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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 ratgsfidm a weak-localization study of a series of
high-resistivity tin-doped kAl ,; alloys. The resistivities of these alloys are essentially the same and are so
high that the electron elastic mean free phtipproaches the interatomic spacing, resulting in a very small
value ofg,,l =~0.0056T (0, is the wave number of the thermal phonons, drig the temperatujeBased on
as many as about 60 magnetoresistivity measurements between 2 and 22 K, we are able to determine the
dependence of 1, on T to within a great degree of accuracy and find that Jvaries essentially Witf? in
the dirty limit (q,,1<1). This observation is not understood in terms of the current theoretical concept of
electron-phonon interaction in disordered metf$0163-18209)05030-4

[. INTRODUCTION According to the theory, the weak-localization effects in
those disordered systems having moderate to strong spin-
The electron-phonon scattering raterg/is one of the orbit scattering are controlled by two parametersggléand
most important physical quantities of metals. In the case ofl/74(T), where the electron dephasing scattering rate, 1/
pure metals, the temperature behavior af, 14s well under- reads$
stood both theoretically and experimentdilin the presence
of strong impurity scattering, however, the issue still remains Ury(T) =275+ Urep=2ls+ ATP. @
open. Theoretically, electron-phonon interaction in disor-Notice that, for the reason just discussed above, we have
dered metals has been studied by a good number Qfentified the inelastic scattering rate with the electron-
authord™> for over two decades and widely varied results phonon scattering rate and written7d/=ATP, where A
were obtained. Recently, it has been widely accepted that gnharacterizes the strength of the electron-phonon interaction
consensus has finally been reached in theoretical effotts. gng p is the exponent of temperature forrd}. Theoreti-
On the other hand, few experiments have successfully prazally, it is expected that “weakened” electron-phonon inter-
vided an overall consistency check for the various aspects Qfction in the presence of strong impurity scattering results in
the theoretical predictions. For instance, apart from the dep=4 in the dirty limit (Gpnl <1), compared wittp=3 in the
pendence on the electron elastic mean free pathe ex-  ¢lean limit @pnl>1).
pectedT* dependence of 14, is very frequently(or almos} In this work, we have successfully fabricated a series of
unseen in experimenfsit has been argued that the absencep|k crystalline disordered Fj_,Al,;Sn, alloys with the
of the expectedr® law in the various experiments can be nominal concentration of tin 8x=5. The tractable doping
ascribed to the fact that most material systems studied prest minute amounts of tin atoms into the parentsN.,;
viously are not yet strongly disordered enough for theéphase enhances spin-orbit scattering in the samples in a con-
electron-phonon interactions to strictly satisfy the dirty-limit tro|lable manner, while leaving the amounts of disorder, i.e.,
criterion of gyl <1 (Whereqpy is the wave number of the resistivities, of the samples barely changed. This unique ma-
thermal phonons Information about M, on T in sample  terial property allows a convincing consistency check of our
systems having smaller values qf| than those ever ob- experimental method and, particularly, a systematic extrac-
tained in the literature is therefore of prime importance for atjon of the electron-phonon scattering rates to within a great
Stringent jUStiﬁcation for the eIeCtron'phonon interactiondegree of accuracy. Based on as many as about 60 weak-
theory concerning disordered metals. localization-induced magnetoresistivity measurements on the
It is now well established that weak-localization studiesyarious alloys held at various temperatures between 2 and 22
can be used to extract various electron dephasing scattering we have drawn a conclusion thatrl} depends essen-
times in disordered metals, including inelastic scatteringially quadratically on the temperatufiein disordered met-
time, spin-orbit scattering timer(,), and magnetic spin-spin g|s.
(or, some kind of intrinsic nonthermasgcattering time £).
In particular, in the case othree dimensions, unlike the Il EXPERIMENTAL METHOD
cases of reduced dimensions, electron-phonon scattering is
the solg significant inelastic process while the small energy- A series of bulk crystalline disordered-%i,Al»;Sn, al-
transfer (“quasielastic”) electron-electron scattering is not loys were fabricated by a standard arc-melting method as
important® Therefore, the value of 1/, can be reliably ex- described previousl§. The nominal concentration of tix
tracted from weak-localization studies using bulk sampleshad been kept low enoughx€£5) so that all the alloy
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samples studied were single phased. X-ray diffraction mea- L L L
surements confirmed that all of our ternary alloy samples 100 -
possessed a structure similar to that of the parepyAT, I
phase; no noticeable impurity peaks in the diffraction pat- 80F
terns were found. B 1
Our alloy system, which was derived from the parent 8 60r
Ti;sAl 7 phasdthe so-called “ordered’«, phase in terms of e I
crystallographic nomenclaturehad been chosen because the a 40r
structure and material properties of thesAil,; phase were % "
well established in the literatufdn addition, it had been one < 20f
of our aims to compare the electron-phonon scattering rate in
this system with that in the dilute T, ,Al, alloy system (o

