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We report measurements of the temperature dependence of the resistance in zero field and mag-
netic fields up to B=4 T for thin granular Pd,C,_, films with various compositions x
(0.45<x <1). The films have been prepared by codeposition of pure palladium and high-purity car-
bon onto quartz-crystal substrates at room temperature. The low-temperature resistance behavior
of the Pd, C,_, mixture films clearly exhibits contributions from weak antilocalization (WAL) and
electron-electron interaction (EEI) effects in two dimensions. The experimental results are analyzed
by theoretical predictions due to WAL and EEI theories, using electron scattering times as obtained
from magnetoresistance measurements. It is shown that the analysis yields a consistent description
of the low-temperature dependence of the resistance in zero field as well as in magnetic fields up to 4

T.

I. INTRODUCTION

The resistance behavior of thin metallic films at low
temperatures has attracted great interest, since theoreti-
cal calculations predicted additional contributions to the
conductance based on weak localization (WL) and/or
electron-electron interaction (EEI) in two dimensions.!?
The temperature dependence as well as the magnetic field
dependence of these contributions is influenced by elastic,
inelastic, spin-orbit, and spin-flip electron scattering pro-
cesses.> Numerous experiments impressively confirmed
the theoretical predictions for homogeneous films*> and
even for films of complex structures such as granular® or
amorphous films.’

For homogeneous thin films a quantitative analysis of
the resistance behavior as a function of both the tempera-
ture and the magnetic field in terms of explicit theoretical
predictions8 can be obtained. This has been shown, e.g.,
for Mg thin films by Gijs et al.,’ who consistently de-
scribed the magnetoresistance (MR) measurements as
well as the temperature dependence of the resistance by
the same set of electron scattering times. Recently Lin
and Giordano!® conducted extensive measurements of the
low-temperature MR for Au-Pd films [two-dimensional
(2D)] as well as Au-Pd wires [one-dimensional (1D)] to in-
vestigate the influence of the dimensionality on the vari-
ous scattering times. The magnetic scattering time 7
and the spin-orbit scattering time 7., are found to be
consistent in one and two dimensions, whereas the inelas-
tic phase-breaking time 74, depends on the dimensionality
of the samples.!! However, there are still open questions.
Lin and Giordano'! found that for sputtered Au-Pd films
the inelastic electron scattering time well agrees with
theoretically predicted ones, whereas for evaporated Au-
Pd films the experimentally determined scattering times
are quite different.

We recently have reported results for the inelastic elec-
tron phase-breaking time 74(7) of Pd,C,_, mixture
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films as obtained from MR measurements at low tempera-
tures.!? To check the magnitude of the scattering times
7o(T) we also investigated the resistance behavior of
these films up to T=300 K, from which 7;(T), the inelas-
tic scattering time, has been determined for 20 < T <300
K. We found 74(T)=r7;(T) at temperatures, where 74,7;
can be obtained by different methods, proposing that this
gives an additional check for the determination of the ab-
solute magnitude of 7. Using these data we analyze, in
the present paper, the low-temperature dependence of the
resistance in the presence of magnetic fields for the same
Pd, C,_, samples as discussed in the previous paper.'? It
is well known that magnetic fields applied perpendicular-
ly to the film plane allow one to separate localization and
electron-electron interaction effects. At “large” magnetic
fields only electron-electron interactions contribute to the
temperature dependence of the resistance, since localiza-
tion effects are suppressed. At zero field the anomalous
resistance behavior is caused by both electron-electron in-
teraction and localization effects. As to be expected from
the observed positive MR for the Pd,C,_, films—due to
strong spin-orbit scattering processes—weak antilocali-
zation effects result in a much weaker logarithmic resis-
tance increase in zero field than in finite magnetic fields.
To obtain reliable data for the scattering times, it is
necessary to check the consistency of the experimental
data with respect to the temperature and magnetic field
dependence of the resistance in two dimensions. It will
be shown that the temperature dependence of the resis-
tance of the Pd,C,_, mixture films in magnetic fields as
well as in zero field can be well explained within the
framework of theoretically predicted 2D contributions to
the resistance.

