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Localization and electron-interaction effects in a two-dimensional metal
with strong spin-orbit scattering: Pd films
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We observe positive, anisotropic, strongly-temperature-dependent magnetoresistance in ultrathin
0

[(6—55}-A] Pd films. Interpreted in the light of recent theory, we find that localization effects dom-

inate, but that electron-interaction effects are present as well. A strong spin-orbit scattering (sym-

plectic limit) causes the localization-induced magnetoresistance to be positive. The inelastic scatter-
ing rate varies as T, although its magnitude is considerably larger than expected for electron-
electron scattering. In some films we find a low-temperature drooping of the magnetoresistance
which cannot be explained in the conventional localization —plus —electron-interaction theory.

I. INTRODUCTION

Recent theories of conductivity in lower-dimensional
systems' have predicted that the resistance R increases
with decreasing temperature, diverging as T~O. In two
dimensions, the predicted logarithmic increase, R ~lnT,
has been observed in Si inversion layers and thin me-
tallic and semimetallic films. " ' Two separate mecha-
nisms contribute to the logarithmic increase —electron lo-
calization' and many-body effects. Magnetoresistance
(MR) and Hall-effect measurements can distinguish be-
tween these mechanisms. In Si inversion layers both
mechanisms make comparable contributions, and the
magnetic studies allow a clear separation of the two ef-
fects. In metal films localization effects are dominant
in producing the MR.

We report here the MR of ultrathin Pd films (6—55 A)
for fields up to 14 T and temperatures 1.3—50 K. This
wide range of fields and temperatures allows a detailed
comparison with the theoretical predictions.

We find that (1) for all films the MR is positive for
T & 30 K and grows rapidly at low temperatures, but (2)
the MR is anisotropic, being much larger when the field is
applied perpendicular to the film plane. These two facts
can be explained by assuming that localization effects are
dominant with strong spin-orbit scattering causing the
positive MR. ' A more detailed comparison with theory
yields the following additional results. (3) The inelastic
scattering length varies as T, consistent with electron-
electron scattering. (4} Magnetic impurity scattering be-
comes important at low temperatures. (5) The MR aniso-
tropy is well described by the theory of Al'tshuler and Ar-
nov. ' (6} In some films there is an anomalous depen-
dence of the amplitude of the MR on temperature. At the
lowest temperatures the MR may be a factor of 2 smaller
than expected from a high-T extrapolation. (7) Electron
interaction effects give a weak contribution to the MR
(F &0.1), but produce essentially all of the T dependence
of the resistivity at high fields, where localization effects
are saturated.

In the following section we shall summarize the various
theoretical expressions of MR in two-dimensional (2D)
films. In Sec. III we will present our data and in Sec. IV
compare it to theory and to other experiments. Section V
summarizes our results.

II. THEORY

ho i (H, T) =p[f ( lH /L ) f ( lH /2I, )] . — (2)

Here f(x)=P(x+1/2) —ln(x), g is the digamma func-
tion, L =(2l, l; )

'r is the Thouless length, and
IH (Pic/eK) 'i is a magneti——c length.

If the field is applied parallel to the film surface, the

A. Localization: Orthogonal limit

Hikami, Larkin, and Nagaoka (HLN) have shown that
the localization-induced MR is very sensitive to any spin-
dependent scattering (spin-orbit or magnetic impurity
scattering). While these effects may be small in Si inver-
sion layers and films of light metals, the spin-orbit scatter-
ing should be very strong in films made of heavy atoms.
For completeness, however, we will briefly summarize the
predictions of localization theory when spin-dependent
scattering is negligible. Following HLN and Dyson, this
limit is called the orthogonal limit.

In zero field, localization theory predicts

tr =pro+Pin(l, /l;),
where 0.0

' ——Ro is the bulk value of the sheet resistance
p=e /2m. ih', l, is the elastic scattering length, and l; is the
inelastic scattering length. Generally, l; =l;o/T, where P
is an exponent characteristic of a particular scattering
mechanism, and o. decreases logarithmically with decreas-
ing temperature T. The most probable mechanism for l;
is electron-electron scattering, for which P=2 [clean,
three-dimensional (3D) limit] or P =1 [dirty (2D) limit).
A magnetic field acts to destroy localization and there is a
negative MR. For the transverse case (field perpendicular
to film plane)
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t21.2

a~~~(H, T)=P in i+
12lK

(3)

Here t is the film thickness. In low fields, both Eqs. (2)
and (3) predict MR varying quadratically with H, but
&o~~lbo3 2t /L ——&&1 at low T.

electronic states can no longer be described in terms of
Landau levels, and the term Ao.z is absent. However,
Al'tshuler and Aronov ' have shown that there is still a
negative MR,

o =op — ln
2 l,y

A o3(H, T)= — f-p la
2 2l, l y

le lsym1+
6lK4

where lsym=l; '+2ls

(4)

(6)

B. Localization theory: Symplectic limit

HLN generalize the above theory to include spin-orbit
scattering (with corresponding scattering length l») and
magnetic impurity scattering (l, ). Localization effects are
absent in the unitary case (i, « i;, i»)—the conductance is
independent of II, T. In the strong spin-orbit scattering,
or symplectic limit (l» « l„l;) localization effects occur,
but with opposite sign —that is, positive MR and zero-field
resistance which decreases with decreasing T. In particu-
lar,

C. Localization theory: General case

While our films are close to the symplectic limit, we
have fit our data to the full theory of HLN, generalized to
allow for (i) arbitrary values of l;, l„l», (ii) anisotropy of
l„[l,o' =2(l„) '+.(l») ', where the z axis is perpendic-
ular to the film plane], and (iii) Zeeman splitting of the
electron states. In this case, Eqs. (1)—(3) should be re-
placed by

1
t

po =op+ ln
2 l]

l, l, l, l, l,+ ln —+ ln ————ln
lQ l3 l4 l3 l4

la
b,o.

