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anisotropic, although the gap in any direction was
within 10% of the 3CS value of 3.52/'t T.. The values of
the energy gaps from this work are somewhat diferent
from those quoted from other ultrasonics measurements
in thallium, However, it is believed that the present
results are more accurate.

n,/n„was found to be frequency-dependent for propa-
gation along the L10loj direction. This behavior is
similar to that observed in measurements on lead, where
it was attributed to a change in the phonon-limited

electron mean free path between the normal and super-
conducting states.
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The normal-state electronic attenuation of longitudinal ultrasonic waves (10 to 130 MHs) has been
studied in high-purity thallium. The attenuation is in general agreement with the Pippard real-metal
theory, but does not agree with the free-electron theory. The attenuation is highly anisotropic, in part
because of anisotropies in the electron mean free path, the total curvature of the Fermi surface, and the
product of the curvature and the Pippard deformation parameter. The electron mean freeyath was deter-
mined from the acoustic measurements for g ~(L00011, H

~ ~L1010j and g ~ [ (1210),H j~L1010). The results
indicate that the anisotropy in the electron mean free path is due to impurity scattering. The phonon
scattering contribution was proportional to 2 ~, where b=3.6%0.1 for both directions, whereas b=5 has
been reported from electrical resistivity measurements. A frequency-dependent component of the electronic
attenuation was observed for q ~

(L00011 which could not be explained on the basis oi the Pippard theories.

L INTRODUCTION

F THIS paper reports on the attenuation of longitudinal..ultrasonic waves by electrons in the normal state of
high-purity thallium at frequencies from 10 to 130 MHz
and over the temperature range 0.5 to 4.2'K. Propaga-
tion was along the principal directions with and without
an applied transverse magnetic Geld. The specimen used
was the same as that used in the study of the super-
conducting-state attenuation reported in the previous
paper. ' The results of the normal-state study permitted
an accurate estimate to be made of the zero-magnetic-
Geld attenuation below the superconducting transition
temperature, necessary to complete the study of the
superconducting-state attenuation. In addition, we have
compared the normal-state attenuation with the
Pippard free-electron' and real-metal theories. ' In the
following discussion we will briefly review the results of
the Pippard theories of most interest for this work.
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where we have written the attenuation in the normal
state as an explicit function of q/ and H as a„(H, q/),
and q is the wave number of the sound wave and 3 is
the electron mean free path. The terms in Eq. (2)
correspond. , respectively, to the two bracketed terms in
Eq. (1). Here N is the density of free electrons, trs is
the electron mass, vf is the Fermi velocity, p is the
density of the metal, e, is the velocity of sound, and f
ls the frequency of thc ultIasonIc wave. For glggi, thc
attenuation is due to electrons from over the entire
Fermi surface; whereas for q/&&j. , the CGective electrons
are largely those lying in a narrow effective zone Lof
angular wid. th p (q/)

—'j, defined by the equation
ef q~0. Thus for the free-electron sphere, the only
anisotropy in the attenuation for any value of ql is
that due to the sound velocity.

Pippard has shown that the attenuation for real

Further results of Pippard and others will be presented
where applopriatc in thc text.

The amplitude attenuation of ultrasonic waves for
zero applied magnetic Geld Bdue to free electrons on a
spherical Fermi surface is given by

srslltrtter
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metals in thc limit q/J51 is independent of / and is
given by

lirn n„(0, gl) =, EK 'df, (3)
Sg

4m'pv,

where E is thc component of the deformation param-
eter S on the elective zone in the direction of propaga-
tion, 8 ls thc ploduct of thc pI'1DclpRl radii of cUI'VRtUI'c

on the elective zone, and the integration is around the
c8cctivc zone. Therefore, anisotropy in the case of real
metal may be duc to /, 5), E, and e,.