II. THEORY

Additional logarithmic contributions to the resistance
of thin films can be explained as resulting from weak elec-
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tron localization (Refs. 1 and 3) and electron-electron in-
teractions (Ref. 2) in two dimensions. Thin films of finite
thickness ¢ (quasi-2D films) are treated as to be two di-
mensional, if the inelastic diffusion length of the electrons
L; (Thouless length) becomes larger than the film thick-
ness t. In the case of WL the diffusion length is given by
Ly, =(D7;)'? with D=(vgl,)/3 the diffusion constant,
1, the elastic electron mean free path, and 7; the inelastic
electron scattering time. For EEI the cutoff is defined by
L,,=(D#/kyT)"? with D as given before. L,, as well as
Ly, increase with decreasing temperature. Thus, 2D
contributions to the resistance of thin films occur below
distinct temperatures T,p=~T,,;, Which are defined
through L,, =t (Lyy =1).

The temperature dependence of the 2D resistance due
to WL in zero field is given by>
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where 7,, 7;(T), 7,,, and 7, are the mean electron
scattering times for elastic, inelastic, spin-orbit, and
spin-spin scattering, respectively.

Electron-electron interactions in disordered 2D sys-
tems lead to the contribution®
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where F is the screening parameter.

Based on three-dimensional (3D) screening F;p
=[In(1+x)]/x with x =(2kp/x)% ky being the Fermi
wave number and Y the inverse screening length A. The
contribution given by Eq. (2) results from electron
scattering with small momentum transfer. If supercon-
ducting fluctuations—even far above T,—have to be
taken into account, two more contributions to the resis-
tance as resulting from electron-electron interaction have
to be considered.

The first one is given in Eq. (3a) leading from electron-
electron interaction with large momentum transfer in the
Cooper channel (CC):

kB TcTe
N
8% T)|E=— 57 1n (3a)
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The second one is given by
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where MT denotes the so-called Maki-Thomson term,
which diverges as the temperature reaches the supercon-
ducting temperature T.

The total correction to the (static) conductivity in two
dimensions in zero magnetic field 8¢°(T) is simply given
by the sum of the contributions mentioned in Egs.
(1)-(3b):

8 T)=80T)|yy+85%T)|BC
+80% D) |SE+80%T)MT . @)

In the presence of a magnetic field the weak-
localization theory predicts that for magnetic fields
B > B; the WL contribution to the temperature depen-
dence of the resistance becomes independent of tempera-
ture:

8o 5( T)IWL=consf for B> B,(T) .

This holds below temperatures 7T,, as defined by
B=B(T,), where B;=*%/[4eD7;(T,)] is the characteris-
tic magnetic field for inelastic electron scattering. For
our samples the absolute magnitude of B;~1073-1072 T
at T=4.2 K.

On the other hand, the sensitivity of electron-electron
interactions to small magnetic fields is quite negligible.®
Thus, the temperature dependence of the resistance in
two dimensions in the presence of small magnetic fields is
approximately given by

80 B(T)=const+80% T) |0
+80%T)|SE+60%T)|MT . (5

ee

The variation of the different contributions
80%T),805(T) over one decade of temperature is given
by Aoc=60(10 K)—&c(1 K) where Ao can be experi-
mentally determined by

R5(1 K)—R(10 K)

Rj

(o

1

>

with R;=p/t the sheet resistance and Ry the (sheet)
Boltzmann resistance.

III. EXPERIMENT

Thin granular Pd,C,_, films are prepared by codepo-
sition of pure palladium (less than 1 ppm magnetic im-
purities) and high-purity carbon onto quartz-crystal sub-
strates at room temperature in an ultrahigh-vacuum
(UHV) system. During evaporation the system pressure
is kept below 1X 1077 mbar. The total film thickness  is
determined by two separate quartz-crystal oscillators,
which independently monitor the deposition of carbon
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and palladium. Both oscillator systems are calibrated by
optical interferometry (Tolansky method). In each run
three Pd, C,_, samples with fixed concentration x are de-
posited simultaneously. One sample is used for the resis-
tance measurements, the others for x-ray, electron-
probe-microanalysis (EPMA), and transmission-electron-
microscopic (TEM) investigations, respectively. Through
a relative variation of the evaporation rates for C and Pd,
various films of different compositions (0<x <1) and
thicknesses of 10 <7 <60 nm are prepared. As revealed
by TEM investigations the Pd, C,_, films consist of small
Pd clusters with mean diameters of ® =6 nm which form
a well-connected structure in a carbon matrix for concen-
trations x well above the percolation threshold x,=0.3.
Details of the structural analysis of the films are given
elsewhere. !