with y=12 (the_z so-called “disordered’ phase in terms of ofo : sz : of4 : ofs 08 10 12 14
crystallographic nomenclaturel he electron-phonon scatter-

ing rate, particularly its temperature and electron elastic H (T)

mean free path dependence, has been extensively studied in
the latter systerfi.It is thus of interest to examine how the
inelastic electron-phonon process might, or might not
change from thex phase to thex, phase. Moreover, there
are further advantages for choosing;;I,Al,;Sn, as our
system material(1) Tractable doping of minute amounts of

tin atoms into the parent T3Al,; phase, which contains no only 1/7, is temperature dependent while a single value of
heavy atoms and hence possesses moderate spin-orbit SCgfz _ js used to describe 10 or more magnetoresistivity
tering, is metallurgically feasible, causing a gradual increasgrves for a given alloy sample.

in the strength of spin-orbit scattering from the moderate

tpward the strong limit in a_coptrollable_ manner. This mate- Il RESULTS AND DISCUSSION

rial property allows a convincing consistency check of our

experimental method and a systematic extraction of the val- Figure 1 shows the measured, normalized magnetoresis-
ues of 1f., (see below (2) The resistivities of these tin- tivities Ap(B)/p?(0)=[p(B)—p(0)]/p?(0) and the three-
doped alloys are fairly large, being wittp(300 K)  dimensional weak-localization predictions for a representa-
~250 uQ) cm andpy=p(10 K)~225 Q) cm. Such large tive alloy sample, TAl,-Sn;, at several measuring
amounts of disorder, i.e., resistivities, result in measurabléemperatures as indicated in the caption to Fig. 1. The sym-
weak-localization-induced magnetoresistivities. More impor-bols are the experimental data and the solid curves are the
tantly, theseextremely higtvalues of resistivitycorrespond-  theoretical results. It is clearly seen that the theoretical pre-
ing to an electron elastic mean free path being on the order afictions can well describe the experimental data. To compute
the interatomic spacingout the electron-phonon interaction 1/7, from the electron dephasing scattering fieR,

in this material systenmuch closerto the dirty limit (g, =hl4eDr7, defined in the weak-localization theory, one
<1) than ever obtained in any other material system previneeds the value of the electron diffusion constantJsing
ously studied by us, including dilute 1 yAl, alloy$ and  the measureg, and the density of states at the Fermi level,
AugPdy, alloys!® (3) The sample resistivies of N(0), independently determined from specific heat
Tizs_Al,7Sn, alloysbarelychange with the concentration of measurements, we estimate the values @ for our alloys

tin x. This unique material property therefore enables us tdghrough the Einstein relation d4=N(0)e?D. We obtainD

FIG. 1. Normalized magnetoresistivitie p(B)/p2(0) as a
function of the magnetic field for the FjAl,;Sn; alloy at(from top
‘down) 2.00, 5.00, 8.00, 10.0, 15.0, and 20.0 K. The symbols are the
experimental results, and the solid curves are the three-dimensional
weak-localization predictions.

concentrate on the temperature dependence of, While  ~0.85 cnt/s for all our tin-doped samples having,
exempting us from any complications that might arise from a~ 225 u{) cm.
variation of 1k, with the disorder.(It is understood that Figure 2 shows the variation of the spin-orbit scattering

