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Low-temperature electronic transport properties in thin films of Pd and PdHQ 3
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Low-temperature magnetoresistance measurements have been used to determine various electron

scattering times in pure Pd and PdHO 3 thin films with different thicknesses, which have been prepared

by electron-gun evaporation. From low-field magnetoresistance measurements, using localization

theory, the spin-Hip, electron-electron, and electron-phonon relaxation times can be deduced and they

are found to depend on the electronic structure of both systems. It is also found that the increase of the

disorder of the systems enhances the spin-orbit coupling, which is larger in PdHO 3 than in Pd. On the

other hand, the high-field magnetoresistance allows the determination of both the Coulomb screening

factor F and the Lande factor g for both systems. It is found that the I' factor depends on the band

structure and takes the mean values 0.63 and 0.53 for pure Pd and PdHO 3, respectively, while the g fac-

tor depends on the degree of disorder.

I. INTRODUC11ON

During recent years theoretical and experimental in-
vestigations of the transport properties of the electrons in
two-dimensional metallic systems have revealed two new
quantum effects, namely, the weak localization of elec-
trons' and the enhancement of electron-electron in-
teraction in the presence of impurity scattering. The
weak localization is due to the fact that at low tempera-
tures the phase coherence of the electron wave function is
preserved over the characteristic length L+=(Dr )'
which is equal to the electron diffusion length within the
phase relaxation time ~, where D is the diffusion
coefficient. In the electron-electron interaction the
characteristic length is the interaction length
Lz =(AD Iktt T)'~, where kit is the Boltzmann constant.
The interelectron interaction at finite values of the elec-
tron mean free path l leads to the appearance of a correc-
tion on both the electron density of states on the Fermi
level and on the conductivity. Both effects predict that in
two-dimensional systems and at low temperatures the
conductivity decreases logarithmically as the temperature
decreases. The magnitude of the decrease, as predicted
by weak localization and electron-electron interaction, is
of the same order. It follows then that measurements of
the temperature dependence of the conductivity do not
suffice to distinguish the two effects.

The existence of a magnetic field applied perpendicu-
larly to the film plane allows one to separate localization
and electron-electron interaction effects. A magnetic
field destroys localization and generally causes a negative
magnetoresistance. When spin-orbit effects are taken
into account the magnetoresistance can change sign.

Taking into account both spin-orbit and magnetic im-
purity spin scattering Hikami, Larkin, and Nagaoka
have calculated the correction of the magnetoresistance
via the relation

5R~(T H) 1 Hi 1 H2-«2'H ~ 2'H

H3+—p —+
2 2 H

H4—+
2 H

where R ~ is the sheet resistance, g =e /2n fi
=1.23X10 0 ', g is the digamrna function, H is the
applied field, and H&-H4 are characteristic fields which
are defined as

H] Hc] +Hso +Hs

H3 =H~ =2H, +H;„.
(2)

H,&, H;„, H„and H„are due to elastic or potential
scattering, inelastic scattering, magnetic scattering, and
spin-orbit scattering, respectively. H is the phase-
breaking field.

The characteristic fields H„are connected to the relax-
ation times ~„by the relation

fi

4eD~
(3)

where D is the diffusion constant. The relationship be-
tween the diffusion lengths I. and the corresponding re-
laxation times r„ is given by L„=(Dr„)'

On the other hand, the contribution of the electron in-
teraction effects to magnetoresistance is small. Lee and
Ramakrishnan have shown that the particle-hole
diffusion channel causes a splitting of the spin-up and
spin-down bands when a magnetic field H is applied.
This splitting produces a gap of the order of gp~H be-
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tween the lowest unoccupied spin-up electron and the
highest occupied spin-down ones. g is the Lande factor
of conduction electrons and pz the Bohr magneton. The
magnetoresistance due to this splitting is given in two-
dimensions by

b,R~(T,H) F 0.084h
R~

(4a)

where F is the general screening factor which is given by
the relation'

K
1

1+(1 K)'—
n(1 K)' — 1 —(1 K)'—

K =(2kF/a) ', where kz is the Fermi wave vector and
' is the screening length in three dimensions:

N(EF)e

&o

N(ez) is the density of states at Fermi level. The screen-
ing factor F approaches 1 for strong screening and 0 for
weak screening.

