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We have measured the resistivities p of Ti;_,Al, alloys (0.00=x <0.19) between 4 and 300 K.
As the temperature T is lowered to liquid-helium temperatures, a resistivity rise
[p(T)—p(25 K)]/V'T ~ —p*3(25 K) is observed. This functional form is due to electron-electron in-
teraction effects in a three-dimensional disordered metal. Particularly, the absolute magnitude of the
measured resistivity rise is consistent within ~25% with the theoretical prediction. At room tempera-
ture, the temperature coefficient of resistivity (1/p)(dp/dT) decreases monotonically with increasing x
or, equivalently, p. The essential characteristics of the variation of (1/p)(dp/dT) with p is explained in
terms of a theory that considers a competition between the quantum-mechanical effects of weak localiza-
tion and the classical Boltzmann electron transport.
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I. INTRODUCTION

Over the past decade or so, it has been realized that
electron-electron interaction and weak-localization effects
are indispensable in understanding electronic conduction
in disordered systems.! > Intensive work, both theoreti-
cal and experimental, has been performed in this direc-
tion, and it is now quite well accepted that these two
effects are basically understood. At low temperatures
(and in zero magnetic field), both effects can result in a
noticeable temperature-dependent correction Ap(T) to
the impurity resistivity p,. It has also been realized that
both effects depend strongly on system dimensionality.
In fact, most experimental work has been performed on
two-dimensional systems, e.g., thin metal films®> and semi-
conductor inversion layers.® Some experimental work
has also been done on one-dimensional wires’ ® and
three-dimensional bulk samples.!®!! Good agreement be-
tween theory and experiment has generally been ob-
tained. On the other hand, what is less understood is the
variation of Ap with the disorder p, of the sample. In
two dimensions, experimental observations agree well
with theoretical prediction.” However, it has been found
experimentally in one dimension that Ap/p varies linear-
ly with p,,” while the theory predicts that Ap/p should
scale with the square root of p,. In three dimensions, to
the best of our knowledge, this issue has not been experi-
mentally checked.

At higher temperatures, weak-localization effects have
recently been proposed to be essential in explaining the
variation of the temperature coefficient of resistivity,
TCR=alp)=(1/p)dp/dT), with resistivity p in a disor-
dered metallic system.!? In the literature, it has been
known for more than 20 years that the TCR for a materi-
al decreases monotonically with increasing p. This
behavior has been observed in many crystalline disor-
dered metallic systems and amorphous metals, and is usu-
ally referred to as the “Mooij correlation.”!* However, a
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quantitative, microscopic explanation of this widely ob-
served phenomenon had not been available for a long
time. In 1986, Tsuei!? pointed out that the Mooij corre-
lation could be quantitatively understood in terms of a
competition between the quantum-mechanical effects of
weak localization and the classical Boltzmann electron
transport. Indeed, his theory successfully explained the
correlation between a and p in a-particle irradiated
LuRh,B,. His work suggested a simple and viable way of
probing the interplay between weak-localization and
inelastic-scattering processes (such as electron-phonon in-
teraction) at a temperature where the usual magnetoresis-
tance measurements were not useful, since at, say, room
temperature an extremely high magnetic field (=hun-
dreds T) would be required to achieve a magnetic dephas-
ing length shorter than the inelastic dephasing length.’

In this work we have carried out measurements of the
electrical resistivities of Ti;_,Al, (Ti-Al) alloys, with
0.00<x <0.19, between 4 and 300 K. This system is a
crystalline disordered metal. Aluminum atoms are grad-
ually introduced into a titanium host to serve as static
disorder. The degree of disorder is carefully controlled
by the amount of aluminum doped. In this way, we have
been able to “tune” a very wide range of the degree of
disorder, e.g., the values of p, of our samples can differ by
as much as a factor of ~ 110, depending on the value of
x. This enables us to study systematically the dependence
on disorder of the electron-electron interaction and the
weak-localization effects. Previously, three-dimensional
interaction and weak-localization effects have been stud-
ied in thick granular films,'! doped semiconductors,'* and
metallic glasses,'® but not in crystalline metallic alloys.

This paper is organized as follows. In Sec. II, we de-
scribe our experimental method for sample fabrication
and resistance measurements. In Sec. III our experimen-
tal results are presented and compared with the pertinent
theories, i.e., the electron-electron interaction theory and
the weak-localization theory. Section IV contains our
conclusion.
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II. EXPERIMENTAL METHOD

Ti, Al alloys with nominal aluminum concentration
0.00=<x <0.19 were prepared by the standard arc-
melting method. Appropriate amounts of Ti (99.995%
pure) and Al (99.999% pure) were arc melted several
times. The melted ingots were placed at 900 °C for order
annealing for one week. Rectangular samples, typically
0.7X0.7X 10 mm?, were sliced from the ingots for resis-
tance measurements. Platinum electrodes were soldered
onto the samples. dc resistances were measured using the
standard four-probe technique, using a Keithley 220
current source and a Keithley 181 nanovoltmeter. The
measurements were performed in a storage liquid-helium
Dewar and a closed-cycle refrigerator. For the measure-
ments at liquid-helium temperatures, the sample resis-
tances were continuously monitored by a personal-
computer-based data-acquisition system while the cryo-
stat'® cooled down very slowly. Care was taken to avoid
any appreciable Joule heating effects.

