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of the qua51part1cle eqergy states in superconductlng
A, &

alumlnum fllms has.

A - f : 'In the past few yearsrthe magnetlc f1e1d spllttlng

)een used to study spln—dependent j<§35'

states ln magnetlc materlals.> In thlS thes1s, an exper1~f

mental 1nvestigat1:n of electrons tunnellng between ‘f;f=:;‘;‘

ferromagnetlc alloys_and sUperconductlng alumlnum thln

fllms has been carr'

Atr

A .
'd out. Detaaled measurements on

Al Al 0o~ Mn Sn ‘ ahd AE—AI O Mn Sb Junctlons have:'v

2 3 l X 273 l x

.

o bee performed. In bot cases the olarlz tlon stud1es3f ,q\
| d.. P e\

produced unexpected results. C '?‘:$\ o f,; S
N 5 - LI Lo
"kmin the case of the Mn Sb system 1t ,was thought
,,/4. l }C‘ \/'\
//that the electron spln polarlzatlon would'be approx1mately
4 % *

s .
proportlonal to the magnetlc momeﬂt\per alloy atom.{ The‘

‘}; 28

=

\experlmental results lndlcated that the polarlzatlon was )
L K . ;. . . .
qualltatlvely 51mllar to the,magnetlzatlon per Mn atom of o

\ bulk materlal. :

| 1= *‘system was

studled to see if results 51mllar to that”of Mn—Sb alloys .
&,

,would‘be obtained. our studles lndlcated that binary

' The podéilzatlon behav1our of the Mn Sn

.,

n-Sn alloysl formed by slmultaneous evaporatlon of the

two metals from separatk sources$  were not . ferromagnetic.
: N
!
. . L4
_* . iv ’
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e © . CHAPTER 1
‘Introduction - D 4

. ' = S | ' L R . & L
o1l :Pfeémple | o -

r

Experlmental and theoretlcal phy5101sts have long
\\\- been fasc1nated .by. the phenomenon(ﬁTEerromagnetlsm in
metals. It the past decade there has bee% 1ﬁbrea51ng

stlentlflc 1nterest 1n fundamental studles of . the surfaces

T
a

5£/magnet1c metals and several technlques for magnetlc

R

surface,analy31s have been dev1sed. In splte of all of

th1s work the- exact electronlc behav1our whlch causes
ot - -
ferromagnetlsm is stlil uncertaln.

u,

N

'In a more applled nature ferromagnetic‘materials‘such

i

‘as Fe,’ Co, and Ni are W1dely used as commercial catalysts

T [67] add\the 1nvest1gat10n of the magnetic structure of
"/
surfaces of these materlals 1s therefore needed for a

theoretlcal understandlﬂg of such processes. This the51s

w}
S

N

\
N\

reports on work done u51ng one of these surface analy51s

technlques, 5p1n polarlzed electron tunnellng, to study

[

: L
some ferromagne&lc materlals."

~
*

'

t

1.2 Brlef Survey of Electfon\Polarlzatlon Measurement
¥ Technlques C : ‘ -

Spln polarlzed tunnellng ‘is one of many experlmental
methods that has been developed in the last ten years to -

try to understand the surface magnetlc order of ferromag—

netlc metals by studylng the electron spln polarlzatlon of”



“ \:

- . the materials Several comprehen51ve reviews of the

various experlmental methods appear in the llterature
‘[14 32 67 70] Feuchtwang et al. [23,24] have also com—-
“plléd a detalled theoretlcal analy51s of electron spin
polarlzatlon studies. rief descrlptlon of the major
experumental methods\;:llbbe glven below.\ Table 1.1
sumﬁarlzes experimental results'that were obtained'forJBo
transition metal ferromagnets using the dlfferent techni-
" ques. o

o

4l(2a§ Electron“capture spectroscopy‘ .
Electron capture sgectroscopY'is ahmethod to‘ihresti—
gatebthe*surfacesiof:magnetic single crystalslhhder ultra-’
high Qacuum‘cohditions. The basic process of:this method
of spln spectroscopy is the capture of one or two spin
_ polarlzed electrons durlng small angle reflection of fast
'deuterons at slnglepcrystalllne surfaces of magnetlc
crystals [67]. This technique Wasffirst proposed by
,Zavolskii‘in 1957 [§2],and the first successful experimeht
was reporded by Kamihsky infl?69 [43]. This method measﬁres
" polarization of electrons at'the Fermi energy [72].
| b o
1
l.2b. Photoemissioh spectroscopy
In photoemissioh_studies'the'absorption of a single
photon by electrons-in a ferroﬁagnetic solid4leaQS‘to the

emission of spin polarized electrons [66]. The
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polariz&tion'is deﬁérmined using a Mgtt aetector. The
probing depth- is usually about‘30£_[72].  Long et al. [45]
triéd the firsé unsuccessful ekperiments in 1965. Busch
et al. [12] perfgrpea éhe first éucdessfgl-eXperiments in
'.l969.v“  | |
‘l.éc Field gmiSsionvspéctr?scopy
By appiying a high eiéqﬁric.fiéid'at a t;p:of a.ferré-
magnetic solid thé'potehtial barrier, at the surface changes
drasticaily, thereby leading to‘thé emission of poiarized
'electrops into vacuum. The main'cohtributibn to the
emission cUrrenp originates from eiéctroﬁs within 100 meV
of the Fermiiievel [67]. The first_successfuljfield_

emission experiment was done in 1967 by Hofmann et al. [39].

1.2d Spin pblarizatioh measurements by’tunneling.

This ié,the‘technique that was used during the course
of this work and will be elaborated on in thée following
Sections of this thgsis.',Table 1.1 contains spin polarizaf
tion datalfrom_work done;here'and work done by the
ofiginators of this technique'—'Meservey et al. [49].

'K‘ . As can be éeen from Table 1.1 an agreement with regard
to polarization magnitude or evén direction (sign) has ﬁot
been obtained with,the different methods. Even fof the two
sefs of tunnelihg results the Ni polarization Values_do‘not

v

agree in magnitude."Difficult preparation of samples in



some techniéuéé or the;ﬁéct that diffé;ent méthods_may‘EGE
be measuring;identical,prbpe:ties ma& be part.of the
.an5wer; A'better theofetiCal.understanding of'the~actual;
processes inVﬁlved in each technique will be‘heeded before
‘these diScreQanéieé can be explained. The original
~motivation of this work was to attempt a study to try to
find an'explanatioh for some of these discrepancies, using
the spin.pblqrized tunneling technique.. The rest of this
thesis will'deal with work ddhe using this method on ’

N :
ferromagnetic metals.

1.3 Scope of This Work
Meservey et‘al..[48] first dbéetﬁed the quasi—partiéie

splitting of the density of states of a sﬁpe:conducting AL
film in 1970. In 1971 [78] they devised an impressive
tunneling expeiiment, utilizing the spin splitting, in an.
effort to help in the explanation oflférromagneti§m. ‘Since
that time they have published many articles on sfudies
they have done ohh?hin film fe:romagnetic metals and_alldys
[4'8_—61,63,64,78—82] using the spir; poiarized tunneling
technique.. k h |

' This thesis consists of a report on work done ué;liz—
ingbthis tunneling technique. The early work was done on
the formation of tﬁnheling barriers to try to study the’
effects.of crystallographic direction, on the polarizatibn

values of ferromagnetic materials. This was an attempt to



verifyvaggheory of Stearns [74] that had been proposed:. to "l
explaln spin- polarlzeé‘tunnellng results. - Later ;ork was ‘
_done on blnary Lerromagnetlc alloys. .The bihary alloys
chosen for thlg\work were flrst ‘'studied by Heusler [38]
in 1903 and had attracted hls interest because ferromagnet-
ism was found in alloys made\up of constituent metals,.
neither of whlch by ltself was a ferromagnetlc materlal.
The ferromagnetlc systéﬂs that were studled were
Mn-Sb and Mn—Sn. Experlments were done on these alloys

273

Paraskevopoulos et al. [63,64] had‘found that for Various

. : 4o - .
Ni alloy films the polarization of the sample was.approxi-

using Al-Al 0. Alloy tunnel junctaons. In prev1ous work,”

mately proportional to . u, the bulk saturatlon magnetlc

- moment, ThlS work was started to see - lf thlS property

,' \\ -
would also be true of’ blnary alloy fllms where nelther metal

was by itself a ferromagnet.
’

The spin polarized tunneling technique was also used
" ' » ’ .
to determine a value for the spin-orbit scattering para-

meter of the superconducting A%/ films used inﬁ%his work.

P



CHAPTER 2

'Theoretical Considerations N

2.1 Introductlon

Tunnellng is. a quantum mechanlcal 51tuatlon that has
no claSsiCal analogue. From a cla531cal p01nt of view it
is 1mp0551ble for’a particle to enter a reglon of negatlve’
klnetlc energy (the partlcle s potentlal energy would be
rgreater than 1ts total energy) Schrodlnger s wave
equatlon predlcted that there ex1sted a finite probablllty
that a tran51tlon of thlS type could take place if. the
potentlal barrler was sufflclently thln. Thus, according
to quantum mechanlcs(.a partlcle may tunnel through a
'potentlal barrler.l - | )

" The present lnvestlgatlon concerns ltself with the
tunnellng of electrons from one metal through an ox1de
barrler into a second metal. If the barrier is thln
enough (tens of Angstroms)da measurable current will be
seeh when a bias voltage is applled to the junctlon.

Frenkel L27] in 1930 was. the flrst to consider the
possibility that electrons may tunnel between two metals:
separated by a vacuum _Sommerfeld and Bethe [73] in 1933
were the first to publlsh detalled theoretlcal calculatlons
on tunnellng theory. It was not until 1960 that Fisher
and Giaever [25] were able‘to oerform the first tunneling

experiment using the metal-oxide-metal sandwich



Y

(AL-AL_O_-AL).

273
2.2 Theory of Elastlc Tunnellng
As a consequence of Glaever s- work Bardeen: [5]‘
- developed a tunnellng theory based on the transfer Hamll—

‘ton;an model. An. electron energy dlagram for a metal—

_insulatOr;metal SYStem»lS shown.ln Fig. (2;{1;1/):.
AAt T=0 metal 1, with'harrier height'¢i,‘and metal 2

Ld

0

w1th helght ¢2, have all the states below. the Fermi |
eherg;es, (¢ Fl“EFZ)’ fllled~ whlle those above are empty.‘y
For tunneling to occur, from left.tOﬂrlght, the filled |
states of metal 1 must be alioned‘with'the available |
empty states in métal 2. " This is aCCOmpllshed byfapolying
a voltage V so that the left hand metal is negatlvely

‘blased Now current flow may occur across the junctlon

~

i.e. tunnellng takes place.

-
[

_In Harrlson s work [36], he shows how to obtain a
* theoretical expre551on for the tunnellng current. Fermi's
Golden Rule bives-the transition‘prohability, P12’ per

unit time, of an electron from state wl in metal 1 moving

to a state wé‘in.metal 2 as

[

P.. = (2m/H)

|2
12 C.

N, £, (1-f,) ,. (2.1)

L I P

where M12 is the transition matrfix between states wl and

%2, N, is the density of states in metal 2, and £, and £,



Fig. 2:1
The electton energy level diagram for a metal-insulator-
metal jﬁnction is shown with. and without an.epplied bias
voltaée V. Here, s is the barfier thickness} Epy end

.EFZ are the Fermi levels of the two metals, and ¢l ‘and ¢2

are the barrier helghts. When a blas voltage is applled

tunnellng occurs in the dlrectlon 1nd1cated by the arrowv.



R V=0
- V#0
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- .
=" I B
'_—"‘ L :
. by
A > —_—Y
EF1 - 3 A
eV
EF2

Metal 1 Insulator  Metal 2
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p3

4

A

are the Fermi-Dirac probabilities of occupation of states

’

,wl and wz..