3 (H, T) =P . f 2l, l)

lH 1 lH 1

2i' 2( 1—
1/2

l4

, ~, f +(1—y3)'~'
2l, l3

'
l4

K K

ln ———(1—y)' +
(1 y)'~ l3 l4 6lII

ln —+—(1—y)'~ y
(1 y)'~ l3 l4 6lH

p I

o+Ao
~~
=op+ — ln —+ +ln —+ —21n 1+

2 l 6l ll2 6l 6l
4

(For ho~~, cf. Ref. 10.) Here
r

l —1

l, '=l; '+2 +(l;, ) '+(l,.)
3

(10)

tropy of 1, and the possibility that 1, is not « 1„l»,l; »,
are discussed in Refs. 3 and 24.

D. Many-electron effects
l
—1

l, '=l, '+2 +2(l",.)
3

i3
'

i; '+[ ', i, '+(i".,——) '+(i'.,—) '],
i i —(lx )

i (lz )-&

(12)

(13)

The correction due to Zeeman splitting, y=(hl4/A'vF), is
expected to be small (the HLN results follow when y~0);
Uz is the electronic Fermi velocity, h =g,p&H, with g, the
electronic g factor and pz the Bohr magneton, and l3J
and yq differ from l3, l4, and y in that l'„ is replaced
everywhere by l"„. Additional corrections, due to aniso-

o.'=P(l —aF)ln(ks Tl, /vFA) . (14)

The parameter I' measures the importance of screening
with I' =0 in the strong screening limit (2kF »a, where

Interactions among electrons also modify the 2D con-
ductance in ways which are similar to localization correc-
tions. These many-electron effects are also sensitive to
spin-orbit and magnetic impurity scattering, but the ex-
pressions for sample conductance have not been worked
out in as much detail as for localization effects. In zero
field the ln T correction to the conductance has the
form2, 25—27
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kF is the 2D Fermi wave vector and a' is the inverse
screening length) and I' =1 when screening is weak
(2k~ ((x).

T%'O SCPRfate ICChRQiSIS CGQtflbutC 'to the 1QtCfRCt1GQ

effect. One is due to many-body corrections to the
particle-hole propagator, the other to corrections to the
particle-particle propagator. ' The latter corrections are
renormalized ' by a factor A, = I /[ I +0.5F
Xln(E~/T)], where ln(Ez/T)=10 for our Pd films. If
spin-orbit coupling is negligible, the combined effect of
these two terms is a= I+0.5A,. In the symplectic limit
a=(1+2K,)/4.

In a magnetic field both mechanisms contribute a posi-
tlVC IIlagQCtof CsistRQCC. The paftiCle-paf tiCle COI'f CCt1GQS

correspond to orbital effects ' and hence should have an
anisotropy similar to the localization effects. The
paftlClC-holC Cof1CCt1GQS, GQ the OthCf I18QCl» depCQd OQ

spin splitting of the electrons, and hence should be in-

dependent of field orientation. However, spin-orbit
scattering effectively mixes spin-up and spin-down states,
so that this MR contribution is absent in the symplectic
limit. Since the remaining terms are reduced by a factor
A, , it is expected that interaction effects should make a
Qegliglble COQtfibutiGQ to the MR. S1QCC tIlis 1S SG, RQd

since the field dependence has not been calculated in detail
%'hCQ SP1Q"orbit SCRttef1Qg 1S StfOQg» %C RPPfOXlmate thC
interaction-induced MR by the I.CC-Ramakrishnan ex-
P1CSS1GQ

oc x d 0g(x)= J dQln 1—

localization effects, but it is important to understand the
nature of the silicides to interpret our data. Evidence
from a variety of sources suggest that the thinnest films
(r (5 A) are a poorly characterized phase of approximate
composition PdSi (this is not the same as the PdSi which
can be formed by high-temperature annealing). Films
from -5—20 A in thickness appear to be uniformly
Pd2S1. If Hlofc material 1s added» 1t fcQlains pUIc Pd %1th
a relatively sharp interface. (In this paper, all quoted
thicknesses are in A of Pd deposited; the PdzSi phase is
actually about 50% thicker. ) We expect the above results
to be applicable to our films. However, slow changes of
foom-tCGlpefatufe feslstlVltp RQd ClCCtfOChem1CRl p1opCf-
ties of samples kept at room temperature suggest that our
silicide lagcfs IQRQ bc fclativclp thicker. Films with t Q 30
A also showed evidence of long-term diffusion. We could
Qot make Qhmic contacts %'hicIl would withstand cycling
to low T WIlcn these sanlplcs %c1c fresh' px'cpRfcd-
SUggCStlQg d1SCOQtlQUOUS ICtRl 1S18Ilds. SUCIl Contacts
could be made after the film had aged for several months.

The above analysis has been confirmed by recent low-
tCITlpefatufe ITleasufements. PC12Si gOCS SUpefCOQdUCting

at 1,—=0.25—0.5 K (depending on the film). In our
30-A f11ID» tile resistance goes to zcI'o Rt this tcITlpcI'RtUI'c„

suggesting that this film is nearly pure P12Si. In a 50-A
film there is a residual nonzero resistivity below the super-
conducting transition. This is consistent with the film be-

ing bilayer —Pd and Pd2Si. Because of thickness vafiR-
tions the proximity effect drives some fraction of the
Pd2Si normal. In contrast a 6-A film shows no trace of
superconductivity, showing that this is a different phase
from PdzSi. These results will be described in more detail
clscwhc1 c.

As x &&I, g~ln(x/1. 3), while x ((1,g =0.0914xz. In
Appendix A we show that this expression approximates
the field dependence for the strong spin-orbit-coupling
case as well, but may Overestimate F.

Al'tshuler and Aronov ' have proposed an additional
contribution to the many-electron MR (this one negative)
for II parallel to the film plane, but we have seen no evi-
dence of this effect. Also, since our films are in the
co,~((1 limit, we need not consider the high-field theory
of HoughtGQ et aI.

