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Electron-phonon scattering times in crystalline disordered titanium alloys between 3 and 15 K
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We have successfully fabricated bulk crystalline disordered titanium alldys ,Sn,, Ti,_,Ge,, and
Tig.97-xSNy g25¢,) With nominal concentratior of the order of a few at. %. The impurity atoms are gradually
introduced into a titanium host to tune the degree of disorder, resulting in residual resispiyitias/ing from
~ 40 to 160 cm (corresponding to values &f-/"~5-20, withke being the Fermi wave number and
being the electron elastic mean free patlith this wide range of experimentally accessiplg we are able
to perform systematic studies of the disorggr or electron elastic mean free path behavior of the electron-
phonon scattering time,,. We have measured the magnetoresistivities of these alloys between 3 and 15 K,
and compared our results with weak-localization theoretical predictions to ext€t/). Unexpectedly, we
obtain a rather diversified temperature dependence and disorder dependenge asf follows. (&) In
Ti,_,Sn, alloys with pp=100 uQ cm we find 1ﬁ-ph~T2//. (b) In Ti;_,Sn, alloys with pg<70 uQ
cm we find 1hy,~T37. (c) In Ti;_4Ge, alloys with 50<py=130 uQ cm we find 1fy;~T2 in some
alloys and 1+ph~T4 in others, while at a given temperature}/is essentially independent of disordé) In
Tig.97-xSNg 0S¢, alloys with 55Spq<75 u) cm we obtain 17‘ph~T2. These experimental observations
altogether imply that electron-phonon interactions in the presence of strong impurity scattering are very
sensitive to the local material environme(tlie microscopic qualilyof a particular sample system, which
might be variously modulated with the doping of different kinds of impurity atoms. Our results are compared
with existing theoretical predictions for electron-phonon scattering in disordered conductors.
[S0163-182698)01118-1

[. INTRODUCTION dered metals and superconductffg? Analysis of those
anomalous magnetoresistivities, defined Ay(B)/p?(0)
The electron-phononetph) scattering timery, is a physi- =[p(B)—p(0)]/p?(0), hasproved to provide quantitative

cal quantity that determines the most important characterignformation of the various electron dephasing scattering
tics of conductorgnormal metals and superconductofSor  times, including inelastic %), spin-orbit (7)), and mag-
instance, it determines the dephasing scattering time for theetic spin-spin scattering timesd). In particular, the tem-
electron wave function and the cooling time for electron gasperature dependence ofr}/can be extracted by comparison
In the case of pure or clean conductors, the temperature bef Ap(B)/p?(0) obtained at various measuring temperatures
havior of thee-ph scattering timgnamely, 1#,,~TP with  with the existing theoretical predictions.
p=3) is well established both theoreticdily and In the weak-localizatioWL) studies of thee-ph scatter-
experimentally? In the case of disordered conductors, how-ing time 7on in disordered conductors, however, one fre-
ever, both the experimental and theoretical situations stiljuently encounters various experimental difficulties, depend-
remain to be resolved. Theoretically, taegh interaction in  ing on the dimensionality of the samples involved. These
disordered metals has been extensively studied by a goaekperimental difficulties, among others, are as follo(asIn
number of authors for over two decades, but quite differenthe case ofwo dimensionge.g., thin metal films there are
predictions were reachéd® For example, values for the usually more than one relevant inelastic processesgekgh,
temperature exponemt ranging from 2 to 4 have been pre- scattering and electron-electroa-€) scattering, that are of
dicted. Experimentally, the temperature dependence=f, 1/ prime importance in determining the total inelastic electron
reported by various measurements on various material syslephasing scattering tims,, .*>*3In addition, the appropri-
tems are not always in agreement with one anoth&rThis  ate phonon dimensionality in question depends in a compli-
issue becomes even more delicate when one is concernedted way on the film thickness, the phonon wavelength, the
with the disorder behavior of 44,. On the one hand, the acoustic transparency of the film-substrate interface,
theories have predicted distinctly different disorder depenetc®!*~1°These inevitable complications make(&mos)
dence of 1t,,. On the other hand, few experiments in lit- impossible to quantitatively separatg, from the total in-
erature have succeeded in reporting a clear dependence @lfistic dephasing scattering time;, obtained from
1/, on disorder. Ap(B)/p?(0) measurementsb) In the case ofhreedimen-
Over the last 15 years, it has been recognized that wealsions(i.e., bulk samples it is established thag-ph scattering
localization effectgor coherent backscattering of conduction is the solerelevant inelastic process while tieee scattering
electron$ result in noticeable magnetoresistivities in disor-is comparatively weak and can be totally ignoféd!’ In
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TABLE I. Values of relevant parameters for bulk superconducting titanium alloys. The impurity concen-
tration x is nominal The residual resistivity is in ©{) cm, the superconducting transition temperafle
is in K, and the spin-orbit scattering fieRl, is in T. For clarity, instead of listing the values of the relevant
parameters for all the individual alloymore than 55studied in this work, we only list the ranges of values
covered in each alloy system. The values of the relevant parameters for Ti-Al alloys are taken from Ref. 19.

Alloys X Po p(300 K)/pg Te Bso
Ti,_,Sn, 0.025-0.12 43-153 1.14-2.13 1.03-1.63 0.58-0.72
Ti,_,Gey 0.025-0.07 52-131 1.22-1.88 0.90-1.51 0.32-0.55
Ti0.97-xSNp 03¢, 0.01-0.05 56-72 1.65-1.88 <04 0.18-0.37
Tig_ Al 0.04-0.12 58-143 1.08-1.70 0:60.1 0.22-0.27

practice, however, it is very difficult to fabricate microscopi- dence of ry,. In short, 7, can be very reliably extracted
cally homogeneous bulk samples having a wide range ofrom the WL studies using properly tailored bulk titanium
high impurity resistivitiespo. Therefore, an experimental de- alloys, without it being coupled with the-e scattering time
termination of the disordeg,, or electron elastic mean free 7., and magnetic spin-spin scattering timg. Such reli-
path //, dependence of %/, is not readily accessible using ability is often lacking in other two- or three-dimensional
bulk samples. experiments as mentioned above.