According to Eqs. (1), (4a), and (4b) the weak localiza-
tion in the case of strong spin-orbit scattering as well as
the electron-electron interaction effect predict that the
magnetoresistance exhibits the same field dependence.
Although it is nearly impossible to distinguish the two
effects only from magnetoresistance measurements, it is,
however, possible to calculate the important parameters
which are involved in these two mechanisms.

The present investigation deals with the study of the
magnetoresistance change occurring in thin films of pure
Pd and PdH„ in a and P phase, in which hydrogen is lo-
cated interstitially in the octahedral sites of the fcc Pd
lattice.

The aim of this work is to study the influence of the
modification of the electronic band structure by weak lo-
calization and interaction effects, to calculate the impor-
tant parameters which are involved in these two theories
and finally to compare the present results with earlier in-
vestigations.

As discussed by Raffy et al. ,
" pure Pd is a d metal

with a high density of states at Fermi energy, while the
PdH system with x =0.3 is a normal metal with an elec-
tronic structure similar to that of a noble s-p metal with a
much lower Fermi-level density of states. Raffy et al. "
have studied the magnetoresistance of PdH thin films
with x & 0.7 and have shown how the electronic structure
can be influenced by both weak localization and
electron-electron interaction and how these two effects
interplay with a cooperative phenomenonlike supercon-

for h « 1, where h =gp&H /kT and

bR~(T, H) F
ln (4b)

R~~ 2 1.3

for h &)1. F is the two-dimensional effective electron
screening constant and is given by

F=8(1+F/2)ln(1+F/2)/F 4, —

ductivity. Recently, the present authors' ' by simul-
taneous measurements of the Hall coefficient and magne-
toresistance in Pd and PdHo 3 thin films have found that
(i) localization and interaction e6'ects coexist, and (ii) the
screening factor F in hydrogenated system is reduced
compared to that in Pd.

II. EXPERIMENTAL PROCEDURE

The values of the sheet resistance Rz =p/d of the in-
vestigated pure Pd and PdH„ films as well as other pa-
rameters are listed in Table I. Table I shows that the
sheet resistances R~ of the pure Pd films are slightly
higher than those of hydrogenated system. This
difference can be attributed, as mentioned above, to the
fact that these two systems have different electronic band
structures. Although the strong scattering of the s elec-
trons on the d states is absent in the PdH„system, it
dominates in pure Pd. In Fig. 1 the resistivity p of both

T=-42K
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FIG. 1. The electrical resistivity p of pure Pd and PdHO 3 al-

loys as a function of the inverse thickness d

Five Pd films were prepared in an ultrahigh vacuum
chamber (-10 mbar) by electron-beam evaporation.
The films were deposited onto a quartz substrate at room
temperature with a rate of about 2 A/s. The thickness
which ranged from 50 to 380 A was measured during the
evaporation with a quartz crystal oscillator calibrated
with a stylus profilometer (DEKTAK IIA).

The pure films were first measured and afterwards were
charged with hydrogen from the gas phase at room tem-
perature as it is described elsewhere. ' The hydrogen
concentration was measured during both absorption and
desorption and was controlled to be about x =0.3 for all
films.

The measurements were carried out in a conventional
stainless-steel helium cryostat equipped with a supercon-
ducting solenoid with a maximum field strength of 6 T.
The resistance measurements were performed by means
of a four-terminal dc technique with the sample voltage
amplified by a photoelectric galvanometer and then
displayed on an HP 3435 A digital multimeter. To avoid
sample heating the currents used did not exceed 1 mA.
All measurements were performed in the temperature
range 1.8 —4.2 K.

