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Localization in thin copper films
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Resistance measurements in zero magnetic field have been made on thin Cu films (30 to 500

A) between 1 to 100 K with the goal of determining the relevant scattering times. The elastic

scattering time Tp is limited by the thickness d of the samples and is well described by vp= vF/d.

With the assumption that the inelastic scattering time ~; has a temperature dependence given by

v, ~ T ~, then the high-temperature resistance data yielded P =1.9+0.3. These measurements

also demonstrate that the localization phenomena extend to temperatures much greater than the

temperature T;„at which the resistance minimum occurs. At low temperatures in the thinnest

films, deviations in the resistance from the logarithmic temperature dependence are observed;

this effect is attributed to strong spin-orbit scattering which dominates the inelastic scattering at

low temperatures (v„~~().

Numerous authors have shown that in thin, two-
dimensional, (2D) metallic films, all of the electronic
states should become weakly localized resulting in a
logarithmic increase in the resistance as the tempera-
ture is lowered. ' At low temperatures where the
phonon contribution to the conductance of the sam-
ple can be neglected, the conductance per square is
predicted to be

r;( T)o(T) = o.o —. ln
' (a/0),2' E To

where o (T) is the conductance per square of the
film, harp is the residual conductance per square at
T +0, e is a constant describing the interaction
between the electrons, 7; is the inelastic scattering
time which has a temperature dependence given by

~; ~ T ~
up is the elastic scattering time, and

ez/2m t = 1.23 x 10 5 a/Q. The residual conduc-
tance per square, o-p, is defined as

a 0= ne2rad/m' . (2)

(4)

In our copper films, the logarithmic contribution to
the conductance per square is very small (owing to
the prefactor e'/2n t = 1.23 x 10 ' o/D ) when com-

pared to the residual conductance harp, in our samples,
oo typically takes on a value of 10 ' to 10 2 0/Q.
Thus resolution of ppm in the resistance is required
to observe localization effects in our films.

Thin films become two dimensional when the in-

elastic diffusion length L; becomes equal to or greater
than the film thickness d. The average length of the
localized electronic state is given by L„where L, is

defined as

L I ( T) = (D r I ( T) ] ' (3)
where

1 2 1D = 2~Fop 2 vFd

Here D is the diffusion constant equal to 0.007

m'/sec for a 1004 Cu film.
We will show that the transition from 3D to 2D lo-

calization occurs at a temperature T, t ff much higher
than the temperature T;„at which the resistance is a
minimum. We will further demonstrate that the
minimum in the resistance R (T) arises from two
competing mechanisms —localization and inelastic
electron-phonon scattering:

R (T) =Ro+hR) (T0)+ERph „0(T0) . (5)
In the very thinnest films, we observed small devi-

ations from the logarithmic temperature dependence
of the resistance at lowest temperatures; the source
of this deviation is assumed to come from spin-orbit
scattering.

Sample preparation proved to be crucial since the
observed localization effects were extremely sensitive
to surface preparation and surface contamination.
These observations are further supported by Berg-
mann s experimental investigations of impurities eva-
porated upon Mg films. Copper was chosen since its
films remain electrically conducting for thicknesses as
small as 29 A. Our Cu samples were prepared in an
evaporator. The pressure was 10 5 Torr. The films
were made by evaporating MRC 99.999/o pure copper
from a resistively heated tungsten boat onto standard
glass microscope slides held at room temperature.
The samples were 2 mm wide and 10 mm long.

Most of the samples in this paper were unprotect-
ed; they were measured immediately after preparation
and then discarded. Some of the samples had a 500-
A SiO protective coating to reduce oxidation. With
the SiO coating, the samples could be preserved for
several months; the resistance typically increased by
10/0 each month. Extensive testing showed that the
500-A SiO layer had no detrimental effect upon the
localization properties. However, a thick 5000-A pro-
tective layer of SiO greatly reduced the magnitude of
the localization properties and decrease'd the resistance
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2rp = 10 "sec at T,„„rr. For our 1004 films, we es-
timate this temperature to be about 150 K using
T = 3.4x 10 ' T obtained from our magnetoresis-
tance data. The resistance minimum in a 100-A film
occurs at 11 K.