The temperature dependence of the resistance (four-
terminal dc technique) of the various Pd,C,_, films is
measured within 3 <7 <300 K in situ as well as in a
separate “He cryostat (1.7 < T <300 K) where magnetic
fields up to 5 T can be applied. Within the accuracy lim-
its, no difference in the resistance behavior is found when
using the second setup, i.e., when exposing the films to
air. dc currents are used between 1 and 100 pA. In this
current range the current-voltage characteristic of the
Pd,C,_, films is found to be linear. The overall resis-
tance behavior of the samples above the percolation
threshold is metallic as revealed by the linear tempera-
ture dependence of the resistance. The low-temperature
parts of the resistance of the films clearly exhibit 2D be-
havior, i.e., logarithmic resistance increase with decreas-
ing temperature. Below the percolation threshold
(x <x,) the Pd,C,_, films show exponential increase of
the resistivity!'# according to variable-range hopping fol-
lowing In(R)~ (T, /T)*

IV. RESULTS

Figure 1 shows the resistivity versus the logarithm of
the temperature for four different Pd, C,_, films at low
temperatures. As one can see from Fig. 1 resistance
minima occur at various temperatures T ;. which shift to
higher temperatures with increasing carbon content.
Below T, the resistivity logarithmically increases with
decreasing temperature. Following the experimental data
in Fig. 1 (from bottom to top) the resistance increase be-
comes more pronounced with increasing carbon content.

The magnitude of the various resistance increases is
given by the change of the resistance per square R(T)
over one decade of temperature Ao as defined above.
The zero-field values Aaole,q,t are listed in Table I.

Table I also contains other relevant parameters for the
Pd,C,_, films investigated: R, the resistance per
square at T,;,, ¢t the mean thickness of the Pd,C,_,
films, and 7, the elastic mean free path of the electrons.
Data for 7, have been evaluated assuming Drude’s law
with n=2.45X10%® m™3 (Ref. 15). The reliability of the
determination of 7, for the present samples has been dis-
cussed in a previous paper.!? Figure 2 typically shows
the resistance Ry versus In(T) for a Pdj 45Cy 55 film at
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FIG. 1. Resistivity vs logarithm of temperature for four
Pd, C,_, mixture films with x =1, 0.8, 0.65, and 0.45.

various magnetic fields between zero and B=4 T. As one
can see from Fig. 2 the magnetoresistance is positive and
becomes larger with decreasing temperature. This has
been analyzed in detail in a previous work'? for the same
samples as discussed in the present paper. We found for
the phase-coherence time 74(7) a power-law dependence
7(T)~T "7 with p=1 below 5 K and with p =2 above 5
K. The absolute values of 74 at 1 K as extrapolated from
the experimental data (MR) are given in Table II which
also shows the values for p and 7, , the spin-orbit scatter-
ing time.

As pointed out above, we concentrate in the present
work on the analysis of the temperature dependence of
the resistance R(T)|p— onse s a function of magnetic
field. As one can see from Fig. 2 the slopes of the
R(T)|p curves slightly increase with increasing magnet-
ic field and completely saturate above a distinct field B,
which is around B=1 T. Figure 3 shows the relative

TABLE 1. x is the composition, R i, the resistance per
square at minimum temperature, ¢ the film thickness, 7, the
mean elastic electron scattering time, and Aaole,‘pt the resistance
variation over one decade of temperature in zero magnetic field.

RD min t Te Aagxpt
x (Q/0) (nm) (s) (Q/0)!
1.0 19.4 38.4 3.9%X10°18 3.32Xx107¢
0.8 39.2 " 26.1 2.8X10715 9.39X107¢
0.65 21.7 68.1 1.9x10715 2.52X107°
0.45 132.5 25.7 8.5X 10716 2.61X107°
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FIG. 2. Resistance per square vs logarithm of temperature
for the Pd, 45Cy 55 mixture film in zero field and various magnet-
ic fields up to B=4T.

change of the slopes, given by Ac?|,, . /Ac”|,,,, over one
decade of temperature versus magnetic field B for the
present Pd,C,_, samples. The solid squares denote the
data for the Pd 45C, 55 film as shown in Fig. 2; the open
triangles, solid circles, and open circles denote the data
for the Pd,C,_, films with x =0.65, 0.8, and 1.0, respec-
tively. The solid lines are calculated using the theoretical
predictions as will be discussed in the next section. As
one can see from Fig. 3, Aoc®/Ac? increases rapidly as a
function of B for low magnetic fields (B <1 T) and satu-
rates above approximately B, =1 T for all the samples
inv%s£i§ated (see Table II). The saturation values
Ao 2t /Ac® decrease from 5.2 to about 1.5 with in-
creasing carbon content.

