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Transverse electromagnetic response in superconductors by acoustic techniques.
I. Anomalies in the electromagnetic response in niobium
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The work reported here had as its purpose the study of the transverse electromagnetic response as a
function of q in high-purity niobium by observing the attenuation of transverse acoustic waves near T,
in the high-ql regime. The associated contribution to the acoustic attenuation, the electromagnetic
attenuation a~, is expected to suffer a rapid decrease below T, when ql g 1, reflecting the rise of the
conductivity in the superconducting state; the remaining electronic contributions to the attenuation,
comprising the so-called residual attenuation a„, are expected to satisfy the more gradual temperature
dependence predicted by Bardeen, Cooper, and SchriefFer for so-called case I absorption. Despite the
fact that the measurements were made in single-crystal niobium having resistivity ratio of 5000 at
frequencies to 450 MHz, corresponding to ql —20 at T„ the "rapid-fall" region was not in evidence
in Nb either for q ~[ [100] or for q~ ~

[110] and e
~~ [110].The absence for given q and e of the

so-called rapid-fall regime in niobium, which we first reported in 1971, represents the Arst known

example of such behavior. The present paper, addressed primarily to the inevitable skepticism which
ensued, confines itself to a detailed documentation of the evidence for absence of rapid fall in niobium.
It is demonstrated that on the basis of present theory the absence of rapid fall in Nb cannot be
attributed to high-frequency breakdown of electromagnetic screening.

I. INTRODUCTION

When transverse ultrasonic waves having prop-
agation vector q interact with the conduction elec-
trons of a metal under the condition q/ &1, where
I is the electron mean free path, one of the major
sources of coupling between the electrons and

transverse phonons is the transverse electromag-
netic lnterRctlon RssoclRted %'1th Rbsol ptlon co-
efficient n~, the elect'romagnetic attenuation, Rnd

chRlacterized by Rn essentially single value of q
throughout the bulk of the metal. Due primarily
to Melssner screening Rnd the RssoclRted rRpld
increase of the imaginary part of the conductivity
with reduction of 7 below T„ the superconducting
transition temperature, this interaction becomes
ineffective close to T,. The effect is that the ob-
served acoustic absorption versus T decreases
rather abruptly, as temperature is reduced below

T,. This corresponds to the so-called "rapid fall"
of attenuation. In addition, one may distinguish
in the residual electronic attenuation e~ two es-
sentially separable remaining interactions as-
sociated not with the aforementioned electromag-
netic coupling of electrons and ultrasonic phonons

but with shear deformation' of the Fermi surface
and the so-called collision-drag or relative-ve-
locity effect, ' interactions which observe the less
rapidly varying temperature dependence predicted
by Bardeen, Cooper, and Schrieffer' (BCS) for

case-I absorption: o»/a» =2f(4(T)). Here ot»/
a~~ is the ratio of superconducting-to-normal-
state residual attenuation, and f(h(T)) is the Fer-
mi function of the BCS energy gap h(T). It is
emphasized that since Etc«h(T) for the acoustic
phonons in the present work, except within -(10 4

-10 ') K of T„ the absorption is attributed only
to the excited quasiparticles.

The peculiar advantage over ordinary micro-
wave methods in studying the electromagnetic
interaction using transverse acoustic waves is
that, owing in part to the relatively low acoustic
wave velocities (-10 'c), propagating-wave con-
ditions are readily met, so that the observed ab-
sorption is associable with a single Fourier com-
ponent having propagation vector q. This method
has been used by Fossheim4 for determining in
indium the so-called London penetration depth A.I„
the local penetration depth for q)&1; here t' is
the coherence length. In a following paper (here-
after, 11) Page and I.eibowitzs report a study of
the electromagnetic response in superconducting
tin in which the q' dependence of the electromag-
netic response was determined. Since values of
gg ranging from g(& 1 to q( & 1 were attained, it
was possible to study the nonlocal as well as the

local response; in this way, for example, not only

the London penetration depth but also the nonloeal

or Pippard penetration depth X~(g) was determined
directly over a range of g$.
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It is clearly of great interest to attempt to ex-
tend those methods to the case of niobium, a type-
II superconductor having the highest known tran-
sition temperature of any element. We examine
in the present paper the unexpected observation
of the absence of acoustic evidence for transverse
electromagnetic response in niobium for ([100],
even for q/ values of approximately 20. Similar
results mere observed in a different sample for
ill[110] &II[110], and 4 -4 at T,. N«»dence
is found for the characteristically abrupt decx'ease
of attenuation at T,. We first x eported the absence,
for the given mave orientations, of the rapid-fall
regime in Nb in 19716; further observations on
this anomaly in niobium were reported in 1972.'
It mas suggested to the authors that this behavior
in niobium may be attributed to breakdomn of elec-
tromagnetic screening due to high frequency (cf.
Ref. 1). We show that on the basis of present
theory this mechanism is not responsible for the
observations. The conclusion, based on the ob-
servations near T, as well as on other evidence
which me shall discuss, is that the transverse
electromagnetic response is ineffective for q ~~[100]
in niobium, even for q/= 20. Present evidence
suggests that the same conclusion also applies for
the case q(([110], e)([1TO]. To our knowledge this
observation of absence of rapid fall in the g/»1
regime in niobium" represents the first such in-
stance in the literature since the rapid-fall phe-
nomenon was first observed in 1958 in indium. '
The present paper is addressed primarily to the
inevitable skepticism which ensued, particularly
with regard to electromagnetic breakdown as a
possible cause of the anomaly, and therefore con-
fines itself to a detailed documentation of the evi-
dence for absence of rapid fall in niobium. A
similar result has nom been asserted for given
orientation in zine and cadmium, and in molyb-
denum. 9 It remains elsewhere to consider whether
the shear-wave anomalies in all of these cases
have a common explanation.

