleck contribution to x, was calculated by Willi~ et al.
(1991) from Knight shift data an YBCO(123) reported by Barrett
et al. (1990), they obtained xy=1.30x10"* emu/mole. Usira this

value, we have xp=xo-Xc Xv= 3.04x10°% emu/mo!. Accord: 3 to
Equation (4.1-3), we get y=22 mJ/mole K2 The values of ¥ obtai-

ned by other groups in this way are from 20 to 42 md/mol. G
(Inderhees et al. 1987, Nevitt et al. 1987, Gao et al. 1990 and
Phillips et al. 199Cb). We would tikke to point out that some

groups did not make ccrrection for the Van Vleck contribution,
and therefore, the value of y obtained from x, by those groups
was comparativaly larger than the actual value of v. It shoiild

be mentioned that Phillips et al. (1890a) estimated the value of
v by extrapolating the y,n, contribution, the contributicn from
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ny--the concentration of Cu?* moments located on the YBCO

lattice, to yo to the valu2 of n, at which superconductivity
disappeared, and obtained y=16 mJ/mole K2,

Using y=22 mJ/mole K2, we find that the ratio a=AC(Tc)/ yTc
=3.0 for the YL:CO sample, and thus appears to be in the strong
corpling lim.. -~ it is mucn larger than the weak coupling BCS-
value 1.4%.

It should be mentioned that measurements by imany groups
show .. sample-to-sample variations in AC(Tc)/ Te. For ins-
tance, Junod et al. reported in 1988 that every sample measured

by them showed dittsrent value of AC{ )/ T¢, from smalier than

20 to 57 mJd/moi K2. Their experiments revealed (Junod at al.
1989) that the oxygen content in samples strongly aifecied the
size of the anomaly, AC(Tg)/ T¢, ant that the anomaly at T¢is
largest for 8=0 (YBaxCu3z07.5), while it can hardly be driected
for 6=0.20. Recently, the same group reported (Junocd et al. 1990)

that AC(Tg)/ T¢ for their YBCO (123} sample was 67 mJ/mol K2,

and y=28 mdJ/mo! K2. Hence, it was aiso in the strong coupling
limit.

It was reported that the increase in 6 was aczompanied by
a decrease in the Pauli susceptibility above T¢ (Farneth et al.
1989), and a decrease in 89 (Gordon et al. 1990). Veal et al.
(1989) reported that photoemission spectroscor. showed that
there was a decrease of N(&7) with increasinj § Therefore, it is

reasonable to suggest that the oxygen content '~ samples
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affected the size of AC(T.)/ T through an effect on N(Ef). Fur-
thermore, there may be a correlation of 6o with N(E) for high-T
superconductors.

Phillips et al. (1989 and 1990a) point out that the discon-
tinuity in C at T, AC(T¢), is strongly sample dependent, and is
correlated with n,, which act as pair-breaking centers limiting
the transition to the superconducting state. Therefore, they
interpret the sample-to-sample variations in AC(Tc)/ T as
measures of a corresponding variation in the volume fraction of
superconductivity. A sharp transition does not necessarily mean
that there is a nigh value of ig for the sampie, and that ine
sample is good. Faor example, fs «: .27 single crystals with
very sharp transitions is about‘ 50%. Phillips et al. believe *hat
the valua of AC(Tc)/ T¢ could be 77 mJ/mol K2 for an "ideal",
fuiiy superconducting sarnple. According to this interpretation,
the values of aC(T.Y T. obtained by current experiments may be
smailer than actuat values of AC(T¢)/ T¢ because of incomple’e
superconducting transition, therefore, actual value of o could be
larger. However, this does not char~e 1.2 conclusion that the

YBCO sarnle is in the strong coupling limit.

4.1-2 Bi-compound samples

We have measured the specific heat near T, on four Bi-
compound samples: BPSCCO1, BPSCCO2, BSCCO1 and BSCCO2
which have been described in Chapter 3. BPSCCO1, BPSCCO2 and
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BSCCO1 are obviously multiphase samples, while X-ray mea-
surements show that BSCCO2 seems to be a single 2212-pkase
sample. However, the resistivity measurements reveal that the
sample still contain a little 2222 phase.