Thin films of Pd are prepared by sputter deposition
Onto SlnglC" Cfpstal S1 SUbstI"RtCS Rt I'GOITl tCG1Pef RtUI'C.

F11IIl thiCkQCSS 1S determined bP 8 qURftZ-thiCkQCSS moni-
toI' calibrated w1th clcctI'GQ-ImcIGscop1c Glcasufcmcnts GQ

similar Pt films. " Details of the preparation techniques
and a study of the electrochemical properties of these
films have been published separately.

For Pd films deposited on Si at room temperature a sili-
cide is formed at the interface. ' Since the silicides are
thCISClVCS good CondUCtofs %'C ShOUld Still CXpCCt to SCC

We have observed MR in a variety of samples of thick-
ness ranging from 6 to 55 A, in a temperature range from
1.3 to 50 K, and in magnetic fields up to 14 T applied ei-
ther perpendicular or parallel to the film plane. For de-
tailed comparison to theory, we measured three films
throughout the full field and temperature range for both
field geometries. These films had measured thicknesses of
55» 30—32» RQd 6—7 A» RQd hCQCC Should fCpI'CSCQt b1-

layer, Pd2Si, and PdSi phases, respectively. Data from
other films were always consistent with these, and, for
comparison, other fits to less complete data sets arc also
1.QCluded 1Q TRMC I.

Rcsistivitp was measured bp 8 four-point-probe tcch-
Q1qUC US1ng SilVCf CpOXQ CGQtRCts to the SRGlple. TIle I'C-

suits were corrected for sample edge effects by solving for
the 20 potential distribution in 8 I'ectangle. FoI' T &4.2
K, the SRIIlPle %'RS iIDQlefsed difCCtlg 1Q liquid HC RQd thC
tcHlpcfatufc was controlled bp varying thc px'cssUI'c above
thc 11qU1d. FGI' hlghcf temper Rtufcs, thc sample was
cooled wltjl 8 Hc cxchangc gas, w1th temperature mca-
SUICd Rt XCfo field bP 8 C811bfated Cafbon-glRSS thefmome-
tcI'. TcIYlpcfatUfc was cGQtfollcd bp 8 hcatcf co11 sUI-
fGUQding thc sRIQplc 81ca. Constallt temper Rtufc %8s
maintained through a feedback loop using a SrTi03 capa-
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TABLE I. Film parameters. All fits use P =2. Errors are determined in two ways. The parameters whose errors are listed in
parentheses are chosen to have fixed va1ues, while the remaining parameters are varied to minimize gi—:+[ho(theory) —ho(expt. )]~.

Errors given as + are then estimated by the fitting routine, while the numbers in parentheses indicate the range of values for which
is less than twice its minimum value. All parameters should have an additional uncertainty of -30% from inaccuracies in data

reproducibility and variation of subsidiary parameters.

(a) Localization lengths
t (A)

As deposited
From MR
anisotropy Ro(Q) I„(A )

(1) FUB data sets
(1) 55 75

( & 180)

(2) 30-32 12
(5-2o)

(30 6—7 3500a400 0.35+0.04 70
( &200)

1

(& 1o)

(il) Partial sets
Parameter

set

55 Hii, T)4 K
55 Hii, T)4 K
50 Hl, T&4 K

Hff, T&4 K

171
140
160

30 Hl, T&4 K 60
40

250
200

two fits

30 Hl 9.5
9.5

(b) Gther parameters
Localization parameters

Pi T
Electron interaction

g, /2 P(1 F/2)—
(i) Full data sets
(1) 55

(2) 30—32

(3) 6—7

(ii) Partial sets
55
55
50
30

30

2. 1

(1.7—2.6)
2.0+0. 1

0.91
(0.6—1.8)

2.0
1.5
2.2
0.8
0.74
1.4
1.2
1.0
1.4

0.7
( &2)

0
( &2)

1.7
( &4)

0.5
0.6

3.1+0.1

9b

3.0
0
0
0
0

0.06
(0.01—0.26)
0.04+0.01

0.014+0.004

0.054+0.005

0.052+0.017

0.10
0.01

0.074
0.26

6+3

(0-6)'

2.8
0.9

0.5

1.8
0.7

'Assumes t =6.5 A.
bLarge uncertainty due to poor T range for fit.
See Appendix C.
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citance thermometer. For the 6-A film we attempted to
control the temperature using the carbon-glass resistor,
but its MR was large enough to cause errors in the mea-
sured Pd MR. This was corrected by subtracting out the
zero™fieldresistance change due to T variations.

The data were compared to theoretical expressions (8),
(9), and (15). The results of least-squares fits are shown in
Pigs. 1—3 with parameters listed in Table I. Table I also
lists the residual resistivity Ro of our films. The theoreti-
cal expressions, Eqs. (1)—(15) are calculated by a perturba-
tion theory with a small parameter A/EI;v which can be
rewritten as Ro/12. 95 kII (Appendix A). Since this pa-
rameter is less than 0.2 in all of our films, the perturba-
tion theory results should provide an adequate description.

Wc estimate Rn Rvcragc, overall uncertainty of -30%
in each parameter of Table I with some exceptions to be
noted shortly. The MR data are reproducible to about
15% on warming to room temperature and recooling.
(The total resistance varies by only about 1%, but the MR
is generally less than 1/~ of Ro.) This thermal cycling
change shows up as a m. ismatch between the high-T data
taken in an exchange gas, and the low-T data, directly im-
mersed in liquid He. The mismatch shows up both as a
jump in the zero-field resistivity and a change in the am-
plitude of the MR. %C adjust the data by scaling the am-
plitudes of the low-temperature data, since this subgroup
corresponds to tllc allonlalolls zero-field fcslstlvlty. Tllls
adds primarily to the uncertainties in P and I For the.