V. DISCUSSION

As shown in Fig. 2 (and for the other Pd, C,_, samples
in Fig. 3), applying a magnetic field perpendicular to the
film plane causes the slopes of the low-temperature loga-
rithmic resistance to increase (positive MR) and to satu-
rate above magnetic fields B > B, ~1 T. Following WL

TABLE II. x is the composition, 7;(1 K) the mean inelastic
scattering time at T=1 K, p(T <5 K) the exponent for the
power law 7,(T)~T~? from MR measurements, 7, , the mean
spin-orbit scattering time, and By, the saturation field.

Ti (1 K) Ts.o. Bsat

x (s) p(T <5 K) (s) (T)
1.0 475x107 1 1 45x10714 1
0.8 54x10 1 1 45x1071 1
0.65 9.0x 10~ 1 4.5X10714 1
0.45 5.0x107 ! 1 45%X10714 1
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FIG. 3. Relative change of the slopes of the R5(T) curves vs
magnetic field for Pd,C,_, mixture films with compositions
0.45<x <1. Dots show experimental data and solid lines are
calculated from 2D theory (see text).

theory the temperature variation of the 2D resistance in
the presence of magnetic fields is expected to be com-
pletely suppressed for magnetic fields B> B;(T,)
=#/[4eD1;(T,)], at temperatures T < T,.

With v;=5.3X10° m/s (Ref. 16), we find Bl
K)=~0.01 T at 1 K and B;(10 K)<0.4 T at 10 K to be
much smaller than B, for the Pd,C,_, films. Thus, WL
contributions to the resistance of the Pd,C,_, films are
completely suppressed for B > B, from which it follows
that the remaining logarithmic resistance increases in the
presence of large magnetic fields are caused by electron-
electron interactions (EEI) (as far as T'<10 K ). Accord-
ing to Eq. (5) there are several contributions from EEI in
two dimensions, which are expressively given in Egs. (2),
(3a), and (3b). Since we find from MR measurements
p =1 at temperatures T <5 K for the present Pd,C,_,
mixture films (see Table II), the Maki-Thomson term
809 T)|2’§T becomes zero and can be omitted.® Thus, only
two contributions are important as resulting from EEI in
the diffusion channel [Eq. (2)] and in the Cooper channel
[Eq. (3a)]. According to Egs. (2) and (3a), there are two
different parameters, i.e., g(F) and T,, which determine
the absolute magnitude of 0% T)|,,. The function g(F)
continuously decreases with increasing F with 0 <F < 1.
For F approaching zero limp_ ,g(F)=1 and, hence,
Ac®P€=2.86X 1075 (Q/00) !, which is the maximum
value of Aaol'eDec. As one can see from Table III, the ex-
perimentally determined values AO’BIeXPt are smaller than
2.86X107° (Q/0)"! for the Pd,C,_, films with x =1
and 0.8.

For the samples with higher carbon content (x =0.65
and 0.45), Ac®|,,,=3.9X107° (@/0)"! is much larger
than the maximum value of Ac°2¢=2.86X107°
(Q/0)7 L. This means that, at least for these two sam-
ples, electron-electron interactions resulting from both
the diffusion channel and the Cooper channel also have to
be taken into account. Since we did not observe any su-
perconducting transition temperature 7, for the various
Pd,C,_, samples within the temperature region 2

< T <300 K, we have no possibility to determine Ao’|SC
definitely. However, we can give some approximate con-



ANTILOCALIZATION AND ELECTRON-ELECTRON . . .