In Fig. 4.3 and 4.4, we show the specific heat in the vicinity
of the two transitions for sample #5CCL 1 and BPSCCO1. 't can
be seen that there is an aromaly for each transition. However,
besides the:e anomalies, other anomalies have also been ob-
served. For BSCCO1, they are: one near 64 K and another lambda-
like anomaly at 56 K; for BPSCCO1, other three anomalies are at
68, 63 and 55 K.

it should be mentioned that, for some HTSC samples, more
than one ancomaly in the vicinity of T - at either a higher or a
lower temperature -- have been observed by several groups (Li
et al. 1987, Junod et al. 1837, Ishikawa et a!. 1988, Inderheels
et al. 1988, Lazarev et al. 1988, Wang et al. 1989). For instance,
Ishikawa et al. (1988) observed two maxima in C/T vs. T bet-
ween 84 and 52 K for their YBCO sample which showed a two
step transition in both p(T) and xac(T) curves. Junod et al.
reported (1987) that one of their YBCO samples showed two
discontinuities in specific heat near T.. Lazarev et al. (1988)
reported that their HoBaoCu3Og 75 sample exhibited two
anomalies in the vicinity of T¢, as well as a double maximum in
the 50-70 K region, one of which was a large lambda-like
anomaly. Even some single crystal sample showed more than one
anomalies in the vicinity of T.. Wang et al. reported that their

superconducting single crysial GdBa>Cu307.5 shcwed two
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anomalies in specific heat between 80.7 and 87.5 K. Junod
(1990) suggested that gases trapped in pores in samples may be
associated with thes» anomalies. However, some of anoinalies
are difficult to expluin.

For sample BSCCO1 in our experiment, the lambda-like ano-
maly at 56 K may be attributed to some magnetic transition,
because ac-loss shows a big change between 35 and 62 K (see
Fig. 4.5).

For the anomaly at superconducting transition, we estimate
the discontinuity AC(T¢) by using linear extrapolations from

above and below the T¢in a plot of C/T vs. T as mentioned above.
In this way, we obtain AC(T) /Tc = 44 mJ/mole K2 +25%
(BSCCO1) and 14 mJ/mole K2 + 50% (BPSCCO1) at the 2212
phase transition; AC(T.} /"¢ = 13 mJ/mole K2 +30% (BSCCO1)
ard 31 mJ/mole K2 + 504 APSCCO1) at the 2223 phase
transition.

Sample EPSCCO1 and BPSCCO1 are multiphase superconduc-
tors, therefore the actual discontinuity should be AC(T¢) Tcfs
according to Equation (4.1-1). Powder X-ray spectra show that,

fs is roughly 70% (the 2212 phase) and 30% (the 2223 phase) for
BSCCO1, and that 30% (the 2212 phase) and 70% (the 2223
phase) for BPSCCO1. Hence, for BSCC(1, the actual discontinuity

is 62 mJd/iiwsle K2 at the low transition, and 43 mJ/mole K2 at

the high transition; for BPSCCO1, they are 47 and 44 mJ/mole K2

respectively.
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For sample BSCCO2, which may contain more than 95% of
the 2212 phase, no anomaly in C has been observed in the vici-
nity of the superconducting transition (Fig. 4.6). This may result
from that the Meissner fraction of this sample is smaller than
those of other samples, and from that its transition is broader
than those of other samples (see Fig. 3.1, 3.5, 3.8 and 3.12 ).
Estimating the field expulsion from ihe difference between the
ZFC and the FC curves far below the transition temperature -and
attribuling the ZFC curve to total field expulsion (x=-1), we find
the Meissner fraction of sample BSCOO2 to be only about 13%,
comparing with about 50% (BSCCO1), 40% (BPSCCO1) and 32%
(YBCO). Phillips et al. reported (1990a) that, for a Zn-doped
YBCO sample, which showed a small Meissner effect, there was
no measurable AC(T¢). They point out (1990b) that a small
Meissner fraction suggested that AC(T.) was not deiectable
because it was small and the transition broad, but *hat it was
not really zero. The fact that the Debye characteristic tempe-
rature 6o of this sample is lower than other sample's (see Sec-
tion 4.2) may also provide some clue why no anomaly has not
been detected for this sample. As menticned above, some groups
have observed that decrease of AC(T.) is associated with
decreasing 6o for YBCO samples (Gordon et al. 1990).