T,." In Fig. 1 these regions are shown schemat-
ically. The rapid-fall region is shown as a dis-
continuity since its magnitude is halved in a very
restricted temperature range" hT = T —T hT/
T, - 0.001. The temperature dependence of the
residual attenuation has been shomn theoretically"
to satisfy BCS case-I absorption when the electron
mean free path / is inzpuxity limited. That is,
n„~(T)/n„„(T) =2f{4(T)), where f{a(T))is the
Fermi function for the temperature-dependent BCS
energy gap h(T). While / is phonon limited in Nb
at T„ leading to deviations fxom the BCS curve,
we have shomn' that, in the q/ & 1 regime, the
deviations systematically disappear with increas-
ing q/. This is readily understood: When g/ » 1
both nz and a~ become independent of /, so that
the phonon limitation of l becomes irrelevant in
the q/ » 1 region.

The residual attenuation as(T, ) is the sum of
the collision-drag contribution n~ and n&, attrib-
utable to shear deformation of the Fex'mi suxface.
In Ref. 10 it mas demonstrated that these may be
separated in a superconductox by determining the
high-q/ limiting value of ns/n„(T, ), which is
shown to reduce asymptotically, with increase of
q/, to a constant representing n~/a„ in the high-
q/ limit. These effects are shomn schematically
in Fig. 2. While me are particularly concerned
mith a~ in the present paper, some of the evi-
dence for apparent absence of an e~ contribution
requires that attention be given as well to cex'tain
properties of e& and nD which have significance
for the q/ dependence of ns/a„.

Pippard finds that

Aq D'q/ dS
4n'Mv, 1+(q/)' cos'y '

D =K„~+k~cosy .

Ct

H. THEORY

It has been demonstrated"'" that when the given
metal is a superconductor the several transverse
phonon-electron interactions cited above may
readily be separated experimentally as well as
analytically, the former by determining the trans-
verse ultrasonic absorption near T, as a function
of g/. Thus, the normalized electromagnetic at-
tenuation contribution a~/n„(T, ) is determined by
measuring the rapid-fall fraction of the total ab-
sorption, that fraction of the total (or normal-
state) attenuation u„at T, which disappears very
rapidly as temperature is reduced from T~; cK~/

n„(T,) is the normalized residual attenuation at

I
I

i

Tc

FIG. l. Schematic representation of transverse
acoustic-vmve attenuation vs temperature for the case
ql& 1.
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FIG. 2. Schematic representation of the residual
attenuation (after Leibowitz, Ref. 10).

Here M is the density of the metal, v& is the trans-
verse acoustic wave velocity, and the z and x
Cartesian axes represent the wave propagation
and polarization directions, respectively. y is
the angle determined by electron propagation vec-
tor k and the x axis, and K„, is a Fermi-surface
deformation parameter defined by 4/|,„=K„co„„
dk„ is the shift of the Fermi surface along a sur-
face normal and ~» is the strain. In Ref. 10,
el'(T, ) and nc(T, ) are defined as

/iq (q/) K„,(K„,+2/. , cosq)) dS

4ll'Mv, 1+(q/)'cos'q)

and

I/q (q/) &2 osc'qdS)
4n'Mv, 1+(q/)' cos'q)

so that a~ = aD+ n~, the term aa containing the
deformation parameter as a factor. Thus we find

os/a„= 1 for q/ & 1, and reducing with increase
of frequency to a frequency-independent ratio
given by o.'v/a„corresponding to the q/ » 1 limit
(see Fig. 2):

R(q' dq BII' dq — 4 —
)w' fR cos'[/ d())

(4)

Here A is the product of the principal radii of
curvature corresponding to angle (/), which is the
polar angle in a given effective zone. Correspond-
ingly, the normalized electromagnetic contribu-
tion ns/c)l„= 0 for q/ & 1 and increases monoton-
ically with increasing pl, reflecting the decreas-
ing importance of the interaction o.c/a„. Note
that the second term in denominator of Eq. (4) rep-
resents the a~ contribution for ql »1.

Thus, as shown in the figure, the normalized
electromagnetic contribution o.~/n„becomes sig-
nificant for q'l ~ 1. %e have here, then, the basis
for the ql ) 1 requirement in order that a rapid-
fall region be observable in the transverse-wave
attenuation at T„with the onset of nonlocality
with respect to electron trajectories the electro-
magnetic interaction becomes significant. For
the free-electron case the functional dependence
of q'l may be stated explicitly. There is in that
case no shear-deformation contribution' and
therefore e~ =O. Further, it is demonstrated in

Ref. 10 that o~/a„reduces from the relation de-
termined by Eqs. (1) and (4) to the free-electron
result ((lc/Qg)[-, E .