. the barrier, k

. (specular transmission), otherwise M

For a theoretical calculation of the tunneling -
current an'ihdépéndent particle model is used. It is
assumed that the component of the wave Vector parallel to

Ilf is conserved in the tunneling process

12 will vanish.

There%ore to obtain.the tunneling current from metal 1 to

metal 2, Pi? is summed over kll and multiplied by 2e for

charge and spin of the electron. To obtain the net current,

the current from metal 2 to metal 1 must be subtracted

yielding T . ’ .

[o o]

_ 4me : 2
I =5 ) J I.Mlzl NN, (f

-f,)) dE (2.2)
k 2
11 e

1
where the integfal‘over energy is taken at fixed wave
number'kll..

Bardeen IS] using a WKB method and a many particle
. ‘ . [ 3 -

-

point of view, found it plausible that IMlélz is a constant

-

over the energy values of interest. If the sum over kll

is taken and IM12|2‘(a:COnstant), is pulled outside the
integral, the theory of Giaever and Megerle [29] gives the

expression for the current as

. v 9 o t - _ .
I= g5 Ml J\ NNy (£17F)) dE (2.3)
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hére £, = £(E) and £, E/KT)

= f(E+ev) where f(E) = 1/(1 +e
and E is measured_froﬁ the Fermi:energy5 |

If Eq. (2?3) is evaluated for two normal metals at

T=0 and for small applied voltégeé
: 9

O)NE(O) eV ; £ = constant o (2.4)

N

i.e. current @ds proportional to the voltage.

2.3 'Normal Méfal Superconductor Tunneling
. o |

To calculaté/Ebe tunneling current wheh,one of the
métals is in the‘superconducfing state, the denéity of
states, from the'Bardeen-Coopgr—Schrieffer (BCs) [6,7]
theofy is used. For a BCS superconductor, with enefgy.gabf
24, the superéondhéting density Pf states is NS(O)pST;(
where'Ns(E) isfheAdensity~qf ététes of the superconductor

when in the normal state and

!5 l ’

o, (E) = |E|/(E®-0%) el A
' | (2.5)
=0 || < 2

Therefore by substituting into Eq. (2.3) the currént

ibetweeq one metal in the normal state and the other in

‘the‘superconducting state can be written as



L3

Ign = CN.J p(E) [£(E) - £(E+eV)] dE _ - (2.6)

.-

!
where the constant
|2

C.. = 2me/A |M

. N (0) N (0). R (2.7)

SN

. ‘e . .
‘The experimental quantity that is measured in a spin

polarized tunneling experiment is the nOrmaiized'ébhdﬁc—
-ﬁancéiof‘the junction. Tﬁe Conductaqce is givenwby.the:
’first’dériVatiVe of Fye current with respectvto.voltage,
iﬂe._dI/dV. The norﬁalized conductance is the conductance
wrf{{one metai in the superconduéting state dividéd;by the

conductance with both metals in'the‘normafisfate,

*
°

Ton , ALy _
a7 Tav

d B(E+eV),~

B e

J os(E)

g(v) =
= e

- /// !
/.

where B = l/kBT., L

¥ dE (2.8)
8(E+eV% :

At T=0 the second factor in the integrand becomes a

delta function and O(V)T=O = oS(eV), The’conguctance at

T=0 is prbportional to the_superconducting density of .
. ‘ : -

states.: For small finite temperatures; below the SUper—__

conducting transit#on temperature Tc) the seqond factor
in the integrand is a bell shaped functionféymmetrical

" about E=—eV: “The conductandévqualitatively réflécts the
density.of states somewhat broadened by‘temperature.

Fig. (2.2) illustrates this situation. The BSC density of

13
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1
Lo Fig. 2.2

Superconductor-normal-metal tunneling

El

L
B

a) BCs density of states of a superconductor as a = = = | ;/r

function‘of‘voltage ,

b).‘Temperature—depeﬁaent Kernél in the integral expres-
sion for'the'conductance f o e -~

c) Theoretical normalized conductance ¢

Voltage iS'meésuréd from the Fermi energy of the

-

supercondug}or{
_ A .

Electron energy decreases as the voltage increases.’
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‘states is shown in Fig. k2,2a),’Fig. (2.2b) reoresents

the second factor in the integrand in Eq (2 8). 'The
resulting conductance lS the 1ntegral overall energy, of
the product of the.functlons of Flgs. (2.2a and b) and is-
shoWn in Fig. (2 2c) . Tne above description of normal-
metal-superconductlng metal tunneling has been thoroughly
‘demonstrated, for a review see Douglass end Falicov [20].

?

2.4 Superconductor-Normal Metal Tunnellng in a High
'Magnetlc Field.

Meservey et al. [48] have shown that the‘application
of a hlgh magnetlc field to a thin film superconductor/
%Ehsuqh as AL, will cause a shift in the qua31 partlcle
Wenergles by an amount #uH. Here L is the absolute value
of the magnetlc moment of the electron ‘and H 1s the
magnet;c fneld. Flg;.(z 3a) shows the density of.Stetes
.of the superconductor.split_%nto spin-up and spin-down
'oerts. In this analysis it Qillfbeaassumed tnat the.spin
of the electrons is conserved in tunnellng from one metal.

to the other. - The BCS dens1ty of states then becomes_

pg(E) = pt(E) + p¥(E)

RWN““

E (E+uH) + o (E-w) ) L (2.9)

<

when’p._is.given by Eq. (2.5).



- Fig. 2.3

-

Superqonductorfnorma%%metal tunneling‘in a high magnetic

field: C | |

(a) Maénetic field-splifting of:the.dénsity of states
intouspih—ub (solid) and spin-down (dashed) dénsitieﬁ.

(b) Spin—up‘and spin-down condu;tances add to give total

conductance.
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‘When the resulting eonductance is,calculated it is
expected that the two spin states will be independent of.
each other and that thelr separate conductances will
';'Slmply add Fig; (2u3b) shows the result of applying
’Eqs. (2.8 and 2.9). The observed experimental results

agree closely with the above theory.

2.5 Superconductor-Ferromagnetic Metal Tunneiing ” 7;

In ferromagnetic ﬁetals aﬁd alloys it is belie?ed
that there exists ah excess population of conduction
electrons of one'spin direction over the other at the
Fermi surface (see for example Kittel [44]) A tunneling
meéasurement between a superconductor and a ferromagnetlc
metal is an attempt to measure this egcess.

. To do a spin‘polarized'tUnneling‘measurement on ad
tunneling sadple the superconducting‘fiim is alrgned so
that the film plane is parallel to the field direction.
The superconductor'must be extremely thin (f40A) so that
the critical fieid of the film is well above the saturation
field of the ferromagnet; The large magnetic field is.

{

then applied in the plane of the tunnel barrier so that

‘the magnetization or all the demains ef the'ferromagnetic

metal are insthe haénetic'field directiod. It islassumed

thatAbecause the normal metal is a ferromagnet, that tﬁere
willwbe a difference in tunneling curre;t for each

spin direqtion; but<eaeh spin is a constant over the energy

" 19



region of importance! (within ébouf.10_3vev of thé Fefmi
energy)..>Using the tunneling thed;y~0f sec. (2;3) the
nofmaliéed conductance wéuld be thea§um of the;cénduéténces;
for the two.completely independent séip direétions.‘

Eq. (2.8)would become

(7 o (E+um e BTV
o= J T gEmen

oo /Be(E+eV)

p.(E=y
Lo S .
+ J (1-a) = B (E+eV) 12

(2.10)

8

/// " a=n+?t/ Uﬁ‘+n+). o (2.11)
| ~

The electron polarization is defined as

_ nt-ntv . : ' :
P = T Y (2.12)
Fig. (2.4a) shows.the split density of states of the
superconducting film. Fig. (2.4b) shows the second factors
in the integrands of Eq. (5,10).- The spin-up and spin-

down parts are weighted by the factors é and (l-a). In



” Fig; 2.4
Supercqnduqtgrjfer:qmaghégic me;alltuhnéling&
(a) - Béé~densi£y;of;§téte§_oﬁ gkgupexcbnapéﬁbf aé a'
:;*;fﬁﬁétidhfof—?oltég§ in~é ﬁ?gnetic field
’(b)f“Temééfaﬁure.depén&gnyiké?néigffor'eéch ééih:di;éctidﬂ
(éyﬁ“fhedretiéél horﬁaiized‘conductanCé for éécﬁiébin .

direction and the. total conductance.

T e b e
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7 <
thevexample shown in Fig. (2.4) a was chosen to be .25 so
that P=-50%. Thus each spin direction has its own sharply

peaked function, differing only by a constant factor which

.

is assoc1ated with the difference in the number of electrons
in the two spinidirections. The resulting conductance
is shown in'Fig.m: 4c). It can be seen that the curve
is asymmetrical, about V=0. | |

A qualitative explanation of Fig. (2.4) can he given.
- As the voltage is applied to the junction the peaked |
functlons of the ferromagnetic film move w1th respect to”
the density of states og the superconductor. The corres- .
ponding spin density of . states curve is then reproduced as
a sllghtly broadened conductance curve. Thls 51mple model

\ 4 .

is ‘Jjustified by the»success in accounting_for-measured
;experimental tunneling resultsl As w1ll be shown later,i
the model reproduces the main. features .of- the condhctance
curve ‘as - a function of magnetic field H and was able to -

.

.yield values of the polarization that are independent of - H
. e e a . /

-

g 2;6"Band—structure.Explanation of épin.Polarized Tunneling}“

Stearns [74] has proposed.an explanation -of tunneling
that follous from the band structure of the ferromagnetic
metals.“ Her explanation shows that the polarization

should be dependent on the Fermi wave vector of the

>

tunnellng electrons and thus tunneling should depend .on-

'the crystallographic orientation of the tunneling electrons‘~‘



VFig..(2.5) shows an energy level diagram for a ferro—
magnetie-ihsulater-metai tunhel junction. The nonmagnetic
state of Fig. (2.5) haS‘energy E_- Because this metal is
. a ferromagnet the spln-up -and spin- down parts ‘of the"

- energy vs k graph are split from E by an exchange

- ‘energy A. - When an electron leaves“the ferromagnet its .
eXchahge eheréy is eohﬁerted ihto kinetie energyiand thus

g{the wgbe*%ecterih the ﬁetel, k;&iis different from'the

wave .vector just inside the barrier, kLB = (2mE /h );5

- Using Harrisdh{s'theqry of sec. 2.2 an expression
.forJthe_transitiddlérbhégilitylfrem~leftnto right through

~the barrier B'isjgiven_by Pt: .

M

BRl LB PBR T

P mgpl I

‘where M LB is'the matrix ‘element to go from L to B and

'pLB is the den51ty of states to the right of xL Using'

'the WKB approx1matlon solv1ng for. the. matrlx elements

‘ylelds [74]

" = o e e ‘- - r;, (2.14)

where t.is the metal thickness and

X

R
—_ ‘ 2 2% B )
Ny = J '|(2m¢L/h + kll ) ?] dx N (2.15)
XN
L
¢L is the left barrier helght and kll the transverse
ﬁOmentum. MBR.;S s;m;larm" Because- of the rapld decrease o /

.\.



" Fig. 2.5

. o
Energy level diagram for a 34 ferromagnet.
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of e "7 with kll’ DLé'iS the one dimensional density'Of

states. Tunﬁeling electrons are mainly electrons travel-

ling normal to the barrier therefore k%\ = kL' . &
'_ ‘ 2 B . . . - .
ZDLB-— tm/wh ;kL ’ . . (2.16)
M| oo = (. M/2mk By o T S (2.17)
15! Pip L L’ : -

-

with a'simiyaf expression‘forelMBR] P In a normal

BR~

L

‘metal kLM,=.k B [36] but in the case of a ferromagnet

kLM # kLB so.Eqﬂ_(2.13) becomes

' - : NN
po=2m MM BB e B R (2.18)

In analogy to Eq. f2.2) the expression for the tunneling

current 1is

M B B

[ A e
I = ¢ J (kL kg /kL kg ) [£(E)-f(E+eV) ] 4E | (2.19)

) . I'4
The factor k M_ls proportlonal to the’ three dlmen51onal
den81ty of states and represents the number of electrons

of ‘each spin dlrectlon ‘in the ferromagnet, "N, (E).