In the presence of a, large„ transverse magnetic Acid

Ppp d fou d th t, fr bth f -elect nd 1

metRls)
u (H, q/) ~Bs-

for all q/; whereas for lower H and q/~1, the attenuation
is periodic in H ~, exhibiting magnctoa, coustic oscilla-
tions. In the limit of in6nite transverse magnetic-field
strength, the attenuation is proportional to q'/. For the
free-electron case, a„(eo, q/) is explicitly given by

The Fermi surface of thallium is known to be nearly
spherical in the extended-zone scheme. ~' However, in
thc lcdUccd"zone schemeq lt cxtcQds ovcl six Srlllouln
zones, appears to partially 611 four zones, and is ex-

tremely anisotropic. Weil and Lawsons have shown that
thc fI'cqUcncy RQd vcloclty dcpcQdcnccs of shear Rnd

loQgltUdlI181 w'Rvcs Rgrcc with the Pippard thcollcs fox'

q/«1, and that the attenuation in this q/ region is iso-

tropic if account is taken of the diGerence in sound

vclocltlcs. This implied good RgrccmeQt with I'cR1"

metal theory, but did not determine whether or not the
attenuation agreed with the free-electron theory. %C
hRvc found for g/+ 1 ln gcnelRl, good Rgrecmcnt with
the real-metal theory, but very poor agreement with
the free-electron theory. Furthermore, we have observed
a component of the electronic attenuation not account-
able with the Pippard theory.

tained parallel to within 0.0001 in. Rnd reasonably free
of oxide by occasional replaning and light etching.
Optically polished 10-MHz transducers werc bonded.
to thc spcclIIlcn with No-Qaq stopcock gI'cRsc OI' Bow
Corning high-vacuum grease. The latter gave poorer
coupling but was sometimes necessary when high
humidity caused trouble with the water soluble ¹Qaq.

The electronic system was basically that described
by Love and Shaw. '0 Frequency mcasuren1ents were
made using a calibrated oscilloscope with R maximum
uncertainty of +3%%uo. The uncertainty in the normal-
state attenuation was estimated at &2%.

Most of the normal-state measurements considered
here werc taken in a, HC4 cryostat capable of a minimum
temperature of 1.2'K. In this system the specimen and
mount resid. ed within a tube immersed in the liquid
helium. The tube was normally 60ed with He gas at a
pressure of several hundred microns of Hg during the
measurements to minimize temperature gradients.
Superconducting-state results down to 0.5'K, taken in a
He~ cryostat and reported. in detail in the accompanying
paper, are used here to establish the level of nonelcc-
tronic attenuation in the various directions.

Temperatures between 1.2 and 4.2'K were measured
to an estimated accuracy of +0.010'K using a Speer
carbon resistor previously calibrated against HC4 vapor
pressure. Magnctoresistance was observed in the resis-

tor, the change in resistance being approximately pro-
portional to 6eM strength. At 1.2'K the change of
resistance at 9400 Oe corresponded to a teroperature
change of —0.035'K. Corrections for this CBect were
made routinely. The magnetic field was provided by a
Harvey-Wells 12-in. magnet and was known to 1%.

III. RESULTS

Flgux'cs 1, 2, Rnd 3 Rrc representative of dRtR tRkcn.

in each crystalline direction for thc attenURtlon of
ultrasonic waves at. 30 MHz as a function of tempera-
ture with and without an applied magnetic 6eld. The

l l l j I I I I I t r t 1 l j 1 4

The thallium specimen, approximately 1 cm on a side,
was spark cut from a single-crystal portion of Rn ingot
prepared by the strain-anneal technique' from material
of nominally 99.999% starting purity supplied by
Uruted Mineral and Chemical Co. The ultrasonic results
indicate that high purity and crystalhene perfection were

maintained in the specimen preparation. Crystal orien-

tatloDs werc RCCUrRtc to &2 .Opposltc fRccs wclc maln-
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FIG. 1. Zero-Geld attenuation and transverse-Geld attenuation
at 9.4 kOe versus temperature for q )[ $0001), H [) (1070/, f
30.9 MHz. InGnite-GeId attenuation points and the inGnite-.
Geld curve are also shown.
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FIG. 2. Zero-Geld attenuation and transverse-Geld attenua-
tion (ff=180 Oe, 9.4 kOe) versus temperature for q I 0210),
HII [1010$,f=30.9 MHz. Also shown are the infinite-field points,
inGnite-Geld curve, and the estimated zero-Geld curve for T&T,
(dashed line).

