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Quadratic temperature dependence of the electron-phonon scattering rate in disordered metals
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We have measured the electron-phonon scattering rates 1/tep from a weak-localization study of a series of
high-resistivity tin-doped Ti73Al27 alloys. The resistivities of these alloys are essentially the same and are so
high that the electron elastic mean free pathl approaches the interatomic spacing, resulting in a very small
value ofqphl'0.0056T (qph is the wave number of the thermal phonons, andT is the temperature!. Based on
as many as about 60 magnetoresistivity measurements between 2 and 22 K, we are able to determine the
dependence of 1/tep on T to within a great degree of accuracy and find that 1/tep varies essentially withT2 in
the dirty limit (qph l !1). This observation is not understood in terms of the current theoretical concept of
electron-phonon interaction in disordered metals.@S0163-1829~99!05030-4#
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I. INTRODUCTION

The electron-phonon scattering rate 1/tep is one of the
most important physical quantities of metals. In the case
pure metals, the temperature behavior of 1/tep is well under-
stood both theoretically and experimentally.1 In the presence
of strong impurity scattering, however, the issue still rema
open. Theoretically, electron-phonon interaction in dis
dered metals has been studied by a good number
authors2–5 for over two decades and widely varied resu
were obtained. Recently, it has been widely accepted th
consensus has finally been reached in theoretical effort3–5

On the other hand, few experiments have successfully
vided an overall consistency check for the various aspect
the theoretical predictions. For instance, apart from the
pendence on the electron elastic mean free pathl, the ex-
pectedT4 dependence of 1/tep is very frequently~or almost!
unseen in experiments.6 It has been argued that the absen
of the expectedT4 law in the various experiments can b
ascribed to the fact that most material systems studied
viously are not yet strongly disordered enough for t
electron-phonon interactions to strictly satisfy the dirty-lim
criterion of qphl !1 ~whereqph is the wave number of the
thermal phonons!. Information about 1/tep on T in sample
systems having smaller values ofqphl than those ever ob
tained in the literature is therefore of prime importance fo
stringent justification for the electron-phonon interacti
theory concerning disordered metals.

It is now well established that weak-localization stud
can be used to extract various electron dephasing scatte
times in disordered metals, including inelastic scatter
time, spin-orbit scattering time (tso), and magnetic spin-spin
~or, some kind of intrinsic nonthermal! scattering time (ts).
In particular, in the case ofthree dimensions, unlike the
cases of reduced dimensions, electron-phonon scatterin
thesole, significant inelastic process while the small energ
transfer ~‘‘quasielastic’’! electron-electron scattering is no
important.3 Therefore, the value of 1/tep can be reliably ex-
tracted from weak-localization studies using bulk samp
PRB 600163-1829/99/60~6!/3940~4!/$15.00
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According to the theory, the weak-localization effects
those disordered systems having moderate to strong s
orbit scattering are controlled by two parameters, 1/tso and
1/tf(T), where the electron dephasing scattering rate 1tf
reads7

1/tf~T!52/ts11/tep52/ts1ATp. ~1!

Notice that, for the reason just discussed above, we h
identified the inelastic scattering rate with the electro
phonon scattering rate and written 1/tep5ATp, where A
characterizes the strength of the electron-phonon interac
and p is the exponent of temperature for 1/tep . Theoreti-
cally, it is expected that ‘‘weakened’’ electron-phonon inte
action in the presence of strong impurity scattering result
p54 in the dirty limit (qphl !1), compared withp53 in the
clean limit (qphl @1).

In this work, we have successfully fabricated a series
bulk crystalline disordered Ti732xAl27Snx alloys with the
nominal concentration of tin 0&x&5. The tractable doping
of minute amounts of tin atoms into the parent Ti73Al27
phase enhances spin-orbit scattering in the samples in a
trollable manner, while leaving the amounts of disorder, i
resistivities, of the samples barely changed. This unique
terial property allows a convincing consistency check of o
experimental method and, particularly, a systematic extr
tion of the electron-phonon scattering rates to within a gr
degree of accuracy. Based on as many as about 60 w
localization-induced magnetoresistivity measurements on
various alloys held at various temperatures between 2 an
K, we have drawn a conclusion that 1/tep depends essen
tially quadratically on the temperatureT in disordered met-
als.

