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Ultrasonic attenuation measurements are reported for clean niobium in the region from
H,2-H =100 6 to H,2-H =0. The results agree qualitatively with the theory of Maki and
Houghton which develops regimes of attenuation which are "gapless" near the transition
and BCS-like farther away.

Recently there has been much theoretical' '
and experimental" interest in the coefficient of
ultrasonic attenuation for pure type-II supercon-
ductors in the mixed state. In this paper we pre-
sent some results for attenuation in the experi-
mental situation q[l 8, where q = 2m/h is the pho-
non wave vector, H is the external applied field,
X is the phonon wavelength. We find qualitative
agreement with the theory of Houghton and Maki'
(hereafter HM) insofar as that theory claims per-
tinence.

The attenuation was continuously measured us-
ing the Matec Ultrasonic Attenuation system in
the conventional pulse-echo mode. The sample
temperature was controlled to a1 mK using a
bridge-off-balance-amplifier- type controller.
The magnetic field was found by measuring the
voltage in a precision resistor wired in series
with a superconducting magnet. Field strength
was known to + 30 0 but field changes of 3 G were
easily seen. There were two important sources
of error. Temperature drift and magnetic field
noise, however small, influence data taken for
H„(T). In fact temperature excursions vary
H„(T), and magnetic noise changes the linearly
increasing (or decreasing) field H, so that both
affect H„-H. This effect will be comparable to
H„—H at some point since H =H„(T) at the
transition. Also the magnet current possessed a
ripple, visible in the data (Figs. 1 and 2), of 2%%uo

of its magnitude. Slopes taken from the data are
good to + 10/p.

In the region below the transition, HM and Cer-
deira and Houghton' (hereafter CH) use the Green's
function of Brandt' to show that the ultrasonic
attenuation coefficient for clean niobium can be
described in terms of a parameter p = 2v ~(b./
Rk, )'vk, l where 6 is the space-averaged order

for transverse (shear) and longitudinal waves,
respectively, while farther away from the transi-
tion more traditional BCS behavior is anticipated
where

(ba/n), '= 1.63(p, —0.082),

(&a/n), ' = 2.22(p, —0.043).
(2)

HM contend that these results will hold in moder-
ately pure niobium where l/P» 1 and p & 1 and for
phonons of low frequency (ql &1). The somewhat
more generalized result of CH finds the same
form for hn/n as long as p, «1 and for phonons
having ql & 1 but frequency such that ~~h«v, /l
+b, '/k, v, . Hence we consider the theory of HM

and CH appropriate to a discussion of our data
taken for q1 values from O.V to 3.

The conclusions of HM and CH are found by
evaluating the imaginary part of the temperature-
dependent response function at T =O'K. At higher
temperatures, electrons in a superconducting
portion of the sample at the Fermi surface will
spend more time in the excited state. This is not
accounted for in the T =0 limit. However, the
theory is expected to be valid up to about 5 K.

parameter, k, '=2eB/0 =2nH„/y, is the recipro-
cal lattice vector of the flux line lattice, vo is
the Fermi velocity, and y, = 2.0V x10 ' G cm' is
the magnetic flux quantum. The dependence of p,

on / represents a departure from earlier theoreti-
cal work. " In particular two identifiable regions
are theoretically predicted. In the region very
close to the transition, "gapless" behavior domi-
nates such that 6a/n ~h'CCH„Hor-

(b,a/n), = 2.68 p, ,

(b,n/n), = 4.61p,
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Our sample was taken from Oak Ridge niobium
No. 68 given to us by Richard E. Reed. Its resis-
tivity ratio was about 'f000 and normal-state data
over a wide range of frequencies indicated that
l(T) =[l(0) '+1.27T'] ', where l(0)=(40+12)x10 '
cm. For our purposes we use the equation for
the gap parameter due to Maki and Tsuzuki, '

1 H„—H f t dH„
2mN 1.16(2K2~ —1) +0.1871( '2 2 dt

and the convenient expression (modified) of Gor-
ter and Casimir,

H„(t) = H„(0)(1—t')/(1+0. 8t').

This empirical expression fits the experimental
H„(t) of this sample to (1/o below t =0.5. We
can now write p. in more familiar variables:

the slopes of those data in the BCS and gapless
regimes are in good agreement with the slopes of
HM. The authors consider the preference of the
theory for the "down" data to be an interesting
result which may indicate a direction for further
theoretical work. The raw data show a 30-G
"hysteresis" very common to niobium work. "
Figures 1(a) and 1(b) show data for t = T, = 0.211;
Figs. 1(c) and 1(d) show the case t =0.77. Clear-
ly the data still show gapless and BCS regions
even though the temperature is well in excess of
the range of prediction of HM. In Fig. 1(d) linear
fits are made to both "up" and "down" data. In
Fig. 1(c) the attenuation curves expected from
those fits are shown. Here not even the down-

going data behave exactly as expected.
Figures 2(a) and 2(b) show shear data at 45

MHz for increasing fields at a low and a high tem-
perature. For both temperatures, gapless and
BCS regions are visible. For both regimes the

1+1.9t'/(1+0. 8t')(1 —t')
1.16[2/c, (t) —1]+0.187

We have used v, =2.67x10' cm/sec, N=5.68xl(p'
cm ' erg ', H„(0)=3992 G, go=2.07xl0 ' G
cm', and values of tc, from Finnemore, Strom-
berg, and Swenson xo

Figure 1 shows longitudinal data at 15 and 42
MHz. Figure 2 shows corresponding data for
shear waves at 16 and 45 MHz. In Figs. 1(b),
1(d), 2(b), and 2(d), data very near H„are shown

by plotting the reduced attenuation at constant
temperature, b, n/n =(a„-n, )/q„, versus H„
—8 in gauss. Where they are available, data are
shown for both increasing ("up") and decreasing
("down") field. In each case the straight lines
are linear fits to the data. In all cases investigat-
ed there is a region called the gapless region
near T, where hn/n o-H„H in agree—ment with