F
For ferromagnetlc -normal metal tunnellng

M=K = [am @ 2 0 w21 (5.00)



28

k. < [2m (E_+B) /827" B . (2.21)

L - o : N

I N \. B |
M _ .M ] o
I+1 = £ J (k++/k B)b[f(E)—f(E+eV)] av -' (2.23)
FN o L T o

. For a superconductor kRM représents NS(E) and

N ’ 5 M ' ) ‘ w ’ .
N (B) = kM o (E) | o (2.24)

where ps is the superconducting density of\states factor

and

-
Il
o
it

s [2m (Eg+E)/ 2°1%. . (2257

Therefore for tunneling between a superconductor and a

ferromagnet _
| | S ‘ (/
I;; = E'J ' <+—7§ p_(E) [f(E)-f(E+eV)] | &E (2.26) -
FS I kL s _

In a spin polarized tunneling éxperiment only

—electrons within about 1 meV of the Fé:mi.fu:féce are -

- ‘ ++ +4 )
sampled, therefo:e k =.kF  the Fermi wave vector.

’Adding‘tﬁe currents in both spin directions in Eq. (2.26) .

and finding o (V)



-

M T
: -

o (V) = ' dz\ S
e ® kg'-*.kit‘ [l+ B(E+eV)] o S T
| . (2.27)
Jm. k vy (E uH) Be (E+ev) Lol
~dE
s k§+k§ [1+ B€E+eV)] .
comparing this to Eq..(é;ld)dgiyes ' ' 5&&5%_#
Ca = ki/(kt+k¥) | o S (2.28)
s RpOgeR @20
and p = 2a-1 as '
P = (kg kp/(kpkg) | C (2.29)

e

Therefore the polarlzatlon should depend on ‘the
crystallographlc orientation of the ferromagnetlc metal-
that the electrons are tunnellng from. From polycryStal-
llne materials it would be expected that the polarlzatlon |
"values‘wouldlhe an average of the}kF,values over all
directions | Calculations by’Stearns f74] compared to the’
~experlmental work of Meservey [80] 1nd1cate good agreement

for thls model.

‘2.7 Spln-orblt and Spln fllp Scatterlng

.The 51mp11f1ed analy51s of .the. precedlng sectlons .
has assumed that the den51ty of states of the superconduc-
torlls:as-shown in Elg, (2.6a) and that spin is.conserved
in the.tunnelinglprooess.’ '

Maki [46] considered a thin film superconductor with



Fig. 2;6.

s " " .
AR e B T

Effect of spln—orgit scattering | Ty L

'(a) Spln Spllt BCS°den51ty of states of-a superconductor
in a magnetlc fleld. 7; - 7‘; ”: o 4 

(bf Spin dens1t1es of states for a superconductor”w1th

‘finite spln—orblt scatterlng






Spin-orbit scattering'centers and found~the'densityfpf

.states of’ the superconductor would be altered. " Engler

i)

and: Fulde 121} and Bruno and Schwaer [ll] have calculated

the densaty of states for various V% ues of magnetlc fleld .

- and spln—orbit cattering parameter( b, ‘given by

a

=m/3cgo 0, (e

et

where Tsd is the-spin—orbit‘scattering time.‘ Some.of the
spin states at. large values of, B [ are shifted by the
spln -orbit 1nteractlon to nefr the peak’ at low values of’
|E| and form alsmall spread out subpeak~just above them;
4energy Qap: Thetresult for‘b\small;aﬁd'finiteils;shgwn:;
in Fig. (2.6b). For large amounts of spin-orbit scatter—
1ng the m1x1ng of the spln states w1ll 1ncrease and the
spllttlng of the peaks decrease. As b > © the two sp1n1~-
.states will have mixed into a slnqle den31ty_of states

which is-identiCal.to that of the BCS theory.

Meservey et al. [52,79] devised a tunneling experiment

between two superconductors to see if these phenomena L

- would produce observable results. When two superconductors

~are used, two sharp maxrma are expectedﬂln the conductance

;,at voltages V = (A +A /e. This w1ll ‘be the case whether
S a magnetlc fleld is applled to-the sample or H= 0 . The»}
'overall tunnellng conductance is not altered by - the spln

spllttlng that occurs,ln the superconductors., If sp}n

32
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were not conserved in.the tunneling process or if spin-:
orbit interaction is large enough it would be expected
that each of the large peaks would split 1nto three peaks,
a smaller peak in the position of the large peak at

v = t(8,+8,) /e, and two satellite peaks at [v]

(&) +'A iZuH)/e.“ The peak-‘at |v| = (A, +4

-~ 21H) /e would. be

2 2

:the peak.predlcted by the - spln—orblt scatterlng theory .’
" and a peak at<|V|.§'(A +A2+2uH)/e would only be expected

“if the electron S spln fllpped in the tunnellng process

and not from‘spln—qrblt scattering in the superconductor.

*

Meservey has shown that forzw fllms extra small peaks

Ay~ ZMHl/e, lmp&yrnq-that 1n the ‘“.FJ;T

‘spln polarlzed tunnellng experlments with A% a small

- amount of spln-orblt scatter;ng-exists but that spin—flip

scatterlng is not observable. Therefore in calculatlng “

the polarlzatlon, the apparent polarlzatlon value, PA’ .

will have to .be corrected to account for the effects of

" spin-orbit scatterlng in the superconducting A% films.

0
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Experlmental Technlques

e e S
& ST LT LT i e e o

~ ey ey
Ll <L

3 .1 Junctlon Preparatlon

A tunneling experlment requlres two metals to be 1n-'

close prox1m1ty but separated by an lnsulator.» Ba$1c .

=R

out-din a«vacuum”system_hav;ng;andultlmate pressure.qfﬁ

4

tunnel junctlon preparatlon requlres three steps,;'First*'“

a base layer metal fllm 1s dep051ted a thln 1nsulat1ng

layer is grown on the fllm, and flnally a-. top Cross strlp

metal 1s evaporated to complete the junctlon.

The preparatlon of the tunnel junctlons was carrled

“

A PN

about'l><lO—6 torr. The vacuum system consisted of a bell
jar pumped on by,an,oil diffusion pump with a -liquid

nltrogen ‘cold trap. Thé system was’backed by a mechanical
forepump that was also used for roughlng ‘out the system.l

- _Table 3.1 shows the various fllaments, boats:and

B

metals- used in the course of thls work. All metals used

were in pellet and chunk form except for AL whlch ‘was 1n~ -

wlre form. Sb and Sn metals were loaded directly onto

-r

the evaporatlon boats. Nl'pellets-Were wrapped-ln a smallv‘

amount of Ni wire.to form a holder before they were olaced

in the boat, Mn chunks were crushed lnto smaller,

‘ipowder—like pieces beforeveyaporatlon. The ALY wire was

first cleaned with methanol and wiped dry with kimwipei’

tissues. The wire was then cut into 1%" 'u' shaped pieces

34
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L " Evaporation: - - Materials - . - -
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PN Lo b S

fAz:L,”‘-' ¢,j 59i‘t"L:';”TérbcHele;z

Mn - © """ 49 . ... Johnson .  ME 6A-.005 Ta

¢

sb 59 . Cominco . ME 6A-.005 Ta
: o boat

e sn .. 59 ' cCominco - 'ME 6B-A0
N ST : . S . .. . .boat

7. Ni' e .S9. . . J,T. Baker  Me 6B-AO
Coee DT T S SRR e peat v

|
I .

~Evapqration‘soprces supplied by

R.D. Mathis'Companyf



."b*efar'e “p-raéérhené on. .t'h.e'* hélical f’“ilament‘s,; ,

The glasses used for substrates were 25 mm X 75 mm .

" Canlab brand mlcroscope slldes. Each sllde was. then cut

-

1nto 4 pleces of: equal 51ze, each piece belng a substrate

‘T?for a tunnel Junctlon E;eparatlon. “The slldes were washed.~

“iw1th detergent rlnsed w1th water and . then rlnsed w1th
'methano1 to remove the water The cleaned sllde was’ then o
dllghtly flame pollshed over a bunsen burner before- belhg
placed ;n the evaporabor. S ‘

The base layer required’for spln polarized=tunneIing"
ls an ultra—thin AL film’(~ 40a). To achieve such thin
films the evaporatioh was carried out on a llquid nitrogen
cooled substrate. The glass slide was greased to a backing
plate whlch was cooled by allow1ng liquid nltrogen to flow
‘through copper tublng in the system. The mask in front
of the sllde ‘was also 51mllarly cooled. The llguld nitro-

gen was allowed to flow through the system.for approximately

s
s

-

.,20 mlnutes before the AL evaporatlon took place The ~
shutter was arranged so that three dlfferent thlcknesses
of A% films could be‘produced 1n-one evaporatlon After
evaporatlon of the thin fllms was . completed one shutter
step was left open to evaporate thick AR pads (~ 500A) at
the ends of the thin films so that leads could be attached
(see Fig. (3.1)).

After the AL was deposited the system.was allowed to

warm up to room temperature for ~ 15 minutes. This was

.36



Fig. 3.1

Tunnel junction layout
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two separate sources was used.

39

- accomplished by forcing air through the copper . tubing

where the liquid nitrogen had been allowed to flow.

Oxidation was accompllshed by u51ng a glow dlscharge

7techn1que as described by Miles and Smith' [47]. A discharge

... was set up between an AL ring and the fllm sample to be

oxidized. The sample was . placed in the center of the

ring ~ 4 cm‘above it. The pressure. in the system was

1}

maintained at-about 0.2 torr of oxygen. 'The.metal base

of the evaporator serVed as. the ground electrode and the

’glow dlscharge was started by applylng a negatlve dc

voltage to the A% ring. ‘The thickness of the oxvde fllm,

that was grown, depended on the O2 pressure,_the amount of
current flowing in the ring,'and the length of time the .
glow dlscharge was malutalned 'Typical values of the. - -

current ranged from 1-2 mA and the glow was malntalned from

1100—400 seconds..

'After the discharge the system was evacuated until
. - @ :

o

(

' the pressure returned to the leQ—G torr range. The top

 metal cover layer was then evaporated.. When the top film

consisted of a metai'alloyy simultaneous evaporation. from

)

After the-junction.preparation was completed the

. evaporator was vented to room air and Ag tabs were painted

on thevends of each £ilm, so that wires could be soldered
on7later.¢ The'electrical condpctivity of each film was
checked and the resistance recorded. The substrate was

<

'o



then meunted in the cryostat and electrical connections
'~ were-made. |
In the preparation of tunnel junqtiqnsq?eldescribed
above, the ratio of good‘to bad-junctions’was quite high

once the oxidation parameters had been determined: (O2

pressure, glow current, duration of discharge).