II. EXPERIMENTAL METHOD

A series of bulk crystalline disordered Ti732xAl27Snx al-
loys were fabricated by a standard arc-melting method
described previously.8 The nominal concentration of tinx
had been kept low enough (x&5) so that all the alloy
3940 ©1999 The American Physical Society
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samples studied were single phased. X-ray diffraction m
surements confirmed that all of our ternary alloy samp
possessed a structure similar to that of the parent Ti73Al27
phase; no noticeable impurity peaks in the diffraction p
terns were found.

Our alloy system, which was derived from the pare
Ti73Al27 phase~the so-called ‘‘ordered’’a2 phase in terms of
crystallographic nomenclature!, had been chosen because t
structure and material properties of the Ti73Al27 phase were
well established in the literature.9 In addition, it had been one
of our aims to compare the electron-phonon scattering rat
this system with that in the dilute Ti1002yAl y alloy system
with y&12 ~the so-called ‘‘disordered’’a phase in terms of
crystallographic nomenclature!. The electron-phonon scatte
ing rate, particularly its temperature and electron ela
mean free path dependence, has been extensively studi
the latter system.8 It is thus of interest to examine how th
inelastic electron-phonon process might, or might n
change from thea phase to thea2 phase. Moreover, ther
are further advantages for choosing Ti732xAl27Snx as our
system material:~1! Tractable doping of minute amounts o
tin atoms into the parent Ti73Al27 phase, which contains n
heavy atoms and hence possesses moderate spin-orbit
tering, is metallurgically feasible, causing a gradual incre
in the strength of spin-orbit scattering from the moder
toward the strong limit in a controllable manner. This ma
rial property allows a convincing consistency check of o
experimental method and a systematic extraction of the
ues of 1/tep ~see below!. ~2! The resistivities of these tin
doped alloys are fairly large, being withr(300 K)
'250 mV cm andr05r(10 K)'225 mV cm. Such large
amounts of disorder, i.e., resistivities, result in measura
weak-localization-induced magnetoresistivities. More imp
tantly, theseextremely highvalues of resistivity~correspond-
ing to an electron elastic mean free path being on the orde
the interatomic spacing! put the electron-phonon interactio
in this material systemmuch closerto the dirty limit (qphl
!1) than ever obtained in any other material system pre
ously studied by us, including dilute Ti1002yAl y alloys8 and
Au50Pd50 alloys.10 ~3! The sample resistivities o
Ti732xAl27Snx alloysbarelychange with the concentration o
tin x. This unique material property therefore enables us
concentrate on the temperature dependence of 1/tep while
exempting us from any complications that might arise from
variation of 1/tep with the disorder.~It is understood that
1/tep is likely mean-free-path dependent in the dirty limit.!

The magnetoresistivities of our alloy samples, typica
0.231310 mm3, were measured by a standard four-pro
technique between 2 and 22 K and in magnetic fields be
1.4 T. The magnetoresistivities at various measuring te
peratures for each alloy were compared with thr
dimensional weak-localization theory7 to extract the electron
dephasing scattering rate 1/tf and the spin-orbit scatterin
rate 1/tso. The details of the least-squares fitting proced
had been discussed previously.8 Here we merely stress tha
for every alloy sample studied in this work, the thre
dimensional weak-localization predictions with a moder
to somewhat strong spin-orbit scattering rate, depending
the concentration of tin, can well describe our experimen
results. Thus, 1/tf and 1/tso can be reliably extracted. It is
worth stressing that, between the two adjusting parame
a-
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only 1/tf is temperature dependent while a single value
1/tso is used to describe 10 or more magnetoresistiv
curves for a given alloy sample.

III. RESULTS AND DISCUSSION

Figure 1 shows the measured, normalized magnetore
tivities nr(B)/r2(0)5@r(B)2r(0)#/r2(0) and the three-
dimensional weak-localization predictions for a represen
tive alloy sample, Ti70Al27Sn3, at several measuring
temperatures as indicated in the caption to Fig. 1. The s
bols are the experimental data and the solid curves are
theoretical results. It is clearly seen that the theoretical p
dictions can well describe the experimental data. To comp
1/tf from the electron dephasing scattering fieldBf
5\/4eDtf defined in the weak-localization theory, on
needs the value of the electron diffusion constantD. Using
the measuredr0 and the density of states at the Fermi lev
N(0), independently determined from specific he
measurements,11 we estimate the values ofD for our alloys
through the Einstein relation 1/r05N(0)e2D. We obtainD
'0.85 cm2/s for all our tin-doped samples havingr0
'225 mV cm.