30-A film we took all of the data in the exchange gas, thus
eliminating part of this problem. (The sample still had to
be warmed up to change from perpendicular to parallel
fields. )

A check of our reproducibility is given by the analysis
of the incomplete data sets listed in Table I. Deviations
generally occur from attempting to measure a parameter
with an inappropriate data set—e.g., I, and P, are most
prominent in the low-T data, whereas I.o is best deter-
mined at higher T, and the HI

I
data are in general less

scllsltlvc to thc llldlvldllal para111ctcl's. (Thc lllscllslflvlty
of the data for these incomplete sets is often shown by

-IQ

-2Q -ZQ

(Cl ) (b)
-AQ - -4Q-

8 IQ l2 I4Q Z 4 e 8 IQ

H(T) H (T)
FIG. 2. Transverse MR of (30—32)-A Pd film. Dots indicate

data and solid curves indicate the theory using parameters of
Table I. {a) Hl to fi1m and (b) H~

~

to film.

0
h, o.
(pS)

0—

poor convergence of the fitting routine, with two or more
parameters varying over a wide range with negligible im-
provement of the fit. )

II1 thc fcmalndcr of this section RIld thc following sec-
tion we discuss the individual parameters of the fit. This
section is more concerned with how the parameters affect
thc overall fit, whllc thc following scctloI1 compares thc
values obtained to theory.

The data were fit using a nonlinear least-squares-fitting
routine; the final parameters were found by simultaneous-
ly fitting the parallel and perpendicular data at all tem-
peratures. Certain parameters were not allowed to vary,
but were assigned particular values. Thus the band pa-
rameters m =mo (the free-electron mass) and
U~-5. 3&&10 cm/sec (Appendix 8), were estimated from
the parameters of bulk Pd. The estimate is only approxi-
mate, since Pd is a compensated metal, but no band-

G

(pS)
-0

-IQ

PG

Q P 4 g 8 IG l2 14 0 2 4 Q 8 IG IZ I4
H(T) H(T)

0

FIG. 1. Transverse MR of 55-A Pd film. Dots indicate data
and solid curves indicate the theory using parameters of Table I.
(a) Hl to film, (b) H I ~

to film.

0 2 4 6 8 IG IP I40 P. 4 6 8 IG IP. I4
H(T)

0
FIG. 3. Transverse MR of (6—7)-A Pd film. Dots indicate

data and solid curves indicate theory using parameters of Table
I. (a) HJ. to film and (b) H~

~

to film. In (a) note the experimen-
tal MR curves for T &4 K invert their order at H=S T, and
that this behavior is matched in the theory.
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q„t„(nA')I;p (pm) I, (pm)

TABLE IIE II. Revised parameters f d bs oun y requirin I an
0

s „n, to ave the appropriate ratio.

I, (A) I„(A)

29

55
30—32
6—7

6.6
9.0
5.6

230
320
200

130
130
110

3.9
500

1.0

0.2
0
0.6

60000
190000
70000

structure effects are account d f '
h

parameters affect only the val f h
c oI 1n t c thcoI' . ThcCS

e va ue o the g factors.
e parameter l, is determined from the

tivity usin R =n l
e residual resis=n„, , where the material pararne-g p=P /I l

er p„„ is taken36as 2X105 nA2. Fr E .
y on the produ t

e i~ e s~ e so~ so that any challgc irl th 1 f
p ated for by 8 corresponding chan e inens

e vaue o I, is com-

values. This meth d f f' ', ' '
tj t to three sourcese o o ixing /, is sub'ect

o . Secondly, if the films are nonuniform in thickn

ferent from that rel
c vaue o I, enterin g p IIlay bc dlf-

a re evant to localization theor . Fina

e i erent for Ap and for localization theory. We will
see below that a smaller value of I would, wou appear to be

robabl to
sary o exp ain our localization res lt (d

p y to a smaller value of p I„—Table II).
u s ue most

Owing to the lar e num
taken to ensure th

g number of parameters care had t b
at the fitting routine was findin the

e a o e

ws. sca ing analysis was used to determine P d
various subsets of the d

c an

timates of the parameters. (Having fit the er n

o aine y varying only t. The reverse was not true
e para el data is in the low-field

imi, w en the t eory is less sensitive to 1ndivldual pa-

be i. I I
s. e most sensitivtive parameters were found to

c I, ~, F, ge (111any-clcctloll), and P). Tllcsc wct'c

i o a o the data, keeping the other

owe to vary as well, to get the final fit. To ex
c va ucs oi, c.g., Isg~ th1s parameter was

0 8 rlcw value Rnd thc five scn
varied t f' d he o in t cnew minimum.

ve sensitive" parameters

Thc parameter I' was not vari d d 1,'e irecty, but I w
rrn; =a +bT, which is expect-

or e ectron-electron scattering and has been obse

atlowTb h f' '
y t e inite value of I and b

nzero a is obscured

[Eq. (15)]. A t
, and by interactio~ terms

technique which was rovenp fl f

itting is to use the scaling properties of the v
'

ns. ince the different c
'q '. ost valuable when oney, is tec ni ue is mo

'
u 1on ominates, as in the 55-A films Fi . 4 .

the symplectic limit, ho [E . 5]o1 [ q. 5] is a function only of

IP.

H (T)
8

4)l

H(T )
l50

IOOJ

~o) ( )

0 100 500 500 700 900 IIOO

T'
FIG. 4. Level curves of 55-A Pd fi m. Dots indicatei m. Dots indicate data and

MR, plotting the field ne
e eory. ach line refers to aa single value of

e ie needed to produce the value of 5ueo o. as a
of Acr are shown in Fig.c ua values of Acr

a I to film, (b) H~
~

to film.

e the ratio H/(A+T ), where A =2l /l . a,'
cd

o.z, we can determine what value of H '

e a s ows a plot of the resulting curves of H ( T) h, t e
im or ho. . A

p o e versus T, with a
'

h a common intercept at
is figure employs the value of A =71 found

from more detailed analysis (Tableysis a e I). We immediatel
e a many-electron effects (for which P =1,A =0

negligible. Furthermore the M f
film plane should scale as H /(/I

re, e R for H arallel to

4(b u
'

e as +T ), as we find in Fi .
), using the same values of A, I'. This

the (30—32)-A f'
is same scaling on

contribution at high Tilrn shows a T c

du
at ow T, which detailed curve fitting shows to be

ue to many-electron effects. Becauu ec s. ecause of many-electron
ec s an t e large value of A (small l the

analysis of the (6—7)-A film cou 'se — - ilm could not clearly distinguish

The data of Fi . 4'g. contain more information. Sin
each line corresponds to a fix

ion. ince

Ao. ver
o a ixe value of ho. , we can plot

o.t versus the slope of the curv H/(A ' '
ives, + T ), as in Fi .