TABLEIII x is the composition, Ao ®|.,,, the resistance variation over one decade of temperature in
magnetic fields B > Bg,,, Ao |SC the resistance variation over one decade of temperature arising from the
Cooper channel, Ac|2C the resistance variation over one decade of temperature arising from the
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diffusion channel, F the screening parameter, and T, the superconducting transition temperature.

x Aok, (@/0)7! AcSE (Q/0)7! AclC (/)7 F T,
1.0 1.72X107° 0.50X 107° 1.24X107° 0.85 0.01
0.8 2.32X107° 0.50X107° 1.85X107° 0.50 0.01
0.65 3.92X107° 1.32X107° 2.62X107° 0.10 0.30
0.45 3.93x107° 1.36X107° 2.68X107° 0.05 0.32

clusions. It is well known,!”!? that pure Pd becomes su-

perconducting at temperatures T, (up to about 7,~10
K) when adding hydrogen (interstitially). Since, we can-
not rule out the influence of residual gases on the conden-
sation process during preparation of the Pd,C,_, sam-
ples, it is possible that small amounts of hydrogen are dis-
solved into the Pd clusters. Thus, the occurrence of su-
perconducting fluctuations above T, and its influence on
the 2D behavior of the resistance due to electron-electron
interaction is very likely, although we cannot determine
T, itself. To estimate Ao |SC we plotted 80(T)|SC [Eq.
(3a)] versus In(7T) for various superconducting tempera-
tures T.<1 K. We found that, for T,>0.35 K,
80 (T)|SE exhibits an upwardly bent curve at low temper-
atures which has not been observed for our samples (see,
e.g., Fig. 2). Taking much lower values for T,, o( T)|§ec
shows a ‘“‘pure” logarithmic behavior as a function of
temperature. For values of T7,<0.01 K we find
Ao |S€=5X107% (Q/0)"! to be independent on the tran-
sition temperature. Thus, once assuming that supercon-
ducting fluctuations are present at low temperatures for
our Pd,C,_, mixture films, Ac|SC=5%X10"¢ (Q/0)"!
gives the lowest limit of this contribution to the resis-
tance. This we take into account for the Pd,C,_, sam-
ples with small carbon content. To explain the experi-
mental data for the samples with x =0.65 and 0.45, it is
necessary to take larger values for 7,. The most ap-
propriate values of T, and the corresponding data of
Ao |SC are listed in Table III. We again emphasize that
these values are estimated very roughly. However, the
order of magnitude of the estimated 7, seems to be
correct. At least the presence of superconducting fluc-
tuations far above T, appear to be consistent with our ex-
perimental findings. With Ao |SC as estimated above, the
DC contribution to EEI, Ac|D¢=Ac?|,,,—Ac|SS, can
be analyzed. As one can see from Eq. (2), the amplitude

of this contribution is given by g(F), which can be deter-
mined by fitting 80 (T)|2€ to the experimental data. This
yields the screening parameter F which is listed in Table
III for the various Pd,C,_, thin mixture films. As one
can see from Table III, F becomes gradually smaller with
increasing carbon content. For the Pd 4C, ss sample
F =0, or g(F)=1. Since the screening parameter F =F
approaches zero for large screening length A, electron-
electron interactions become more important with in-
creasing disorder which has been observed by several au-
thors!® 161 for “pure” palladium thin films.

Gijs et al.!'®> measured the conductance for various
Al-Al,05-Pd tunnel junctions. They found the density of
states at the Fermi energy-to exhibit an inverse cusp with
a logarithmic energy dependence, referring to EEI in two
dimensions. For Pd thin films with large disorder (sheet
resistance Ry) the anomaly at the Fermi energy becomes
more pronounced due to enhanced EEI, which clearly
demonstrates the influence of disorder on the strength of
EEI. Thus, the behavior of the screening parameter F
approaching zero with increasing carbon content for the
present Pd, C,_, films appears to be in reasonable agree-
ment with other experimental results.

Table IV shows the logarithmic resistance contribution
Aoolexpt in zero magnetic field for the present Pd,C,_,
thin mixture films, which are determined from, e.g., Fig.
1. Table IV also shows the values for Ao|,, which are
given by Ac|,, =Ach|expt (Table III) as discussed above.

Ac|wy is experimentally determined, taking the
difference of Ao for zero magnetic fields and for fields
B>B,,, according to Egs. 4) and (5), 8c%T)
—80%(T)=60%T)|w,—const; which gives Aol|wy
=Aa°lexpt—AUB|expt over one decade of temperature.
Ao |MR refer to the values as calculated by Eq. (1) using
the MR data (Table II).