3.2 Film Thickness DeterminatiOn

A quartz crystal'monitoring system was used te
determine thickness and rate 6f»dep03ition'of the thin
films. Sauerbrey [69] first proposed to utilize the
quartz osciilator for thickness Measurements. Several
.reviews Qf the subject have appeared in the literature,
see forlexampie Behrndt [8] and Steckelmacker [75].
‘ The quartz monitor provides a'simple and sensitive.
téehuique fox thickuess measurements. The method is
"based on measuring the frequengy shift of a piezoelectric
;,.;erystal which ie proportional to the mass ef material
depositedvon,the surface of the crystal.» Eshchback and

Kruidhof [22] have shown that the frequency shift, Af,

caused by a variation in thickness due to an added mass,

Am,

Af =, oW | | “(3.1)

where A is the area of the quartz plate

L0



e =m0 | | (3.2)
‘f‘- natural frequency of the crystal

N - constant depending on the cut of the crystal

p - density of'quaﬁtz.v' . |

y,

) Eg. (3.1) is restrictedltolmas§/ﬁeposits which are
;smalig(<'5% of the mass of ;hé>§5 jgl iﬁself). Film -
thickhesses~calculated fgom t%é Tiigbbaléhce readings
assume bulk densities ané equgixg;icking pfobabilities
for the deposits. | |
The monitor uses the thickness shear mode of a 5

megacycle AT cut crystal. The AT cut crystal is used
becéuse it has a low temperature coefficient for the
reéoqant frequency (ir5><10-6 between -20 and 60°C). [8]
The cfystal is silver plated on both sides ﬁo provide
electrical contact. Contact is made and the crystal
secured by means of a small wire spring. The other side
of the crystal is {n ¢contact with the polished surface.of
a water cooled copperAblock (see Fig. (3.2)). The outputs
of the oscillators are connected to the inputs of .a counter
timer device (Monsanto model 100A or Fluke model 19413).

| Where alloy films were deposited two separate, but
idgn#ical, quartz monitors were used. The readings from
the counters were then used té dete?mine the concentration
of each of the constituent ﬁetals in the film. Thé

accuracy of some of the concentration calculations were

also verified by measuring the atomic concentrations of



)

(a)

(b)

Fig. 3.2

Quartz crystal holder N
Circuit diagram of the single crystal monitor used
in the present work. The integrated'circuit is

Motoroloa MC 1024P,'
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. the thinmailoy films by electron;probe microanalysisn ‘It E
:mas found that the two. techniques gave alloy conoentrations
: that agreed to ~ 1 at. %. B S o '\
3.3- Low Temperature Productlon - Adlabatlc.Demagnetlzation
| ‘To aohleve the low temperatures (~ SOIMO used in the
experimentﬂadiabatic demagnetisatiOn of a-paramagnetic
féai£ mas used. - The method relies on theifaétfthat at a
fixed temperature the;application of a magnetic field
- w1ll lower the entropy of a system of magnetlc moments. j
The technlque was 1ndependently proposed by Debye [19]
‘in 1926 and Glauque Eﬂj in 1927 The" flrst actual use of
a paramagnetlc salt for coollng was achieved by De Haas
et al.‘[18] 1n 1933 A hlstorlcal revxew of paramagnetlcf
i coollng has been glveh by Hudson [40] - ' ". .
Theltheory ‘of paramagnetlc,coollng has been-oiven by
hseveralvauthors; see for example Betts [9]{“In a paramag-
netic salt &t liquid hellum temperatures ghere still exrsts
a dlsordered assembly of magnetlc dlpoles The ‘contribu-
tlon to the entropy, S, of the solld‘from the dipoles is
”'R'Qn(2J+l)'per mole.. " Here 2J+l is’ the degeneracy (number
of dafferent orlentatlons of the 1ons) and J is the total
a gular mOmentum“quantum number. Starting at point-X,

(s

Fig. (3.3)), at an initial temperature Ti and zero
magnetdo figld, - the salt is magnetized isothermally in.

- contact with avliquid heiium bath byfanzeXternal7magnet;o

v . "~

.. . s
t - . . ~ . '
, : o I ‘ o —



Fig,f3.3

»

Adiabatic demagnetization of a paramagnetic saLt.;;

Entropy vs. te@peret%;e'grépﬁ of ajpaiamegnetic salt;for
H=0 and H>d,\.The specimén is.maghetized :i..»s’c')tl;ler‘,mall.ye».:_~
elong ﬁhe éath-XY aE'an initial tempereture T, The
. sample 1s then adlabatlcally demagnetlzed along the path?'

‘YZ to a flnal temperature TF
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LY
field (the pathfx+Y'is‘followed) The heat of magnetiza-
tlon is absombed by the hellum bath. NeXt, the'salt'is

thermally 1solated and then demagnetlzed adlabatlcally to

o

. H=0 along the path T#Z. Cons;derablejcoollng results

,"

" from this proceSS. Adlabatlc demagnetlzatlon is a 51ngle

cycle method of coollng.» External heat leaks in the :

&

system w1ll cause warmlng to start along the H= O curve.
\

The demagnetlzatlon cryostat used in thlS experlmen—

taywork 1s shown in Flg (3. 4) The sample is mounted
tay

bto the sample platform and thermal contact is achleved

»

bvby grea51ng the back . of the substrate w1th Aplezon L ': Sy

grease. The leads are then soldered to ‘the Ag tabs that

'were painted on earller. The vacuum,can is then placed

- over the bottom‘of the cryOstat. The vacuum seal/ds

~

formed by meltlng 1nd1um along the top edge of the vacuum

t

“;can, cuttlng.a groove 1n.the 1nd1um, grea51ng the groove
-~ with Aplezon L grease and then attachlng the can to the

:'cryostat with elght screws. .-As the screws are- tlghtened

the edge is forced 1nto the indium and a hlgh vacuum seal

15“obta1ned

1

‘After the sample is mounted ‘both outer and 1nner

dewar% are fllled w1th llquld nltrogen. The whole system
- was then left untll the temperature of the sample was

t~ 80K (~'l ‘hour) . The air was then pumped out of the

P

Lvacuum can. untll a. p leO =3 torr- was achleVeg Typlcally

the pressure was allowed to come down overnlght but a’



‘Fig. 3.4.

. Adiabatic demagnetizatioh cryostat

Pyl
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. minimum of a few hours was needed. The vacuum system
.consisted of a diffusion pump backéd by a meshanlcal pumb
which was also used to rough out the vacuum Gan.

Helium exchange gas was then rele sed in the vacugg

| Lo . . :
can, the liquid nltrogen was :-blown t of the inner dewar

using helium gas, and the 1nner war was filled with
.llquia‘He4. When the tempera re had stablllzed at ~ 4.2K //
the exchange gas was pumpe out of the vacuum can. When
a good vacuum- was achlewed (~ 5x10. -6 torr) liguid helium
was allowed to enter the helium pot ~The pot was then

pumped on by a//echanlcal pump untll the samgle reached a

pS

temperature gf ~ 1lK. At this" point the magnetlzatlon of
the Salthtéék place.‘
| The/paramagnetic salt used in this cryostat is ferric
ammanlum_sulfate (FeNH4(SO4)2-léH20). A 25 XOe supercon-
_dnctingvmagnet,was.used to magnetize the sSample) typically
this took abont twenty»minutes. In this. stage of cooling
the heat of magnetization is eonducted to the helium pot.
The salt pill is thermally isolated from its surreundings
or placed in contact with the He4 bath by use.of a Ph
superconduéting heat switch. The ealt is then demagnetized'

adlabatlcally The final temperature“;ached is about

50 mK and the sample w1ll stay in thls‘temperature range

for ~ 20 mlnutes.

] o~



3.4 Measurement of Junctlon Characteristics

The study of the tunnel junction spec1mens 1nvolved
the measurement of tneir a1/av vé V characteristics. To‘
do this theluSe of an‘ac modulation technique was,usedi
In this method a small ac signal of freduency'w is
applied to.the junction, along with the.dc bias. fhe'first”;
derivative, dI/dv, is then obtained by synchr%nous‘detec—u

[ .

tion Qf the signal at w. It is then possibl? to .plot -

continuously on an'X—Y recorder dI/dV vs V. [ This method

.. was first applied to tunnellng by Glaever e{ al. [30]
REe

\

A éﬁmﬁllfled brxdge c1rcu1t is shown in Flg (3 5)
and will be used to explaln how plots of di/dv are

*obtalned.

-

?'%hﬁel ;unctlon is represented by _the four

.\\

vtermlnal element RT uhlch 1s assumed to be*ﬁbn-lrigaﬁ
“/'-,'

passjve.‘ R must see an- effeéﬂuvely constaht voltag

7and

source ‘and for thlS condltlon to hold the serles re31stance

R and the impedances of~tne dc and aq"yoltage sources must -

51

. ,3"
be small compared to R i.e. Zo’ and R<<RT' The: - ..

T’

voltage across the junction then~becomes an 1ndependent
varlable and the current w1ll be a functlon of thls
voltage, i.e. I = I(V). By Taylor's expanSLOn thls may be

written as

Nof -
T
QJIQ
< N

~
~—
<
<
i
<

©UTW) = It —> v (V=¥ ) +32



Fig. 3.5

simplified conductance bridge
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where
Io % (VO/RT static (3.4).
V—Vo,=_V151nwt + (375)
substituting Eg. (3.5) %nto Eq. (3.3) gives
’ R
ar | -V 2 i'd""i ' 2
I =1 -+V1 EV‘KV— sinwt + —%+ — i *sinTwt +...
°. 1 “Vule - lav® v :
’ " (3.6)
or ’
, -
L= 1 o+ ,/dzl\‘ ‘+v/d1\ -
= | T | _ == sinw .
L o) 4 \ dV?/ v 1+ av }Vo
o - .
: (3.7)
2 !
v, 20" -
- —%—' g—% , cos2wt *

- In practice the ac modulation is kept smali enough that.
highér level terms may be ignored:. Therefore the‘component
of the junction current at fréquen&y‘w is perorﬁionaL'

to dI/dV.at. the dc bias level VO and thé component at 2w
is proportional to dzl/dvz. By simultaneously measuring
the éc Curfent, at frequency w, through Rl'and the dc bias
von the junction it is possible to continuously plot

(di/dV) vs V.

The variable resistance Rdvis adjusted to a value

~

close to R, so that R,””R

T a 57 then
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I, = (vé + Vv sinwt)/Rd- | ' . (3.8)
V,The voltage V12 is of\inﬁerest and its chponent at “
frequency f is given by B
. vy, (W) = R[I(.m') - 12(35)] | (3.9)
substituting from Eq. (3.7) this gecoﬁes
Vi, (w) = RV, sinmt((%é—') v _ El&—] | ~(3.10)
L o i J__q
Rd‘is adjusted to @ake Vlz(w).very small ahh then whep‘ Z~

the dc bias voltage, V, is changed, small variations in

12

dI/dV become ‘large va ions in V,,(w) and the sensi-

‘tivity of the system is greatly increased.



CHAPTER . 4

Data Analysis

4.1 Analys1s of the Conductance Curves - No Spln-Orblt
Scattering

In the firZE\analysis.of‘a conductance curve spin—-
orbit.itattering'inlthe A&/%dlm and spin—flip scatterinéﬁ
in'the tunnel barrier willﬂti\neglected, Spin—orbit o an
scattering is known to be small>[79] and spin—flip3SCatter~
1nghas been shown to be unobservable for AZZO3 barriers
[52] From sec. (2.6) it is assumed that the conductance
‘curves are composed of the sum of the two conductances,
for the two spln dlrectlons, displaced 1n energy\py TuH.
The amplltude of the’ conductance curves, in -the two,spin
dlrectlons( will be different because it is assumed that_
the ‘tunneling current is'different (independent of enerng:'
for each spinddirection.j Fig.:(4.la) demonstrates this
behaviour. . : . ‘ <

If f(eV) ‘is the origipnal unsplit conductance curve,
then af(ev+uH) andd(f—a)f(eV—uH) are the conductancesdof
the tuo spin states. Here a represents a/bonstgnt between
0 andvi. |

Thefsolid curve F(eV) (Fig. (4.1b)) is the sum of the,
s;-:'p';';l‘rate‘conduc‘ean‘ces,.~ and if all assumptions are true
R bR _ ’ .
.“snouid coincide with the measured‘conductance curve.