ata to the symplectic limit and can be fit t E 5

y independent parameters p and 1. Fi
i o q. 5 with

shows that choosing p e u 1
' ' '

a va ueg equa to twice its theoretical value
gives a much improved fit. Such a
firmed b the my e more detailed analysis (Table I); the advan-
tage of the present analysis is that onl a sin 1

e s o e introduced.
In Fig. 4 the MR at low T is seen t den o eviate rom the
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I

h, o-

( ps)

T (K)
10 20 50

-10 —10—

-20 l I I I

0.02 0.04 0.06 0.08 0.10

H/(0+T )

0.12

l
/

/
/

FIG. 5. MR of 55-A Pd film (Hl to film), plotting Ao. vs the
slopes obtained in Fig. 4. Dots indicate data. Lines are best fit
assuming either amplitude of MR has the correct theoretical
values (dashed line) or that it is twice as large as predicted (solid
line). As explained in the text only one parameter (l, ) is varied
in the fit.

e T
p p('r) = p peal'l.

—»—
2 h Tc

(16)

The theory introduces two parameters p& and T„and yL
is a function tabulated in Ref. 39, where yl (x)—+m /6x
for T»T, . The parameter P~ should be —1 in Larkin' s

theory. The significance of this parametrization will be
further discussed in the following section, although we
hasten to point out that there are serious difficulties in
connecting it with a superconducting transition (in partic-
ular, the fact that p~ is field independent to 14 T). How-
ever, Figs. 1, 3, and 6 show that Eq. (16) provides an ade-
quate parametrization of this "drooping" effect.

IV. DISCUSSION OF RESULTS

Figures 1—3 show that there is a considerable difference
between the MR of the 30-A film and that of other films.
This appears to be due mainly to a very small value of l&

in this film. However, the shape of the MR in the 30-A
film is similar to that expected from interaction effects;

scaling prediction. This deviation, replotted in Fig. 6,
cannot be explained on the basis of the theoretical expres-
sions discussed so far. These expressions give a MR
which is monotonic in T at fixed H, whereas the data for
the 55-A and (6—7)-A films show a considerable drooping
at low T. In order to fit this data, we have had to find a
means of parametrizing this drooping. %e have found
that the data can be adequately described by a function in-
troduced by Larkin in a study of the interaction of local-
ization and superconducting fluctuations above T, . The
theory amounts to making the amplitude of the MR tem-
perature dependent,

l I l

0.5 1.0 1.5 2 0
log(O (T)

0

FIG. 6. Magnetoresistance of 55-A Pd film at fixed field

(H =13.5 T, Hl to film) as a function of temperature. Solid
line is the fit using parameters of Table I; dashed line indicates
the same theory but neglecting the drooping ( p& ~0. )

-50
0

this leads to a much greater uncertainty in parameter
values —for instance, fits could also be found for F=0.2.
An examination of Table I shows that the values of p~ and
spin-orbit anisotropy could not be accurately determined
for the 30-A films.

A. Magnetoresistance parameters

p. The theory described above predicts that
P=P/(e /2m. A') is simply equal to 1. While we expect
some scatter in the data because the value depends on an
absolute calibration of the resistance, our results appear to
vary between 1 and 2. A similar situation occurs in Si in-
version layers, where the P variation is presumed to arise
from the several valleys of the conduction electrons.
If the valleys interact weakly, their localization effects are
additive, and p=n, the number of occupied valleys. If
valley-valley scattering is strong, p is reduced to 1. A
similar explanation may hold in Pd, due to either band-
structure effects (both electron and hole orbits are possi-
ble), or the presence of two film layers, Pd and silicide, in
the thicker films.

The nearly constant value of P=l —2 for all samples
studied confirms that the MR is due to a localization-
interaction effect, and not to some bulk mechanism. For
a bulk effect, one would expect AR ~ 8o, so
b,o= hR/Ro ~ 1/Rc, or P~ Atr would vary—by a factor
greater than 10. The remaining variation observed (about
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a factor of 2) appears to be a genuine sample-dependent
effect: If different 30-A films are compared at a fixed
temperature, their net MR varies from sample to sample,
proportional to the values of P.

1„. In the symplectic limit, Eqs. (4)—(6), the MR is in-

dependent of l„. We find that our fits are insensitive to
this value, having a weak minimum in 7 at the value list-
ed in Table I. The table also lists the maxiinum value of
l„compatible with the data —defined as that value for
which the X of the fit (allowing other parameters to vary)
is increased by a factor of 2.

Theoretically, 1„=1,/e with @~Z (Z is the atomic
number). The data of Meservey and Tedrow on other met-
als ' indicate e '=35 for Pd. Our data, in general, show
a considerably smaller value of e. We suggest that this is
evidence that we have chosen values of 1, which are too
large. Since our data gives the product 1,1„,we can find
consistent values of l„l„by assuming e =35. This is
done in Table II, which also lists the revised values for 1;o,
l„and g, . (Note that this is not a refitting of the data—
merely a rescaling of the previous values due to the new
choice of 1, .) For the new parameter values 1; is approxi-
mately constant. From Ro and the new 1„we calculate
the values of p„l„ listed in Table II. The values of p 1

fall within the range of previously reported values.
1,",. In the 2D limit the quantum-size effect quenches

the transverse components of spin-orbit scattering, '

leaving only 1;, finite, whereas in three-dimensions all
components are approximately equal. Earlier experi-
ments ' suggest that these effects can be strong when
t &100 A. We see possible evidence for this only for our
30-A films, although we cannot rule out a relatively small
anisotropy of —& 5 in the other films.