Eq. (1). Figures 1(a) and 1(c) show data for (b,n/
n)'= [(a„-n, )/n„]' vs H„—H. This region has
been observed often on less pure samples in the
recent past. ""'"Each run through the transi-
tion, whether in increasing or decreasing field,
resulted in a region of data called the BCS region
where (b,n/n)'ccH„H. Figure 1(—a) also shows
the attenuation as predicted by Tang, ' the approxi-
mate fit to the data of Forgan and Gough, ' and the
predicted fit to the data from Houghton and Maki, '
where the quantity k, l is chosen to agree with the
straight line of Fig. 1(b). The linear fit of Fig.
1(b) is made to data in decreasing field because
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FIG. 1. Data in the BCS and gapless regions for
longitudinal waves. The solid line in (b} is drawn to
fit the "down" (decreasing field) data and the solid line
in (a) is drawn for the theoretical fit over the entire
range in H, 2 -H. The broken line is earlier experi-
mental work, the dashed line is earlier theoretical pre-
diction. In (c), "down" data are independently fitted by
the theory, using the linear region of (d) to evaluate
parameters.
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FIG. 2. Data in the BCS and gapless regions for shear
waves. In (a) and (b) high- aud low-temperature 45-
MHz "up" data, are plotted. The solid line in (b) is a
linear fit to data for t =0.159. In (a) the slope theoreti-
cally implied by that linear fit is shown. In (c) and (d)
increasing field and decreasing field data for 16-MHz
phonous at t =0.56 are plotted. The best-fit line in (d}
is used to evaluate the solid line in (c}.

h h-temperature data are characterized by a
steeper slope. In Fig. 2(b) the data for t =0.159
are compared with the linear least-squares best
fit, and in Fig. 2(a) the slope of the BCS region
expected from HM is shown. Figures 2(c) and

2(d) show shear data at 16 MHz and at t =0.56.
In Fig. 2(d) a least-squares fit to the "up" data
is shown and in 2(c) the corresponding prediction
for (b,a/oI)' is shown. In 2(d) the "down" data

d "u " data have a common slope to within the
experimental precision. In both 2(c) and (Cl2dg

d "down" data are shifted apart by 3 G toup an
avoid confusion.

Figure 3 summarizes the data for our experi-
ments measuring attenuation versus field at con-
stant temperature. Each quadrant shows a mea-
sured slope: 3(a) the slope in the BCS regime
for longitudinal waves, 3(b) the slope in the gap-
less regime for longitudinal waves, 3(c) the
slope in the BCS regime for shear waves, sing

3(d) the slope in the gapless regime for shear
waves. In 3(b) the theoretical line is that from
the temperature dependence of p, , with the con-
stants contained in p, including k, l(0) adjusted to
fit the data for low temperature. In 3(a) the theo-
ret' al l' e is the line implied from HM for the
value of p, found for 3(b). Similarly the solid line
of Fig. 3(d) is the temperature dependence of p,

previously obtained for 3(b), and the bne of 3(c)
the result implied by that value for p. We are

considering the gapless region to be fundamen a
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Rnd Rxe using data tRken on it to evaluate the con-
stant terms contained in g and subsequently us-
ing that resulting p. to arrive Rt a prediction for
the BCS region. We 11ave used the value jl/(Hc2
—H) =0.021 at T =O'K for the theoretical lines in

3(a), 3(b), 3(c), and 3(d). Although this is only
an extx'Rpolation of low- temperatux'e results,
there is surprising agreement between the theo-
retical and experimental slopes fox the gapless
region. The experimental slopes in the BCS re-
gi.on H,e above the theoretical curve. However,
the temperature dependence appeRrs to be simi-
lar.

IQ conclusion Vfe find the predicted BCS RQd

gapless regions in the fieM dependence of the Rt-
tenuation of both longitudinal Rnd shear waves.
At lower temperatures ve find relative agree-
ment between experi. ment and theory in the shapes
of the cu1ves. There 18 qualitative Rgreement
with the temperature dependence of the slopes in
the gapless region. In the BCS region these
slopes follow the shape of the temperature-de-
pendent theoretical curves. Clearly more theo-
retical work is necessary to improve the exact
understanding of the regimes as vrell Rs the tran-
sition fx'oxn one to the other.
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~ndard pe~r&tion theory applied to the low-energy electron-diffraction problem
does not appear to give accurate results even when carried to second order. A new

scheme, xenormalized forward-scattering perturbation theory, retains the advantage of
being fast to execute, but at the same time is very accurate. The new theory is subject-
ed to the stringent test of comparison with exact results. for a realistic model of the cop-
per (100) surface.

There are two decisions to be made before
embarIt:i. ng on calculations of the diffraction of a
monoenergetic, mell-collimated beam of elec-
trons incident on a crystal surface. Firstly a
model must be postulated for the surface, in-
cluding the quantities strongly affecting the dif-
fraction process, and omitting quantiti. es that do
not strongly affect the process but are possibly
difficult to calculate. Secondly, having decided
the nature of the enviroment in which the elec-

txon finds itself, R method of solution of the dif
fraction process must be fixed upon.

In recent years it has become apparent that a
model of the sux'fRce taking Recount of the strong
elRstic scattering by ion cox'es Rnd of lnelRstlc
scattering processes (the ion-core scattering
model), ' ' when combined with sn accurate non-
perturbative method of calculation, gives good
agreement with experiment. " ' The main con-
cern of this Letter is to suggest R fast, accurate