‘The BCS theory has predicted that the orlglnal func-

tion f(eV) is symmetric about the Ferml surface,

PN
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a) - Temperature-dependent kernels for each spin direction

“b) . Two.conductance add to'givetméasured curve. - .
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- f(eV) = £(-eV) | - - 4y

For any value of eV, Tedrow et al. [80] have shown
that yod"can write fouxaequatibns for the total measured

conductance at fhe points eV,-—eV,UeV42uH; -eV72uﬁ:

o ='F(eV).=_af(eV+uH) + (1-a)f(eV-uH): f~ ' (4.2)

- ‘Q
il

F(eV+2uH)= (l—a)f(eV+uH)+af(éV¥3uH) — “(4.3)

0y = F(-eV=2uH) = (1-a) £ (eV+3uH); + af (eV+uH) , (4.4)
G, = F(-eV) = af(eV=uH) + (1-a)€(eV+uH)', (4.5)

Y ) [N

Sg!bing for a as a function of the measured conduc- |

tances o, éz,ud3,‘and T, ‘
'S
a é (04—02)/(04—02+cl-03); " : (4.6).
The polarization P is AR ,
.
P = 2a-1 - ToaTm . (4.7)

Egs. (4.2—4.65;%110w the original function to be

3

‘Obtaiqsd in terms of

a ‘and the measured' curve F(eV).

.
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f(.e\l+uH) - aF(eV);;EZa)F(-eV) N | - (4.8)

;iThe above?equationsrimply'that ahy arbitrary value of
vbltage ahd’magnetié'field could'be used to obtain a value
'3qf6r;the1pqlarization: In actual préctice this is not the
case. I1f the value of H is téo iow, the frihging fields
- of thé inéompietely sathrafed ferfomaénefic film act to
.change the densitylof.states of the A% [64]. Fqg;}arge
values Of.H,_élqsé to the critical field of A%, the
depairing of £ﬁe AL will broaden the dehsity of states and
obscure the éffedts of the magne£ic field splitting.

Values of the volf;ée'are chosen so that Oyr Oy 63, and
o, are closé to .the maxima of the'conductaﬁce curves. In
bther areas the slopesﬁf the gonductance curveé'arg-too
;arge}and the results more seﬁsitiﬁe to random errors;

Fig. (4.2) is a typical conductance trace fpf a ferro—
magnetic alloy sample. waﬁtracés a%e'showp.in this figure.
The first is fo; H=0 and&sho&s the superconducting energy
gap,for the A% film. Tﬁe second curve is ﬁaken when
H=30kOe and is the trace used Eg caiﬁﬁiate the polarization
value. The junction gsed ﬁe;e ?as ap<A2fA2203-Mnbe1_x
tunnei junction where the ferroﬁagn tic alloy is 40 at. %
Mn (x=0.4).~ Usiﬁg Eq. (4.6) and Eq. (4.&) the polarization

of the sample is then

(6,-06.) = (0, —0,) . i
p = 4 "2 1 3 | , (4.9)

(0,-0,) + (o, -o,)

3
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~“Fig. 4.2),,5' )
\Typisal cdnductancé charaéteristi¢ for énvA24A2203€ o
~ v : : < . L

Mn_Sb_.._  tunnel junction.A$ . o - B
X l=x o R .

(The arrows indicate & separatiopfdf 2pH/e),7

¢ A
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In the sample shown P = 27.3%.
This sample‘aiso éhdws é/confirmation 6f the simple

theory of spin polarized tunneling described in sec. (2.6).
According‘tO'the théory the’enquy difference between theA‘
peaks should be Zpﬁ/e. Fig. (4.2)‘shows‘£he éeparatibn
2uH/e c§rresponds closely with the peaks in the conductance
curve. , \ |

~

4.2. Analysis of Conductance Curves Including the Effects
of Spin-Orbit Scattering

The explanatioh.of sec. (4.1) is no. longer valid if
there is spin-orbit scattering iﬁ the superconductor. The
effect of the spin-orbit scatter is to;slightly reduce fﬁe
polarization values by multiplying the values of P by a
constant factor that is characteristic of the superconduc-
tor. In.such a case the density of states éf the two spin
states are different functions of.Energy. The tdtal density
of states will stili be symﬁetrical about the Fermi energy
but the sepérate séin densitiéé will not. To anal&se a
'conductance';urve to account for the spin-orbit scatter a -
single function B(V) is'used. What‘is’being;calJCd B(V)
is in réaligﬁuthe spin-up part of the superconducting
'modificatiqpfof‘the dénéity of states in the 'A% film, in
the preséﬁce‘of a magnetic field, as seen by tunnéling with
a normal metal counter—electfode. At the temperature of
this experiment-B(V)\should be qualitatively similar to

the density'of states function calculated by Engler and



Fulde [21] (see Fig. (2.6)).
The normallzed sample conductance can be wrltten in

':terms of B(V) as
o(V) = (1+P)B(V) + (1-P)B(-V) C (4.10)

where B(V) is taken to have an amplitude of 0.5 at high
. bias voltage and P is the true polarizationvindex of .=
sample when thevspin—orbit scatter is accounted for.. In
this.section Pa will be thelapparent polarization index
‘and is as defined in Eq. (4.9)).

If Eq. (4.10) is solved for B(V) the result is

{1+P)
4P

o) - 42 a-p) o(-v) L (4.11)

B(V) = 4D

while any value of P_(other than P=0) will generate a func-
tion B(V) through this equation, only-a very limited range
cf P values will generate a result which is in qualitative
agreement with the theory of Engler and Fulde [21] as

1

discussed in sec. (2.7). With reference to the theoretical

" curves of Fig. (2.6), the main-'effect of spin-orbit scatter-

ing is to transfer spin states from the high energy maln
peak into a small spread out subpeak just above the
energy gap

The experlmental arrangement used analog electronlcs

to present sample conductance, as a. functlon of bias voltage,'

on an‘X-Y recorder as described in sec. (3. 4) The

61,



}conductance recdord was then - manually dlgltlzed and the
reqflts fed into a computer fOr analys;s. For analy51s theﬁ
AL~ AEZO3 Fe sample of Fig. (4.3) is used. For thlS sample

P_ = 0.437¢.005. If P=P_ is substituted into Eq. (4 1) a - -

function B(V) is generated (see Flg kﬂ4 4)) that is not in
qualitative agreement w;th theoryﬂ The two main peaks
which result are of equal amplitndemand‘tweZSubpeaks P{ |
and P, are generated. The fnnctidn B(V)‘of Fig. (4;4)'15_
shown folded over on itseélf and the (+) and (—).signs reéer
to the bias voltadevpolarities of Eig.}(4.3). | |

To agree with theqty the true pelariéatiOn_of the
sample is taken to be that value of P which tauSesetne
subpeak P, of Fig. (4.4) tOEVanieh. Fig,:(d;s)‘is.an.
illustration of this. The value of P used to generate'
this curve was P = .380%.005. . -

This result gives a;polarization_ratio P/P; = 0.87.
The model calculations' Qf Paraskevopouios.eteal. [64]

indicate that this polarization ratio corresponds to a

~spin-orbit scattering parameter b=0.08.

‘..."



Fig. 4.3
-Typical'conductance'trace of a spin polarized
-tunneling result for an AQ—A1203—Fe sample (solid‘line).

This trace is shown“decomposedlinto spin-up and spin-

down parts (dashed lines).
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‘Fig: 4.4

Illustration of an incorrect basiszfunction.
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Fig. 4.5
Correct basis functiog.'-'for ;_t'::l'vie tunnkling result of'FJ'_.;g.'
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‘drS 1 Early Work

CHAPTER 5

EXPERIMENTAL RESULTS

It was the 1n1t1a1 1ntentlon of this wdrk to

' .

: investlgate the spln polarlzed tunnellng.theory of
ffStearns [74] descrlbed in sec. 2.6. If the polarization

“-,1s dependent upon the Ferml wave- vector, then this theory

'could be studled by tunneling from sxngle crystals of Ni
wlth known-orlentatlons. By us;ng dlfferent Nl crystals
the crystallographic directional depeddence-of,polarlzatlon'

would be examlned.

To do thlS experlment lt was proposed that sxngle

T crystal Ni films would be epitaxially grown on Si sub— )

strates,, the Nl would be ox1dlzed and then the superconduc—

2

“ting Al fllm ‘would form ‘the top cover layer., Work by

: Wray and Prutton [87] and Charlg and Skinner [15] has

shown that Ni. fllms can be grown by vapour dep051tlon onto
. Si substrates =le) that. Nl (llO) face grows parallel to. |
Si (lll) facei This step would bé used to produce the
“thin s%ngle crystal Ni.films.l N '
’;The first step tojaccomplish this experiment was ton‘

grow Ni—NiO—AZ'tunnelvjunctions on}a.glass'substrate. The
N1 was vapour dep051ted to a t;plcal thlckness of 1000A
and the NiO was thermally grown in a furnace wmth O2 gas

flowingvthrough.a The temperatures used for oxldatlon were:

‘ﬁﬂfrOm lOO—BSOfC, It was not possmble to produce good tunLel

72 .



junctioﬂs using this procedure.

| Fig. (5. la) shows\a scannlng electron mlcrograph of
a Ni film depos;ted on a glass substrate. The Ni surface
is extremely smooth The rough area in the upper half of
the p;cture is a dust grain on the film surface. Figt

(5.1b) shows a Ni film on a glass substrate‘that has been

oxidized at 350°C for one hour. The film is no longer

smooth but contains many whiskers and ‘hillocks. C?audharl

and others [16,28,41,42,65] using different metals have

‘found that thermal cycllng can lead to hillock growth>1n

films.

"Fig. (5.2a) shows a tunnel;junctiOn formed using the

sequence Ni—NiO—Al It can be seen that the hlllocks and

whiskers that grow due to the heatlng of the Ni fllm are

. large enough that they pierce the oxide and ghe AL cover l‘

layer making these films unsultablevfor tunnellng work.

The oxidation procedure was then changed so that no

thermal cycling would occur. The NiO was formed using a .

glow discharge‘as described in sec. (3.1). Flg. (5 2b)
shows a Nl—NlO—AR ]unctlon where the NlO was - formed u51ng
the glow dlscharge technlque.szt can be seen that there
is some structure in the photograph but these bumps and
scratches are from the thin vapour . dep031ted fllms
conformlng to the contours of the. glass substrate and not
from hlllock growth.‘

| The next.step to obtain spin polarlzedftunneling

oy

P - A
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Fig. 5.1
Séanning electron micrographé:
a) Ni film deposited on a.giaQSISubst;ate at room
'.temperature (rough area in the upper halfﬁbf the
picture is a du;t graih). ) _ A.IX

b) . Ni film_depoéited on a glass substrate that hés Len

oxidized at 350°C for one hour.






Fig. 5.2

Scanning electron micrographs

‘a) Ni-NiO-Af tunnel - junction NiO formed by thermgl
o oxidation W
[N

Fb)# Ni-NiO—Ai.funnef'junction NiO formed by a glow

‘ 'digcharge.

o . : , 3
K R .






resﬁlts was to.repiacedthe AL film (~300A) with an gltra-
thln Al film (~40A). 'To do this the glass substrate must
be. cooled to llquld nltrogen temperatures. Again it was

Y
found that good junctions could not be made: Fig. (5.3)
.shows a Ni'film that has been;cycled from room temperature,
to liquid nitrogeh temperatures to deposit the A%, and
back to room temperature. The-thermal cycling on the glass
substrate has caused cracking‘othhe Ni.film. When a Si 7
substrate was used instead of a glass substrate the cracking
of the Ni film no longer occurred At"this stage Qe were
able to fabrlcate .Ni-NiO-AZL ]unctlons on Si substrates,
but it was found that NiO proves unsatxsfactorx as a barrier
for this type of experiment because it drastically depalrs
the superconducting density of states of the A2 film and
makes spin polarized\tunneiing'experiments impossible.
Fig. (§;4)'shows a tybical cohductahce trace (solid line)
of a Ni-NiO-A% tunnel junction on a"Si substrate. ‘The
energy‘oap is drasticaliy reduced from what is}expectedAfor
_an Ag,film:(broken-lihe). This resultlhas also been
recently'reported-by Meservey.et al. [60].
| The focus of'the work was then changed to try. to
produce an A22 3 barrler on top of the Ni electrode. ‘The
procedure that was followed was that!from one to three thln,:
non-contlnuous layers of AL were . separately deposlted and
ox1d1zed u51ng a glow dlschargepﬁto form the Alz 3 tunnel--

ing barrler. In the ;nltlal stages of this work Pb was

78

%



‘ o Fig. 5.3 .
‘Scanning electron micrographs of .a Ni film that has been
cycled from room temperature,'£0'liquid'nitrogenﬁ

. temperature, and béék:to‘room temperature:






. . ‘/
Fig. 5.4 | : /,
~ A-typical conductance trace (solid line) of a Ni-NiO—Al
tunnel jﬁnqﬁion’on g Si»substfate (T ~ 50 mK). The g

energy gap is drasticaily reduced from what is ékpected'

for an AL film (broken line).
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were made and tunneling' traces showing the superconducting

used as the cover ‘electrode. Good Ni-A%_ 0O.-Pb junctions

energy gap of Pb were obtained. When the formation®

sequence was changed to Ni—A2203—A2 we were not able to
) ,

produce good tunnel junctions.
/

ey

At this point we decided to éhange the focus of oar —

work, and we abandoned our efforts to pro ce Ni-barrier-

A% tunnel junctions. o

5.2 Mnbe system

1-x »

Ih this_work the spin polarization of tunneling

electrons from thexbinary alloy systems Mnbel—x and
¢

MpXSnl;x_wére measured‘o&er the fQIl-Mn concentration range
0<xsl. The Mn-Sb system wiil be disCussed first.