dashed curves are the estimated. zero-6eld curves for
~+ ~cp used in evaluating the superconductDlg-state
attenuation presented, in the accompanying paper.
These figures also illustrate the unusual temperature
dependences of the zero-field attenuation in, the [0001j
direction and the infinite-magnetic-6eld attenuation in
the [1010jdirection. These anomalies will be discussed
below.

The frequency dependence of the zero-6eld attenua-
tion at 238 K ( T,) is shown in Fig. 4. The attenuation
exhibits linearity with frequency at the higher fre-
quencies, which implies ql»1, in contrast to the f
dependence observed by%eil and Lawsons for relatively
impure thallium. The data for q ~~ [0001j, although of
the same trend, do show deviation from that observed
in the other two directions. Table I presents the limiting
slopes of these curves at high frequencies, along with
the calculated free-electron values and the sound
velocities. The anisotropy in the measured values are
seen to be too large to be resolved through v, .According
to Eq. (3), this anisotropy is due to anisotropy in ZK, .

The zero-field attenuation in the [0001] direction
also showed anomalous behavior with temperature,
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FIG. 3, Zero-Geld attcntuatlon and transvcl sc-Geld (H =9.4
kOe) attentuation for qll I 10T'8, H II LT2103 f=307 MHz
Infinite-6eld points and the estimated zero-Geld attenuation for
T&T, tdashed linc) are also shown.
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FIG. 4. Attenuation at 2.38'K frequency with g/ values

(bracketed) determined from the high-field technique at 30 MHz.

manifested by weak maxima and minima in the attenu-
ation for T&3.5'K, observed for all frequencies except
Io MHz. The amplitude of the undulations was less
than 10&0 of the normal-state attenuation at T, and.
was always reproducible. There were no amplitude-
dependent effects observed for this specimen. ' In addi-
tion, an amplitude-independent, temperature-depend-
ent, background attenuation was not likely the cause
of the undulations because (a) they were not observed.
for any other direction and (b) the temperature depend-
ence of the phonon-limited electron mean free path (to
be discussed below) was the same for propagation in
both the L0001j and [1210j directions. Furthermore,
two different bonding agents were used, so that it was
not likely an effect due to bonds.

The mean-free-path results, to be presented below,
are made use of here in order that a detailed comparison
with the Pippard free-electron theory can be made. In
Figs. 5 and 6, n (0, ql)/f is plotted against ql for the
[1210j and [0001j directions, respectively. ql could

Tssx,EI. Sound velocities at 4.2'K, experimental and cal-
culated free-electron values of the slopes of the longitudinal wave
attenuation versus frequency curves for gl»1.

~ (o, ")/f d~/d/I «&&~
(10~cm/sec} (dB/cm) /MHz (d3/cm/MHz)

Free electron Experiment

0.07&0,02
0.60a0.05
0.30~0.02

2.25
1.94
1.94

0.39
0.52
0.52

$0001j
1210
10IO

~ Reference 8.



370 H. J. N ILLARD) JR.

Nx
r I I I I li0 I8

f -50 MHz

0
0.24

'U

0.16

CF

0
e o.os

I

Tl
qs [isio]
0 11.4 MHz

X 30.9 MHz

C3 50.5 MHz

Q 87.7 MHz

I I I I I I I I I I

8 16 24 32 40

- 08

— 06
0

Ct
—0.4

—0.2

1.52 K

I0
IO—z0

I-+8-
mz
ILII- 6I-

'1.51 K
hant.