Figure 2 shows the variation of the spin-orbit scatteri
rate 1/tso54eDBso/\ ~where Bso is defined in the weak-
localization theory! with the concentration of tinx for eight
Ti732xAl27Snx alloys studied. It is encouraging to see fro
Fig. 2 that our experimental value of 1/tso increases linearly
from about 5.231010 to about 3.431011 s21 as x increases
from 0 to 5. This observation is strongly suggestive of t
fact that our alloy samples possess homogeneous com
tion and lattice structure at length scales that are consi
ably smaller than the relevant length scale in the we
localization problem~i.e., the electron diffusion length!. This
result thus provides a convincing crosscheck of our exp
mental method~sample fabrication, for instance! and data
analysis. Therefore, our extracted values of 1/tep should be
very reliable, which in turn makes our determination of t
exponent of temperaturep of 1/tep reliable to within a great
degree of accuracy.

FIG. 1. Normalized magnetoresistivitiesnr(B)/r2(0) as a
function of the magnetic field for the Ti70Al27Sn3 alloy at ~from top
down! 2.00, 5.00, 8.00, 10.0, 15.0, and 20.0 K. The symbols are
experimental results, and the solid curves are the three-dimens
weak-localization predictions.
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Our main results of the present work, i.e., the extrac
values of the electron dephasing scattering rate 1/tf(T) are
summarized in Fig. 3. Figure 3 shows the variation of 1/tf
with temperature for eight Ti732xAl27Snx alloys studied. Dif-
ferent symbols designate the 1/tf for different alloy samples.
However, since the values of 1/tf are very similar for all
samples~as is evident in Fig. 3!, it is thus not necessary t
label explicitly each symbol with its associated particu
alloy. Inspection of this figure clearly illustrates that spi
orbit scattering has little, if any, effect on either the mag
tude or the temperature dependence of 1/tf ~and hence 2/ts
and 1/tep) in disordered metals.~Recall that all the alloy
samples studied in this work have very similar resistiviti
They should then possess very similar values of 1/tep , re-

FIG. 2. Spin-orbit scattering rates 1/tso as a function of the
concentration of tinx for several Ti732xAl27Snx alloys. The straight
line is a guide to the eye.

FIG. 3. Electron-phonon scattering rates 1/tep as a function of
temperature for several tin-doped Ti73Al27 alloys. The solid line is a
least-squares fit to Eq.~1!.
d

r

-

.

gardless of how 1/tep might depend on the electron elast
mean free pathl.!

The solid line drawn through the data points in Fig. 3 is
least-squares fit to Eq. 1 with the inelastic electron scatte
strengthA, the exponent of temperaturep, and the residual
scattering rate 2/ts as adjusting parameters. One sees that
1 can well describe our experimental data of 1/tf over the
wide temperature range of 2–22 K. Experimentally, as ma
as about 60 magnetoresistivity curves, corresponding
about 60 experimental data points for 1/tf , have been mea
sured on our various alloys and used in the fits with Eq.
Therefore, any appreciable statistical uncertainties in the
traction of the values of the adjusting parameters can
largely minimized. With all the eight alloy samples take
together in the fits, our best fitted values for the adjust
parameters are the following: the inelastic scattering stren
A'2.93108 s21/Kp, the exponent of temperaturep51.9
60.2,12 and the residual scattering rate 2/ts'4.03109 s21.
Most noticeably, our experimental value ofp implies that
1/tep varies essentially quadraticallywith temperature in
bulk crystalline disordered Ti73Al27 alloys. This experimenta
result of p'2 is substantially lower than the theoretic
value of p54 expected for ‘‘weakened’’ electron-phono
scattering in strongly disordered metals. For reference,
fitted value of 1/tep(10 K)'2.431010 s21 is reasonably
close to that@'(123)31010 s21# observed in the above
mentioned dilute Ti1002yAl y alloys @where the impurity re-
sistivitiesr0'602150 mV cm ~Ref. 8!#.