III. RESULTS AND DISCUSSION
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TABLE I. Sample characteristics for pure Pd and PdH0 3 thin films.

Thickness (A)

380
200
150
100
50

~UPd (4.2 K)

(0/0)

3.3
7.4

13.7
23.7

100

~QPdH (4.2 K)

(0/0)

2.6
5.9

11.7
19.0
96.0

D(I d)

( X 10 m'/s)

11.5
9.6
7.0
6.1

2.9

D(pdH )

(X10 m /s

34.1

28.6
19.2
17.8
7.0

systems is plotted as a function of inverse thickness d
at 4.2 K. The figure shows that p is a nearly linear func-
tion of 1/d, i.e., p follows the Fuchs law'

3le
p=pa 1+

8
(8)

Here p~ and ls are the resistivities and the electron free
paths of the bulk systems, respectively. The solid lines
are least-square fitted to Eq. (8) with ps and 1~ as the
fitting parameters. The fitted values of the product pzlz
are 5.68X10 QA and 5.94X10 QA for pure Pd and
PdHp 3 thin films, respectively. The validity of Fuchs law
means that the present Pd and PdHp 3 films are clean,
homogeneous, and the mean-free path of the electrons is
essentially controlled by the thickness d. Table I also
presents the electron-diffusion coeScients for both sys-
tems as it is calculated via the relation

D=[e N(eF}p] '=[e N(sz)dR~]

where p is the resistivity, R ~ the sheet resistance, and d
the film thickness. The density of states N(ez} at sz for
pure Pd and for PdHO 3 systems are N(eF }=2.71X10~7
J ' m and 6.07 X 10 J ' m, respectively. '

Figures 2 and 3 show the transverse magnetoresistance
(2m. Ale )ER~lR~ of the pure Pd and PdHO 3 systems,
respectively, as a function of the magnetic field for the
thin film with a thickness of 100 A and at the fixed tern-
peratures 2, 3, and 4.2 K; all the other samples show
nearly identical data. The main features of these results
are that (i) the magnetoresistance of both systems is posi-
tive, as has been observed by other authors, ' "" ' and

(ii) the magnetoresistance of the PdH03 system is lower

than that of the pure Pd one. The latter feature is in con-
tradiction to the results of Raffy et al. " The cause of
this discrepancy is due to both the different method of
the films loading and to the different hydrogen concentra-
tion. The films under discussion here were loaded from
the gas phase at room temperature, and were in the a+P
phase at the measuring temperatures, while the films dis-
cussed by Raffy et al. " were charged at low tempera-
tures by an electrochemical process and were in the pure

P phase.
From the present measurements of the rnagnetoresis-

tance in Pd and PdHp 3 films it can be inferred that an in-

terpretation of the data in terms of only one mechanism
is impossible. In order to distinguish the two mecha-
nisms we consider the data of the magnetoresistance in
two magnetic-field regions, i.e., in the low-field and in the
high-field regions.

A. Low magnetic-field region

At low magnetic fields the electron-electron interaction
contribution is expected to be negligible and thus one
need consider only the weak localization effect. The ex-
perimental data can then be fitted using the theoretical
expression given by Eq. (1).

The characteristic field H„=Pi/4eDr, ~=tv~/4eDl„
arising from the elastic scattering, with D=7X10
m /s, v+=0. 3X10 cm/s, ' and l,&=150 A, is of the or-
der of about 3 T. Since H, &

is considerably larger than
the applied field H the term g( ,'+H, /H ) in E—q. (1) con-
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FIG. 2. The transverse magnetoresistance of the pure Pd film
100 A in thickness as a function of the magnetic field H.

FIG. 3. The transverse magnetoresistance of the PdH0 3 film
100 A in thickness as a function of the magnetic field H.
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tributes little to the magnetoresistance and can be ig-
nored. In this case, Eq. (1) should be replaced by

M (TH) 3 1 H2 1 1 H3—+ + —g —+
2 2 H 2 2 H

(10)

Equation (10) holds up to a magnetic field Hz =2 T. Up
to this value no discrepancy between the theoretical and
experimental points can be observed.