The results from magnetic susceptibility measurements
above T. should also be mentioned hero. The temperature
dependence of the susceptibility of the Bi-compound sample

aui.ve T¢ is complicated, and not similar to that of YBCO sample.
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The common feature for our Bi-compound samples is that there
is a broad peak between 170 K and 240 K ( Fig. 4.7 and 4.8).
Viaeda et al. (1985) also observed this fe:ure in their Bi-
zainpound samples, and the peak exists a:.:und 170 K. For this
kind of temperature dependence, it is difficultly to extract
Pauli paramagnetic susceptibility from total susceptibility,
and therefore, it is hard to use these results to determine vy, the
coefficient of the electronic specific heat. However, from Fig.
4.7 and 4.8, it is clear that the paramagnetism of BPSCCO1
above T is much larger than that of BSCCO2. According to our
calculation, the core diamagnetic susceptibility of BPSCCO1 and
BSCCO2 are -2.65x10°* and -2.17x10°* emu/mole respectively.
These facts may mean that the Pauli paramagnetic susceptibi-
lity of BSCCO2, which is proportional to N(Ef), is much smaller
than that of BPSCCO1. There“ore, the N("-* of BSCCO2 may also
be much smaller than that ef 2-~872CO1. 1~i¢ could be the main
reason why the size of AC(T¢): ¢ of BSCCO2 is so small, and
cannct be detected.

So far, specific heat measurements on Bi-compound sam-
pies are much iess than those on other HTSC's. However, the

results also strongly show sample-to-sample differences. We

list values of AC(T¢)/ Te (in mJ/mole K% ior some of Bi-com-

pound superconductors in Table 4.1 (see paye 84).

80



O] Jo Apuidia ayy Ul Z0ODSE 4O D& dyIdads ¢y b1y

y) sinjosodwia:

06 Ca 0L 09

oo

.

PR
og So o0
L)

L/ » O,
0040 "%

.
....... D T T |

1 006G |

. Sayee
(A AR R . . oo 6 otnese * ¢
) ) . . ® o ®00t™
L) e 0 o loo‘o o-oo LS N \o.oa-oooo'o P .oo . . X

—t

00L" |

(A sjow /) l/di)

.
b s s N U PP U S U S S W) | S S T T N S Oom—.

81



1000548 10} 21 8r0qp sunjoiedwe) snsian Ayjigiidensns onaubow syl /b Big
(M) samypiadwas)

0S¢ 00¢ 0SZ 002 051

v v v T v v ¥ T v

00t
— 006G°1

T v r v T -

" o 008"

]

* 4% O

%%, 0 0y0 09,70
.-o. o.ooo

3

1 Y

'0
(slow/nway, _0L) Anlign

SSNBYH 000SS=H

— A 1 A i A " L

Q0l°¢

82



"aunjosadwa} O uoIduUNy D SO ZODISE 42 AYiqiidaosns onpubow sy g4 b1y

0G¢

00¢

() @anpusdwa]
0G¢

20¢

0G1 00l

SSNDY

O...to.t «®

.
oo, o

e )

0COSS=H

P

v

* .lo.o.}ln'.oc’cooico’.O‘OQC.'O"OQOO

T

L)
i

L)
vy
ot

0020

00¢°0

00¥°0

00G°0

C0S'0

00470

0080

(aww/nwev_oL) Ayngndaosng

83



Table 4.1

A review of AC(Tc)/ Tc values for some Bi-compound super-

conductors
2212 PHASE 2223 PHASE
44 (62) BSCCOf1 57 Gao et al. 1990
20 Bischof et al. 1989 49.5 Jin et al. 1989
16 Fisher et al. 1988 37 Fisher et al.1989
14 (47) BPSCCO1 31 (44) BPSCCO1
0 Seidler et al. 1989 16 Schilling et al. 1989
0 BSCC 16 Okazaki et al. 1990
13 (43) BSCCO1
0 Seidler et al. 1989

( the values in brackets are obtained from AC(T)/ T.fs, where fs
is the percentage of the 2212 phase or the 2223 phase in a

sample).