In this work, we have succeeded in fabricating several This paper is organized as follows. In Sec. Il we discuss
series of bulk crystalline disordered superconducting titaour experimental method for sample fabrication, magnetore-
nium alloys(Ti,,Sn,, Ti; ,Ge,, and Tigg7 xSNposSC,)  sistivity measurements, and evaluation of values of the elec-
with the nominal impurity concentratiox of the order of a  tron diffusion constanD. Our experimental results for the
few percent. These crystalline disordered alloys are ideal fomeasured magnetoresistivities due to WL effects, and the
the studies of WL an@-e interaction effect$®1° Compared extracted temperature and disorder dependence&d}i the
with other three-dimensional material systeffesg., thick various titanium alloys are presented in Sec. Ill. Our results
granular films2° bulk samples of solid solutions of insulators for Tph(Tl/) are also compared with existing theoretical pre-
in metals”* and metallic glassé} usually used in this re- dictions fore-ph interaction in disordered conductors. Sec-
search area, our bulk superconducting titanium alloys ar€ion |V contains our conclusion.
quite unique and advantageous in several reggalsOur
various titanium alloys are metal samples essentialigro-
scopically homogeneownd having a wide range of high,
resulting in experimentally measurable three-dimensional We have fabricated Ti_,Sn, (Ti-Sn), Ti,_,Ge, (Ti-Ge),

(3D) WL contributions toA p(B)/p?(0). Particularly, a wide and Tiy 97— ,SNg 0a5¢, (Ti-Sn-S9 alloys by an arc-melting
range ofp, makes feasible a reliable experimental determi-method as described previousR*® High-purity tin
nation of the disorder behavior ofy,. (b) Doping of a tita-  (99.999% purg germanium(99.999% purg or scandium
nium host with various impurity atom&.g., Al, Sn, Ge, or  (99.99% purg atoms were gradually introduced into a tita-
So is possible. It is expected that different impurity atomsnium host(99.995% purgto serve as compositional disor-
could effect the phonon excitation spectrum of the latticeder. The degree of disorder was carefully controlled by the
(and probably also the electronic density of states at theamount of Sn, Ge, or Sc doped. These kinds of impurity
Fermi leve} in different ways, and thus could cause differentatoms were chosen because, when being present with low
temperature and disorder behavior gf,. (c) One more concentrations, they could randomly substitute for the tita-
great advantage is that the usual magnetic atoms, such as Féym host atoms while introducing negligible secdisom-

Co, and Ni, donot form localized moments in a titanium pound phase$> Moreover, it is known that their presence in
host?2 and hence result in Zeromagnetic spin-spin scatter- a titanium host could result in relatively large values of sol-
ing rate in the various titanium alloy$:? (d) The various ute resistivity & 20 «Q cm per at. % of Sn or Q&° making
titanium alloys studied in this work are superconductors withcomparatively pronounced 3D WL effects. In this work, the
superconducting transition temperatur€s falling in the  nominal concentrationsx were kept low enough so that all
range~ 0.6—1.6 K. Such values df; are very adequate for the alloys fabricated were essentially single phased, possess
quantitative studies of,,; they are not too high in the sense ing an hcp structure similar to that et Ti, as was evidenced
that there is still a sufficiently wide temperature window left from x-ray measurements performed on a MAC Science
aboveT, in which WL contributions taAp(B)/p2(0) could  M18X diffractometer with CiK « radiation. Energy disper-

be accurately measuré8iOn the other hand, they are not too sive spectroscop§EDS) studies performed on a Kevex Delta
low so that the upper critical field3., for such alloys could Class 8000 EDS of some of our samples also indicated a
be conveniently measured using, say’He cryostat. With  uniform distribution of the impurity atoms in the titanium
B, being measured, the values of the electron diffusion conhost lattice. In addition, transport measurements demon-
stantD for the alloy samples can be directly evaluated. Val-strated that, in every alloy system, the impurity resistiyigy

ues ofD are needed in order to extract valuesrgf in the [=p(10 K)] increased basically linearly with increasirndor

WL studies. These above-mentioned advantages altogethtire selected concentration range indicated in Table I, imply-
make feasible quantitative investigations of both the teming, again, a uniform distribution of the impurity atoms.
perature dependence and, particularly, the disorder depeithese observations just mentioned suggested that our alloys

Il. EXPERIMENTAL METHOD



11234 C. Y. WU, W. B. JJAN, AND J. J. LIN 57

200 - - for a given value ofpy for the various Ti-Sn, Ti-Ge, and
Ti-Sn-Sc alloygand also for Ti_,Al , (Ti-Al) alloys'®] are
essentially the same.
For a few alloys, we had also measured the electronic
e © specific heats,yT=(7-r2/3)k§N(0)T, at liquid-helium tem-
o © peratures to deduce theeph enhanced electronic density of
states at the Fermi levél(0). Thevalues ofD were then
obtained through the Einstein relationpd#De?N(0)/(1
+\), where thee-ph coupling constank ~0.54 (Ref. 30
sob e © i for pure titanium had been used. We observed that the values
° of D deduced fromB., measurements and those deduced
o from yT measurements were consistent to within 20%.
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A. Magnetoresistivities
FIG. 1. Impurity resistivitiespy versus the impurity concentra-
tion x for Ti,_,Sn, (open circley and Ti,_,Ge, alloys (closed
circles, respectively.

Before presenting our experimental results, we recall that
it is frequently more convenient to deal with the various
characteristic field8; =7 /4e D7; than the scattering times
did possess homogeneous composition and lattice structu gemselves, wherg=in, ph,eg, so, ands refer to the inelas-

at length scales that were considerably smaller than the refic’ e-ph, e-e, spin-orbit, and magnetic spin-spin scattering

evant length scale in the WL probletne., the electron dif- lelds (“”.‘69- This is b_ecause the field are the quantities
fusion length. Table | also lists the corresponding range ofthat explicitly appear in the WL theory. In the most general

the value ofp, in each alloy system. With all alloy systems case, one is concerned with the electron dephasing scattering

; ; 0,12
being taken together, our experimental valuegpgfvaried field given by
from ~40 to~ 160 u{) cm, corresponding to values kf/ A A { 1 1 1 2
in the range~5-20, with ke~1.9x10'> m~* being the B ,(T)= - + 1+
Fermi wave numbet’?® Figure 1 shows the representative 4eD7y(T)  4eD[7py(T)  7ed T) 750 s
variations ofpgy with x for Ti-Sn (open circleg and Ti-Ge @)

alloys (closed circles respectively. 5. where 7, denotes the total electron dephasing scattering
Our samples were typically 0:20.2< 10 mm”in size. AC  time. As mentioned above, there is negligible-e
magnetoresistivities were measured by a four-probe techscattering” and magnetic spin-spin scatterfiin the case of

nique. Great care was taken to make low-noise electricghy|k superconducting titanium alloys so that Eg). reduces
contacts and wiring(The electrical contacts for the wiring g

were made using thermal-free solder, for examplbee mea-

surements were performed in a quiet environment and a sig- A 1 1
nal resolution of a relative resistivity changéo/p=<3 By(T)~ 26D —T+ —,
% 10~ ® was achieved. The low-temperature environment was eDLmen(T)  7so
provided with a®He cryostat and the temperature was moni-where only thee-ph scattering time is temperature dependent
tored with a calibrated carbon-glass and a calibrated RUO\yhile the spin-orbit scattering time is not.