1;. All films have comparable values of 1;=(100—200
pm)/T, differing by only a factor of 2 between Pd and
Pd2Si. The T dependence is that expected for (clean)
electron-electron scattering. These values can be contrast-
ed with the effect of electron-electron scattering on bulk
resistivity. For Pd, it is found that p« —3.3)&10 "T
Oem, leading to 1«—(6000 p, m)/T . In Pd2Si, 1„ is ex-
pected to be much larger, and has not been measured.

The reason for these differences is clear. The ordinary
s-s electron scattering does not contribute to bulk resistivi-
ty in lowest order. The larger value of p„ in Pd is pro-
duced by s-d scattering, which is absent in Pd2Si, since the
d bands are filled. In contrast, any electron-electron
scattering serves to delocalize an electron, leading to signi-
ficantly smaller values of l;.

l, . There is considerable spread in the values of l, listed
in Table I. Some of this spread is real —Figs. 1—3 show
that the 30-A film has a considerably stronger field depen-
dence at low T due to a larger value of l, . Part of the
spread is due to the fact that the measure of 1, is rather in-
direct. Figure 4 shows that it is found essentially as a
zero-field intercept and this extrapolation can have large
uncertainties even when there are no competing effects.
Nevertheless, the values are all —& 1 pm, indicating weak
effects. For instance, if the magnetic impurity were iron,
comparison of Table II data with results on bulk Pd:Fe
would suggest a concentration of about 400 ppm for the
smallest 1, (other impurities yield comparable values).

0
H (T)

l5

0
FIG. 7. MR of (6—7)-A Pd film at 3 K showing decomposi-

tion of theoretical curves (solid lines) into localization (dashed)

and many-electron (dotted-dashed) contributions. (a) Hl to film

and (b) H/
f

to film. Data of (b) show a prominent knee at H=2
T, the field at which the many-electron effect saturates.

This is larger than the concentration in our starting Pd,
but Fe or Cr are not uncommon contaminants in a
sputtering system.

There is presently some question as to the theoretical
interpretation of 1,. The theory of HLN took magnetic
impurity scattering into account in lowest order only. At
low T, the Kondo effect acts to quench the magnetic mo-
ment, while a high field aligns the impurity spins and
hence inhibits spin-flip scattering. Further analysis of
this term Inust await more detailed theoretical under-
standing. In Appendix C we suggest that our observation
of a constant 1, is consistent with the Kondo effect.

Many-electron parameters. The presence of many-
electron effects is most clearly shown in the 6-A film at
low T. Figure 7 shows a decomposition of the MR into
localization and many-electron contributions. The parallel
MR shows a clear knee when the many-electron term
reaches its high-field limit. The knee occurs when

g,p&H =2~k~T, giving g, =14, in agreement with Table
I. The small values of I' we observe are consistent with
other investigations, in which many-electron effects were
not detected. ' ' The values of the g factor are much
larger than expected, possibly due to a band-structure or
many-electron effect. The relatively low-field saturation
of the effect could be consistent with orbital contributions
(Appendix A), but then it is not clear why the effect ap-
pears to be isotropic.
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g, (localization). The strong spin-orbit scattering mixes
up and down spins, so the splitting effect proposed by
Maekawa and Pukuyama is expected to be weak. The
fits to MR generally show a slightly improved fit by in-
cluding this effect with values g, =2. This value of g, is
what would be expected for bulk Pd, and it is not clear
why it is so different from the value found from many-
electron effects.

Drooping of MR gt low T. We were able to find a sim-
ple parametrization of the drooping (Fig. 6) with Eq. (16),
taken from Larkin's work on superconducting fluctua-
tions. The films showed similar values of the two pa-
rameters Pi and T, although the data were not very sensi-
tive to T', (Table I). Superconducting fluctuations do not,
however, appear to be the correct explanation of the ef-
fect. The sign of the observed effect is opposite that of
Larkin's theory, and its amplitude is field independent up
to 13.5 T. %e have observed ordinary superconductivity
in the thicker films with T, -0.25—0.5 K. The MR asso-
ciated with this superconductivity appears to be a dif-
ferent effect, negligible for T ~ 1 K and completely
quenched by fields greater than 2T.

%c bclicvc that thc d1 ooping IDay bc rclatcd to a T
dependence of the anisotropy g=l;, /i"„. If g vanishes as
T~O (a crossover from 3D to 2D spin-orbit coupling), ef-
fects very similar to the drooping can be produced. This
idea will be further developed in a future publication.

t The r. atio of parallel to perpendicular MR should
give a sensitive measure of film thickness r, and we find
good agreement in both of the thicker films. We should
point out, howeveI', that there is some uncertainty about
the expected values for t. The quoted values are for a
pure-Pd layer, whereas the silicide thickness is about 50%
greater, Since about 10—30 A are probably converted to
silicide, the actual t could be as much as 15 A greater than
thc deposited thickness.

For the (6—7)-A film, there is clearly some discrepancy.
The use of parameters comparable to the other films, but
t=6—10 A, gives a parallel MR much smaller than we ob-
serve. Part of the explanation of the large to~~ may be
that the thickness of the metallized region is considerably
larger than the as-deposited Pd thickness. Narusawa
et al. find that for sputtered Pd less than 4.5-A thick,
Pd2Si does not form, but a more Si-rich phase (of compo-
sition PdSi) is formed. As noted earlier, Ohmic contacts
could not be made on a freshly prepared film. This sug-
gests that the fresh surface is discontinuous, or at least
nonmetallic, and becomes metallized only after a slow
diffusion process. %'hether such a process can metalhze
—50 A of material is another question. It may be that in
such thin films quantum-size effects enhance acr~