4.2 Low temperature specific heat

Before the Bi-compound superconductors were discovered,
almost all specific measurements at low temperatures on
HTSC's showed two common features: an upturn in C/T and a
T-linear term in C which has received most attention. The
upturn can be prebably attributed to magnetic impurities.
However, the origin of the y, has not been known clearly, and is

difficult to explain. It might be attributed to various sources
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which act separately or in combination:

1. The superconducting transition is not complete, and
there is still some normal part in the sample even at very low
temperatures. Thus, a linear term v, T = f,yT should be obser-
vable as mentioned above, where f, is the fraction of the volume
which remains in the normal state.

2. If the sample were a gapless-superconductor, a T-linea"
term would appear in the specific heat. But, for the HTSC's, this
nossibility seems to be small, because numerous tunneling
experiments indir.ated that the high-T. superconductors are not
gapless. For example, the energy gap in the La-Sr-Cu-O super-
conducting samples is about 8-15 meV (Kirtley et al. 1987a, Pa'
et al. 1987, Hawley et al. 1987), and that in the YBCO is about
30-40 meV (Kirtley et al. 1987b, Crommie et al. 1987).

3. The possible presence of the two level systems (TLS)
with low energy atomic tunneling which might be created by
oxygen vacancies could produce a T-linear term in C. This pos-
sibility has been indicated by some thermal measurements
(Wenger et al. 1987, Collocott et al. 1987, Nunez Regueiro et al
1988, Lasjannias et al 1v88).

4. Various impurity phases in the materials could causes a
considerable amount of the linear term in the specific heat. R.
Kuentzler et. al. (1988) reported that some of possible impurity
phases in the YBCO system, in particular the phase of BaCuOa,x,
have large pseudo-linear term in C. Some measurements show

(Sasaki et al.1988) that the value of vy, for BaCuOs,x can be as
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large as 98 mJ/mol K2, and therefore, there is a considerable
linear term in C even for the sample including less than 5 wi%
of BaluOo,x which could not be detected by X-ray analysis.
Another fact that the LaBaCuO samples which contain Ba
impurities have a larger v, than the LaS:CuQO samples (Fisher et
al. 1988b) also suggests that Ba compounds may be the main
sources from which the linear term could arise.

5. Temperature-linear term was predicted, as an intrinsic
property of HTSC, by the RVB theory of Anderson (1987).

We have performed low-temperature specific heat mea-
surements on three multiphase Bi-compound superconducting
samples (BPSCCO1, BPSCCO2 and BSCCO2). The most signi-
ficant ditference between Bi-compound sariples and other
HTSC's is that Bi-cbmpound samples nave no linear term in their
specific heat, while the upturn in C/T still exists for these

samples. For the lattice part of the specific heat, these samples
show a common feature that it deviates from the Ta-dependence
above 5 K, and then has a maximum in C/T2 vs. T which is around
11 K. This fact mirrors that the Debye temperature 6p (T)
reaches a minimum around this temperature, and that there may
be the first singtlarity in the density of states distribution of
the phonons. We will discuss that in Section 4.3.

In Fig. 4.9, 4.10 and 4.11, we present the data in C/T vs. T2
in the low temperature range for the three samples. It was the

first attempt that the data were graphically fitted to C/T =

Y+BT2 in order to derive y, and B. It can be seen in Fig. 4.9, 4.10
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and 4.11 that, in this kind of fit, the data show a relatively-
wide linear range in C/T, but, then the straight line extrapolates

to yo<0 for ail three samples. For instance, we obtain v, = -9

mJd/mol K2 and B = 2.35 mJ/mol K* from the graphical fit for the

BP3CCO2, and the data show a linear range between about 4 and

8 K. The result that v = -9 mJ/mol K2 is obviously unreasonable.
Therefore, we use an analytical fit instead of the graphical fit.