thermometers. The measuring temperatures were between 3 The normalized magnetoresistivitied p(B)/p3(0) at

and 15 K, and magnetic fields bel® T were used(Notice,  various temperatures between 3 and 15 K for each of our
however, that in our comparison of the experimental magnez|ioys have been measured and compared with 3D WL the-
toresistivities with the 3D WL theoretical predictions, a gretical prediction¥ to extractB +(T), and thusB,,(T) and
much lower magnetic-field range was usually used in ordeg_ ~ The details of the least-squares fitting procedure had
to minimize any.appremable contributions from the many-peen discussed previousfyHere we merely mention that
body e-e interaction effects?) for every alloy studied in this work, the 3D WL predictions

Upper critical fieldsB., for many of our alloys were mea- (including Maki-Thompson superconducting-fluctuation ef-
sured and the values of the electron diffusion constant Wer%ctg can well describe our experimenta| results. Conse-

@

then computed, using the relatfdn quently,B,,(T) andBg,can be reliably extracted. Our results
for the e-e attraction strength3(T), defined in the WL
_4kg 1 theory to describe the Maki-Thompson superconducting-
~ e [dBg,/dT]’ fluctuation contributions, are also consistent with Larkin’s

theory'?1% In this work, we will focus on our results of
wherekg is the Boltzmann constant, aredis the electronic  B(T,/).
charge. Our empirical numerical values Bf were best in- Figure 2 shows representative normalized magnetoresis-
terpolated byD =(885/po— 0.45)x 10 °> m?/s for Ti-Sn al- tivities Ap(B)/p?(0) as a function of the magnetic fieBl
loys, (610py+0.30)x10°° m?/s for Ti-Ge alloys, and for Tigg,.Sny s alloy at several measuring temperatures as
(776/po) X107 ° m?/s for Ti-Sn-Sc alloys, wherg, is in  indicated in the caption to Fig. 2. The symbols are the ex-
©£) cm. In practice, our results indicate that the value®of perimental results and the solid curves are the 3D WL theo-
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B(T) FIG. 3. Electron-phonon scattering fiel@,(T) versus tem-

peratureT for five representative Ti ,Sn, alloys with x=0.025
(open circleg 0.035(solid triangle$, 0.045(open rhombuses0.09
(closed circles and 0.12open squaresThe dashed and solid lines
are drawn proportional td2 and T, respectively; they guide the
eye.

FIG. 2. Normalized magnetoresistivitiesp(B)/p?(0) versus
the magnetic field for a Tig g:Sng o3 alloy havingpy=~55 u{) cm
at (from bottom to top 12.0, 8.5, 6.0, 4.0, and 3.0 K. The solid lines
are the 3D WL theoretical predictions.

retical predictions. This figure reveals thap(B)/p2(0) are P between 2 and 3. Furthermore, close inspection of Fig. 3
monotonically increasing functions d8 in all measured reveals that the magnitude &g, at a given temperature
magnetic fields. Physically, this is due to the enhanced spinincreases with increasing,. This latter issue concerning the
orbit scattering introduced by the doping of relatively heavydisorder behavior 0By, or 1/7,, will be addressed below in
Sn atoms into the Ti host. Our results reveal that, with thed separate subsection.
addition of 3.0 at. % of Sn, the value &, increases by a Figure 4 shows the variations 8f,(T) with temperature
factor ~2, e.g., compared with that in Ti-Al alloys. Numeri- between 3 and 15 K for five representativey i Sng 0aSCx
cally, we obtainBss~ 0.25 T in Ti-Al alloys (where the Al  alloys with values ok andp, as indicated in the caption to
dopants are light'® and B~ 0.58 T in Tig 475N oz alloy. Fig. 4. The variation ofB(T) with T for the parent
(See, also, Table)l. Tig.97SNg o3 alloy (closed squaresis also plotted for com-
The magnetoresistivities in Ti-Ge alloys and Ti-Sn-Sc al-parison. The dashed and solid lines are drawn proportional to
loys are quite similar to those in §§:Sng oz alloy shown in
Fig. 2, except that the magnitudes are smaller by a factor of
approximately 1.5(The magnitudes are reduced due partly
to weaker spin-orbit scattering effects in these two alloy sys- 10 7
tems) Therefore, we shall not plot the magnetoresistivities
for these alloys. Quantitative analysis indicates moderate-to-
strong spin-orbit scattering in these allogBable l). This
observation is expected, since the atomic weight of Ge atoms
is smaller than that of Sn atoms, but is still larger than that of
Ti atoms so that the spin-orbit scattering becomes moderate.

Bph(T>

10
B. Temperature dependence of H,,(T)

Figure 3 shows the variations 8f,(T) with temperature
between 3 and 15 K for five representative TjSn, alloys ]
with values ofx andp, as indicated in the caption to Fig. 3. -
The dashed and solid lingg/hich guide the eyeare drawn
proportional toT2 and T3, respectively. This figure demon- 10 7* e ‘
strates thatB,(T) varies essentially withT? for high-po L T(K) 10
samplegiopen squares and closed cirglegile it varies es-
sentially with T® for less resistive sampldslosed triangles FIG. 4. Electron-phonon scattering fiel@,(T) versus tem-
and open circlgs™ More precisely, we findBy~1/7p, peratureT for Tig g7, SNy eS¢, alloys withx=0.01(open circley
~T? in those Ti-Sn alloys with 108py=<160 xQ cm, 0.02 (open squares0.03 (open trianglels 0.04 (open rhombuseés
while we find By~ 1/7,,~T? in those Ti-Sn alloys with 40  0.05 (closed circley and the parent Tig;Snoos alloy (closed
<po=70 ) cm. In one alloy with intermediate, (= 77  squares The dashed and solid lines are drawn proportional4o
€ cm, open rhombusgswe find the temperature exponent and T3, respectively; they guide the eye.
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increasg in p. Moreover, it is not understood why the tem-
perature behavior of 4, in Ti-Ge alloys(Fig. 5 is so much
different from that in Ti-Sn, Ti-Sn-Sc, and Ti-Al alloys.