~

High-T MR. Above 40 K, the MR becomes small
enough to be hard to measure. However, in the 55-A film
we find a small negative contribution above 30 K, appear-
ing initially at low fields and extending to higher fields at
higher T. Its origin is not at present understood, but is a
sufficiently small effect that it is not likely to significantly
pcrtuI'b ouI' othcI paraIDctcrs. Thc h1gh-7 data I Figs.
1—3 all tend to be smaller than expected, which could be
related either to this negative MR or to a stronger T
dependence for l; (as would be expected from electron-

T (K)
5 IO PO 50
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FIG. 8. Resistance of Pd films vs temperature. O, at 13.5 T;
, at zero field (uniformly shifted in 8). Solid lines are fits
using Eq. (17) and parameters of Table I, except for 55-A film,
discussed in Appendix D. (a)=55-A film, (b) =(30—32)-A
film, and (c)=(6—7)-A film.

phonon scattering).
Glass substrate. We include in Table I some prelimi-

nary data on Pd sputtered onto a glass substrate, which
had been cleaned by plasn1a etching. In this case there
will be no silicide formation. The following differences
are noted: l„and correspondingly I.o, are considerably
larger, and P& seems much larger —the drooping of the
MR is much more prominent.

B. T dependence of resistivity

So far, we have analyzed the MR and neglected the T
dependence of o in zero field. This is not expected to be
simply proportional to lnT, since the localization effects
saturated when /; is comparable to I, . The analysis is
greatly simplified by studying the T dependence of o at
the highest fields studied. In this case the localization ef-
fects are essentially proportional to lnH and independent
of T. This is not strictly true, since at low T the Larkin-
type correction (Pi) is still T dependent, while at high T
( & 10 K) the data are not in the high-field limit, but the
residual T dependence is weak and can be accounted for
using the localization parameters of Table I. The remain-
ing T dependence should be due entirely to the field-
independent interaction terms [Eq. (14)j,

1 Eo= +P 1 ——lnT . (17)Ro 2

Figure 8 clearly shows the expected lnT dependence in
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the thinner films. The values of P[1—(F/2)J are compar-
able to those derived from the MR. The 55-A film shows
a pronounced curvature which is approximately field in-
dependent. Since this occurs only in the thickest film it
may be a bulk effect and a possible origin is discussed in
Appendix D.

C. Comparison with other experiments

The picture that is emerging in 2D metal films seems
relatively clear in its broad outlines: MR is dominated by
localization effects while many-electron effects contribute
mainly to zero-field resistivity. Bergmann' found a nega-
tive MR in the light metal Mg for which spin-orbit
scattering is weak. By adding submonolayer coverages of
Au or Fe he was able to test the HLN predictions about
the importance of spin-orbit and magnetic impurity
scattering. Several groups ' ' have shown that Cu films
also conform to localization theory with stronger spin-
orbit scattering for the heavier atom. Pd, being still
heavier, lies close to the symplectic limit. Heavier still, Pt
would be expected to show MR very similar to Pd. This
has been observed by Hoffman et al. ' and by us in
smooth Pt films. However, our initial observations"
were on extremely rough Pt films, which we characterized
as islands of Pt joined by a monolayer film. In this limit
the MR is quite different, being negative and isotropic.
We believe that in this case the MR is dominated by the
individual grains and spin-orbit scattering is completely
suppressed by the quantum-size effect. We will discuss
these results at length in a separate publication.

In many bulk metals magnetic impurities produce ef-
fects (the Kondo effect) which can easily be confused with
localization —a logarithmic dependence of R on T and a
negative MR which scales as H/T. Since Pd has a posi-
tive MR which does not scale as H/T, these effects may
be readily ruled out. A fuller discussion of experimental
results for bulk Pd is given in Appendix D.
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APPENDIX A: COMPARISON OF EXPRESSIONS FOR
THE MANY-ELECTRON MR

In the orthogonal case, expressions have been derived
for both spin and orbital ' effects with Eq. (15)
describing spin effect. (The results of Refs. 25 and 28
differ since in Ref. 28 the expressions were evaluated to
second order in perturbation theory, while in Ref. 25
third-order corrections are included. ) Fukuyama has
analyzed the symplectic limit, but does not quote the field
dependences, only limiting cases. He finds that the MR
saturates at high fields, giving a total positive MR,

r

13+ flUF
Ao. = — ln

2 4ml, kg T (Al)

This value is independent of field orientation, but the field
at which the MR saturates depends on orientation. For
spin effects, which contribute to both parallel and perpen-
dicular MR, saturation occurs for g,p&H~&k&T—the
same condition as for Eq. (15) to reach its asymptotic lim-
it. The perpendicular MR has an additional contribution
due to orbital effects, which saturates when

r

AeH hUF
Bmc l,EI;

V. SUMMARY AND CONCLUSIONS

We have shown that a detailed study of the MR of ul-
trathin metal films can provide a critical test of the pre-
dictions of localization and electron interaction theories of
electrical conduction in two dimensions. Both effects con-
tribute to the MR, and we have shown that the present
theories explain the magnitude, anisotropy, and tempera-
ture dependence of the MR. We have also found certain
effects which are not explained by present theory—
notably, the pronounced drooping of the MR observed in
some samples at low temperatures.

We have further shown that these effects provide a
sensitive probe for a number of material parameters not
easily measured in other experiments.

Finally, we have found evidence in our (6—7)-A sample,
as well as in the Pt films, that MR may also prove to be a
valuable probe of film structure, such as effective metalli-
zation depth and film roughness, which are otherwise dif-
ficult to quantify.

a much lower field. Since the residual resistivity can be
written

e I'eEl
eh A'UF

we find fiuz/leEp=Rp/12. 95 kQ«1, so the orbital ef-
fects saturate at a considerably lower field.

Since the many-electron contribution to the MR is
small and we do not have explicit expressions for its field
dependence, we are approximating it by Eq. (15). This ex-
pression levels off at the same field as the spin effects, but
does not saturate at high fields, becoming

/3F gePa&
2 1.3k~ T (A2)

For the parameters of Table I, this expression differs from
a constant by only 10% for 6 &H & 14 T. However, the
argument of the natural logarithm is -60/T, whereas for
(Al) it is -(200—300)/T. Hence at 2 K, (A2) would
predict a 50% smaller MR than (Al). In fitting the data,
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this would cause us to choose F about 50% larger than its
true value.