The solid curves fitted to the experimental data in Figs.
4(a) —4(e) are derived from relation (10) using a suitable
fitting program and the characteristic fields H2 and H3 as
adjustable parameters. The agreement between the ex-
perimental points and the theory is very good. The pa-
rameter H3 is equal to the characteristic phase-breaking
field H . In Figs. 4(a) —4(e) the values H are plotted as a

function of the temperature T for four Pd films, in both
the pure and the hydrogenated state. From these figures
one can see the following features. First,
H+(Pd) &H+(PdHo 3) for the sample with a thickness of
380 A, while for thinner films there is a certain tempera-
ture T below which H (Pd)(H (PdHo3). This cross-
over temperature T shifts to higher values as the thick-
ness decreases. The other feature to note is that the de-
phasing field H can be separated into two parts, the first
is temperature independent, while the second is tempera-
ture dependent.

The solid lines of Figs. 4(a) —4(e) are the best fits de-
scribed by the temperature dependence

H =2H, +H;„(T)=C+BT+AT

The constant term C can be identified with the charac-
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FIG. 4. The phase-breaking
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thin films.
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'+w '=B'T+ A *T
in ee ep (12)

The thin films investigated here are considered to be
two-dimensional and in the dirty limit, with respect to
the electron-electron scattering, because the thermal
diffusion length Lr =(AD/k~T)' for all films is larger
than the thickness d in the whole temperature range
(1.8—4.2 K). For a dirty two-dimensional system Abra-
hams et al. ' have calculated ~,, ' and found that

(13)

where T, =1.85 X 10 (kF1,~
) K-10'~ K, I„ is the elastic

scattering length and kF the Fermi wave vector. As
T& »T and ln(T&/T)-27, expression (13) leads to a
linear T dependence, i.e.,

r,, '=13.7X10 Ro T=B,'hT (14a)

or

teristic field 2H„responsible for the spin-flip scattering
due to the presence of residual magnetic impurities, while
the terms BTand AT correspond to the contribution to
the characteristic inelastic magnetic field H;„.

The obtained C values are presented in Table II. Note
that C or, similarly, H, decreases with d. According to
Lin and Giordano the origin of the spin-flip scattering
should be attributed to reasons other than the substrate
impurities, since the quartz substrates contain minor
magnetic impurities ( & 3 ppm).

According to the same authors the decrease of H, with
d can be explained if one assumes that the spin-flip
scattering occurs predominantly at the film surface. As
the film thickness decreases the ratio surface to volume
becomes larger and the surface scattering becomes more
probable and more important.

Note also that the H, values of the pure films are
smaller than those of the hydrogenized ones. Raffy
et al. "suggest that this behavior can be attributed to the
d character of Pd. H, is mainly affected by the d impuri-
ties. It seems then reasonable that the influence of these
impurities is smaller in a d metal, such as Pd, than in an
s-p, one, such as PdH.

The BT and A T terms of Eq. (11) are due to
impurity-induced scattering, ' and electron-phonon
scattering, respectively. The relevant inelastic scatter-
ing rate ~;„,which corresponds to the characteristic field

H;„can then be written as

H = 13.7 X 10 R o T=2.25 X 10 =Bth T, Ro
4eD o D th

(14b)

or

H, „= 14m((3)A,coD
T

4eD D

= a,hT', (15b)

where co& and 8& are the Debye frequency and tempera-
ture, respectively, A, is the electron-phonon coupling pa-
rameter and g(3) is the three-dimensional Riemann func-
tion. Taking for both Pd and PdHO 3 a mean value of 270
K for the Debye temperature 8D (Ref. 24) and

coD =3.54 X 10'3 s ', while lpd =0.45 (Ref. 25) and
A,pdn =0.26 for concentrations x 0.73, the A,hx

values can be calculated. The results are listed in Table
II. The values of A,„ listed in the same table are to be
compared to the values of A,h obtained by fitting the ex-

The experimental magnitudes B presented in Table II are
in good agreement with the relevant theoretical predic-
tions, which are also included in the same table.