Our experimental result§Figs. 3—5 suggest that there
doesnot exist a universal temperature behavior ofg}/in
impure conductors. It is conjectured that the phonon excita-
tion spectrum and the frequency dependence of the Eliash-
berg functiona®F (w), » being the phonon frequency, could
be very sensitive to the local environment of the impure
sample, which would likely depend on the types and
amounts of the dopants added. A variation in the frequency
behavior of the phonon excitation spectrum orafF (w)
from one alloy system to another could readily cause a varia-
tion in the value ofp.®? On the other hand, it might also be
possible that a different temperature dependence of, irt
10 the various titanium alloys is due to a different electronic
T(K) density of states at the Fermi level. How might the density of
states at the Fermi level change upon alloying requires fur-
FIG. 5. Electron-phonon scattering field,(T) versus tem- ther study.

peratureT for five Ti, ,Ge, alloys withx = 0.025(open circles, We notice in passing that, at liquid helium temperatures
0.03 (open squargs0.04 (open trianglek 0.06 (open thombuses  ahaveT_ and in zero magnetic field, the resistivities of our

and 0.07(closed circles The dashed and solid lines are drawn . L g
proportional toT? and T4, respectively: they guide the eye. For bulk superconducting titanium alloys demonstrate measur

clarity, the values ofB,(T) have been shifted by scaling by a able c_orrection; j[o. the constant residual resistivities, i.e.,
factor of 0.4, 2, 5, 10, and 20 for the alloys wik+0.025, 0.03, there is a resistivity change p(T,/)=p(T./)—po(/).
0.04, 0.06, and 0.07, respectively. Particularly, the temperature dependencep{T,/) for all

our alloy systems can lguantitativelyascribed tce-e inter-
T? and T3, respectively; they are guides to the eye. Thisaction effects in the presence of strong impurity
figure clearly demonstrates thBi,(T) or 1/ry, in all the  scattering®%34 As a matter of fact, we do not find any
Ti-Sn-Sc alloys varies essentially willf, in contrast to that  appreciable differences among the various titanium alloys,
(~T?) in the parent Tg.g;Sng o3 alloy. It is intriguing that  jnsofar as both the temperature behavior and disorder behav-
the value of the exponemtis lowered from~ 310~ 2by  jor of Ap(T,/) is concerned. This observation is of funda-
the introduction of only a few at. % of Sc atoms into the ,antal importance: Our experimental results imply that

pa::e_nt Tb-gﬁﬁo-% a:lr:)y. i ) with t ¢ while the e-e interaction effects are only dependent on the
igure 5 shows the variations Bf,(T) with temperature value of py (andT,) in titanium alloys, thee-ph interaction

between 3 and 15 K for five representative TjGe, alloys : ; "
with values ofx andpg as indicated in the caption to Fig. 5. not only is dependent on the value @f but is also sensitive

The dashed and solid linéwhich guide the eyeare drawn to the local, microscopic environment characteristic to each
proportional toT3 and T4, respectively. This figure demon- sam_ple system. . . . .
strates thaB,,(T) varies approximately with eithd® or T4, Finally, we comment briefly on the "leveling-off” behav-
depending on samples. Our experimental results do not rd2" Of Bpr(T) in some of the alloys at our lowest measuring
veal any clear connection between the amount of disqrger €mperatures. Close inspection of Figs. 3 and 5 reveals a
of the sample and the value of the temperature expopent deviation from the indicated power—lgw temperature depen-
for 1/7,,. Nevertheless, unlike in all the other titanium alloys dences for certain alloys, such as,§{Sno.ee (Tc~1.63 K,
studied(where alwayp=3), the values op in Ti-Ge alloys ~ closed circles in Fig. Band Tig gsG€0.07 (Tc=1.51 K, closed
are always= 3. [Notice that, for clarity, the values &,,(T)  circles in Fig. 5, which havehighestvalues ofT. among
for every alloy have been shifted by scaling by a certainthose for the alloys of their own kind. We stress that this
factor. See the caption to Fig.]5. leveling-off behavior can be well ascribed to the scattering of
To summarize, the above results indicate thalthTZ in  the conduction electrons by superconducting fluctuations as
both high-resistivity Ti-Sn alloys as well as in Ti-Sn-Sc al- T approached . .}°?* As a matter of fact, a leveling-off be-
loys. Previously, we have already observet’alependence havior is not observed, or much less evident, @&8wK in
of /7y, in numerous Ti-Al alloys havingg~ 60—-150u() other alloys with lower values of .. (Those samples with
cml® Thus, these experimental results indicate thatTRe lower values ofT, would start to reveal a leveling-off be-
behavior of 1, is quite common in titanium alloys. On the havior only at some certain temperatures below BTere-
other hand, some of our experimental results for the temperdere, such a deviation behavior from the indicated power-law
ture behavior of 14, are totally unexpected. For example, it temperature dependencesat a precursor of a saturation of
is not understood why the value pffor Tig g7 SngsSCx By (0r, more preciselyB,) which might have been ex-
alloys is so different from that for the parentgkiSnggz  pected as a result of a finite7l/(Ref. 23 or 1/r¢.. The later
alloy (Fig. 4). It is puzzling that even only 1% of Sc doping scattering rate possesses a temperature exponent of 3/2 in 3D
can already change tfié behavior to thel? behavior, while  disordered systemi$,which is appreciably lower than that
additional doping does not cause further chatdperease or for 3D e-ph scattering.
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| ] the variation of our experiment&,(10 K) with p, for Ti-
Sn-Sc alloys(open rhombusgsand Ti-Ge alloys (open
squarey respectively. The solid line is drawn proportional to
po- Inspection of the data plotted in Figs. 6 and 7 demon-
strates the following feature&) In the case of Ti-Sn alloys,
Bpn(10 K) varies essentialljlinearly with pg for both pq
=100 uQ cm (where the temperature behaviorB§h~T2,
see Fig. 3 and, also, forpy<70 Q) cm (where the tem-
perature behavior iB,,~T3, see Fig. 3 A By~pj is
equivalent to a My,~po~1//. (b) In the case of Ti-Ge
alloys, B,(10 K) scales approximately with, for po~ 50—
120 L) cm. This corresponds to a7~ poD ~ constant,
S — implying that 1f,, is essentiallyindependenof disorder.(c)
10° 10 In the case of Ti-Sn-Sc alloys, in contrast to all the other
/Ooz(,U«Q cm)2 titanium alloys studiedB,,(10 K) is gppro_ximately indepen-
dent of pg for pg~ 55-75u€) cm, implying a 1fy,~ 1/pg