1.53 K

l6--------
~ q II [OOOI] H II [toio]

o Q II [i2iO] H s [foio]

a q Il [IOIO] H II [isiO]

ql

Fro. S. n (0, q)/f versus q/ for I/II $12T0$. P(q/) versus q/ is
also shown, scaled to the value of the slope da/df for q/»1,
given in Table L 5.80 K

0.08 I I I I I I I I I I

- I.o

not be determined for propagation along the L1010]
direction. The Pippard function E(q/), deGned, in

Eqs. (1) and (2), is also shown, normalized to the
measured value of

(«/~f) I&»=rr (0 )/f
presented in Table I. It is easily seen that the attenu-
ation does not agree with the free-electron theory.
Attempts to improve the 6t of the data to the Pippard.
function by multiplying gl by a constant were not
signiGcantly successful.

The magnetic Geld was aligned along the I 1010]
direction for q II I 0001] and. I 1210] and along the

I 1210] direction for Il I I I 1010]. Magnetoacoustic
oscillations were observed in all three cases. A rough
estimate of the electron mean free path at 1.30'K
was made from the fact that oscillation should be
appreciable only when or.r&1. For B=1000 Oe, ey=
1.7X10s cm/sec and m taken to be the free-electron

co,r=1 when l=0.01 cm, in good agreement with /

determined from the high-6eld measurements. Free-
electron theory predicts that the oscillation should be
periodic in B ' and should diminish in amplitude as B
decreases. "This behavior was observed for propagation

0
0 I 2

lO'H * (OERSTED) '

FIG. 7. Typical attenuation versus B ' curves.

along the I 0001] and. L1210] directions; however, the
attenuation continued. to increase with B ~ for

/ill Lloro].
In Fig. 7 are shown representative samples of the 50-

MHz attenuation at high Gelds as a function of B '.
The B—' dependence was observed at all frequencies

and temperatures for each direction. Such plots were

extrapolated to B '=0 to obtain the attenuation at
inGnite magnetic field strength.

As previously discussed, the in6nite-6eld attenuation
is proportional to the electron mean free path and to the

square of the frequency. It appears from Fig. 8 that
the f dependen. ce is reasonably well followed for

Il II I 1210] and L1010]. The disagreement at 30 MHz
for Il II I 1010]may have been due to misalignment of

the magnetic field. Measurements at 50 and 90 MHz
were made during the same run with the same orienta-

tion of the magnetic Geld to within +~~'. The 30-MHz
data were from a diGerent run and the alignment of the

Geld was only to within +3'.
It follows from the Pippard theory that the in6nite-
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FIG. 8.o.'„(co, 2 ), the attenuation for infinite transverse magnetic-
field strength versus frequency squared at 2'=2.90'K.
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Thsx,z II, Comparison of normal-state electronic attenuation in thaHium vrith Pippar(I theories for q/& j..

o-(0, 90/&(e&) L~-(0, 9&)/f3«&» ~.(",9~)iP ~.(&, e&)/& / 'D-(&)/~(&o) j
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magnetic-field attenuation equals the zero-field attenu-
ation when ql =6.8."Since a ( oo, ql) is proportional to
qt (at constant frequency), it is expected that the
in6nite-Geld attenuation can greatly exceed the zero-
field attenuation at low temperatures in a high-purity
sample (i.e., ql&)6.8) . This was observed for g ~ ~

[0001$
and [1210) (Figs. 1 and 2); however, the high-field
attenuation was very low for ti

~ ~
[1010j(Fig. 3). Since

magnetoacoustic osciBation was observed in this direc-
tion, it is unlikely that the low attenuation is due to
low q/. Figures 1, 2, and 3 also show curves of the
attenuation at high fields (H =9000 Oe) as a function
of temperature, which were of great value in interpolat-
ing between the infinite-Geld points.