An additional criterion for the dimensionality of the
present films is the phonon propagation. The dimen-
sionality of a system with respect to electron-phonon
scattering is generally decided by comparing the thick-
ness of the system to the most probable phonon wave-
length, A,~h=fiu, /2ksT, where v, is the velocity of the
sound. The electron-phonon scattering rate shows a T
dependence in both the clean three-dimensional limit, i.e.,
I, d & A,~h, and the dirty two-dimensional limit, i.e.,
I,d & I, „,while the clean two-dimensional limit exhibits a
T dependence. In pure Pd, transverse phonons give the
major contribution to the inelastic scattering. Taking
U, =2.63X10 cm/s, ' it is found that A, „=630 A/T,
where T is the temperature in K. Thus, in the tempera-
ture range 1.8 —4.2 K, A,~h varies from 350 to 150 A.
Therefore, with respect to the phonons the present films
are in the intermediate dimensionality between two and
three. The fact that the films are in direct contact to the
quartz substrate enhances the three-dimensionality be-
cause the phonons extend into the quartz, despite a
mismatch at the interface. In this case the electron-
phonon scattering rate is given by the relation

r, ' h=14mg(3)A, co n = At'hT
T

(isa)
D

TABLE II. Theoretical and experimental parameters for pure Pd and PdHO 3 alloys.

~exp
Coef5cient ( X 10 T/K) ( X 10 T/K)

d (A) Pd PdH Pd PdH
(x10 T/K )

Pd PdH

~ exp C
(x10—' TK') (x10-' T)

Pd PdH Pd PdH

380
200
150
100
50

0.60
1.61
4.07
8.08

71.70

0.16
0.43
1.27
2.22

28.53

1.95
2.60
4.28

12.8
60.4

1.70
2.05
2.27
9.70

55.0

7.8 X 10 0.66 X 10 1.0
9.3 X 10 0.78 X 10 1.2
0.13 1.17x 10-' 1.8
0.15 1.26X10-' 3.9
0.31 3.20x10 ' 4.5

0.37
0.48
0.52
1.64
3.80

400
480
492
307
554

333
500
522
380
600
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perimental data to Eq. (11) up to the magnetic field
HE=2 T.

As mentioned above the temperature-dependent part of
the dephasing field H (T) is larger in pure Pd than in

PdHO 3, i.e., H;„(Pd))H;„(PdHO &), particularly for the
thicker samples. In order to explain this observation the
electron-electron and electron-phonon scattering have to
be considered separately. Raffy et al. " suggest that
electron-electron scattering in pure Pd films, just as in the
bulk state, is enhanced by the scattering of the s conduc-
tion electrons on the d states. As a result the scattering
rate is multiplied by a factor of the order
[1+N„(s„)/N,(ez)], where Nd(ez) and N, (e~) are the d
and the s densities of states at the Fermi energy, respec-
tively. According to the same authors" a second mecha-
nisin which can also enhance the scattering rate in pure
Pd is the scattering of the s electrons on the localized
fluctuations of the d-band electron spin density. This
scattering process contributes a T dependence to the

low-temperature resistivity.

e-phAs far as the electron-phonon scattering rate [r )
is concerned, it is found to be greater in pure Pd than in
PdH0 3. The difference can be attributed to the different
values of the electron-phonon coupling parameter A, .
Theoretical calculations of the A, parameter for pure Pd
(Ref. 25) give a value A, =0.45, while for the PdH„system
the A, parameter is given by summing the contributions of
each atom, namely A,pdH =A,pd+A, H. Using self-consistent