FIG. 6. Variation of the electron-phonon scattering field ~/ 3
Bpr(10 K) with the square of impurity resistivityp, for Ti-Sn From these observed features, one immediately sees that
(closed circlesand Ti-Al alloys (open circles The dashed line is  the disorder behavior of %4,, and thus the nature of the
the theoretical prediction4), and the solid line represents a e-ph interaction, in crystalline disordered titanium alloys is
Bpr(10 K) having a magnitude a factor 1.5 times that given by therather complicated. It seems that the disorder behavior of
dashed line. The data for Ti-Al alloys are taken from Ref. 19. The]_/Tph is fairly sensitive to the impurity typéAl, Sc, Sn, or
open triangle denotes tH&,(10 K) of Tiq g555M0 045 alloy in which  Ge atoms For instance, this assertion is supported by our
p is not equal to 2 or 3. observation in Ti-Sn-Sc alloys where the addition of a few

percent of Sc atoms totally alters the disorder behavior from
C. Disorder dependence of H,,(/) that of the parent Ti-Sn alloy. In the former case}/in-

In the studies of the-ph interaction in impure conduc- creases with increasing disprder, while in th(nT latter case it
tors, it is of great importance to focus, apart from the temncreases with decreasing d|.sorder..Our experiments strongly
perature dependence, also on the disorder or elastic medpficate that there doewmt exist a universal disorder behav-
free path/ dependence of &j,. In this work, we have 10f Of 1/7py in impure conductors.
succeeded in performing experimental investigations of the
disorder dependence using properly tailored bulk titanium
alloys. Our results are summarized in Figs. 6 and 7. Figure 6 ) _
shows the variation of our experimen},(10 K) with the ~ Theoretically, Bergmarithas calculated the-ph interac-
square ofp, for Ti-Sn alloys(closed circles TheB (10 K) tion in a.dlrty metql. He points out that the impurities par-
for Ti-Al alloys (open circles taken from Ref. 19 are also ticipate in the I_attlce o_SC|IIat|on§|.e., the_ _phonor)sand
plotted for comparison(Previously, we have found,, change thee-ph interaction. He finds additiona-ph pro-
~T2 and Bph~p§ in numerous Ti-Al alloys. The dashed ~C€SS€s which do not conserve the Iattlc_e momentum. These
and solid lines are drawn proportional,ﬁé. Figure 7 shows addltlonale-ph processes contribute partlcglarly to processes

with low-energy transfer, so that the Eliashberg function
a’F(w) depends linearly onw in the low-energy region.

10

T
1

Bpn(10 K)(T)

10 2

T
a1l

D. Comparison with theoretical predictions

0.16 ' ' ' Takayam4 has also studied this problem. The results given
by Bergmann and Takayama agree almost exactly. The im-
- purity contribution to thee-ph scattering rate according to
= 01zr 1 Takayama is
<
1 272 (kgT)2 272 kgT?
© 008 1 _— =c—,—( aT) —C— 2, (3
N Ton(T,7) ke #2wp ke f6p
o =0
0.04 I 0 ) wherewp (6p) is the Debye frequencftemperatureandC
is a constant given b =nmv2q3/(6n;Mv2k2), wheren
' ' (n;) is the electror(ion) density,m (M) is the electror(ion)
0.00

20 50 80 1 1'0 140 mass, vg (v§) is the Fermi (sound velocity, and qp
0o(u cm) =wp/vs. Usingqp=(2/z)"*r and the Bohm-Staver rela-
o\ tion for sound velocityv2=zmvZ/(3M) (Ref. 36, we re-
FIG. 7. Variation of the electron-phonon scattering field Write C in the following form:C=(2/2)?%2, wherez is the
Bpr(10 K) with impurity resistivity p, for Ti-Ge (open squargsand nominal valence.
Ti-Sn-Sc alloysiopen rhombuseésThe solid line drawn through the To facilitate a quantitative comparison with experimental
open squares guides the eye. results, we rewrite Eq.3) in the form
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ekgke _, enhancedn the presence of strong disorder and lead to a

Bpn(T,po) = =C T°po- (4  1Ury~T?/, similar to the prediction of Eq(3).] The

Pt PO 4o D7 (T 6hD6, ° Tpn~ 1717, p q49).

7on(T:po) P Rammer-Schmid theory has been well accepted by the theo-
Since D~ 1/p,, then Eq.(4) predicts aBthszS_ Assume retical community. Furthermore, it has been confirmed inde-

that upon dilute alloying, the values of the relevant parampe”_degntly by the calculations of Reizer and SefG,@S{aﬂd
eters are barely changed from those of pure Ti. The theoreBe€litz”” In spite of such a theoretical consensus, it is rather

ical prediction of Eq.(4) is then represented by the dashedSUrprising and puzzling thatoneof our experimental results

line shown in Fig. 6, usinge~1.9x10° m~1 gy=420 N any alloy system are in systematic agreement with this

K,3” C~0.3, and the experimentally interpolated valDe Presumably more correct theory.
= (885/p,— 0.45)x 10-° m?s for Ti-Sn alloys. Inspection In the case of Ti-Sn alloys, our results do not even agree

of Fig. 6 clearly reveals tha,(T,po) in those Ti-Sn alloys with thg Rammer-Schmid theory in gualitative manner.
with po~100—160uQ cm (closed circle and also in those According to the theory! the value of the temperature expo-
Ti-Al alloys with po~60—150€) cm (open circles can be nentp should gr_adually increase from(the pure limi} to 4
fairly well described by Eq(4). The experimental and theo- a5 the sample is made more and more disordered. In other
retical values agree to within a factor of 1.5 or betf@ihe  WOrds, the value of is predicted to increas@ip to 4 with
solid line represents BT, po) having a magnitude a factor increasingpo. Th|s is definitely in disagreement with our
1.5 times that given by the dashed lihin three dimensions OPServation in Fig. 3, where we see tipadecreaseérom 3
(3D) such close agreement between theory and experimefOWn 10 2 s is increased from 40 to about 104} cm.
has rarely been reported in the literature. In the case of Tl—Sn—_Sc alloys, we do not observé“a
Despite the close agreement between experiment arfiePendence of &f, as discussedsee Fig. 4. Nevertheless,
theory as shown in Fig. 6, we must stress that many of ouft c&nnot be ruled out that in this alloy system, Sc atoms
experimental results foBy(T,po) in the various titanium ~MOVE more or less in phase with Ti host atoms, and thus
alloys are actuallyiotin line with the prediction of Eq().  1/Tpn™~1/po~7" (or, equivalently,Byy~cons) as predicted

The discrepancies are summarized as follo@sin the case  PY EG.(5) is hinted at in Fig. Athe open rhombusgsin any
of the less resistive Ti-Sn alloys§=<70 xQ cm), the T  €ase, it is of interest to search for appropriate material sys-

behavior (- T3) is not consistent with the prediction of Eq. €M with impurity atomic weight equal to that of the host
(4), although thep, behavior basically is(b) In the case of &t0ms and having a wide range of higp. Such material
Ti-Sn-Sc alloys, the disorder behavids g~ constantis not systems would be useful for performing a critical experimen-
consistent with the prediction of E4), although theT be- (@l check of the Rammer-Schmid prediction.