Before we discuss the analytical fit, we would like to point out

that the line which corresponds to the T and T3 terms from a
least-squares fit of the data is almost everywhere lower than
the experimental data except in a very small temperature range.
This kind of phenomenon has been also observed for the YBCO
superconducting samples (Fisher et al. 1988).

In diagrams of C/T2 vs. T (Fig. 4.12, 4.13 and 4.14), two
feature can be clearly identified: the upturn below about 4 K
mentioned previously, and the broad peak at higher temperature
which is at 12.2 K for the BPSCCO1, while those are at 1:.0 K
and 10.5 K for the BPSCCO2 and BSCCO2 respectively. Therefore,
we try to fit the data from about 2.6 K to the temperature at

which the broad peak occurs with the function

C(T) = AT 24y, T+BT3+mCg(T), (4.2-1)

were Cg(T) is an Einstein term, m represents the number of
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oscillators per unit cell, and

Ce(T) = R (Tgm2—2XR0eM (4.2-2)
[1-exp(Te/T)]?

R is the universal gas constant, and Tg is the Einstein tempera-

ture which characterizes the Einstein term.
In expression (4.2-1), the first term represent the upturn,

and the third and the fourth term are used to deal with the lat-

tice specific heat which deviates from the simple T3-behavior.
The least-squares fits gave o= -0.6 * 0.8 mJ/mo! K2

(BPSCCO1), -0.1 + 0.3 mJ/mol K2 (BPSCCO2) and 0.5 + 0.7

mJ/mol KZ2. These values of y,, which are in agreement with
other works (Fisher et al. 1988a and 1989, Muto et al.1988,
Sera et al. 1988, Urbach et al. 1989, Bombik et al. 1989, Sasaki
et al. 1989, Chakraborty et al, 1989, Gao et al. 1990), mean that
there is no T-linear term within the experimental uncertainty
for these Bi-compound samples. Therefore, we believe that the
T-linear term in low-temperature specific heat is not a general
feature for all high-T¢ superconductors.

It is well known that the TI-Ba-Ca-Cu-O superconducting
sample has the same structurai relationship as that of the Bi-
compound sample, but Ba is contained in the former, and not in

the latter. Experiments have shown that there is a linear term in
C for TBCCO, and ¥, could be as large as 16 mJ/mol K2 (Fisher
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et al. 1988a). This fact suggests once again that Ba-compounds
may be the dominant impurity phases which contribute to the
nonzero value of Y.

it should be mentioned that some nonzero values of ¥,
have been reported by several groups (Collocott et al. 1988,
Muto et al. 1988, Sasaki et al. 1989). They might arise from
impurity phases, or some internal "defects" which cause normal
regions even at the lowest temperatures. However, so far,
other possibilities cannot be excluded, and final answer for
this problem also depends on improvement of sample quality and

characterization.

4.3 Lattice Specific Heat

It is well known that the Debye characteristic temperature
at T=0, 069, a very important parameter, can be determined from
the coefficient of the cubic Debye term, because at the very low

temperature ( T< 6p/50)
CL = n(12n4R/5)xT3/03 = BT, (4.3-1)

where R is the gas constant, n is the number of atoms per mole-
cule. Fitting the experimental data with Equation (4.2-1), we get
that B of BPSCCO1 , BPSCCO2 and BSCCO2 are 1.83+0.08, 1.84+
0.06 and 1.81+0.18 mJ/rnole K* respectively, therefore 8o for
these sample are 27414, 273+4 and 25349 K.

On the other hand, we can get 6p (T) at any temperature
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from comparison between the Debye theory and the experimental

value of the lattice specific heat:

6 T
C. (T/p) = 9nR(L)° | xte¥dx_ ¢\ on(T), (4.3-2)
oo (ex-1)2

were Croxp(T) is the experimental value of the lattice specific
heat at T, x = hv/keT, and v is the phonon frequency. For the high
temperature  super<onductors, unfortunately, so far C. and Ce
cannot be determined independently from each other as it is the
case for the conventional superconductors. In the high tempe-
rature region, however, the electronic specific heat is only a '
few percent of C, therefore we can approximately determine CL
by making small correction to the total specific heat, and then
use relation (4.3-2) to calculate the 6p(T). Gao et al. reported