III. RESULTS AND DISCUSSION

Figure 1 shows the resistivity rise Ap(T)=p(T)
—p(25 K) as a function of V'T for three representative
Ti-Al alloys with p(25 K)=143 (open circles), 167 (open
triangles), and 204 p{)cm (open squares), respectively.
Clearly, as the temperature is lowered below about 25 K,
the resistivity rises with the square root of 7. The rela-
tive rise Ap/p(25 K) in the temperature range 4-25 K is
of the order of a tenth of a percent. Also, the slope of
this rise, i.e., the rise between a fixed temperature range,
depends strongly on the samples. For the same with a
higher value of p(25 K) or p,, the slope is larger. In fact,
in this work we have fabricated a series of alloys with p,
ranging from a few to ~210 uQ cm and carefully mea-
sured Ap for each sample. This has enabled us to deter-
mine a quantitative variation of Ap with p,. In Fig. 2 we
plot the slope of the resistivity rise, —Ap/ VT, as a func-
tion of p(25 K) for various alloys. The symbols are the
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FIG. 1. Resistivity rise Ap as a function of the square root of
temperature T for three representative Ti-Al alloys. The alloys
have p(25 K) of 143 (open circles), 167 (open triangles), and 204
uQ cm (open squares), respectively.
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FIG. 2. The slope of the resistivity rise —Ap/V'T as a func-
tion of p(25 K) for various Ti-Al alloys. The least-squares-fitted
solid curve is described by —Ap/VT =6.41X10"°
+3.30X1077p%2? (in uQcm/K'/?). The dashed curve is the
prediction of Eq. (2) with values of F'=0, and y} =205
J/miK2

experimental data and the least-squares-fitted solid curve
is described by 6.41X107¢+3.30X1077p*** (in
uQcm/K'”?).  Thus, we see that a dependence
Ap~ —p%*V'T is unambiguously observed.

Theoretically, the effects of electron-electron interac-
tions in three dimensions cause a resistivity rise at low

temperatures given by3,4,10
172
1.3e2 , kT
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where e is the electronic charge, kp is the Boltzmann
constant, # is Planck’s constant divided by 27, F' is a
screening factor averaged over the Fermi surface, and D
is the diffusion constant. In a metal with strong
electron-phonon coupling, the value of F’' could be nega-
tive.*!% Experimentally, the value of F’ has been found
to be small (i.e., close to zero) in most normal metals.!®
To facilitate a quantitative comparison with experimental
result, we rewrite Eq. (1) in the following form:

3 —
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Here, v} T is the electronic specific heat per unit volume
at temperature T after removal of the enhancement fac-
tor (1+A) due to electron-phonon interaction which is
not effective in transport coefficients.®

To quantitatively compare our experimental result
with Eq. (2), we use independently determined parameters
for elemental Ti from the literature. Using y=3.35
mJ/mol K? or y,=315 J/m°K? (Ref. 17) and A=~0.54
(Ref. 18) to obtain y}=y,/(14+1)=205 J/m*K?
we then obtain readily from Eq. (2) a theoretical
value —Ap,/V'T =2.0(4/3—3F'/2)X1077p**  (in
1Q cm/K!7?) for Ti. We assume that this value is also
good for Ti,_,Al,, at least for small x. Since the magni-
tude of F’ is usually small (say, ~0) in metals, we see that
this theoretical value is consistent to within ~25% with
our experimental observation. (The dashed curve in Fig.
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2 represents this prediction with F'=0.) Note that there
has been no adjusting parameter used. Therefore, we
conclude that the electron-electron interaction theory
alone can well describe the low-temperature resistance
rise, both T dependence and magnitude, in Ti-Al alloys.
(F'=~ —0.2 will bring our experimental result to be in full
agreement with theory.) The present result is consistent
with previous experimental observations that in metals,
the electron-electron interaction effects dominate over
the weak-localization effects in zero magnetic field (and at
low temperatures).!® We also note that Fig. 2 experimen-
tally confirms the prediction that Ap; should vary with
p%3 in a three-dimensional disordered metallic system.
For comparison, we point out that, in one dimension, the
theory predicts that Ap/p~1/p,,>* while experimental-
ly Ap/p~p, was observed in various metal wires with p,
in the range from 30 to 400 uQ cm.” It was only when
P. <30 uQcm that the predicted 1/ p, dependence was
observed in Cu and Au wires.””® It was conjectured® that
the linear p, dependence of Ap/p at p, > 30 uQ cm might
signify a breakdown of the interaction theory when
kpl,—1 (kg is the Fermi wave number of the material
and /, is the elastic mean free path). Our present obser-
vation, however, suggests that the electron-electron in-
teraction theory is valid up to at least p, ~220 pQ cm in
Ti-Al. At this high value of p,, I,~3 A and kpl, =4,
compared with kpl, =30 in a Cu wire with p, =30 uQ cm
(kp=1.46X10% and 1.36X10® cm™! for Ti and Cu, re-
spectively'®). Thus, our result provides strong support
for the electron-electron interaction theory. Our result
shows that Eq. (2) is still valid even when the magnitude
of kpl, is of order unity. Our results suggests that fur-
ther work is needed to clarify the variation of Ap with p,
in one dimension.