X

augmented plane-wave (APW) band-structure calcula-
tions, Papaconstantopoulos et al. determined the cou-
pling constants of PdH alloys. They found that the
value A,pd of Pd in PdH, 0.175, does not vary
significantly with x, while the kH of H in PdH„shows a
strong concentration dependence, decreasing substantial-
ly as the hydrogen concentration decreases. According
to Fig. 5 and Table IV of Ref. 26 it seems that the total
value of the coupling parameter in PdH for x &0.73 is
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nearly constant and amounts to A,„,=0.26. The corre-
sponding k~ value of H in PdH„amounts to A,~=0.085.
Therefore the calculation shows that the electron-phonon
coupling constant Apd in pure Pd is a factor of 2 larger
than the A,pd in palladium hydride. The physical origin of
this A, difference can be attributed tp the s-d scattering
mechanism, which takes place in pure Pd.

Figures 5(a)—5(e) show the relaxation times r, , and

~, z as a function of the temperature T for the pure as
well as for the hydrogenated films. The solid lines are the
best fitted to Eqs. (14b), and (15b), using the values of pa-
rameters A

p
and B,„~ in place of A,h and B,„. From

this figure one can notice that (i) (r, „r,p )pd

(+e-e re-p )pdH0 3
and (ii) (~e-p )pd, pdHO 3

(+e- )pd, pdH0 3
for

the thicker films (380—150 A) in the whole temperature
range, while for the thinner films (100—50 A) there is a
temperature T above which the relation
(re p )pd pdu ( (re e )pg pdii is valid. As is inentioned

0.3 ' 0.3
elsewhere, ' below T the electron-phonon interaction is
frozen out, while simultaneously, localization is
suppressed. These two effects permit the observation of
electron-electron interactions.

B. Spin-orbit scattering

The second parameter that can be determined by the
fitting process to the experimental data of the transverse
magnetoresistance using Eq. (1) is the characteristic field

H2 3 H +
3 H, +H;„. Having previously obtained the

characteristic fields H, and H;„ it is further possible to
adjust the characteristic field H, which represents the
strength of the spin-orbit scattering. The results of the
H„, values as well as the associated values of the spin-
orbit scattering rate ~,, and the elastic scattering rate
~0

' for Pd and PdHO 3 thin films are shown in Table III.
The elastic-scattering rate ~0

' has been evaluated from
the relation I„=vp~v, where the elastic mean-free path I„
is taken equal to the thickness d and vF, the Fermi veloci-

ty, and is equal to 0.3 X 10 cm/s (Ref. 19) and 0.7X10
cm/s (Ref. 19) for pure Pd and PdH„, respectively. Table
III also shows the ratio ro/r~. In Fig. 6 the values of r,, '

are plotted as a function of the inverse film thickness d
for both systems. This figure shows that v;, increases in
both systems and v~' in PdH03 is about a factor of 2
larger than that of pure Pd. This means that the dis-
solved hydrogen enhances the spin-orbit coupling. On
the other hand, the ratio ~DID„ is nearly constant in both
systems, with values between 7X10 and 1.4X10 . In
comparison to the present localization experiments
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o 0.8
—,Q

0.6

0.2

)II
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d (k)
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FIG. 6. The spin-orbit relaxation rate ~,, as a function of the
inverse thickness d ' for pure Pd and PdHO 3 thin films.

Meservey and Tedrow, on previous critical field studies
on superconductive PdH„ films 50-250 A in thickness,
have obtained values of vv/~„between 9X10 and
1.5 X 10, i.e., an order of magnitude lower than the
present measurements. The present rp/~„ratio is in
rather good agreement with the ratio calculated from the
Abrikpsov and Gprkpv relatipn:

7 p =(aZ)
SO

(16)

where a=e /i)ic is the fine-structure constant and Z is
the atomic number. Equation (16) predicts
7.0/r~ = l.3 X 10 if one uses Z =46 for Pd.