=g(q/) =;f[(q/)'+ 1]tan 'q/ —q/},
r:[: 2(q/)'

(6)

where gq/) -1 for q/ & 1 and decreases monoton-

ically with increase of pl. Accordingly, the elec-
tromagnetic contribution becomes significant with

increase of q'l, the free-electron gl dependence

being given simply by all/a„= 1 —g(q/).
It will prove useful to summarize here some of

the explicit properties of as/o. „. Assuming a
wavelike dependence e' '" ' for the transverse
acoustic wave the electromagnetic attenuation

takes the form'"

Re(o) 4mne~ ' 1
Mv, c*q' ) v[(4crc/q'c')[c[(' ~ q[(4crciq*c')]c, ) ' (6)

where the complex conductivity 0 =a, +i@', and n

is the electron number density. There is obtained4

for the super conducting-to-normal attenuation
ratio for the electromagnetic interaction a~~/n»
the relation

~ZS (&lS/&lN)(1+ ~')
~» (o.,/~l~+ r)'+(~»/~»)'

Here the subscripts 8 and N refer to supercon-
ducting and normal state, respectively, and y is
defined by y=q'e'/(4l[uxx, „). The conductivity
ratio &,z/o, „has been calculated by Cullen and

Ferr ell'4:

v„1rl(T) 8/)(T) 7g(8) n(T) ~
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where e is here the base of the natural logarithms
and f(3), the Riemann f function of 3, has the
value 1.202. For the ratio o»/o'» in the free-
electron case Fossheim4 obtains

g~ kc' $ E(q() [1—(&/&, )']
(r» v, e'X~(0) k2~ &, H(q/)

Here the coherence lengths $ and $0 are related
by 1/)=1/], +1//; F(q)) is identical in form to
gq/), defined by Eq. (5), the former expressing
nonlocality with respect to coherence length $ and
the latter with respect to electron mean free
path l. For convenience in the later data analysis
we have introduced in Eq. (9) the function H(q/)
=(4/3w) (q/)g. Thus o» -—(o' »)~„H( q)/, where the
extreme anomalous conductivity (o'»)z~ = e'kz/
(4 eh(u).

The analysis summarized above has proved suc-
cessful in interpreting the electromagnetic ab-
sorption in the local regime q$ & 1 in indium. '
Further, as is shown in II, ' it has been success-
fully applied, in pure tin, to the nonlocal regime
qg & 1, and in the normal state at frequencies in
the electromagnetic breakdown region, where
y= &/(4&) & 1; here & is the effective skin depth
and X the acoustic-phonon wavelength. Accord-
ingly, it is of particular interest to determine
whether the absence of rapid fall asserted in the
present paper for niobium is in accord with the
foregoing theory. Before we proceed to a review
of the experimental data and analysis, we shall
first briefly describe the experimental apparatus
and procedures.

III. EXPERIMENT

The experimental procedures were similar to
those used in our recent study" of magnetoacous-
tic oscillations in Nb. Certain additional con-
straints were imposed in the present instance,
due primarily to the need for precise temperature
measurements and control over a temperature
range 4T= T, —T-100 mK and the associated re-
quirement that ambient magnetic field be can-
celled to -0.001 Q. For the latter, the cancella-
tion of Earth's magnetic field in the o(ET) experi-
ments, three mutually orthogonal Helmholtz coils
were used. The degree of field cancellation was
determined component by component, at the actual
sample site, by means of a flux-gate magneto-
meter.

The sample-holding block, supported by the ex-
perimental probe which extended into the cryo-
stat, was machined from a solid piece of high-
purity oxygen-free copper. A grid was scribed
on the base of the block parallel to the top face
of the probe to facilitate alignment of sample and

transducer with the magnetic field [for the a(H)
experiments]. The thermometry wires were in-
serted through a small metal tube running the
length of the block. The rf leads to miniature
coaxial cable (number 38 copper-wire center con-
ductor with aluminized Mylar outer conductor)
and the tuning shafts of thin stainless-steel tubing
were left uncased. Plastic blocks, carefully
machined from Delrin, held the capacitors for
tuning circuits" and contained spring-loaded
brass contacts for the transducer electrodes.

The tuning circuits in the sample holder (be-
tween coaxial cable and transducer) enhanced
sensitivity and decreased crosstalk. Signal was
observed to be 20 dB larger with the circuits than
without at certain frequencies. Circuit compo-
nents were changed in a systematic trial-and-
error process until maximum signal and minimum
crosstalk were observed for the center frequency
of interest, approximately 315 MHz. When the
circuits were properly tuned and impedance
matched, dynamic impedance measurements in-
dicated that the impedance at the center frequen-
cy was 50 Q. The circuit configuration had cer-
tain thermal advantages to be discussed later.

Temperature was controlled by mounting a
heater in the sample block. This block was sur-
rounded by a vacuum can and the entire assembly
then immersed in liquid helium. The helium bath
and heater provided the heat sink and source.
Temperature equilibrium for each current setting
was reached within seconds. By changing the
current in the heater a range of equilibrium tem-
peratures could be achieved in the block. The
heater was made from 100 ft of Evan Ohm wire,
49.9 Q per ft, noninductively wound and thermally
anchored to the block with G.E. lacquer. The
tuning inductor served the additional purpose of
providing a heat path from the sample to the block.
The sample, the block, and germanium thermom-
eter were thus closely coupled thermally.

Two mechanisms for thermally linking the cop-
per block to the low-temperature reservoir, gas-
eous convection and thermal conduction, were
carefully controlled to permit the required mea-
surements to be taken. Thermal pinning through
conduction was adjusted by trial and error. Once
an optimum situation was found it was not changed
through the course of the experiment. Gaseous
pinning was standardized as follows. When the
probe was assembled a rough-pump vacuum was
drawn and a check made for leaks. The probe
was then filled to 1 atm with helium gas and sealed.
This configuration was used when taking total
attenuation and magnetoacoustic measurements.
For the very precise measurements near T„most
of this gas was removed by a diffusion pump. This
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eliminated temperature fluctuations due to helium
gas oscillations in the probe stem. Enough gas
was left in the probe to provide pinning. With a
little practice, very slow temperature sweeps
could be made. Temperature-vs-attenuation mea-
surements were made in both directions, heating
up and cooling down to be sure temperature equi-
librium of sample and thermometer was main-
tained. When more gas was pumped out of the
probe, it was easier to go above 14 K, to 20 K.
In this manner normal-state data above T, were
obtained. Helium gas was introduced into the
probe when it was desired to return to helium

temperature.