(1990, that the value of the Sommerfeld coefficient for their

Bi-sampie was 43 mdJd/mole K2. Roughly, we borrowed this value
to calculate the electronic specific heat, and then subtracted
the walectronic specific heat from the total specific heat to get
rough values of C of our samples at high temperatures. By this
way, we obtained that 6p(100 K) was about 463 K for BPSCCO1,
and 474 and 466 K for BPSCCO2 and BSCCO2 respectively.
Comparing these values with those of 689, one can see a big
difference between 6g and 6p(100 K). However, this is not

unusual. Debye theory is not perfect and the fundamental
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deficiency in this theory is the inadequate treatment of the
effects arising from the discreteness of atomic arrangements
in the crystal. The fact that the value of 6p is not constant
reflects that phonon contributions cannot be entirely described
by this simple theory. E. Gmelin et al. (1982) reported that the
rather steep increase of 6y from low to high temperature was
rather normal for complicated molecular structures rather than
out cf ordinary.

Another common feature shouid also be mentioned, i is.
that, for almost all solids, a minimum of 6p is observed near

0.05 < T/6p < 0.1. Consistent with this behaviour of 0p(T) is the

expectation that there is a maximum in Cy/ T3 vs. T. Such a
maximum has been observed and indicated above for all samples
which we used to measure the specific heat at the low tempe-

rature, and accordins to our knowledge, also for most of high-T.

superconductors. A. Junod et al. (1983) point out that C./ T3 is an

image of the spectrum G(hv) /2 for v=4.93k,T/h. In other words,
features in G(hv) at a particular value of v show up in C/ T2 at a

temperature T=hv/4.93kp. Therefore, a peak in C/T 3 means that
there may be a singularity in the phonon density of states at a

phonon frequency
v = SkpT/h. (4.3-3)

It has been reported (Ramirez et al. 1987, Reeves et al. 1987b,
Junod et al. 1987 and Rosenberg et al. 1987) that, for
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Y-Ba-Cu-O, Gd-Ba-Cu-O, Y-(BaK)-Cu-O, La-Cu-O, (LaSr)-Cu-O
and (LaBa)-Cu-O superconductors, a characteristic peak in C/T 8

at a temperature between 20 and 25 K has been observed. In

order to deal with the departures from a simple T3-behavior,
some groups use a Debye function and an appropriate Einstein
term to fit the lattice specific heat, and get the characteristic
temperature of Tg is about 120 K. It indicates that there might
be an anomaly in the PDOS near hv=10 meV. Such low lying
phonon anomalies have been successfully detected from PDOS
determinations by neutron scattering experiments for Y-Ba-Cu-
O, Nd-Ba-Cu-O, Pr-Ba-Cu-O, Y-Ba-(CuZn)-O and (LaSr)-Cu-O
(Ramirez et al. 1987, Rhyne et al. 1987, Renker et al. 1988,
Gompf et al. 1988 and Rietschel et al.1988).

For Bi-samples, as mentioned above, our measurements

showed that the maxima in C/T2 for BPSCCO1, BPSCCO2 and
BSCCO2 are at 12.2, 11.0 and 10.5 K respectively. Urbach et al.

(1989) reported a broad peak in C/T® at about 9 K, and Gao et al.
(1990) observed a peak near 10 K for their Bi-sample. As men-
tioned above, we used Equation (4.2-1) io fit low-temperature
specific heat data. We obtained that Tg for BPSCCO1, BPSCCO2
and BSCCO2 were 60, 56 and 55 K, the oscillator strength m for
all three samples was approximately the same, and was about
0.5. Consistent with these values of Tg was the expectation that
there would be an anomaly in the PDOS near 5§ meV. PDOS deter-
minations by neutron scattering experiments (Renker et al.

1989) showed the w?-background and an anomaly in the low
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frequency range for Bi-samples, however, the anomaly was not
near 5 meV, but near 10 meV. The reason for that, so far, we
have not clearly known.