The fact that the ratio ro/r is nearly constant in both
systems suggests that the spin-orbit scattering arises from
the same events in both of them. The mechanism which
seems to be responsible for the spin-orbit scattering in the
disordered films in the scattering of the Bloch wave-
functions from deviations in the periodicity of the lat-
tice. This deviation becomes stronger as the film thick-
ness decreases. Therefore, the spin-orbit coupling should
also increase as the thickness decreases. On the other
hand, the dissolved interstitial hydrogen atoms occupy
octahedral sites in the fcc Pd. Below about 300'C the
homogeneous solid solution disintegrates into the a phase
with low hydrogen content and an expanded p phase.
The lattice of the p phase, when it is built up by discon-
tinuous expansion of the a phase, is highly distorted.
This additional disorder, which is caused by the existence
of the p phase, is responsible for the observed enhanced
spin-orbit coupling.

TABLE III. The fitted fields H 7 7p ', and ~0/~ for pure Pd and PdH03 alloys.

d (A)

H„
(X 10-' T)

Pd PdH

—1
SO

(X 10" s-')
Pd PdH

—1
70

(X 10" S-')
Pd PdH

W0/~„
(x10-')

Pd PdH

380
200
150
100
50

0.98
2.19
3.17

10.4
31.7

0.63
1.60
3.71
5.50

38.7

0.68
1.28
1.35
3.84
5.58

1.30
2.78
4.35
5.88

12.82

0.77
1.49
2.00
3.03
5.88

1.85
3.57
4.76
7.14

14.00

8.8
8.6
6.8

12.7
9.5

7.0
7.8
9.1
8.2
9.2
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C. High magnetic fields

As mentioned above, there is a fixed magnetic field Hz
above which there is a difference between the experimen-
tal results and the theoretical curve given by Eq. (10). In
order to supply the theoretical expression with a positive
term the electron-electron interaction contribution
should be taken into account. In this case the term given
by Eq. (4b) should be added,

r

F h
ln

2 1.3

b,R~(T,H)

R~ ee

where h =gp&H/kT=a„/T. Fitting the high
magnetic-field magnetoresistance data, for 0&HE, one
can obtain F and e„ for pure Pd and PdHQ 3. From the
values of F and a„one can obtain the screening factor F
and the Lande factor g of electron. The results are
presented in Table IV. Table IV values show that the
screening factor F in pure Pd is generally larger than that
in PdHQ 3, while the F factor in both systems is nearly
constant. The mean values of F in Pd and PdHQ3 are
F(Pd)=0. 63 and F(PdHO 3)=0.53. These values are in

good agreement with previous Hall effect measure-
ments. ' ' The theoretical values of F calculated from
Eq. (6) are F(Pd),h=0. 58 and F(PdH, ),h=0. 41, using as
density of states the values N(Pd)=2. 71X10 J 'm
and N(PdH„)=6. 07X10 J 'm, respectively. The
agreement between F„„and F,h is found to be good
within the experimental errors. It is obvious that for all
the films the relation F(Pd)&F(PdHO3) is valid. The
change of the screening factor as a result of the dissolu-
tion of hydrogen means that the screening length varies.
In comparison, Markiewicz and Rollins' found that F
varies between 0.1 and 0.26 for Pd-Si and Pd/Pd-Si films
with thicknesses between 55 and 30 A, respectively. The
difference between the values of F for pure Pd reported
here and those of Markiewicz and Rollins' may be attri-
buted to both different fitting processes and data analysis.
Markiewicz and Rollins obtained F values by fitting
simultaneously the parallel and perpendicular data in the
whole magnetic range (0—14 T), while the present F
values were obtained by fitting the perpendicular magne-
toresistance data above the threshold field HE) 2 T.
During the present fitting process the localization param-
eters were obtained by the low-field fitting, and they were
afterwards kept constant, while the electron-electron in-
teraction parameters were varied to obtain the best fit of

2.6

2,4

T=42K

S
2,2

the high-field data. Finally, the 1ocalization parameters
were also allowed to vary to get the best minimum of the
fitting routine.