As one can see from Table 1V, AolWL= —1.41%x107°

TABLE IV. x is the composition, Ac®|.,,, the resistance variation over one decade of tempeature in
zero magnetic field, Ao|, the resistance variation over one decade of temperature Ac|,,
=Ac|SC+Ac|RS, Aolw. the resistance variation over one decade of temperature Ac|wp
=A0°xpt— A0, and Ac|ME the resistance variation over one decade of temperature calculated by

Eq. (1) with parameters from MR.

x Agd,, (@/0)7! Ao, (Q/0)7! Aoy, (Q/00)! AcYR (Q/0)!
1.0 0.33%X1075 1.74X 1073 —1.41%x10°3 —1.41%x1075
0.8 0.94X 103 2.35X10°3 —1.41%x1075 —1.41%x10°%
0.65 2.52% 1075 3.94X107 —1.42%X107° —1.41X1073
0.45 2.61X105 4.03%X1073 —1.42%10°5 —1.40X1075
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(Q/00)7! for all the Pd,C,_, samples investigated. The
negative sign of Ao|y; indicates that weak-
antilocalization (WAL) effects are present in our samples,
as to be expected from the MR measurements due to the
occurrence of strong spin-orbit scattering. The magni-
tude of Ao |y is very close to the theoretically predicted
values for the symplectic case, where ap=—1, which
provides Ao |y =—1.42X107° (Q/0)"!. As one can
see from Table IV, there is an excellent agreement be-
tween the experimentally determined values Ao |y and
theoretically predicted ones Ao |}K. Here the evaluation
of Ao |MR is based on the data given in Table II, i.e., in
the limit for B>B . For B <Bg, we calculate
8a(T)|MR by Eq. (1) for different magnetic fields B using
the fact that the magnetic electron scattering time 7, is
correlated to a characteristic field B, =#/4Der . Taking
B =B, provides the magnetic field dependence of
80(T)|%,. Including EEI effects which are found to be
independent on small magnetic fields® yields the total 2D
quantum correction as a function of temperature for vari-
ous magnetic fields 8o(T)|8=60(T)|%, +80(T)|...

Figure 3 shows Ac® normalized by Ac? as calculated
(solid lines) and as experimentally determined (different
symbols) from the various slopes of the R5(T) curves,
e.g., plotted in Fig. 2. As one can see from Fig. 3,
AcB/A0° strongly increases for low magnetic fields up to
about 0.5 T.

As discussed above, we find strong WAL effects to be
present in the Pd,C,_, mixture films which cause a neg-
ative contribution to the resistance in 2D [Ao®|yy
=—1.42X107° (Q/0)7!]. With increasing magnetic
field, WAL effects are gradually cancelled and completely
suppressed for B > B, [Ac|y (B =B ) =0]. Due to
the large (positive) 2D resistance contributions as caused
by EEI effects, the sum of both contributions,
Ao®=Acly+Ac],,, increases with increasing magnetic
field, as shown in Fig. 3.
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For B> B, ~1T, Ac®/Ao® saturates. The saturation
values correspond to the data as given in Tables III and
IV, respectively. As one can see from Fig. 3 the experi-
mental data for the various Pd,C,_, films can be well
fitted by the theoretical predictions (solid lines). We em-
phasize that for the evaluation of Ac®/Ac® the same set
of scattering parameters (see Table II) are used which
have been derived from the MR data. This shows that a
consistent description of the R(T) as well as R5(B) be-
havior of our various Pd,C,_, samples within the
theoretical concept of 2D resistance can be obtained.
The description appears to be complete since also the
magnetic field dependence of R(T)|, can be well ex-
plained using the same scattering data.

VI. CONCLUSION

Thin Pd, C,_, mixture films (x =0.45) show anoma-
lous resistance behavior at low temperatures which can
consistently be explained by 2D theory as resulting from
both EEI and weak antilocalization, the latter due to
strong spin-orbit scattering. In the presence of magnetic
fields, WAL effects are suppressed, leading to a positive
MR.} The analysis of the experimental data yields a
unique set of electron scattering times for the present
samples. We conclude that the consistency of the data
gives an additional check to determine the absolute mag-
nitudes of the elastic and inelastic electron scattering
times.
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