havior basically is(c) In the case of Ti-Ge alloys, neither the ~ SINC€ it is thee-ph scattering in the dirty limit that most

T behavior nor they, behavior is consistent with the predic- €ONCeMSs us, we examine whether the disorder criterion
tion of Eq. (4). gr/=1 is satisfied in the present work, wherg;

Strictly speaking, it is not surprising that a good deal of ~KeT/fivs is the most frequent phonon-frequency at the
our experimental results are not consistent with the theoretf€mperaturel. For our titanium alloys witfpg covering the
cal prediction of Eg.(4), since, e.g., the Bergmann- ange 40-16Qu() cm thegre is/~2.6-11 A. We takevs
Takayama theory was formulated utilizing a simple jellium ~5000 m/s for pure T‘o’- Then, g/~ (0.0068—0.02T,
model with a spherical Fermi surface while real materialsVhereT is in K. This indicates that the-ph processes in our
often consist of far more complex Fermi surfaces. Howeveralloys are well within the disordered limiti.e., or/<1)
it is then not understood why our experimental data for cer€ven at temperatures as high as 30 K or higher. Therefore,
tain Ti-Sn and many Ti-Al alloys do demonstrate quantita-OUr experimental results for 44, measured up to 15 K, Figs.
tive agreement with the Bergmann-Takayama prediction a3~/ can be said to fully satisfy the disorder criterion.
discussed above. In fact, recent theoretical worken the
e-ph interaction in impure conductors have made great ad-
vances and reached a consensus that argg@sstthe pre-
diction of Eq. (3). Rammer and Schmid have recently re- The nature of thee-ph interaction in disordered conduc-
evaluated the problem oé-ph interaction in disordered tors(normal metals and superconducfoissstill a subject of
conductors. They consider impurity atoms that move incontroversy. Theoretically, quite different predictions have
phase with the other lattice atoms. In particular, they findgbeen made for both the temperature and disorder behavior of
that there is a subtle compensation between the coupling df7pn(T,/). Experimentally, the temperature dependence of
the electrons to the vibrating impurities and the interaction ofl/7pn reported by various measurements are not always in
the electrons with the deformed lattice vibrations. With suchagreement with one another. For exampld,*zbehavior of
a compensation between the two mechanisms proper§/7on Was found in granular CuO filnfs, and InSb
treated, the resulting-ph interaction isveakenedn thedirty ~ Semiconductors? A T* behavior of 1#,, was found in
limit, leading to Cu-Ti metallic glassé§ and bismuth films# These and
many other results reported in the literature imply that the
Ut~ T4/ (5) value; pf the temperature e_xponemfor Utpp might bg quite _
sensitive to the microscopic quality and the intrinsic material
Obviously, this prediction is entirely different from the properties(electronic structures, phonon excitation spectra,
Bergmann-Takayama prediction of E(B). [On the other etc) of the host lattice and impurity atoms. It might not be
hand, Rammer and Schmid pointed out that, without such determined just by the total amount of disorder. In any case,
subtle compensation, each of the two mechanisms would bi¢ remains true that a 3:[,h~T2 is frequently observed in

E. Further discussion
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experiments using both thin films and bulk samples made ofesidual resistivities are often high, it is usually difficult to
various material§'~**A T2 dependence of 1}, has caused tune the value of, for over a reasonably wide rangeThat
much confusion and debate on the nature ofdhgh inter- is, the atomic arrangement in a given amorphous metal alloy
action in disordered conductors for over the years. On thés already in the limit of strong randomness, and thus a
one hand, the most recent theory, %), doesnotsupport a change in the constituent concentration will hardly change
T2 dependence as discussed. On the other hand, apart fraime value ofp,. In some metallic glasses, the valuepgfcan
the experimental results obtained from WL studies, there exindeed be adjuste@.g., by a factor- 2) if the concentration
ist a good number of tunneling measurements in literaturés changed by a large amou¢dg.g., some tens of percent
that suggest an Eliashberg functiom®F(w)~w.*® An However, the electronic structures and phonon excitation
a@’F () linear inw implies a 1:5-ph~T2.32 This T? behavior  spectra might be totally altered under such circumstances.
is one of the key issues which the theory ésph interaction  Therefore, neither such materials are useful for the experi-
in disordered conductors has to properly address. Recentlyental investigations of the disorder behavior ofpi/ In
in a series of carefully designed electron heating experimentshort, it is not always trivial to obtain and to make material
using CuCr films of various thicknesses and widths, DiTusasystems that are suitable for systematic experimental studies
et al*® have always found a i‘gh~T2 independent of pho- of 1/7,,(T,/). Therefore, our choice of using bulk titanium
non dimensionality and;/". They argue that there might be alloys deserves close attention.
heretofore unidentified mechanisms that are responsible for
the e-ph scattering in impure conductdts?*® IV. CONCLUSION

To the authors’ knowledge, a linear dependence af,1/
on 1/ as predicted by Eq(3) has never been reported in
previous experiments. Peters and Bergnfarmad clearly

We have experimentally investigated the electron-phonon
scattering timer(T,#) in numerous bulk crystalline disor-

- - ; dered titanium alloys, including Ti-Sn, Ti-Ge, Ti-Sn-Sc, and
monstrat that scales witlor, quite close tpT? in . : , ;LTI ’
demonstrated By, that scales wittior, quite close t i-Al alloys. We have studied the WL induced magnetore-

g:ﬁg?s q&zn?; dar?((j) Tue nsgsven\:::aihzl;n fS(,;{i|g:;ltgdg;)%ef\‘/rgoar;gistivities in low magnetic fields between 3 and 15 K to

Bpn~pg as predicted by Eq(4). Instead, they observed a extract the values ofyy,. In addition to the temperature be-
B..~ po or a disorder independentr,. Also using heatin havior, we have determined the disorder behavior of;1/

ph™ Po ) PS - 9 9 our experimental results reveal that the temperature depen-
measurements, Liu and GiorddfAdave recently found in . .

) . . . dence and disorder dependence of,l¥ary among different
thin Sb films a 1#,, which was independent of the sheet allov svstems. That is. our experimental resultsndd sup-
resistanceR of the films even when the mean free path y sy ) ' P b

increased by more than a factor of 10 in going from the IOWport the existence of a universal temperature and disorder

to high Ry samples. In these two-dimensional experimentsdependence of Hy, implying that the nature of the

the extracted values of 44 miaht have been more or less electron-phonon interaction in impure conductors could be
7% 9 fairly sensitive to the local material environment of a particu-
obscured by a non-negligible 4, as well as by some un-

o . € ; S lar sample system(The phonon excitation spectrum might
certainty in the phonon dlmen5|o_nalﬂ_t§/.8uch ambiguities be subtly affected by the microscopic quality of the disorder,
do not occur in our case of bulk titanium alloys.