APPENDIX 8: 2D FERMI VEI.OCITY

The multiple Fermi surfaces of Pd probably modify the
expressions for MR in the same manner as the multiple
valleys in Si. In the presence of large interband (s-d)
scatterings, expressions such as Eqs. (7)—(9) should be
valid with an average value of uz. For simplicity, we
chose mu~=iilkz, and kF is the rms average of kF. Then

where n20 ——n3Dt is the 20 electron density and X is the
number of occupied levels. For' a metal, we have approxi-
mately X=t/a, where a is the interatomic distance.
Hence kF =(2irn3Da)'~, which differs only a little from
the 30 expression, if there is one electron per atom, and is
exact for a monolayer film.

We note that in this model, the residual conductivity

ne I~t
op —— gl, k~ =

2mh

which agrees with the expression in the text if
Ak~/ne =p„l„. For Pd, n =1.46&&10 cm, a =2.25
A, so k=4. 54&&10 cm ', uF ——5.3X10 cm/sec, and
Akz lne = 1.28 && 10 0A, in reasonable agreement with
the experimental p I considering the simplicity of the
onc-band Rpproxlmatlon.

APPENDIX C: KONDO EFFECT ON LOCALIZATION

We briefly discuss how the Kondo effect will modify
the parameter I, which enters into localization theory.
The theory has not been worked out in detail, so our re-
sults remain qualitative. The chief result is that even in
the high-field and low-T limit, we may expect to find a
constRnt contr1butlon to I&.

(a) Field dependence. When the magnetic field satisfies
Sg @AH »kii T (where S is the impurity spin and g' the
impurity g factor) then all of the impurities will be aligned
along the field, and spin-flip scattering will be greatly re-
duced. This can be accounted for in localization theory by

making l, anisotropic, with l, along the field direction and
I,
" perpendicular. In a high field, (l,") ' —+0, while I;

remains. Reference 24 indicates how to include the aniso-
tropy in the MR, Eqs. (8) and (9). The data of Fig. 4 con-
cern a film close to the symplectic limit, for which the
simpler expression, Eq. (5), may be used. In this case it
can be shown that I,—+3/, in the high-field li~it. It is im-
portant to recognize that the localization effect is pro-
duced by spin-Aip scattering, but in this case, the spin Aip
1s pI'odUccd by thc spin-orbit 1ntcract1on. Thc IIlagnctlc
impurity scattering interferes with the phase coherence
and reduces the magnitude of the MR.

(b) Temperature dependence. At sufficiently low T the
localized moments vanish due to the Kondo effect.
Hence I, ' should vanish. In Pd, however, many magnetic
impurities" (Fe,co,Mn) have a characteristic temperature
considerably below 1 K, so that these effects would not be
observable in our T range.

APPENDIX D: RESISTIVITY OF BULK DOPED Pd

A difficulty Rr'1scs 1Il Rnalyz1ng metal-film data 1Il terms
of localization effects since bulk Kondo effects are also
capable of producing negative MR and resistances varying
Rs lnT. Slncc thcsc arc bUlk effects, they become proglcs-
sively less important as the film thickness is reduced, but
may produce observable effects in thicker films. We here
provide a brief survey of literature results, to see if we can
understand the 55-A film, which shows (Fig. 8) an
anomalous, field-independent resistivity with negative
temperature coefficient or resistivity (TCR).

Table III lists the characteristics of low T zero-field
resistivity for a variety of impurities in Pd. It is seen that
a simple Kondo-type result, negative TCR with p ~ lnT, is
quite rare, except for high impurity concentrations or high
T (T, is typically 40—300 K). Our 55-A-film data can be
fit to form (d) (see Table III), but with a very low value of
T, =5 K (Fig. 8). From this fit we obtain the lower limit
of P(1 F/2) listed in Tabl—e I; the upper limit is just the
fit to the logarithmic slope observed at high T.

The lack of MR for our film still poses a problem, since
in the doped Pd, form (d) is accompanied by a negative
MR which woUld c111Tl1QRtc thc T dcpcndcncc Rt, 13.5 T.
However, the mechanism producing the negative TCR
(for Rh, Ag, and some other nonmagnetic impurities) is

TABLE III. Impurity-induced p(T) for Pd.

Type

(a) Electron-electron
Electron-paramagnon

(1) Dilute ferromagnets

(c) In spin-glass regime
(d) Kondo

Nonmagnetic

TCR Behavior of p(T)

+ T'

T" (low T)

lnT (above T, )
lnT (T&4.2 K)

[(T2+ I ) ll2]

T2

Impurity

pure Pd
Ni
Fe, Mn, Co
CI', 7—14 at. %
Co
Cr, 14—18at. % (no MR to 4.5 T)
Cr ~ 7 at. % (T, -25—150 K)
V
Rh( ~1 at. %);Ag(20—55 at. %);
Pt(-40 at. %),Ru
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not the ordinary Kondo effect, but a band-structure effect
peculiar to Pd. The MR is then produced by ordinary
electronic spin splitting. It is likely that, in the presence
of strong spin-orbit scattering, this splitting will be
quenched and the MR will not be observed —just as we
fail to observe the effect of Zeeman splitting on the locali-
zation.

For most magnetic impurities in Pd, a negative MR is
found, which is a function only of H/T. The form is, in

fact, very similar to the Lee-Ramakrishnan MR due to in-
teraction, except that (1) the signs are opposite, and (2) in
the Kondo system the effective g factor is that of the
magnetic impurity, which should be —10. If we refit the
MR, but assume the presence of some bulk Kondo-type
term, the only parameter which changes is I, which in-
creases to just cancel the Kondo term. For instance, if the
55-A film contains —1 at. %%uoof Fe, Fwil 1 be increase d to
-0.06.
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