From the fitting parameter a„ the Lande factor g can
be obtained for Pd and PdHQ 3 thin films. The values of g
factor are presented in Table IV. This Table shows that
the Lande factor values are different from the free-
electron value g, =2, depending on the film thickness,
and are lower in the PdHQ 3 system. Figure 7 shows the g
factors as a function of the thickness d in both systems.
This figure shows that the g factor depends nearly linear-
ly on the thickness d and in the two thicker pure Pd films
has values larger than the free-electron value g, =2. On
the other hand, the values for the PdHQ3 system are
smaller than g, . For comparison to the present values for
the pure Pd thin films, the dashed line of Fig. 7 shows the
g' factor for bulk Pd samples, which is measured at room
temperature with a modified magnetomechanical method
and is found to take the value 1.77. ' The dotted curve in
the same figure shows the spectroscopic splitting g" fac-
tor which is measured by the transmission electron reso-
nance method, and has an average value of 2.25.
Band-structure calculations have found average values
for the g factor over the Fermi surface which lie between
2.22 and 2.31. ' These values are in good agreement
with the present values. It should be mentioned that the
present value is in large disagreement with the value of
g = 14 of pure Pd thin films obtained by Markiewicz and
Rollins' from the same kind of measurements. Mar-
kiewicz and Rollins' attributed the large g value they
found to the modification of the band structure due to the
lower film dimensionality or to many-electron effects.

In order to interpret both the dependence of the g fac-
tor on the film thickness and the influence of hydrogen on

g values, spin-orbit coupling and its dependence on the
disorder should be taken into account. As mentioned
above, the increase of disorder by the reduction of the
thickness, as well as by the introduction of hydrogen,
strengthens the spin-orbit coupling. This enhancement of

TABLE IV. The screening factor I' and the Lande factor g
for pure Pd and PdH0 3 alloys.

1.6

~ Pd

o PdH

d (A) Pd PdH Pd PdH
t

0 50 100 150 250 300 350 400

380
200
150
100
50

0.78
0.70
0.55
0.47
0.72

0.40
0.69
0.48
0.45
0.53

2.5
2.3
1.8
1.7
1.5

1.7
1.6
1.5
1.4
1.3

d (L)

FIG. 7. The g factors as a function of the thickness d of the
pure Pd and PdHQ 3 thin 61ms. The dashed and dotted lines cor-
respond to the magnetomechanical g' and to the spectroscopic
splitting g" Lande factor of bulk Pd, respectively.
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spin-orbit coupling causes a reduction of the g factor.
According to Mueller et al. , the reduction of the
efFective g factor in Pd from 2.00 to 1.65 can be explained
by the presence of strong d-state spin-orbit coupling.
Since the spin-orbit rate ~,, ' depends linearly on the d
according to the above arguments the g factor should
change as a function of d. When hydrogen is dissolved in
Pd, it causes more disorder in the thin-film lattice, as well
as stronger spin-orbit coupling, in such a way that the g
factor of the hydride is lower than that of pure Pd. On
the other hand, electron-spin-resonance measurements in
PdH alloys containing Mn + and Gd + ions have
shown that the H+ ions do not participate in the spin-
orbit scattering. The lower g values for the PdHo &

sys-

tern cannot be attributed to either the band-structure
modification or to the change of the Fermi energy cF
since, in those cases, the g factor should have been thick-
ness independent.

IV. CONCLUSION

In the present investigation we have attempted, by
low-temperature measurements of the magnetoresistance
of pure Pd and PdHQ 3 thin films, to understand the
inelastic-scattering mechanisms that destroy the phase
coherence, which is essential for localization, and to
determine both the screening factor I' and the spectro-
scopic splitting factor g, which are involved in the
electron-electron interaction. From the low-field magne-
toresistance measurements the three-dimensional
electron-phonon and the two-dimensional electron-
electron rates were obtained, and it has been concluded
that the spin-orbit coupling depends on the strength of
the disorder. From the high-field magnetoresistance
measurements the screening factor F and the Lande fac-
tor g have been estimated. I' takes the mean value 0.63
for pure Pd and 0.53 for PdHo 3, while the g factor de-

pends on the spin-orbit coupling.
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