. e ; . for example. From our observations, we have to conclude
In 3D, 1l/ry, is the sole, dominating inelastic scattering ple}

rate. However. micr callv homoaen 3D sampl that much more experimental work is still required before a
ate._ Flowever, microscopically homogeneous SAMPIERynsensus can be reached on the temperature dependence
with high py are not easy to make. Thus far, most 3D

i . . . and disorder dependence ofrJ{in impure conductors. Our
samples used In the WL stud|_es are th'c.k granular films, bu”fexperimental results strongly suggest that the current theoret-
samples of solid solutions of insulators in metals, and amor:

h tal all In the first t the elect ~ical understanding of the electron-phonon interaction in im-
phous meta afloys. In the nrst wo cases, he €elec rOn'i)ure conductors is still far from being complete.

transport behavior is complicated by the percolating natur
of the sample structure, especially when timacroscopic
disorder of the sample is high. In those systems, &1/
~T3 has often been observed in low-resistance samples, The authors are grateful to Y. L. Chuang for some help
while a disordeindependen11/7-ph~T2 has been observed in with the experiment. They are also grateful to H. D. Yang
high-resistance samples®t 10 K.2%?°It is conjectured that and Y. Y. Chen for performing specific heat measurements
a disorder independentﬂﬁ,{pT2 in high-resistance granular on some alloys. This work was supported by Taiwan Na-
samples might actually come from weakly disordered metational Science Council through Grant Nos. NSC 85-2112-M-
grains. In the case of amorphous metal alloys, although th802-015 and NSC 86-2112-M-002-006.

ACKNOWLEDGMENTS

*Present address: Institute of Physics, Academia Sinica, Nankang*H. Takayama, Z. Phy263 329 (1973.

Taipei 115, Taiwan. 5S. J. Poon and T. H. Geballe, Phys. Revi® 233(1978.
TAuthor to whom correspondence should be addressed. 5A. Schmid, Z. Phys259 421(1973; B. Keck and A. Schmid, J.
IM. Yu. Reizer, Phys. Rev. B0, 5411(1989; P. B. Allen, Phys. Low Temp. Phys24, 611(1976.

Rev. Lett.59, 1460(1987. 7J. Rammer and A. Schmid, Phys. Rev3B 1352(1986.
2M. L. Roukes, M. R. Freeman, R. S. Germain, R. C. Richardson, M. Yu. Reizer and A. V. Sergeyev, Zh. Eksp. Teor. E8, 1056
and M. B. Ketchen, Phys. Rev. Lefi5, 422(1985. (1986 [Sov. Phys. JETB3, 616(1986)].

3G. Bergmann, Phys. LetP9A, 492(1969; Phys. Rev. B3, 3797 °D. Belitz, Phys. Rev. B36, 2513(1987).
(1972). 108 L. Al'tshuler, A. G. Aronov, M. E. Gershenzon, and Yu. V.



11 240

Sharvin, Sov. Sci. Rev., Sect. @ 223(1987.

M. A. Howson and B. L. Gallagher, Phys. Ref¥0, 265 (1988.

124, Fukuyama and K. Hoshino, J. Phys. Soc. Ji2131(1981);
A. I. Larkin, Pis’'ma Zh. Eksp. Teor. Fi31, 239 (1980 [JETP
Lett. 31, 219(1980]; D. V. Baxter, R. Richter, M. L. Trudeau,
R. W. Cochrane, and J. O. Strom-Olsen, J. Phiarig 50,
1673(1989.

13p, Belitz and S. Das Sarma, Phys. Rev3g 7701(1987).

vy, F. Komnik, V. Yu. Kashirin, B. I. Belevtsev, and E. Yu.
Beliaev, Phys. Rev. B0, 15 298(1994.

15G. Bergmann, W. Wei, Y. Zou, and R. M. Mueller, Phys. Rev. B
41, 7386(1990.

163, Liu and N. Giordano, Phys. Rev. £, 3928(199]). Notice
that a low value of the temperature exponpn{~1.4) for the

C. Y. WU, W. B. JJAN, AND J. J. LIN

57

off and, finally, a divergence of the electron dephasing scattering
rate asT approached . [See, e.g., W. Brenig, M. C. Chang, E.
Abrahams, and P. Wolfle, Phys. Rev.3, 7001(1989; Ref.

19; and W. B. Jian, M.S. thesis, National Taiwan University,
1996] This situation makes it less desirable for a quantitative
separation ofr,, from the measured %{,. We find that, for all

our titanium alloys havind@ . below 1.6 K, afT abowe 3 K or so

the electron-superconducting-fluctuation scattering is negligibly
weak compared with the-ph scattering. On the other hand, the
WL contributions toA p(B)/p?(0) in our bulk samples are too
small to be correctly detected above about 15(Motice that

WL effects are generally smaller in 3D than in two dimensipns.
These considerations taken together lead to an experimental
temperature window of 3-15 K.

e-ph scattering rate is reported in this work, which is not under->>M. Hansen and K. AnderkoConstitution of Binary Alloys

stood.

YThe e-e scattering rate in 3D disordered metals is given by
1Uree= \3(kgT)¥¥[ 27 (ke )¥?JE£], Where E is the Fermi
energy. See, A. Schmid, Z. Phys. &1, 251 (1974; B. L.
Al'tshuler and A. G. Aronov, Pis'ma Zh. Eksp. Teor. Fi20,
514 (1979 [JETP Lett.30, 482 (1979]. Using Er=7ikrvg/2
and the values okg quoted in the text andg=3.2x10° m/s
(Ref. 30, we have evaluated the magnitudes ofcl/in the

various titanium alloys in our measuring temperature range of
3-15 K. We find that, even in our most disordered Ti{GeSn
and Ti-Al) alloys at the lowest measuring temperatures, the

(McGraw-Hill, New York, 1958; Phase Diagrams of Binary
Titanium Alloys edited by J. L. Murray(ASM International,
Metals Park, 1987

26E. W. Collings,Applied Superconductivity, Metallurgy, and Phys-

ics of Titanium AlloygPlenum, New York, 1986 p. 219.

2"This value ofkg for Ti is evaluated by using the free-electron

model resultkp=3.63/( /a,) A%, wherea, is the Bohr ra-
dius, andrg is the radius of a sphere whose volume is equal to
the volume per conduction electron. The electron elastic mean
free path is then obtained through the relatiod
=37kl (k2e?py).

magnitude of 1#,, computed from the above expression is still 28In practice, titanium alloys withpo<<40 £ cm can be readily

at least a factor of 10 (=20) smaller than our measuredr/.