IV. DATA AND ANALYSIS

The canonical rapid-fall phenomenon, its ab-
sence for q/&1, and its increasing relative mag-
nitude as ql increases from ql-'-1 have been well
documented. (For a, review of the earlier exper-
imental results, see Ref. 10.) In previous ex-
perimental studies of niobium (cf. Ref. 16) the
absence of rapid fall was consistent with existing
theory merely on the ground that ql&1 in the im-
pure specimens then available. In the present
work specimens having resistivity ratios of
approximately 5000 were used which, for q I~ [100]
and transverse-wave frequencies to 435 MHz,
permitted attainment of ql =20. The estimated
maximum q/ value at T, in the (110) specimen
for q I( [110] and e I) [110]was approximately 4;
the increased thickness of the (110) sample [0.78
mm as compared with 0.58 mm for the (100)],
necessitated by the somewhat greater acoustic
wave velocity and the'associated increase in
measured attenuation, resulted in a maximum
useful transverse wave frequency of 375 MHz.
In both instances, with q/&1, the theory reviewed
in Sec. II would have predicted appearance of
well-defined rapid-fall regions in the temperature
dependence of attenuation near T„reflecting the
turnoff of a measurable electromagnetic contri-
bution to the total transverse phonon-electron
coupling. Figures 3 and 4 show no evidence for
the rapid-fall region; here the solid curves
represent the BCS temperature dependence' for
the case-I absorption, u~/u„=2f[h(T)]. Note
that the temperature range near T, is examined
in order to discriminate sensitively between the
electromagnetic contribution and the BCS tem-
perature dependence. Earth's magnetic field is
cancelled to witlpn -0.001 G in order that dis-
tortion of u (T) near T, be averted. The data in

Fig. 3 range from q/=9 (195 MHz) to q/=20 (435
MHz), while those of Fig. 4 have an estimated
ql range of approximately 2-3.5. Note the
"approach from below" to the BCS curve as ql is
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FIG. 3. Temperature dependence of the supercon-
ducting-to-normal attenuation ratio near T, for j~I[100].
Note the absence of the rapid-fall regime and the return
to BCS temperature dependence (solid line) with increas-
ing ql.

increased. The effect, which we discuss below
and have already reported, ' has a ql dependence
opposite to that associated with the electromag-
netic interaction and is unrelated to it. Note in
Fig. 3 the close agreement with BCS predictions
when q/»1.

A. Determination of ql

Although the purity of the samples was high

(p/pc=5000), direct determination of q/ was es-
sential since this value was intimately connected
with the predicted observability of rapid fall.
This was accomplished by two methods, computer
fitting the Pippard" equation for n&(q/) and ob-
servations on the transverse (H&q) magneto-
acoustic effect. While Pippard gives explicit ql
dependence of ~ over all ql only in the free-
electron case, the sensitivity of the ql dependence
to free-electron assumptions is significant only

I.Per I I

cI 345 MHI (q~ &.5)
b, 255 MHa
v l95 MH~ (qy= 2)

.95—

Nb (I IO)
eo —q II [I lo]

r II [bio]

I

20
0.85

0
I I I

5 IO I5 25
hT= Tc- T (mK)

FIG. 4. Temperature dependence of the superconduct-
ing-to-normal attenuation ratio near T, for q ~I [110],
s II [110]. Note the absence of the rapid-fall regime The.
ql range was not sufficient to test return to BCS temper-
ature dependence (solid line).
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in the region ql = 1; in the real Fermi-surface
theory' e~ is shown to have the same ql depend-
ence for ql&1 and for ql&1 as in the free-elec-
tron model. Of special interest in the present
work is the determination of the ql &1 regime,
and both the free-electron and real-metals
theories predict n„-q here. To supplement and
check the ql determinations obtained using the
Pippard criterion, the magnetoacoustic technique
was used to provide a lower-limit ql estimate":
It should be noted that, for n~ and 0~ at least,
the electron-phonon coupling is confined essential-
ly to the so-called "effective zones" of the Fermi
surface, when ql&1; and under the assumption
o,«y the effective zones are the loci satisfying
v~ approximately normal to q. Now the effective
electrons for the case of zero applied field Hare
not, in general, the same as those for the mag-
netoacoustic measurements: In the latter case the
observed attenuation is, of course, determined by
the electrons lying on the cyclotron orbits, which
in the transverse magnetoacoustic effect (HLq)
are in a plane parallel to q. In fact, the ql values
determined by both methods turned out to be
consistent with each other. "

For the first method, measurements were made
of the total electronic attenuation at fixed tem-
perature (T, ) as a function of frequency (see Fig.
5). The values of attenuation at T, for these
frequencies were then computer fitted to the
Pippard equation for transverse waves n~
=fC(1 —g)/g, where g(ql ) is given by Eq. (5).
A refined grid-search technique" was used. This

iterative process gave q/=4. 4 at T, and a fre-
quency of 100 MHz for the (100) sample. Thus at
435 MHz ql =20 for T, . For the (110) sample,
ql was about 1 at 100 MHz and T, . These values
were consistent with those obtained from the
transverse magnetoacoustic oscillations (H&q)
which we have observed" in the same niobium
specimens. It is concluded that measurements
were made in the region ql&1.