In order to perform a crosscheck and so as to prov
further confirmation of theT2 dependence of 1/tep , in addi-
tion to tin-doped Ti73Al27 alloys, we have in this work made
two Ti732zAl27Auz alloys with z50.5 and 1, respectively
and measured weak-localization-induced magnetoresis
ties to extract 1/tep . Again, we obtainp'2.1 in these two
gold-doped alloys, supporting our above assertion of an
sentially quadratic temperature dependence of 1/tep in the
Ti73Al27 phase. However, because these two gold-doped
loys are already quite close to the limit of strong spin-or
scattering~due to the large atomic number of the heavy go
atoms!, an experimental determination of a precise value
1/tso is less feasible and, in fact, is not of much interest
this work.

Since we are most concerned with the electron-pho
scattering in the disordered limit, we examine whether
disorder criterionqphl &1 is satisfied in the present exper
ment, whereqph'kBT/\vs (vs being the sound velocity! is
the wave number of the thermal phonons at temperaturT.
For the high-resistivity Ti73Al27 phase,vs'43103 m/s,13

and l'1.6 Å.14 We notice that, due to the extremely hig
value of resistivities, this amount of electron mean free p
already approaches that of the interatomic spacing, causi
very small value ofqphl . Quantitatively, we obtainqphl
'0.0056T, whereT is in K. This indicates that the electron
phonon processes in our alloy samples are well within
disordered limit, i.e.,qphl !1, even at our highest measurin
temperature of 22 K. We stress that the value ofqphl for the
present material system ismuch lowerthan those in the othe
material systems which have previously been studied by
group, including dilute Ti1002yAl y alloys8 @where qphl
'(0.006820.019)T# and Au50Pd50 alloys10 @where qphl
'(0.02420.078)T#. The present experimental result thu
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provides valuable evidence in supporting theT2 dependence
of 1/tep in disordered metals. This observation should ca
us to rethink what heretofore has been taken for granted
cerning electron-phonon scattering in strongly impure m
als. For comparison, we mention that theT2 dependence o
1/tep has also been observed in our dilute Ti1002yAl y and
Au50Pd50 alloys. On the other hand, there are fe
experiments6,15 reported in the literature that had dealt wi
samples which had values ofqphl smaller than those in ou
various samples of either dilute Ti1002yAl y , Au50Pd50, or
tin-doped Ti73Al27 alloys.

Recently, the theory for electron-phonon interaction
disordered metals has been re-examined in the literature
instance, Rammer and Schmid3 have treated this problem b
considering impurity atoms that move in phase with the ot
lattice atoms and predicted that 1/tep should be weakened
and be of the order of (qphl )(1/tep

0 ), where 1/tep
0 is the

electron-phonon scattering time in the pure metal (1/tep
0

;T3). Microscopically, it is predicted that both longitudin
and transverse phonons would contribute to the weake
electron scattering rate 1/tep , while only longitudinal
phonons are responsible for 1/tep

0 in the pure case. At low
temperatures, sinceqph'kBT/\vs , then 1/tep should follow
the T4l law. This prediction has received wide acceptan
from the theoretical community, and it has been indep
dently confirmed by the calculations of Reizer a
Sergeyev4, and Belitz.5 Our experimental result of the depe
dence of 1/tep on the square of temperature~Fig. 3! is, how-
ever, in disagreement with this Rammer-Schmid predicti
The physical origin for theT2 behavior, which has bee
observed experimentally from time to time in vario
materials,16 is still not understood.17
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Using the values oftf and the values ofD given above,
we estimate the electron dephasing scattering length,Lf

5ADtf, for our alloy samples to range from about 300
about 1600 Å as the temperature decreases from 22 dow
2 K. That is, every alloy sample studied lies well within th
three-dimensional regime, justifying our use of the thre
dimensional weak-localization predictions to describe the
perimental magnetoresistivities.

IV. CONCLUSION

We have measured the electron-phonon scattering rate
a serious of carefully tailored bulk crystalline disorder
Ti732xAl27Snx alloys which have a very short electron elas
mean free path being on the order of the interatomic spac
Such a short electron mean free path causes the elec
phonon interaction to bewell within the dirty limit in this
material. We find an essentially quadratic temperature
pendence of the electron-phonon scattering rate 1/tep , i.e.,
1/tep;T2 at qph l !1. This observation is not understood
terms of the current theoretical concept for the weake
electron-phonon interaction in disordered metals.
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