The ferromagnetism of ﬁhe Mn-Sb alloys was first
reported by Heusler in 1903 [38]; Mn_ Sbl—# is ferromég—
nétic at all composixions”excépf those very.close to pure
Mn qf pure Sb [10].  Neithef_of1the»§ompqneﬁts'is ferro-

: mégnetic‘by itsd1f. Mn iSfantiferfggigﬁétic and Sb is
nbnfmagnetic.{ William@ [85] "and Wedekind'[83]'inVégtigéted'
the systém and concluded two stoichiométrié compositiorns

28b (x = 0.67)-

exist for these alloys --MnSb (x = 0.5) and Mn
A phase diagram for the Mnbel;* sysfem is shown in Fig.

(5.5). [33,35].

MnSb has a NiAs (B8) type‘structuré“with a ;l4.128A,
c = 5.789A, c/a = 1.402 at x = 0,5 [77,86] see Fig. (S.éa}i

) : i



i

‘Fig. 5.5.¢ .,

Phase diagram‘ of the Mn Sb. system.
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Fig. 5.6

.

(a) Crystal structure of MnSb

(b) Crystal structure of ¢ phase
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‘'The ¢ phase of Fig. (5.5), on the Mn rich side of MnSb,
' . : : . W
Aconsists of the Same MnSb structure with the excess Mn

. ¢

6% occupylng the interstitial sites at random ‘([88- 90], see
- ,Flg. (5.6b)). MnSb is present in alloys from “about 0—60
RN 4

at. % Mn and carrles a magnetlc moment of 3.53 u /Mn atom.

4

\In the € phase the eXCess Mn atoms have no magnetlc momenﬁa

amongst themselves, although they do cause some reéuctlon

of magnetlﬂatlon oer forny unlt [88-90]. In thls-e

phase the magnetic moment atom decreases linearly with
. . ) Cav P AT L ’
the Mn concentration. ' . ' 4

MnZSb is tetragonal 61;EQ§GZSb (C38f type s¥ructure,

a = 4.06A, c = 6.57A, c/a = 13606 ([34], see Fig. (5.7)). *

Manganese atoms occupy crystall

P 3
hically different
sites in this-crystal resulting {in. ferrimagnetic behaviour.
-, . a . . . . .
In Fig. (5.7) Mn atoms at theﬂA s¥tes have a‘moment of

3787 uB and those at the B sikes have a moment of 2. 3 uB

[37, 84] giving a net saturatlon value of 0.94 v /Mn afom

Mn Sb is present 1n alloys from about 60-100 at. % Mn

4

v e

- Flg (5. 8) shows a plot of magneton number, n, vs.,

' £

concentratlon for the Mn Sbl —x system.. These data.are”

adapted from Gulllaud [33] and are for well annealed bulk

2

~

samples from 45-75 at. % Mn. No magnetization daﬂéare

5"‘

,avallable for Mn concentratlons below 45 at. % or above

.75 at. &, but Curie Temperature data indicate that MnSb'is

present down to very low Mn concentratlons ??e graph

,contains curves for both- n/Mn atom‘and n/alloy atom.

2

88

Co4
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Spln polarlzatlon results compared to bulk magnetlzatlon
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data of Guillaud [33] : s LN
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The teéchniques used to measure thin film composition
(Sec. 3.2) giie an average composition over the. entire

.thickness of film and would not'indicate if a different

composition existed at the junction interface. -

The tunneling results themselves would seem to indi-
P . ) - ' ‘
cate that at approximately 40 at. % Mn indicated concentra-
_ : o " ~ ‘ \
tion, .the alloy composition at the interface is MnSb, and
. » i : . .

at indicated concentrations down to 15 at. % Mn,\regiqns

of MnSb’stili‘occur af the intgrféce and tunneling is
predominatély into tﬁese regions. For the regibn 0-15 at. %\
-Mn the rapid drop in polarization woﬁld'indicate lafge areas
of Sb now form the prédominanfdﬁunneling areas at the
interface. These last dpnclusions follow from the -
’definition of polarization,

(nt < n¥)
(”; + n¥) ’

®» -~

P =

where n is tunneling electron number. Anything which
contributes unpolarized electrons to the tunnel current

>

will ;educeAthe measured polarization. The fapid decrease
e

of pblarization beyond 40 at. % Mn evidentiy correspondé

to the\bulk £ phase. It would appear thét the interface

compositions of the thin films used in this work follow

" closely tﬁe bulk phases of Mn-Sb alloys.

‘ From the tunneling data the spin polarization of .

electrons tunneling from MnSb is approximately 25% aftér

" correcting for spin-orbit scattering in the A% film. This



%

Mn is magneton number per Mn

atom.. The corresponding ratio for thefFe—group elements

-

: y&elds P/n = 7% where n
. , mn, -

and their alloys is P/n ='20%‘[64], where n is pér.alloy
atom for the alloys. For the heavy rare earth metals

P/hCE = 20% [58], where n is per conduction electron.

CE

In this case'the atoms carry"a considerable localiZed

moment'and for G4, 'P/n 2% where n is'per Gd atom.

GD
MnSb appears to be somewhat intermediéte between the Fe ¥

‘earth metals in its spin

] .

- : Vs . ) .
group ‘elements and the hedvy rare

- polarized tunneling behaviour.

>

’

One would like to draw some'kin9 of inferenée‘or
conclusion frqm’th\\g;served spin polarization-value for
MnShb. Since "spin pb%érizéd tunneliné is ? relatively new
éxperiﬁental tool which is ‘not in itself completely under—.
_stood, it is.not pbssiblé to say anything deﬁ}nitive aboﬁt

the present result at this time. . However, it 1is possible

-~ - . . + . .
ySome degree of systematic behaviour in relation

”

toulook &

to théi'l .;erromagnets} The saturation magnetizations

per allc¥Patom of Cr-Fe, Fe-Co, €Co-Ni, and Ni-Cu alloys

fall on the triangular_ghapéd Slater-Pauling curve when

plotted as a function of position in the periodié table.

Mn lies between Cr and Fe, but it does not form a ferro- .

magnetic alloy with Fe or Cr. Mn by itself is an anti-

{ _
ferromagnet. This led Bethe [10] to suggest  an interaction

curve where the exchange interaction swings from negative

)

(antiferromagnetic) to positive with increasing interatomic

spacing. MnSb then becomes a ferromagnet because the Sb



atoms space the Mn atoms further.apaft to give a positive «.

exchange intefaction;' But the alloy is not part of the

»
a

Slater-Pauling sequenbe because Sb is to? far removed in
the periodic table. The Slatex- Paullng curve may be
undetstood as’ a fililng—up proéess in a rigid band modell
The 3d band is first split by the exchénqg interactioﬁ

and then filleé with electréns as one'mqves from left to
right alongfﬁhe periodic‘table. It isvthought that spin
polarized tunneling may be sampling itinerant 3d eléctron;,

3
'

and»the earlyitunneling results of-Meservey—éf al. did in
fac£ follow the Slater—Pauling éﬁrvé quite aécurately, w;th
a polarization ratio of 20% per Bohr magneton number. How-
ever, the early work was done with laboratory—éir oxidizedhﬂ
tunnel barriersf Subsequent work in'the‘laboraéory with.
glow discharge oxidized‘barriers and by Mese:vey's‘group
[614 with glow discharge barriers and;also wiﬁh depositédl
Ialumina barriers has raised the polarization to about 40%
ber magﬁeton nﬁmﬁér.at the Ni end of the curve, and left

the Fe end.unchanged. Fog MnSb we have froh the neutron
.scattering work.of Yamaguchi et al. [88-90] that fhe Sb‘
atoms carry no magnetic momént; the magneton number is

then 3.55 ber Mn atom and the polarization ratio is 7% per
magneton number. This polarization ratio is considerably
smaller than the values giyen above for the 3d fefroﬁagnets,
and it suggests that some of the ;oment carried by-the Mn

atoms may be localized. Alternately, the low polarization

may be simpiy a dilution effect due to some tunneling of

95
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unpolarized- electrons .from the Sb atoms. Ferromagnetism

is like a jig;séw puzzle where many pieces have'been ' B

, T . - L .
fitted tbgether to be suggestive of a pictuie,-but where'
there are aiso large gaps. To fill in the gaps one needs

mqre pleces of experlmental data from. experlments which’

%
~must bé dlfﬁerent from those done in the paé/ The ' i
result from he;e is of that type, and hopefully it will

eventually tie in with other ﬁipdings_td give a better
picture of ferronagnetism. '

¥

5.3 ‘Mn Sn System

1-x

Heusler [38] was also the . flrst to 1nvest1gate and - ©

7

flnd ferromagnetism in the Mn- Sn system The magnetic
properties of the alloys. of’ this system have been studied
«by several authors but the resﬁlts are not in agreement.,

‘Early work by Williams [85], Potter [66], and Guillaud [33]

- pointed to the existence of 3 stdichiometric compounds in -

e

the MnXSnl_x system:: MnSn (x = 0.5), Mn2Sn ‘x = 0.67),
‘and Mn4Sn (x = 0.8). Later work by Hanson [35] and

Singh [71] (see Fig. (5.9)). indicated that Mn,Sn was
misidentified and the phase that forms is Mn.Sn. Also the

intermediéteAPhase richest in Sn is MnSn not MnSn. The

2!

three authors also disagreed on which phases are ‘ferro-

<

magnétic. . Williams confluded that all 3 phases exhibited
fenromagnetiém and élloys from 14-96 dt. $ Mn were ferro-

magnets. Potter thcugﬁt only 2 phases were ferromagnetic

'
‘".

i



o L

Fig. 5.9

Phase diagram of I*'lri}-{Snl,_x System
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and the”ferromagnetic existence region was from 35-97 at. %

"
Mn. Guillaud's work indicates only one ferromaS%etic phase
) _ ‘ A

exists from 12-78 at. % Mn. The vast discrepanciés between

~

the various works would appear to be connected with -the
effects of heat treatment on the atomic arrangement.