It has been known for 20 years that, for a given disor-
dered metallic system, the temperature coefficient of
resistivity (1/p)(dp/dT) decreases with increasing resis-
tivity p (the so-called Mooij correlation).!* However, a
quantitative understanding of this behavior had not been
available for a long time. In 1986, Tsuei'? pointed out
that weak-localization effects were the key to this prob-
lem. Tseui observed that the Mooij correlation stemmed
mostly from a competition between the quantum-
mechanical effects of incipient localization and the classi-
cal Boltzmann electron transport. Thus, the total con-
ductivity of a disordered metal is given by
o(T)=0g(T)+0ow (T), where op is the usual
Boltzmann term and oy, is a correction term due to the
weak-localization effects.!?> At a finite temperature, the
competition between the degradation of weak-
localization effects as a result of inelastic scattering and
the conventional thermal excitation of various inelastic
processes determines the size and the sign of TCR The
TCR, a=—(1/0)(do /dT), can be expressed as'?

1u 11, 3v31172
a(T)= 2 2712
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where [; is the inelastic mean free path, L;=1/11,/3 is
the inelastic diffusion length, and P is an integer deter-
mining the temperature dependence of [; [i.e.,
1,(T)= AT ¥, where A4 is a constant]. Usually, P=1 for
T>200 K. In deriving Eq. (3), the following (three-
dimensional) result for oy, has been used:*!>20

2
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Figure 3 plots the temperature dependence of resistivi-
ty below 300 K for various Ti-Al alloys. Clearly, as the
disorder p is increased, Matthiesen’s rule is not followed,
and the TCR decreases monotonically. Figure 4 plots the
variation of the TCR with p for our Ti-Al alloys at 300
K. In this figure, the symbols are the experimental data
and the dashed curve is the prediction of Eq. (3). This
dashed curve is drawn using the values of P=1 and
;=15 A. We see that the essential characteristics of the
experlmental data a as a function of disorder p, especially
for p> 100 uf) cm, can quite reasonably be described by
the form of Eq. (3). Thus, the present observation sup-
ports Tsuei’s theory that there is a unique and monotonic
correlation between a and p for a specific disordered me-
tallic system. Owur result also indicates that weak-
localization effects are important in Ti-Al even at room
temperature (where interaction effects are negligible>*12),

Consider the inferred value of /; which is one of the
most important quantities in weak-localization theory.
Assume that the dominating inelastic mean free path at
room temperature is due to electron-phonon scattering.
Theoretically, the electronic mean free path by phonon
scattering I, can be estimated using the expression®'

72 )12

" 2y T ¥

where (v2)!/? is the root-mean-square Fermi velocity,
and A, is the transport electron-phonon coupling con-
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FIG. 3. Resistivity as a function of temperature T for various
Ti-Al alloys with (from bottom to top) x =0.0038, 0.0076, 0.024,
0.040, 0.053, 0.072, 0.086, 0.102, 0.118, and 0.135, respectively.
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FIG. 4. Variation of the temperature coefficient of resistivity
(TCR) with resistivity p for various Ti-Al alloys at 300 K. The
dashed curve is the prediction of Eq. (3) with values of P=1,
kr=1.46X10%/cm, and ;=15 A.

stant. Using the values from the recent band-theory cal-
culations for  elemental ~Ti:'* A,=0.54 and
(v7)172=0.32X10° cm/s, we obtain /,;, ~23 A at 300 K.
This value is a factor ~1.5 higher than the experimental
value (=15 A). Considering that a detailed comparison
between theory and experiment is extremely difficult, and
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especially that there is no adjusting parameter used, we
conclude that the form of Eq. (3) can already provide
quite useful information on the inelastic-scattering pro-
cesses. Incorporation of, say, a disorder-dependent /;
into Eq. (3) will likely further improve the general agree-
ment between theory and experiment.

IV. CONCLUSION

We have shown experimentally that both electron-
electron interaction and weak-localization effects are im-
portant in Ti-Al alloys. At liquid-helium temperatures,
the electron-electron interaction effects dominate which
results in a resistivity correction to the residual resistivi-
ty. Without using any adjusting parameters, the absolute
magnitude of our result is within ~25% of the theoreti-
cal prediction. At room temperature, weak-localization
effects are essential in quantitatively explaining the varia-
tion of the temperature coefficient of resistivity with
resistivity.
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