The contribution of 17, to 1/7, is even lesgby a factor of
several tens to two orders of magnitiide the less disordered
alloys and at higher measuring temperatures. Therefore, any ap-
preciable contribution frone-e scattering to the total %, can

be safely ignored in this work. In fact, our focus on measuring
temperaturesibove but not below 3 K also minimizes the role
played bye-e scattering.

produced.(See, e.g., Fig. 1.However, experimentally it is ex-
tremely difficult to detect the 3D WL contributions to
Ap(B)/p?(0) in such less disordered samples. Therefore, we
have to restrict our work to those alloys havipge 40 Q) cm

or, equivalently kz/'<20. On the other hand, we cannot keep
increasing the doping level while maintaining the alloy samples
single phased. This latter constraint compels us to focus on alloy
samples withoy<160 «) cm or, equivalentlykg/'=5.

183.J. Lin and C. Y. Wu, Phys. Rev. &3, 5021(1993.

19C. Y. Wu and J. J. Lin, Phys. Rev. B, 385(1994; J. J. Lin and
C. Y. Wu, Europhys. Lett29, 141 (1995.

20F, Komori, S. Okuma, and S. Kobayashi, J. Phys. Soc. 5.
691 (1987).

21A. G. Aronov, M. E. Gershenzon, and Yu. E. Zhuravlev, Zh.
Eksp. Teor. Fiz.87, 971 (1984 [Sov. Phys. JETR60, 554 cm) in pure Ti. That is, these so-called less resistive samples are
(1984)]. already rather disordered.

#2B. Matthias, V. B. Compton, H. Suhl, and E. Corenzwit, Phys.3*The temperature dependence ofj/is determined by the fre-
Rev.115 1597(1959. quency behavior of «?F(w) through the relation Mpn

20ur assertion of the absence of magnetic spin-spin scattering is = (47/#) fdo[ @®F(w)/sinh(iw/kgT)]. In  general, an
supported by the fact that all of our allogesxcept those contain- @*F(w)~ »° would result in a lq‘phfvTS*l, wheres is a posi-
ing SO superconduct at values @f appreciably higher than that tive integer. See, e.g., Ref. 15.
(=~ 0.40 K) for pure Ti, see Table I. This property of enhanced, *3C. Y. Wu, W. B. Jian, and J. J. Lin, Phys. Rev.3, 15 479
but not depressed, superconductivity is strongly suggestive of (1995; 54, 4289(1996.
there being no spin-flip scattering in our samples due to alloying*It is established that, in 3D, the e interaction contribution is of

294, Wiesmann, M. Gurvitch, A. K. Ghosh, H. Lutz, O. F. Kam-
merer, and M. Strongin, Phys. Rev.18, 122 (1978.

30B. A. Sanborn, P. B. Allen, and D. A. Papaconstantopoulos, Phys.
Rev. B40, 6037(1989.

3'However, notice that the values pf, in these what we call less
resistive samples are already much higher than the2 Q)

24In practice, at temperatures above but sufficiently closg.toin

or any specific defect structures. Our use of high-purity starting

materials as well as careful precautions for sample fabrication
also minimize any appreciable sample contaminatsee Sec.

II). In addition, our best least-squares fits of the measured mag-
netoresistivities with the WL theoretical predictions are obtained

with a zero, but not any finite, spin-spin scattering rate.

addition to thee-ph scattering, scattering of the conduction elec-
trons by superconducting fluctuations might also contribute to
the total 1f;,. This additional scattering could cause a leveling-

prime importance in determining the temperature dependence of
Ap(T,7), while the WL contribution can be ignored. See, e.g.,
P. A. Lee and T. V. Ramakrishnan, Rev. Mod. Ph§g, 287
(1989; B. L. Al'tshuler and A. G. Aronov, irElectron-Electron
Interactions in Disordered Systemadited by A. L. Efros and

M. Pollak (Elsevier, Amsterdam, 1985

35We have found in this work that, cannot be tuned over a wide

range by Sc doping. Nevertheless, although the accesgible
range for this alloy system is limited, our data do indicate a
somewhat constant, instead of an increasipg10 K), with in-



57 ELECTRON-PHONON SCATTERING TIMESN . . . 11241

creasing disorder. Notice that our experimental uncertainty®°M. A. Howson, B. J. Hickey, and C. Shearwood, J. Phy<.6F
would already allow a detection of an increase or a decrease in L175 (1986.

Bpn(10 K) over ap, range of~20 u() cm. 4R, P. Peters and G. Bergmann, J. Phys. Soc.94r8478(1985.
38D, Bohm and T. Staver, Phys. Re4, 836 (1951). 42E. M. Gershenzon, M. E. Gershenzon, G. N. Gol'tsman, A. M.
37C. Kittel, Introduction to Solid State Physic®viley, New York, Lyul’kin, A. D. Semenov, and A. V. Sergeev, Zh. Eksp. Teor.

1996. Fiz. 97, 901 (1990 [Sov. Phys. JETRO, 505 (1990].

%The value given is the average speed of soupe (v, +2v7)/3, 43y | Zhong and J. J. Lin, Phys. Rev. Le80, 588 (1998,
using longitudinal speed of soumd~ 6000 m/s and transverse 44 ~hun and N. O. Birge, Phys. Rev. 49, 2959 (1994).

Speed of SOUI’Id?T% 2950 m/s. The value QﬁL is taken from 456. Bergmann, PhyS Reﬁ.?, 161 (19767 P. W. Watson Ill and
The Practicing Scientist's Handbopédited by A. J. Moseéran D. G. Naugle, Phys. Rev. B, 685 (1995

Nstit(;azgi/fem;]o'(i[Nz?ivjor)k/’(igyf-rh)e]l\,'f“\:vehg?t;fecgg's_ 46J. F. DiTusa, K. Lin, M. Park, M. S. Isaacson, and J. M. Parpia,
P Qi for= Tp opl™ Phys. Rev. Lett68, 1156(1992.

son ratioo,=0.34 for Ti is used. See, H. B. Huntington, Solid .
P ’ , 47
State Phys?7, 213 (1959. A(.l\;.ggergeev and M. Yu. Reizer, Int. J. Mod. PhysiB, 635

%R. C. Dynes, T. H. Geballe, G. W. Hull, Jr., and J. P. Garno, g i o
Phys. Rev. B27, 5188(1983. D. Belitz and M. N. Wybourne, Phys. Rev. B, 689(1995.