MnSri2 is tetragonal of;the CuAlz (Cié) ty?e'with'

a=6.6592, ¢ = 5.436A and c/a=0.816 [91] (see Fig. (5. 10a)),
Antlferromagnetlc behaviour has been found in this compound
[9]. o _,

Mn Sn is a hexagonal Ni Sn (DO, ,) type structure

3 3 19
[62,91] w1th a=5.66A, c=4.52A, and c¢/a=0.79 [62] (see
Fig. (5 lOb)) Ev1dence of antiferromagnetism has been
found 1n thls alloy. | o

MnZSn ‘is of NlAS (B8) type structure with a=4.373,
c'=5.47A, and c/a = l.25_[62] (see Fig. (S.ll)); This

compound has been found to exhibit ferrimagnetic behaviour

[2,3,91]. In Fig. (5.11) the Mn atoms at the A sites have

a moment of 3.5 u /Mn atom and those at the B sites have

a moment of 2.2y /Mn atom but in the opp051te dlrectlon
[2 3]. ( Over the comp051tlon range from about 60 65 at %
Mn the magnetlc moment per molecule decreases linearly as
the'Mn'content{increases fBjL' |

In the previous section it was shown thatfthe spin

polarization of the Mn-Sb system was approximately propor-

“tional to the magnetic moment per Mn atom. It-ﬁas expected

that the Mn-Sn system would.exhibit the same type of

behaviour. Thin film tunneling experiments were capried



Fig. 5.10

(a) Crystal structure of MnSnzv

(b) Crystal structure of Mn3Sn

»
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- . Fig. 5.11
N _ Fig | . o
\ Crystal structure of Mn,Sn. Mn atoms at the A sites:have

\\,—/’a moment of 3.5 My -

Mn a‘toms at the B sites have a moment of 2.2 uB.
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‘out over the'fuli range o% compositions of tne Mn-sSn
system. Table (5.1) shows the results of this work. As
this taq1e shows a 0% polarization was obtained for all
samples studied in the course of this work. n

\ The polarization results would indicate that the{firstt
few atomic layers of the thin Mn-Sn films are non-
ferromagnetic. Two attempts were made to see if the thin
film samples used in this experiment showed other ferro-

.
magnetic properties. In the first test a vibrating-sample

/ : : .
magnetometer'[Zé] was used to try to measire the magnetic
moment of the sample: When bulk Mn—Sn alloys were prepared
by meltiﬁg known quantities of Mn and Sn together, ferro-
magnetic metals were made and their moments detected by the
magnetometer. When the thin Mn-Sn film samples were tried
no ferromagnetism was detected. However, thin Ni films were
also tried and again no ferromagnetic signal was detected
The magnetometer was not able to detect the small signals
from the thin film samples. The second test that was used
to try to detect ferromagnetism in the films involved
floating the samples. off the glass substrate in a dish of
water and then seeing if the film would be attracted'to a
. magnet. This test proved positi;e for Ni'films, but again
the results indicated that the Mn-Sn films were not ferro-
magnetic. ‘

In summary, the magnetometer and magnet tests showed

. A}
that bulk Mn-Sn alloys were ferromagnetic. The polariza-

tion results implied that the first few deposited layers of
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Table 5.1

Spin Polarization Data for the Mn-Sn System

Sample at. % Mn Polarization % ~

108 | .0 ) 0
563 30 ' .0
562 S 50 0
527 . 57 0
531 - 60 : 0
528 ' ‘ 63 0
. 546 ' 64 0
559 66 "0
525 N 74 | 0
526 ‘ 79 - " 0

500 | 100 , | 0



"the thin films were non- ferromagnetlc and the magnet test
conflrmed this result for the bulk of the. fllm.
Yamaguchi. et al. E9l] have done heat treatment experi--

ments on the ferrimagnetic alloy Mn Sn. They have found

2
that the hexagonal structure(was modified in the. course of
the heat treatment and as the structute was modified the
magnetic behaviour as indicated by the Curie’temperature
and the magnetic mqment per molecule changed.

As mentioned atove, in early work done on this,system,
several.authors presented conflicting reports on the
ferromagnetlc txistence reglon of these alloys Thelr work
seems to lndlcate that heat treatment of the samples is the
factor which is responsible for the discrepancies. Our own
"wOrk‘shows that bulk samplés formed from melting theﬁtwo’
metals together in a‘resistance4heated boat produces ferro-

r
magnetic alloys. The thin film alloys used in this work

were deposited by vacuum evaporation onto a glass substrate
at reom temperature. The ‘alloys were not subjected to heat
treatﬁent. The results indicate. that fot ferromagnetism

to occur ln Mn-Sn alybys heat treatment must take place

which affects the atomic arrangement and a magnetic ordering

takes place.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Conclusions

‘\\$\? In this thesis we have reported,bn the-results of

spin polarized tunneling studies done on the alloys of the
Mn-Sb and Mn-Sn systems. At the ousset we were trying to
determine if ferromagnetic alloys formed from non-ferro-
magnetic metals would show properties similar to the 34
ferromagnets and their alloys. wéﬁwere.trying to determine
ifythe électron‘spin polarization gf'these alloys was
p:opoffional to the mégnetic moment per‘atom ofvalloy;

In the Mn-Sb system we discovePed that the electron
spin polarization was approximately proportional to the
magnetic moment per Mn atom and not_the magnetic'moment
per alloy atom. The spin éola;ization of MnSb is approxi-
mately 25% and P/pMn'='§%. | |

It appears that the first few atomic layers, from
which electrons tunnel in thin films éf MnSb, are richer in
Mq than the rest of the film. The tunneling work would
also seem to indicate that thin Mn—éb films .form phases
very similar to the known phase diagram for bulk materiai.

In the Mn-Sn system we found no evidence of a ferro-
magnetié thin film alloy. Our work did éhow that ferromag-
netism existed in bulk Mn-Sn samples, but there was né proof

that the thin Mn-Sn films were ferromagnetic: All work on

Mn-Sn alldYs seems ‘to indicate that heat treatment of the

107
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alloys is a requirement for the onset of“ferrOmagnetism. yy
The spin polarized tunneling technique was also used

to determine a value for the spin-orbit scattering parameter

of the superconducting A% films used in this work,

b = 0.08.

6.2 Suggestions for Further Work. |
| Recently Moodera et al. [61] have proposed a method to
produce artificial tunnel barriers'by depositing electron
beam evaporated sapphire on substrates cooled to near 77 K.
Using this method they were able to make Ni- AQ203—A2
tunnel junctions. Tunnel junctions produced with this type
of artificial‘barrier deposited over epitaxially grown -
single crystal films of Ni couid'be used to study the
crystallographic dependence of electron spin polarization
as predicted by the Stearns theoryfor’sec. 2.6.

~The artificial barrierS’could also be used to produce
MnxSnl -A%_O_-AL tunnel junctions to study the effects of

273
heat treatment on Mn-Sn films. The thin alloy films could

be subjected to heat treatment before deposition of the
barrier to see if such treatment would produce a ferromag-
netic film. |

The Mn=Sb results leave questronsvas to the formation
of the thin alloy films by evaporatlon from separate
sources. Work is needed on alloy fllm formatlon. 'The
tunneling results imply a Mn . rich surface region and they

also offer evidence for the thin films forming phases the
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game as bulk alloy éamples. Expérimentation is needed to
confirm ‘the phase structure of these filhs and analysis of
the nucleation and growth'brbcesses of alloy films formed
by evaporation.from Eﬁb séparate‘sources is .needed for é\

better understanding of thes& results.
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APPENDIX A - 7o . e L

- TUNNELING -CONDUCTANCE BRIDGE

A number of conductance measuring systems suitable for

thin film]electron tunneling are available from the

’Wliterature. A 51mple system has been descrlbed in the

P

’maln body of thls the51s (sec. 3.4) as an 1llustratlon of

»small modulatlon technlques.. "The measuring system which

- - - « -

a

was actually used for the work repbrted here was developed

by J S. Rogers and is somewhat.more_speclallzed towards

‘spln polarized tunneling measurements than was an earlier

published &ireuit by ‘the same author. ' THere is, for

example, a problem with sweep rates if one is interested

" in the'superconducting'energy gaplreglonjof_the_tnnneling.

charaotefistioﬁ“JThe,prOblem-is~illnstrated in Fig. Al.
A standard - load line problem con51ders a non-linearv

3

element in series with a load res1stance R as in Fig? Ala.

The 1ntersect10n p01nt of the load llne and the I(V)

< F T

'characterlstlc of the element is: the value of I and V whlch

the load llne will propagate°parallel to itself at a uniform.
rate. One may choose the slope of the load line to be
anywhere from- horlzontal to vertical. A horizontal load
line w1ll obviously trace out the flat portion of the I-v
characterlstlc at a very high rate relatlve to. the remalnlng
portions, while a vertical load line will be too fast on |

the vertical part of the characteristic. The optimum

2
o

'_the CerUlt W1ll adopt.~ If Vbb 1s swept llnearly 1n tlme T

S 1e’



Fig. Rl

- Standard load-line problem

(a) A non-linear element in series with a
- load resistance RL

(b)"* I-V characteristic

(¢} -d1i/4v characteristic
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choice for the load line is R, = Rx’ where R_ is the
resistance of the tunnel junction in the ohmic region
beyond point 3. This choice only sweeps.the~horlzontal

and vertical*parts of the I«V characterrstic’abonti40%

; faster:than the ohmic part;i Unfortunately, the region
between p01nts 1 and 2 of the I-v characterlstlc corresponds»'
to a large jump on the dI/dV characterlstlc, so that some
rmanual attentlon to sweep rates is-still necessary with-

bthls ch01ce of RL./ HOWever; the idea does sgem in practice

to .be an 1mprovement over systems whlch 1gnore the problem

.

: entlrely
A 51mpl1f1ed 1llustratlon of the conductance brldge

3

circuit which was used 1s shown ‘in Flg A2 The subscrlpt
X refers to the tunnel junctlon and s to the reference

(or-' standard") elements. The secondary windings Sl and
[4 ' . ' -

'52 of the transformer are identical. The operational

ampllfler slaves the voltage-at ‘a ‘to- that at a' quite .

accurately s1nce the conflguratlon is ba51cally a voltage

”follower. The capaCLtor C blocks the dc sweep voltage, sO

thlS voltage appears at a and causes a dc current to flow
-through R_ and Rs_to common. R_ acts-as the load resistor’
forrthe'dc sweep problem. -

xjthrough C

- The bottom_end of S1 is ac coupled to R
and isolated from the dc sweep by.R. The modulation signal

ats Sl'therefore-appears across Rx' and the ac current

.:through R"flows to common through. R SlnCe the modulatlon

ﬂ
voltage at the sample is malntalned constant the ac ,

-



Fig'__. A2
Simplified Schematic.of. the Conductance Bridcjé -
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Voltaée across R is proportional to dI/dv. 1In the brldge
mode, the error 51gnal to the detector w1ll be zero when
R ='Rx and Cs ='CX. |

The reader should be cautioned that the circuit of
Fig. A2 is only illﬁstrative of ah idee. If it is actually
'“constructed as is, it w1ll be found to have an unsatis-
factory sweep behev1;ur because the RC decoupllng network
is too approximate in gelation to the strong negative
feedback present. 'The circuit which finallylevolved,ﬁses
‘an active decoupling‘network, a current booster to handle
low resistance samples, a switching arrangement to protect
the sample from transients when the system is turned on,

and so on. Detailed circuit diagrams and performance

documentation are available from Dr. Rogers on request.

-



APPENDIX B .

Spin Polafization'Papers .

125



Solid State Communications, Vol. 28, pp. 397-399.
© Pergamon Press Ltd. 1978 Printed in Great Britain.

D

inal work of Tedrow er al at MIT, and
analysis which determines, with only q

ization is not toa small. .

THE SPIN POLARIZED tunneling experiments of

' Tedrow and Meservey er al. [1-3] at the Massachusetts ,
Institute of Technology (MIT) are interesting thin film
electron tunneling experiments which may prove to be
an important contribution towards a complete under-
standing of ferromagnetlsm but as yet there has been no
independent confirmation of their results that we are
aware of. We report here a confirmation of results for

. the case of Fe, and also illustrate a method of analysing
‘the experimental data which is different from the MIT

" procedures in that only a qualitative reference to theo-

retical results is needed in order to extract a true polar-

ization index for the sample. .

-Our experimental arrangément uses analog elec-
tronics to present sample conductance as a function of
bias voltage on an X—Y recorder. We have manually
digitized one such record and fed the results into a com-
puter for analysis. This procedure introduced noise int$
the data since the original record was relatively free of
noise. All of the curves shown here were then drawn by
the computer with smoothing mtenttonally not em-
~ ployed as an 1llustratron of analysis in the preserxce of -
noise.