1/7, is likely mean-free-path dependent in the dirty limit. rate 1krs,=4eDBg,/% (where By, is defined in the weak-
The magnetoresistivities of our alloy samples, typicallylocalization theory with the concentration of tix for eight
0.2x1x 10 mn?, were measured by a standard four-probeTi;5_,Al,Sn, alloys studied. It is encouraging to see from
technique between 2 and 22 K and in magnetic fields beloviFig. 2 that our experimental value of7l} increases linearly
1.4 T. The magnetoresistivities at various measuring temfrom about 5. 10'° to about 3.4 10" s™! asx increases
peratures for each alloy were compared with threefrom O to 5. This observation is strongly suggestive of the
dimensional weak-localization thedrio extract the electron fact that our alloy samples possess homogeneous composi-
dephasing scattering rater}/and the spin-orbit scattering tion and lattice structure at length scales that are consider-
rate 1k,. The details of the least-squares fitting procedureably smaller than the relevant length scale in the weak-
had been discussed previou8lilere we merely stress that, localization problenti.e., the electron diffusion lengthThis
for every alloy sample studied in this work, the three-result thus provides a convincing crosscheck of our experi-
dimensional weak-localization predictions with a moderatemental methodsample fabrication, for instanc@nd data
to somewhat strong spin-orbit scattering rate, depending oanalysis. Therefore, our extracted values af,1should be
the concentration of tin, can well describe our experimentalery reliable, which in turn makes our determination of the
results. Thus, X, and 1k, can be reliably extracted. It is exponent of temperatuggof 1/7, reliable to within a great
worth stressing that, between the two adjusting parameterslegree of accuracy.
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FIG. 2. Spin-orbit scattering rates7l{ as a function of the
concentration of tirx for several Tj;_,Al,;Sn, alloys. The straight
line is a guide to the eye.

Our main results of the present work, i.e., the extracte
values of the electron dephasing scattering ratg,(I7) are
summarized in Fig. 3. Figure 3 shows the variation af,1/
with temperature for eight 7i_,Al»;Sn, alloys studied. Dif-
ferent symbols designate ther}/for different alloy samples.
However, since the values of 7/ are very similar for all
samples(as is evident in Fig. B it is thus not necessary to
label explicitly each symbol with its associated particular
alloy. Inspection of this figure clearly illustrates that spin-
orbit scattering has little, if any, effect on either the magni-
tude or the temperature dependence of,Iand hence 27
and 1fk.,) in disordered metals(Recall that all the alloy

samples studied in this work have very similar resistivities.

They should then possess very similar values of, 1/ re-
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FIG. 3. Electron-phonon scattering rates,}/as a function of
temperature for several tin-doped, Al ,; alloys. The solid line is a
least-squares fit to Eq1).
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gardless of how 1., might depend on the electron elastic
mean free path.)

The solid line drawn through the data points in Fig. 3 is a
least-squares fit to Eq. 1 with the inelastic electron scattering
strengthA, the exponent of temperatupe and the residual
scattering rate 2{ as adjusting parameters. One sees that Eq.
1 can well describe our experimental data of sLbver the
wide temperature range of 2—22 K. Experimentally, as many
as about 60 magnetoresistivity curves, corresponding to
about 60 experimental data points for1/ have been mea-
sured on our various alloys and used in the fits with Eq. 1.
Therefore, any appreciable statistical uncertainties in the ex-
traction of the values of the adjusting parameters can be
largely minimized. With all the eight alloy samples taken
together in the fits, our best fitted values for the adjusting
parameters are the following: the inelastic scattering strength
A~2.9x10° s"Y/KP, the exponent of temperatune=1.9
+0.22 and the residual scattering rater2+4.0x 10° s~ 1.
Most noticeably, our experimental value pfimplies that
/7, varies essentially quadraticallywith temperature in
bulk crystalline disordered F4Al ,; alloys. This experimental
result of p~2 is substantially lower than the theoretical
value of p=4 expected for “weakened” electron-phonon

cattering in strongly disordered metals. For reference, our
itted value of 1#,(10 K)~2.4x10'°s™! is reasonably
close to thaf ~(1—3)x10'° s™1] observed in the above-
mentioned dilute T ,Al, alloys [where the impurity re-
sistivities pg~60—150 u) cm (Ref. 8].