Experimentally, one can determine nP by measur-
ing the logarithmic decrease of the sample conduc-
tance over one decade of temperature. Equation (1)
predicts that

I

09

0.6

0.4

5T2P5

Pe~
Iho. [

= ln10=aP2. 83 &10 ' o/0,
2m h

(8) 0.2 T j.l7

where ha is the decrease of conductance over a tem-
perature decade. If the electron gas is noninteracting,
then n =1. However, because of Coulomb interac-
tions in metals, one mould expect a value of n less
than 1. Experimentally we observe from Fig. 1 that
lhcrI =DR/R'=4. 6 x 10 ' a/0, thus suggesting that
n takes on a value of 0.8 provided that P = 2. How-
ever, from these measurements it is impossible to
determine P without knowing the value of n. As the
sample thickness is increased above 150 A. , Ao in-
creases to very large values (as large as
—45 x 10 0/ f)). Magnetic impurities could cause
this increase through the Kondo effect, which also
yields a R ~ InT dependence. 3

It should also be possible to extract the exponent P
from the high-temperature "phonon" resistance data
[Eq. (5)] since

~R phonon ~ rl (1 cos tl) av ~
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The term (1—cosH),„ is the forward-scattering
correction which accounts for the weak scattering of
the electrons by the photons. ' At low temperatures
the forward-scattering correction goes as T~. At high
temperatures, the forward-scattering term approaches
1. For our films at low temperatures we would ex-
pect a temperature power fit of the form hR „h,„,„
=aT' to describe the data with q =P+2. At higher
temperatures, we would intuitively expect a weaker
temperature dependence with q taking on values con-
siderably less than 4. Thus, if the phonon contribu-
tion to the film resistance can be extracted from the
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FIG. 3. Temperature dependence of ~~ phonon aT~ for

two different Cu films. The exponent q takes on a typical
value of 3.6 in the 10- to 20-K temperature interval. At
higher temperatures q decreases to about 2.5,
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data, it should be possible to obtain a value for P.
Writing explicitly Eq. (5) we get

R(T)=Rp —Rp
&
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FIG. 4. Values of the exponent q obtained from films having different resistances R. For very low-resistance films, q tends
to 4 suggesting that P = 2 for ~, ~ T P.
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The second term extends to T ~ T,„„ff. Magne-
toresistance measurements show that T, t ff is much
higher than T;„. The magnetoresistance remains
negative even at liquid-nitrogen temperatures as
shown in Fig. 2(b). Thus localization effects do ex-
tend to much higher temperatures than T;„,but in
simple resistance measurements they are masked by
the strong phonon contribution.

The unusual temperature dependence of the mag-
netoresistance (MR) data below 15 K arises from
temperature-independent scattering due to spin-orbit
interaction which dominates over the inelastic scatter-
ing; the MR data are treated in detail in another pa-
per. 6

The resistance data above T;„did not fit a power
law in temperature unless the localization contribu-
tion was added.

Hence by extrapolating the logarithmic data to
higher temperatures and subtracting off its value
from the measured resistance [Fig. 2(a)], one obtains
the AR„h,„,„data. Typical results are shown in Fig. 3
and clearly demonstrate the power-law dependence of
the phonon contribution. This procedure was done
on some 15 samples and the results appear in Fig. 4.
Clearly for the low-resistance thick films, q tends to
4; these films have T;„'s of 5 to 7 K. We find that

p =q —2=1.9+0.3.
The temperature T;„at which the resistance

minimum occurs depends rather strongly upon the
sample resistance as Fig. 5 indicates. By differentiat-
ing Erl. (10), one gets Ro~ T'g. From Fig. 5 we ob-

serve that q =4 and hence P =2.' For film resis-
tances below 30/a, T;„is determined by the Kon-
do effect and no longer by localization. Moussouros
and Kos found that 0.5-ppm Fe impurity in bulk Cu
was sufficient to cause a resistance minimum at 4.5

Another anomalous effect was observed in the
resistance behavior of the very thinnest films. These
films showed T;„'s between 35 to 60 K and exhibit-
ed weaker logarithmic temperature dependence im-

mediately below T;„. Typically, values of ~ho.
~ per

temperature decade were 3 to 4 x 10 ' a/0 as com-
pared to values of 4.5 to 5.5 && 105 a/0 for the thick-
er films. Moreover, as the temperature was de-
creased below 10 K, the experimental resistance fell
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below the extrapolated logarithmic line. Maekawa
and Fukuyama have calculated the contribution of
spin-orbit interaction to the conductance of the film.
In zero magnetic field, another term is added to Eq.
(1), o.„,given by

(r„= —ln 1+Oe 3 4v;

2nh'I 3rso

where 7„is the spin-orbit scattering time. From
magnetoresistance data we obtain for the thinner
films r„2X10——"sec and r;( T) = 3.2 x 10 "T '
At about 10 K ~; becomes comparable to v„and
spin-orbit interaction starts to destroy localization.

In conclusion, the zero-magnetic-field data for Cu
films suggests that P = 2, that 2D localization effects
are present provided that v; ) 270, and that spin-orbit
scattering appears to cause deviations from the lnT
dependence of the resistance. Unfortunately, we
have not been able to extract the magnitude of v;
from these data; it is best obtained from magne-
toresistance measurements.
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FIG. 5. Behavior of T;„,the temperature at which the

resistance minimum occurs, for different film resistances R.
The relation between Tm;„and d is also shown where d is
the film thickness. Tm;„saturates at 5 K owing to magnetic
impurities which have a Kondo temperature at this tempera-
ture.
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