B. Transition width

The possibility of broadening of the supercon-
ducting transition due to macroscopic inhomo-
geneities must be considered since the tempera-
tures of special interest in the present work are
in the range of tens of mdeg of T, . The high re-
sistivity ratio p/p, in the samples does not pre-
clude the presence, for example, of inhomo-
geneous long-range strains which could conceivably
modify o. (b, T). At the same time, neither does
the observation of the transition width in a differ-
ent kind of measurement, such as that on re-
sistivity p(AT), answer the concern satisfactorily,
since the transition width observed may depend
on the given transport mechanism. Thus, for ex-
ample, a propagating acoustic wave may readily
stimulate dislocation motion when resistivity is
determined by an impurity-limited or phonon-
limited electron mean free path. Accordingly, it
is important to examine the width of the transi-
tion which occurs in the present measurements.
Figure 6 shows x-y recorder data tracings of at-
tenuation versus ~T over the firstfew mdeg. Asin-
dicated by the arrows, data sweeps refer both to
increasing and decreasing temperature, with
sweep rate of about 1 mdeg per min. Note that the
transition width lies within the noise and has an
estimated upper limit of the order of 10 4 K.

Figure 3 and, less sensitively, Fig. 11 demon-
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FIG. 5. Frequency dependence of electronic attenuation
for q I [100]. Note the linear frequency dependence for
f &50 MHz.

FIG. 6. x-y recorder data traces of attenuation ratio
0.&/nN vs M' (mdeg K), both for decreasing and increas-
ing temperature. Ambient magnetic field is reduced to
less than 3 mG.
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strate that it is not reasonable to assume the at-
tenuation data to be distorted over a temperature
range much greater than the region of apparent
broadening. Note from Figs. 3 and 11 that the
n(AT) curves change slope dramatically with

change of ql, in the regime ql&1. While such an
effect, over the given restricted temperature
range, is not readily attributable to macroscopic
inhomogeneities, "it is accountable in terms of
single-particle electron-phonon mechanisms, as
discussed in Sec. IVE and Ref. 7. In point of fact,
the data are seen to approach the BCS curve for
gl»1 as required. This is a result inconsistent
with transition broadening on the temperature
scale of interest in Fig. 3.

While significant broadening of the transition is
not uncommon, especially in heavily cold-worked
samples of refractory metals, the samples used
in the present work were not only of uncommonly
high purity for bulk Nb (p jpo=5000), but also had
been annealed near melting point (T& 2000 K) for
48 h in a vacuum of about 5&10 ' Torr. Hence
it is no surprise that the observed broadening of
the transition was as small as indicated in Fig. 6,
a sharpness of transition comparable to that which

we have observed in such metals as indium and tin.

C. Amplitude effects

A signal-amplitude-dependent attenuation at-
tributable to dislocations, first reported" in Pb
and subsequently studied in a number of other
metals, can produce erroneous estimates of the
electronic contribution to the acoustic attenuation.
Also, the dislocation contribution can be tem-
perature dependent even at liquid-helium tempera-
tures, and different in the normal and supercon-
ducting states. These effects are attributable to
the fact that the normal electrons exert a viscous
drag on the dislocation motion excited by the
acoustic wave. Such effects have been found to be
significant only in the "soft" superconductors
such as lead and indium. It has been anticipated
that these contributions to the attenuation would

prove unimportant in carefully prepared speci-
mens of niobium. This, as we show below, proved
to be the case.

An additional potential "amplitude-effect" error
in the temperature dependence of the attenuation
near T, must be considered. "' ' The induction
field associated with the acoustic phonon-electron
interaction can be big enough at very high a.coustic
amplitudes to generate local normal-state regions
in the bulk of the material. Since these regions
contribute attenuation larger than that correspond-
ing to u~(T), the effect is a potential source of
nonlinear error in the estimation of electronic
attenuation. While this effect involves the inter-

0.95—

V'o
I

Nb (IOO)
f =&i5 MH~
o. —O dB
a, —IO d8
v- 20 dn

0.90—

085
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I

5 IO l5 25
aT= T, —T (mK)

FIG. 7. Superconducting-to-normal-state attenuation
ratio near T, for different power-level inputs showing
absence of amplitude dependence in the case Nb(100).

20

mediate state and is not ordinarily of concern in
a type-II superconductor, it also was sought in
the data.

Another possible consequence of the use of high
acoustic amplitudes must be considered. Since
niobium is a type-II superconductor, it experi-
ences only incomplete Meissner effect above H~.
At sufficiently large wave amplitudes in the sample
and at temperatures sufficiently close to T, the
local induction field associated with the acoustic
wave could conceivably exceed H~„with the result
that the o.z(T) data would be distorted. It must
therefore be asked whether the apparent absence
of rapid fall may be attributed to this cause.
Again the data on n(T) near T, taken at different
power levels show that no such influence is in
evidence. The power level of the input signal was
decreased by 20 dB with no effect on n(T). It
should be further noted that the signal suffered an
additional attenuation of 50 dB in the sample at
430 MHz. The absence of observable o.~ there-
fore would require that for no significant portion
of the sample was the local induction field below
H Qy even when the signal level was atte nuated by
the amounts indicated. It should incidentally be
noted that the signal levels from the transmitter
never exceeded about 100 V measured at the send-
ing transducer (with 20 dB additional attenuation,
this is reduced to about 10 V). [Such levels are
comparable with those corresponding to the linear
region in the amplitude effect described in the

last paragraph. Note that those measurements
referred to indium, and that IIc, (Nb)»Hc(ln) at a
given reduced temperature t.]