The solid line of Frg I is accordingly the conduc-
tance result for an Al—Al 203 —Fe tunnel junction in a
magnetic field at dow temperaturp If A is the normalized
conducsanoe at, or nearly at, the peak labelled A4 in Fig.
1, and so ori for the remaining.peaks, then the apparent :
' polanzatron index for the sample is defined as [2]

A—C)—(D=B)
(4—C)+(D—-B)"

For the sample shown, we find p, = 0.437 £ 0.00S,
which is in good ‘agreement with the MIT value [2] of -
0.44. A second sample prepa:atron yielded much the
same result.

Pa =

fad

4

Work supported in part by the National Research
Council of Canada.
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: We report spin pola.nzed tunnelmg results for Fe which conﬁrm thevt%?g\,z«";@
e an

Y,
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also,use the data‘te illustrat
ualitative reference to theoretical

" calculations, the true polanzatron mdex of thq sample«, provided the polar-

The dashed lmes of Fig. 1 show the sample conduc-
tance decomgpsed into spin-up and spin-down parts,
where spin-up is-the majority spin direction in the satur-
ated ferromagnet. The decomposition assumes that the
normalized sample conductdnce G (¥) may be written

. in terms of a single basis function B(V) as
/

Gy = (1+pBIV)+(1-p)B(-V),

where p is the true polarization index for the sample.
What we are calling a basis function is in reality the
‘spin-up part of the superconducting modification of the
density of states in the Al film in the presence of a
magnetic field, as seen by tunneling with a normal-metal
counter-electrode [2]. We take B(V) to have an ampli-

_tude of 0.5 at high bias voltage. At the temperature of

our experiment, B(V) should be ualitatively similar to
the density of states functions calculated by Engler and
Fulde {4] for the case of spin-orbit scattering, and

_Bruno and Schwartz [5 ] for the case of spin—flip scat-
»' -tering.,

Solving the above equatxon forB( V) yields |

: I 1—p . -
BV) = %G(V}——Z;EG(— V).

While any value of p (other than p = 0) will generate a
basis function through this equation, we find that-only
a very limited range of p values will generate a result
which is in qualitative agreement with theory. An ex-
ample of an incorrect basis function is shown in Fig. 2,

" where we have uséd p = p, as a trial value for p. The

basis fur;ctrozgxis shown folded over on itself as inl the
theoretical presentations’ The two main peaks which -

.result in this case are of equal amplitude as a consequence

of the. definitions of p, and B(V'), while the sub-peaks P1
and P2 dre a consequence of partial cancellatxon of ‘peaks

" inthe input data.

Reference to the theoretical curves shows that the
basis function of Fig. 2 cannot be correct. The main

, effect of small amounts of spin—orbit or spin—flip
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2.0 - T

[3

2]

NORMALIZED CONDU¢TANCE‘,' G(V)
1

.00 — =
21 -b N . - n Q0 - R s P w10
: * + BIAS VOLTAGE V.(mV) . ,

e

Fig. 1. Spm polanzed tunnelmg result for an Al—A1203—‘

Fe sample (solid line)"shown decomposed into spin-up
and spm—down parts (dashed lines). -~

IVl (mv)

Fig. 2. Dustration of an incorrect basis funcbn (see
text). The (+) and (—) sxgns refer to the bias voltage
polarities of Fig. 1.

scattering is to transfer spin states from the.high energy
main peak into a small, spread-out sub-peak just above
the energy gap. This spin state mixing also occurs in the
reverse direction, but to a much smailer extent. The
density of states result of Engler and Fulde for a spin—
orbit scattering parameter of b = 0.2 is'a particularly

- good illustration of a much reduced high energy main

peak, a clearly visible low energy sub-peak, and a barely

- visible high energy sub-peak which does not peak up at

quite the same energy as the coiresponding main peak.

. ENGLER H. & FULDE P., Z. Phys. 247, 1(1971)

3

Vol. 28, No. 5 °

P08

N a5 . 10
lV| (mV)

’ Flg 3. Correct baﬁs funcuon for the tunnelmg result of _

F ig. 1. s s
-We therefore take the true polarization index of the

sémple to be that which causes the sub-peak P2 of Fig.

2 to vanish, as shown in Fig. 3. The main peaks of B(V)

~ are then unequal, so that the main effect of spin—orbit
“and spin-flip scattering shows up. The next highest

order effect of a small, low voltage sub-peak is not re-
solved by our data. The still smaller high voltage sub-
peak should then be totally unresolved, and our cntenon
for the trqe palarization index valid.

The high bias voltage peak cancellation of Fxg 3has

occurred along the sides of peaks in the input data as

" well as at the tops so that a number of data points are

involved. This makes the peak cancellatidn surprisingly
sensitiveto the assumed value for p, even though the
analysis amplifies noise as |p| is decreased from unity. -
It also makes the true voltage origin for the input data
well defined. For the data shown, we obtain p = 0.380
% 0.005, and a true voltage origin uncertainty of less
than 1 uV. ,

. An attempt to compare our true polarization value
with the MIT results reduces to a comparison of-values
for the spin—orbit scattering parameter 5, which in turn
varies with sample pmpa:afion [3]. The model calcu-
lation of Paraskevopoulos et al [3] indicates that our

- polarization ratio of p/p, = 0:87 corresponds to b =

0.08, which is just inside the range of values obtained at
MIT [3,6].
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The spin polanzanon of glectrops tunneling from Mn,Sb,_, was rheasured
over the full Mii concentration range O < x < 1. The polarization is
positive.and qualitatively similar to the magnetization per Mn atom of
'bulk ‘material; for MnSb (x = 0.5) it is + 25%

TEDROW AND MESERVEY eral (1, 2] at the Francis
Bitter National Magnet Laboratory (NML) have reported
- on spin polarized tunneling measurements from the.3d
ferromagnetic metals. They have also published results

on binary ferromagnetic alloy films [3, 4] where at least )

one of the components was by itself a ferromagnet
Their work shows that for the ferromagnetf?.\gl] ys
studied the spin polarization of tunneling electrons is
approximately proportional to the saturation magnetic
moment per atom of alloy. -

In this paper we present tunneling results for the
binary alloy system Mn_Sb,_., which is ferromagnetic
at all compositions except those very close to pure Mn_
or Sb {5]. Neither of the components is- ferromagnetic
by rtself Mnis an antiferromagnet and Sb is' ngn-
magnetlc “The Mn—Sb syster and other alloy systems
contafning Mn were first studied by Heusler in-1903 (6].
, .- Our procedures for spin polarized tunneling are

~, much the sam'e as those for the NML:group, the latter .

being the originators of this type of experiment. As two
“independent groups we appedr to be obtaining excellent’
agreement whenever we attempt to duplicate each
other’s results. In the present case the tunnel junctions
were of the form Al—Al,03—Mn_Sb,_,,"with the ultra-
thin Al film deposited on a gldss substrate at 80K and
the oxide formed in an Q, glow discharge at room-tem-
perature. The binary alloy films were prepared by simul-
taneous evaporation of the two elements from two
separate boat sou‘rces. Two quartz crystal oscillator
gauges were'USed to determine thre mass deposited from
each vapour sfream and hence the Mn coneentration of

the alloy film. The Mn concentration of two of the films.

swas verified by X-ray fluorescence and agreement was

found to-within +1 at. % Mn. The tunneljunctlons were

measured in an adiabatic demagnetization cryostat

which permitted parallel magnetic fields at the sample of

. up to. 40kOe at temperatures of approxunately 50mK.

* Worlt stfpported in part by the Natural Sciences and
Engineering‘Research Council of Canada. ' ‘

Normalized Conductance,o

Mn-Sb
30 at.%Mn
T~50mK

20

H=30kOe

Alloy + —

P

L - | g !
500 400 200 0 200 400 500 800
Bias Voltage, V(uv)-

1
800

Fig. 1. Typical conductance characteristic for an
'Al~A12O;—Mn.,,Sbx_x tpnneljune}tiqn.: .

Temperature dnft during the measurément process had

‘no detectable effect on the tunneling characteristics.

Figure 1 shows a typical conductance vs voltage
record. The A = 0 tracé shows the superconductmg
energy gap of the Al film, and the & = 30 kOe trace.
shows the Zeeman sphttmg The amphtude of the con-
ductance peaks gives the apparent polarization [2],

= (04 — 03) ~ (0, .—0.3)
© (04— 0y)+ (0, —03)

The polarization obtained in this way may be corrected

for the effects of spin—orbit scattering in the Al film by
multiplying by a nearly eonstant factor of 0, 90 [4,7].

* The uncorrected polarization results are shown in .
Fig. 2 alongwith the bulk magnetization data. The latter
data is that published by Guillaud: [8] and is for well

. annealed samples. No 'magnetization data is availabje for.

Mn concentrations below 45 at. % or above 75 at. %.
Two stoichiometric compositions gxist for these alloys
— MnSb (x = 0.5), and‘Mn2Sb {(x=0.67). MnSb is

" present rn alloys from about 0—60 at. % Mn and- carries
"a magnettc moment of 3.53 pB/Mn atom. Mn, Sb is

present over the remaining range and carries 0.94 ug/Mn

“atom. On the Mn rich s_ide of MnSb the excess Mn atoms
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' retization data of Guillaud (8].

occupy interstitial sites at random and have no magnetic

- moment amongst themselves, although they do cause

some reduction of magnetization per formula unit [9].

In this € phase the magnetic moment/Mn atom then-- ,

decreases linearly with Mn concentration. :
On comparing the polarization result to the magnet-

ization results it is clear that the polarization tends to -

. per.alloy atomy, and that there'is 3 systerhatic erro? in
our concentration values of abofit 10 at. % in the central
region of concentration. An error with respect to con-
centration is to be«xpected from the sample fabrication
sequence which we have used and the nature of the
growth of thin alloy films. When electrons tunnel into a- -
~ ferromagnet the sampling depth is of the order of 10 A
or less [10], so that in the present case it is material
deposited during the nucleation and growth stage of
alloy film formation which is being sampled. ,
Anton ef al. [11] have shown that even for elements
as similar as Ag and Au and which are mutually soluble
in all proportions, small differences in adsorption and
diffusion energies can lead to compositions for this part
+ of the film which are quite different from the buik of
* the film. For elements as dissimilar as Mn and Sb and
i which have a complicated alloy phase diagram, we do
- noggknow what to expect for the microstructure an
composition of this part of the film. .
' The tunneling results themselves would seem to
indicate that at dpproximately 40 at. % Mn indicated
concentration, the alloy composition at the interface is

‘neling behaviour. -
follow the magnetic moment per Mn atom-.rather than - e
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MnSb, angt at indicated concentrations down to 15 at. %

~ Mn, regions of MnSb still occur at the interface and fun- : . -

neling is predominantly into these regions. This last
¢onclusion follows from the definition of polarization,
P=(nt —nd)/(nt"+ ni), where n is tunneling electron

- number. Anything which contributes unpolarized elec-

trons to the tunnel current will reduce the measured
polarization. The rapid decrease of polarization beyond
40% Mn evidently corresponds to the bulk e phase, but

' the narrowness of this phase relative to the uncertainty

of the composition being sampled by tunneling does not
permit any quantitative conclusions.

Thus the only quantitative result that emerges is
that the spin polarization of electrons tunneling from
MnSb is approximate}y 25% after correcting for spin—
orbit scattering in the Al film. This yields P/ny, = 7%,
where-ny,, is magneton number per Mn atom. The cor-
respohding ratio for the Fe-group elements ‘and their
alloys is P/n 52 20% {4], wheré n is per alloy atom for
the alloys, and for the heavy. rare earth metals Pingg =
20% [12], where ncg is per conduction electron. In this
last case the atoms carry, a considerable localized
moment. For Gd, P/ng4 = 2%. MnSb appears to be -
somewhat intermediate between the Fe group elements
and the heavy rare earth métals in its spin polarized. tun-

e w
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