It can be seen in Fig. 4.12, 4.13 and 4.14 that the fit based

on Equation (4.2-1) is well consistent with the experimental

data until a little bit above the maximum in C/T3, and that then,
however, it becomes increasingly inaccurate. Urbach et al. also
reported (1989) that this kind of fit could not be extended to

higher temperatures. The analysis of the broad peak in C/T 3 at
higher temperatures depends on a correct treatment of the
lattice part of the specific heat. The reason for that is that the
Debye model is not perfect as mentioned above, and it well
represents the lattice specific heat only in very low tempe-
ratures, therefore, the Debye temperature 6o obtained near T=0
is not a good parameter for the higher temperatures.

For a complicated compound containing various elements,
it is reasonable to assume that different atoms have different
contributions to the specific heat, for instance, for heavy
atoms, the contribution to the specific heat starts at low
temperatures, and, for light atoms, the contribution starts at
higher temperatures. Therefore, we suppose that the lattice
specific heat can be understood with the assumption of several
separated sets of lattice vibrations, and we have attempted to
fit the lattice specific heat in a wide temperature range by
assigning an individual Debye temperature 6p; to each consti-

tuent in this way:
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CL=Y nico(ﬁg) + mC(T), (4.3-4)

and, therefore, Equation (4.2-1) becomes

C(T) = AT 47T+ nico(ﬁgl) + mCx(T), (4.3-5)

where Cp(6p/T) is the Debye specific heat function, and n; de-

notes the number of atoms for the ith elements per formula,

hence
Y nj=n, (4.3-6)
i

where n is the total number of various atoms per formula.
Furthermore, because the light and the heavy atoms correspond
to the set of high and low frequency modes respectively, we
suppose that the individual Debye temperatures depend on the

atomic mass as
1/2
8o Bpj = (Mj/M;) "'<, (4.3-7)

as a first approximation.

At low temperatures, we have

3 ni(12r4R/5)T% 03 = pT°. (4.3-8)
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Therefore, by fitting to the low temperature T-cubic term we

obtain the following atomic Debye temperatures 0p;:

Table 4.2
The values of individual Debye temperatures from Eq. (4.3-7),
the first approximation, for BPSCCO1, BPSCCO2 and BSCCO2

SAMPLE op(Bi) 6p(Pb) ©6p(Sr) o6p(Ca) 6p(Cu) OD(O)

BPSCCO1 183 154 236 349 277 552
BPSCCO2 155 156 240 354 281 561
BSCCO2 150 - 231 342 272 541

After these atomic Debye temperatures are used, the fits
are improved at higher temperatures, deviation from the mea-
sured value is approximately 20% at 100 K, comparing with
about 70% in the single Debye temperature fit.

On the other hand, according to the Debye model, the phonon

frequency spectrum can be taken as

Goi(hv) = 3niN-"32- for vevp; (4.3-9)
Vpi
=0 for V>Vpi,

where N denotes Avogadro's number, and vp;=koOpi/h. Therefore,
we can calculate the total frequency spectrum by using atomic

Debye temperatures
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Go(hv) = Y, Gpi(hv). (4.3-10)

Fig. 4.15 shows the phonon frequency spectrum obtained in
this way. Comparing it with the phonon frequency spectrum of
some Bi-compound sample measured by inelastic neutron scat-
tering (Renker et al. 1989), we find that some atomic Debye
temperatures 6p; indicated in Table 4.2 should be adjusted

to I“igher values. In order to make the adjustment, we correct

relation (4.3-7) to
oLy 9pj = (MyM;)®, (4.3-11)

where & is not simply equal to 1/2, because there shouid be
some degree of coupling when different atoms combine into a
compound, 8 is considered as the coupling coefficient among
different sets of lattice vibrations, and it is different from

compound to compound.
Taking 8 = 0.650, 0.670 and 0.695 for BPSCCO1, BPSCCO2

and BSCCO2 respectively (these values of 8 make deviation of
fits by Eq. (4.3-5) from experiment data smallest), the atomic
Debye temperatures of the three samples are adjusted to the

values in the following table
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Table 4.3

The values of individual Debye temperatures from Eq. (4.3-11)
with & = 0.650, 0.670 and 0.695 for BPSCCO1, BPSCCO2 and
BSCCO2

SAMPLE ép(Bi) 6p(Pb) 6p(Sr) 6p(Ca) 6p(Cu) 6p(0)

BPSCCOt 146 146 256 426 316 773
BPSCCO2 145 146 259 437 321 809
BSCCO2 140 - 256 441 320 835

After this adjustment, the fits are reasonably good over
the whole temperature range in which we perform specific heat
measurements. This can be seen in Fig. 4.16, 4.17 and 4.18, in

which we present the experimental data and fitting curves of

C/T® vs. T from 2.6 to 120 K. The deviation from the experi-
mental value is only a few percent at high temperatures. We list
some experimental data and the data from different fits to make
a comparison in Table 4.4, 4.5 and 4.6.