The experimental demonstration that the afore-
mentioned amplitude effects were not a, factor in

masking the effect of rapid fall is summarized in

Fig. 7. Identical results were obtained for
q(([110], e (([110]. The reduction in transmitter
signal amplitude had no significant effect on the
attenuation. We conclude that there were no signi-
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ficant amplitude effects in the niobium specimens
at the power levels used and that amplitude effects
were not masking rapid fall.

It has been noted that dislocations can produce
temperature dependence of the attenuation even at
liquid-helium temperatures. The absence of
amplitude dependence does not preclude the pos-
sibility of dislocation as well as electronic con-
tributions to temperature dependence of attenua-
tion. This fact must be recognized in connection
with our discussion of apparent absence of rapid
fall. Fortunately, however, the rapid-fall phe-
nomenon is largely confined to the order of tens
of mdeg of T„a range over which the dislocation
contribution would not be sensibly changed. "

D. Electromagnetic interaction: Frequency dependence

We consider next the possibility that the absence
of rapid fall may be attributed to breakdown of
electromagnetic screening" at the frequencies of

these experiments (f & 435 MHz). When our pre-
liminary results in niobium were first reported
and at the International Conference, ' it was sug-
gested to the present authors that, since the ql
values were so high in the niobium experiments,
the absence of rapid fall is attributable to break-
down of normal-state electromagnetic screening:
The frequency is sufficiently high that the ionic-
electronic current quasibalance condition is no

longer applicable, and the electrons are no longer
coupled to the transverse phonons via the time-
varying local induction field. Accordingly, we

shall now consider this mechanism, and show that

on the basis of the present theory outlined in Sec.
II, it is not responsible for the observations.
The current imbalance becomes important when

the effective skin depth 6 becomes comparable
with the acoustic wavelength A, , i.e., when y =1.
From Eq. (6), the normal-state electromagnetic
attenuation Q.» may be written'

be absent in the total electronic attenuation n~ at
the frequencies of the present experiments; no

rapid fall at T, would be observed since a~ would
no longer have been present in the normal-state
attenuation.

The present theory does indeed suggest, as we

shall show, that n~ breakdown should develop at
relatively low frequency in Nb. However, the
evidence in niobium is that such an effect does
not occur. That is, the very absence of evidence
for the onset and development of electromagnetic
breakdown in the present work is further support
for the assertion that, in fact, the n~ contribu-
tion is apparently absent in niobium even for ql
=20, when q~~[100]: The observed complete ab-
sence of rapid fall in the experimental data would

require that electromagnetic breakdown be al-
ready essentially complete even at the lowest ob-
served frequencies, which ranged from 30 MHz

(corresponding to q I = 1) to 435 MHz in the

q~~ [100] case. From Eq. (10) it is seen that the

y =1 condition occurs at f=300 MHz in the case of
niobium. Recalling that y =q'c'/(4vtuo', „)and that
0 y + is pr oportional to 4~, it is recogniz ed from
Eq. (10) that the frequency scaling of the electro-
magnetic breakdown effect is determined for a
given metal by the effective value of k~. In paper
II' the electromagnetic breakdown effect was
demonstrated in tin. It is noted that the turnover
effect in tin occurs at about 1 GHz, and that az(f)
for tin conforms remarkably well with theory.
Figure 6 compares ns(f) for niobium and tin. For
q~~ [100] in tin the effective k~ value was deter-
mined to be kl= 2.0 A ' (see paper II'). lt was
determined that the smallest value of effective
k~, (k~)„;;, which could reasonably be chosen, in
light of our magnetoacoustic results in niobium"
and the augmented-plane-wave calculations of

~v c2q2 1+ 1 y
(10) I.Q

where, it is recalled, y = 6/( A. ) =q'c'/4w~o', „.
For y «1, n» increases with frequency, but for
y =1 it "turns over. " As the frequency increases
further, the electromagnetic attenuation continues
to decrease. In II Page and Leibowitz' demon-
strate this screening breakdown for tin in the
1.0-GHz range. While the collapse of the current
balance condition is expected commonly to occur
for frequency f 16Hz, might -it not develop at
lower frequency in niobium, and thus account for
the apparent absence of n~ in Nbl If electro-
magnetic breakdown were to occur at relatively
low frequencies for the case of Nb, then n~ would
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FIG. 8. Theoretical frequency dependence for the
normal-state electromagnetic attenuation, showing effect
of breakdown of electromagnetic screening for niobium
and tin.
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Mattheiss, "was (k„)„., =0.5 A '; (k~)',«
= fo'" ~&~ dP/ Jo'" dP, where & is the reciprocal
of the Gaussian curvature and the integral is
taken about the effective zone. In Fig. 8 it is seen
that even for k~ = 0.5 A ' the breakdown effect is
not significant in Nb below 200 MHz. And at this
frequency, corresponding to ql=7, rapid fall is
expected to be very much in evidence: For ql=7,
1 -g=0. 7. Nevertheless, rapid fall is found to be
absent for the entire ql range. Further, note that
the experimentally determined normal-state at-
tenuation o. „(f)given in Fig. 5 remains essentially
linear to the highest frequency examined, 435
MHz, and thus gives no indication of a turnoff of
the electromagnetic contribution to the observed
attenuation, It is concluded that the absence of
rapid fall is not attributable to electromagnetic
breakdown and that, in point of fact, the absence
of evidence for breakdown suggests absence of
&he electromagnetic coupling.