ql (at constant q), as a function of temperature, was
determined for tl j ~

[0001j and [1210jusing the relation

ql(T) =6.8[n„(~, T)/o.„(~,Tt) j, (6)

where Tt is the temperature at which n„(eo, ql) =
n„(0, ql) .Figure 9 shows l as a function of temperature

IO—

6

IO—

l t I I l 'l l l I

l 2 5 4 5
TEMPERATURE ( K)

Fxo. 9. l and l~s„„versus 7 for qadi L0001$, Hii $10») and
a II D2»1 H II D0103 «f=30.9 I».

& B. C. Deaton and J. D. Gavenda, Phys. Rev. 129, 1990
(19@).

for both directions from data taken at 30 MHz. A sepa-
ration of mean-free-path limits due to phonon and
impurity scattering can be accomplished by making
the standard assumptions" that (a) all scattering in
the limit T-+0 is because of impurities, (b) this mecha-
nism is independent of temperature in the range studied,
and (c) the two scattering mechanisms are independ-
ent, i.e., l '=l '+f h

' Here l, is the impurity-scat-
tering-limited mean free path, and /'ph is the phonon-
scattering-limited mean free path. Extrapolating these
curves to T=O'K gives l;=1.1X10 ' cm for q ~~ [0001)
and l;=2.3X10 ' cm for q ~~ [1210j.Log-log plots of
(loq) '= (l) '—(1~)

' versus T showed a temperature
dependence of T ~, where b=3.6+0.1 for both direc-
tions. The resulting curve (labeled loh), along with the
data, are shown in Fig. 9 where it is seen that

—f 0~3.6+0.1 (/)

The mean free paths were also determined from meas-
urements at 50 MHz. The temperature dependence of l
(and therefore los) were found to be the same; however,
l (50 MHz) =0.953 (30 MHz) for q ii [1210), and
l (50 MHz) =06' (30 M.Hz) for g ii [0001j.

Although / could not be determined from the measure-
ments for g )( [1010),H [) [1210$, the theory predicts
that its temperature dependence should be discernible.
However, it was found that n„(eo, T)/a„(oo, Ts),
where To is a reference temperature, was diferent at
50 and 90 MHz. Furthermore, the T dependence of l~h
determined from these data did not follow a simple
power law and was frequency-d. ependent.

IV. MSCUSSION OF RESULTS

A summary of the comparison of the experimental
results with Pippard theory of the normal-state
attenuation is presented in Table II. The first column
refers to a comparison of the q/ dependence of the zero-
6eld attenuation with free-electron theory. The lack of
agreement, as well as the large anisotropy in the attenu-
ation, demonstrates that the free-electron theory is not
adequate to explain the electronic acoustic properties of

C. Kittel, SoNd SErge Ehyssss (John Riley g Sons, Inc.,
Near York, J96g).
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thallium. Table II also shows that the attenuation for
tl II L1210j H II LM103 i»n v«y good ag«ement wit"
thc real-metal theory» bUt that slgnlGcant dcvlRtloQs
from the theory exist for propagation along the other
two directions.

For il II LT2I03, H II Llorol, th«requency depend-
ence of the zero-Geld and infinite-magnetic-Geld attenu-
ation Rnd the II—' dependence of thc high-Geld attenu-
ation agreed with the real-metal theory. Thc last column
of Table II shows that the temperature dependence of
the electron mean free path did Dot vary with fre-
quency —an independent check on the measurements.
The magnitude of ql was based on the free-electron
theory and therefore must be considered only as an
estima, te until theoretical expressions for the q/ depend-
ence of the zero- and in6nite-Geld atteDuations, based
on the actual Fermi surface of thallium, are derived. The
fact that the magnitude of 3 was the same from both
30- and 50-MHz measurements does suggest, however,
that the actual value of q/ for the condition n„(0, q/) =
n (eo, q/) will not be very different from the free-
electron value of 6.8.