In order to perform a crosscheck and so as to provide
further confirmation of th@? dependence of Ly, in addi-
tion to tin-doped Ti5Al 7 alloys, we have in this work made
two Tizz ,Al,7Au, alloys with z=0.5 and 1, respectively,
and measured weak-localization-induced magnetoresistivi-
ties to extract I, ,. Again, we obtainp~2.1 in these two
gold-doped alloys, supporting our above assertion of an es-
sentially quadratic temperature dependence of lin the
Ti,sAl,7 phase. However, because these two gold-doped al-
loys are already quite close to the limit of strong spin-orbit
scatteringldue to the large atomic number of the heavy gold
atoms, an experimental determination of a precise value of
1/7g, is less feasible and, in fact, is not of much interest in
this work.

Since we are most concerned with the electron-phonon
scattering in the disordered limit, we examine whether the
disorder criterionq,,l <1 is satisfied in the present experi-
ment, whereg,,~KkgT/%iv, (v being the sound velocilyis
the wave number of the thermal phonons at temperalure
For the high-resistivity TiAl,; phase,vs~4x10° m/s!3
and|~1.6 A1* We notice that, due to the extremely high
value of resistivities, this amount of electron mean free path
already approaches that of the interatomic spacing, causing a
very small value ofq,,l. Quantitatively, we obtairgyl
~0.0056T, whereT is in K. This indicates that the electron-
phonon processes in our alloy samples are well within the
disordered limit, i.e.q,,l <1, even at our highest measuring
temperature of 22 K. We stress that the valuggfl for the
present material systemiisuch lowerthan those in the other
material systems which have previously been studied by our
group, including dilute Tiy yAl, alloy€ [where Qpnl
~(0.0068-0.019)T] and AuPds, alloys® [where gl
~(0.024-0.078)T]. The present experimental result thus
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provides valuable evidence in supporting filedependence Using the values of, and the values oD given above,

of 1/7,,, in disordered metals. This observation should causeve estimate the electron dephasing scattering lenggh,

us to rethink what heretofore has been taken for granted con= D 7, for our alloy samples to range from about 300 to
cerning electron-phonon scattering in strongly impure metabout 1600 A as the temperature decreases from 22 down to
als. For comparison, we mention that tfié dependence of 2 K. That is, every alloy sample studied lies well within the
1/7¢, has also been observed in our dilutggfiyAl, and  three-dimensional regime, justifying our use of the three-
AusPds, alloys. On the other hand, there are few dimensional weak-localization predictions to describe the ex-
experiment$'® reported in the literature that had dealt with perimental magnetoresistivities.

samples which had values gf,;| smaller than those in our

various samples of either dilute by (Al,, AusPdy,, or

tin-doped T§3Al 7 alloys. IV. CONCLUSION

Recently, the theory for electron-phonon interaction in h d the el h . .
disordered metals has been re-examined in the literature. For W& have measured the electron-phonon scattering rates in

instance, Rammer and Schriiave treated this problem by a serious of carefully tailored bulk crystalline disordered

considering impurity atoms that move in phase with the other! '73-xAl 2751 alloys which have a very short electron elastic

lattice atoms and predicted thatr2} should be weakened mean free path being on the order of the interatomic spacing.

and be of the order ofc(phl)(llrop) where 14 is the Such a short electron mean free path causes the electron-
ep/ ep

electron-phonon scattering time in the pure metalrgl;/ phonon interaction to bevell within the dirty limit in this

—T3). Microscopically, it is predicted that both longitudinal material. We find an essentially quadratic temperature de-

) ndence of the electron-phonon scattering ratgyl/i.e.,
and transverse phonons would co_ntnbute to thg wz_eakene%iepw.rz atqppl<1. This observation is not understood in
electron scattering rate 44,, while only longitudinal

. . terms of the current theoretical concept for the weakened
phonons are responsible forrié in the pure case. At low

) electron-phonon interaction in disordered metals.
temperatures, sinag,,~kgT/Avs, then 1k, should follow
the T4 law. This prediction has received wide acceptance
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