E. Electromagnetic interaction: Temperature dependence

Let us next consider the possibility that rapid
fall in the electromagnetic interaction, corre-
sponding to u~, is in fact present in the total
normal-state electronic attenuation n„, but that
its turnoff at T, due to Meissner screening is
not readily discernible experimentally. We saw
(see Fig. 1) that the os and o.s regions are dis-
tinguished in practice from the rapid change of
slope of o.z(T) near T, ; o.s(T) generally has a
much stronger T dependence than does o.„(T),
which follows roughly (see below) the temperature
dependence given by the BCS relation, o. z/o. „
=2f (&(T)). If, however, the temperature depen-
dence of o.z(T) for niobium were to be anomalously
slowly varying, it might not be readily discrimi-
nated experimentally from that of os(T). We
therefore examine the theoretically predicted tem-
perature dependence of e~ near T, in niobium. In
examining the temperature dependence of the elec-
tromagnetic interaction the behavior of niobium is
compared with that of tin, a material which ex-
hibits the rapid-fall behavior and which has been
studied in detail (see paper II').

The temperature dependence of Eq. (7) for o.~z/
a» is determined by 4'~ and the conductivity
ratios o, ~/o» and o,~/o'», k~ is contained both in
o,~/o, „and y. Values for the conductivity ratios
calculated as a function of temperature for both
tin and niobium are shown in Fig. 9. The steeper
slope of o, z/o, „for niobium relfects the choice of
a smaller effective value of k~ for q~~ [100] in
niobium" than in tin. The effect on u~~/o. » is
shown in Fig. 10. Thus, according to the present
theory, reduction of temperature T would be ex-
pected to cause an even more rapid decrease of
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FIG. 9. Temperature dependence of the conductivity
ratios ~is/our and ~2sf~ix for tin and niobium near T, .
The indicated circles and triangles represent calculated
points and not data.
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FIG. 10. Temperature dependence near T, of the
superconducting-to-normal-state ratio of the electro-
magnetic attenuation for Sn and Nb.

n~(T) in niobium than in tin. Yet, the canonical
rapid-fall phenomenon has been well documented
for tin (see paper II' and Ref. 10).

Since the theoretical results for Nb shown in
Figs. 8 and 10 depend on the choice of k~., the
effect of larger k~ values must be considered.
Clearly, an increase of k~ would shift the electro-
magnetic breakdown (see Fig. 8) to higher fre-
quencies. Thus, our experimental observation of
linearity in n„(f) up to 435 MHz (the highest fre-
quency attained) would not automatically contain
the implication of absence of observable a~. Cor-
respondingly, a larger k~ value would result in a
reduction of the sharpness of o.s(T) near T, ,

represented in Fig. 10.
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However, let us now consider the observed tem-
perature dependence of n~/a„.Figure 11 shows
that in the ql»1 regime nz/o. „(T)agrees rather
well with the BCS prediction. It is well established
theoretically (cf. Ref. 13) that o„/ o„sh ould have
the temperature dependence predicted by the BCS
theory when ql»1. If n~ were in fact contributing
to the total electronic attenuation n„, the ob-
served temperature dependence would force the
conclusion that u~ has the same temperature de-
pendence as n~ in the superconducting state.
Since n~ and u„are expected to have qualitatively
different temperature dependences, "a require-
ment that their temperature dependences be the
++~8, in order to explain the above data, would
certainly be most artificial.

Note, incidentally, the frequency dependence
of u~/n„(T) shown in Fig. 11. We have reported
this effect elsewhere' and have attributed it to
the modification of the BCS prediction for n ~/
n„(T) (for longitudinal-wave case and the residual
attenuation of shear waves) when the mean free
path is phonon limited. That the mean free path
in the temperature range examined in Fig. 11 is
phonon limited is demonstrated experimentally by
the observed temperature dependence (not shown)
of n„, reflecting" the temperature dependence of
electron mean free path l (note that T,/e~ for Nb

is 0.033). The 30-MHz data correspond roughly
to ql =1.4, so that the data cover the approximate
ql range 1.4-20; as ql becomes large relative to
1 both attenuation coefficients n~ and e„become
increasingly mean-free-path independent, with
the effect that deviations from BCS predictions
disappear. The effect is unrelated to our present
concern, the electromagnetic absorption n~. In
point of fact, as we noted earlier, theory re-
quires that ns/ct„at T, increase monotonically

with ql; in the free-electron case ns/c. „(T,)
=1-g(ql). That is, the relative magnitude of the
rapid-fall region should increase with frequency.
That this is contrary to the behavior demonstrated
in Figs. 3 and 11 further supports the assertion
that the observed frequency dependence is unre-
lated to breakdown of Meissner screening, as
manifested in the rapid-fall effect, and that n~ is
in fact apparently absent in the total electronic
attenuation o.„. The observation that uz/n„(T)
satisfies the BCS prediction when q/»1, and that
no rapid fall is observed, is consistent with the
other evidence cited above for absence of n~ in
niobium.

F. aN (T) anomaly: Inadequacy of "developing"

electromagnetic breakdown as an explanation

It has been pointed out" that as temperature is
decreased, the normal-state attenuation is ex-
pected to increase and gradually approach a con-
stant level. We have observed"4 a maximum in
the attenuation-vs-temperature curves for Nb, not
unlike that first reported by Robinson and Levy"
for rhenium. We found"~ this maximum to occur
at a fixed value of ql: As frequency was in-
creased, the maximum shifted to higher tempera-
tures in such a manner as to preserve ql =const
(see Fig. 12). Fortunately, for the three highest
frequencies used the maxima occurred above T„
so that no magnetic field was needed to suppress
the superconducting transition at those frequencies
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FIG. 12. Demonstration of maxima in the temperature
dependence of the normal-state attenuation 0.'~ at low
temperature. Note that the temperature shift of the
maximum with change of frequency is such as to main-
tain ql ~const. The & calibration (dB) is shown for
each curve; there is an arbitrary off-set of ordinate
between curves (after Blessing, Leibowitz, and Alexan-
der, Ref. 22).
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and thereby introduce the complicating influence
of magnetoacoustic effects. " When these maxima,
in n„(T) in niobium were first reported7'24 the
authors were urged to recognize that these maxima
indeed gave evidence for the breakdown of electro-
magnetic interaction in niobium. But here again
electromagnetic breakdown can be dismissed.