The frequency dependence of a„(0, q/) and rr„( ~, q/)
and the II—' dependence of the high-Md attenuation
w«e i»e»onabie agreement with theory «r illl L10T03,
H

I I I 1210j;however, n„( eo, q/) was anomalously low.
Since the attenuation saturated, it would appear that
the anomalous behavior is not due to open orbits. s

Pippard3 has noted that if the number of elcctronhke
and holelike orbits are equal for a given directionof H
and q, the high-Geld attenuation still approaches satu-
ratton as H i and rr~( eo, q/)1 although still proportional
to q'3, may be considerably lower than if they are un-

equal. The attenuation in this case is also R strong
function of the cross-sectional area of the Fermi surface
cut by a plane k„where k, is the component of the
Fermi-surface wave vector in the direction of H. Wc
have found the temperature dependence of thc iDGnitc-

Geld attenuation to be diferent at each frequency
measured. This may have been because of a high
scDsltlvlty of closs-scctloDRl arcR to thc direction of
the applied Geld. Examination of the Fermi surface
shows that this sensitivity is indeed quite likely. More
detailed measurements are required before a dcGnite

conclusion can be reached.
»e «tenuati» «. q II I 00»3, H II L»I03 exhibited

an anomalous frequency dependence in both n„(0, q/)

and rr ( ~, q/), and an anomalous temperature depend-
ence of the zero-Geld attenuation. However, the tem-

perature dcpcndcQcc of l did Dot vRI'y with frcqucIlcy
and /~h, . was found to agree with that of il II L1210j,
H II L10101 at 30 MHz. For these reasons and others

previously presented, we believe that these anomalies
arc not due to a frequency- Rnd temperature-dependent
background attenuation, but a component of the elec-
tronic attenuation not accountable for by the Pippard
theory. Ke have no explanation for. these anomahes, but

note that the Bebye temperature of thallium has an
unusual temperature dependence, exhibiting a maxi-
mum at about 3'K and dropping by about S%%u~ to a
constant value at 0.7'K."

Thc election mcRQ fice path wRS foUnd to bc Rnlso"

tropic (Fig. 9). It seems most likely that anisotropy is
duc to impurity scattering in view of the agreeme~t of
l,h for the measurements at 30 MHz. The temperature
dependence of /Pl, was given by T ~, where b=3.6+0.1.
However, a 7 ' dependence has been found. for /pl,

determined from electrical resistivity measurements. "
Deaton" has found a similar difference in the tem-

perature dependence of l~h for acoustic and electrical
resistivity measurements for the hcp metals Zn and Cd
which he attributed to the temperature dependence of
the Debye temperature. However, the Debye tempera-
ture variation should acket both the acoustic and the
conductivity determined mean free paths and on this
basis there should be no difference between the two."
Pippard has noted that for multiband metals R diGer-
ence may exist. Steinberg'8 has made estimates of the
difference to be expected for shear waves in the region
glg+I but Qo thcoI'y hRs bccQ advRnccd for longitudinal
waves and q/&&I.

V. CONCLUSIONS

Thc longitudinal-wave attenuation due to electrons
in thallium is in general agreement with real-metal
theory of Pippard, but does not agree with the free-
electron theory. The attenuation is highly Rnisotropic, in

part due to anisotropies in the electron mean free path,
the local curvature of the Fermi surface, and the product
of the curvature and the Pippard deformation param-
eter squared.

The electron mean free path determined from the
acoustic measurements is anisotropic and is diferent
from that obtained from electrical resistivity measure-
ments. The results ir dicatc that thc anlsotropy is due
to impurity scattering.

A frequency-dependent component of the electronic
attenuation was observed for propagation along the
hexad axis which eouM. Dot be explained on the basis of
the Pippard theories.
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