We would like to point out that all of atomic Debye tem-
peratures are not independent of each other, and determined
by 6 and B (the coefficient of the cubic Debye term). This means
that there is only one more independent parameter, 3, in Equa-
tion (4.3-5), comparing with Equation (4.2-1). However, the fits
are greatly improved. Therefore, we believe that, for a comp-
licated compound, maybe the lattice specific heat can be under-
stood with the assumption of several sets of lattice vibrations,

every of which has its own Debye temperature determined by
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Equations (4.3-8) and (4.3-11).

Table 4.4.

A review of some values of specific heat at high temperatures

from experiments and different fits for BPSCCO1

T(K) Cexp(J/mole K)

60 109
80 "~ 160
100 203
110 234

Cis(J/mole K)

209
290
343
365

Cra(J/mole K)

110
155
196
215

(Cexpr Cts and Cra denote the experimental data, the data from the

single effective Debye temperature fit and the data from the fit
based on Eq. (4.3-5) in which the individual Debye temperatures

depend on the atomic mass as 6pi/ 6p; = (M,-/Mi)8 wiih 5=0.65.)

Table 4.5.

A review of some values of specific heat at high temperatures

from experiments and different fits for BPSCCO2

T(K) CexplJ/mole K)

60 105
80 152
100 196
110 208

*(With §=0.67)
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Cis(J/mole K)

209
291
346
366

Cra(J/mole K)*

107
151
191
209



Table 4.6.
A review of some values of specific heat at high temperatures

from experiments and different fits for BSCCO2

T(K) Coxp(J/mole K) Cis(J/mole K) Cia(J/mole K)*

60 91.8 181 91.9
80 130 244 125
100 159 284 154
110 170 298 167

*(With 8=0.695)
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Fig. 4.15 a) The phonon density of states of BiSr,CaCu,0g,4 (T.~80K).
The results are from B. Renker et al. (1989). b) The calculated PDOS of
BPSCCO2 obtained according to atomic Debye temperatures in Table 4.2.
c) The PDOS of BPSCCO2 obtained from atomic Debye temperatures in
Table 4.3. 106
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CHAPTER 5
CONCLUSIONS

AC(T¢)

¥Tec
3.0 for the YBCO sample, and is in the strong coupling limit.
2. For some Bi-compound superconducting samples, the

1. From our measurements, the ratio is larger than

specific heat jumps at two transition temperatures have been
observed. However, the sizes of anomalies are different from
sample to sample. We believe that sample quality and different
content of 2212 and 2223 phase cause these differences. For the
sample whose Meissner fraction is small, whose 89 is lower and
whose N(Ef) may also be much smaller, the anomaly at the
transition temperature cannot be detected.

3. The low-temperature specific heat data of Bi-compound

superconductors can be fitted with the equation

C(T) = AlT241,T+BT3+mCe(T).

The least-squares fits give us that there is no temperature-
linear term in the low-temperature specific heat within the
experimental uncertainty. Therefore, the T-linear term is not a
general feature for all high-temperature superconductors.

4. For Bi-compound superconductors, there are big diffe-
rences among Debye temperatures which are obtained from
low temperatures and from high temperatures. This is not

related to the properties of high-T. superconductors, but just
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because the Debye theory is not a good theory for complicated
compounds. Perhaps the lattice specific heat can be understood
with the assumption of several sets of lattice vibrations, every

of which has its own individual Debye temperature 6p;, and
8o 0p; = (Mj/M))°,

where § is considered as the coupling coefficient among diffe-

rent lattice vibrations.
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