An explanation for the data in Fig. 12 based on
electromagnetic breakdown would insist that as
T decreases, and the phonon-limited mean free
path l(T) increases, the electromagnetic interac-
tion would more closely approach the breakdown
condition for given q. The result would then be a
decrease of attenuation with further reduction of
temperatu. e.. It has been found, '"however, that
the shift of the position of the maximum in n~(T)
with change of frequency is not consistent with the
behavior expected if electromagnetic breakdown
were responsible: The position of the maximum
scales in such a manner that ql =const" (q/ = 12).

As was noted earlier, electromagnetic break-
down is determined by the factor y, the effect be-
coming significant when y =1. The question to be
examined is whether y scales with ql, as does the
effect summarized in Fig. 12. The parameter y
may be written as

y w (ql)'
ys„2 [1+(ql)'] tan 'q/ - q l

where y» = [2mhc'/(e'v', )](f/k~)'. We note that
y/y» is proportional to [(q/)g] '. The near con-
stancy of (ql),„, the ql value for which the maxi-
mum in n(T) occurred, was tested experimentally
over more than a decade" of frequency range
(150-435 MHz), a range corresponding approxi-
mately to ql values varying from 6 to 20. As is
shown in Fig. 13, y/yz„ is constant to within 4 jp

in this range. Consequently, we conclude that
y -q' and independent of / (and, therefore, T) to
within 4%. That is, the behavior of this effect, in

which n„(T) maxima appear in the shear-wave at-
tenuation, cannot be attributed to a "developing"
electromagnetic breakdown.

G. Inadequacy of anomalously large aD as explanation for
absence of observable a~

We recall (see Fig. 2) that, at high q/,

u„=nD+us [see Eq. (4)]. We must ask whether
the apparently negl. igible rapid fall found in the
present work is attributable to nD»n~: Perhaps
behavior of the field contribution n~ is, in fact,
in accord with the theory summarized earlier,
but it is the deformation contribution which is
anoma. ious. ' We find that the possibility can be
readily dismissed.

From Fig. 3, which gives the temperature de-
pendence of attenuation near T„an upper limit
to ns/u„of about 1% can be estimated. In order
for the n~ contribution to mask that of u~, there-
fore, it would be required that q, &100e~. If we
were to insist on an n~ contribution of "normal
magnitude, " the anomalously large ~ term would
be reflected in a comparably inflated u&, the total
electr onic attenuation. However, the experimental. -
ly determined value, albeit somewhat higher, is of
the same order of magnitude as anticipated by the
free-electron theory, "which gives u„=NmV~//ifv„
here Pand m are the electron concentration and
mass, respectively, V~ is the Fermi velocity, and
34 is the mass density of the metal. From this it
is predicted that n„=696 dB/cm at 400 MHz for Nb,
which is to be compared with 780 dB/cm determin-
ed experimentally in the present work (in Fig. 5 it
is shen that ~=44 da at 400 MHz for sample of
thickness 0.58 mm, so that ~= 780 dB/cm for 400
MHz). If we use values of effective mass m* and
Fermi velocity V~ determined in independent
studies"'"'" then the free-electron value of e„ ls
reduced by a factor in the range =(0.24 —0.42).
From Eqs. (2) —(4) it is seen that
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FIG. 13. y/yz~ as a function of ql, showing approxi-
mate constancy of the ratio at high ql.

which indicates explicitly the influence of the de-
formation parameter in modifying free-electron
predictions.

While comparison with other metals is of limited
significance, it nevertheless is to be noted that
the attenuation level observed in the present
study in Nb is of the same order of magnitude as
we have observed in tin samples (of similar re-
sistivity ratio) for which the shear-wave electro-
magnetic' and deformation" effects have been
studied in detail, and for which us (400 MHz)=490
dB jcm a.nd up (400 MHz)=800 dB jcm. (Since the
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data in the case of both metals were taken in the
high-ql regime and since the v, values are com-
parable in both cases, it is reasonable to com-
pare the attenuations at the same frequency. )
While (j.„for tin is, in fact, even larger than for
niobium, it is consistent with our thesis —that
u~ is not in evidence in niobium-to compare the
niobium attenuation only to the ~ term in tin. In
summary, we find that o.„(Nb) is not anomalously
large and that, accordingly, the data tend to
dismiss the possibility of nD values of magnitude
sufficient to supress observable a~ in the manner
hypothesized.

V. CONCLUSIONS

The experiments demonstrate the absence of
observable electromagnetic interaction in the
shear-wave electronic attenuation in niobium, and
the inadequacy, from the point of view of the
present theory, of high-frequency breakdown of
electromagnetic screening as an explanation.

Further support for this conclusion is derivable
from the transverse magnetoacoustic study"
which we have recently reported for niobium. The
results point to an anomalous transverse electro-
magnetic response in niobium: For a transverse
wave of propagation vector q the ql =1 condition
apparently does not mark the onset of nonlocality
with respect to electron trajectories in niobium,
at least for the cases qjj [10O] and hajj [110],
7jj [110].
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