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Since BCS wave functions can be built by pairing
electrons (k +§, ) and (-k +3, ¥), we must use
one-electron states satisfying the quantization
condition around the fluxoid

(2j+ 7= fﬁ-dfz 2ntk (j an integer)
or

Re(j+ e (1)

When the condensed state moves with the velocity

V4(7), the local excitations may have a shifted
BCS spectrum

€k, D) = | A(D) | +77 -k, (12)

From Eqs. (11) and (12) we see that the excitation
spectrum becomes gapless when

s = Al /he=vp/(25+1).

In the crossed fields the order-parameter varia-
tion moves with the fluxoid velocity cE/H. There-
fore, the critical state of the quasiparticle exci-
tation is

cE/H=vg/(2j+1).

This relation teaches us that Eq. (5) may be ap-
propriate in this case if the magnetic field H in
the equation is replaced by H/(2j +1). Then the
excitation condition (10) is rewritten as

o*|E?/E, 2~ H?/(25+1)%H ,2]= (21 +1£1) 2,

which coincides with the observed result Eq, (1).
The voltage steps in the current-voltage char-

acteristics have also been observed for super-

conductive thin wires and whiskers with diameter

comparable to the coherence length £.5°° On the
basis of our discussion, these phenomena may be
interpreted as phenomena due to coherent quasi-
particle excitations in the absence of a magnetic
field.

Certain characteristics of these phenomena
may have applications in high-speed—computer
elements and high-frequency oscillators.
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Thermoelectric Anomaly Near a Critical Point
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New measurements on S-brass reveal an anomaly in the thermopower in the vicinity of
the order-disorder phase transition. A simple analysis, which is applicable to a wide
class of phase transitions, suggests that the anomaly arises from the scattering of con-
duction electrons from short-range critical fluctuations and that the thermopower can,
in principle, provide a direct measure of correlation functions.

A number of advances have been made recently
in our understanding of transport properties in
metallic systems near critical points.! One of
the more important of these was the clarification
by Fisher and Langer? of the vital role that short-

range spin fluctuations play in the scattering of
conduction electrons. We suggest that the Fisher-
Langer approach can be extended in a simple way
to describe the anomaly in the temperature de-
pendence of the thermopower for a wide class of
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phase transitions. We support this suggestion
with measurements of the critical thermopower
in B-brass.

Using the Boltzmann equation, Mott and Jones®
have obtained an expression for the thermopower
@ which is applicable to systems of noninteract-
ing electrons which scatter elastically from ran-
dom scattering centers at a temperature T much
less than the Fermi temperature €y /kg:

27, 2

I her PN @
where p(ey) is the electrical resistance, kg is
Boltzmann’s constant, and lel is the magnitude
of the electric charge. For a solid with an iso-
tropic Fermi surface, p(€y) can be expressed in
terms of an effective carrier density n(ey) and
scattering relaxation time 7(€y),

p(eg) =m /n(ep)e®r(€y). (2)

Hereafter we shall write n(ep) =7 and 7(€g) =7.
The electron lifetime can be decomposed into two
terms: T7,, which varies slowly near the critical
temperature T and 7, which represents the
critical contributions to 1/7=1/7,+1/7,. Assum-
ing that 7, behaves like the usual high-tempera-
ture relaxation time arising from electron-pho-
non scattering, it follows? that 7, <e%2,

In ferromagnets and antiferromagnets the life-
time 7, arising from the scattering of free con-
duction electrons from localized spin fluctuations
can be evaluated in the Born approximation and
is given by?

1/1o=Koer 8" I(k, TYR dE. (3)

J 2k, T)=T [k, T) is the Fourier transform of
the spin-spin correlation function?; J is the ex-
change constant, k; is the Fermi momentum,
and K, is a constant which depends on the magni-
tude of the localized spins.

Equation (3) can be generalized to apply to bi-
nary alloys A-B which undergo order-disorder
phase transitions. In this case I(k, T) is given by®

I(k, T) = W?T py(k, T) +(AW)?T ' (%, T)
+WAW[rpc(k’ T)"'Fcp(k’ T)]’ (4)

and the constant K, differs slightly from that ap-
propriate to magnetic phase transitions. In Eq.
(4) T' (B, T) is the concentration-concentration
correlation function; I' (%, T) is the critical part
of the density-density correlation function. This
term contains the effects on 7, of scattering from
lattice deformations (e.g., soft phonons) which
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result from concentration fluctuations.!'® Simi-
larly, I',.(k,T) and I';,(k, T) are the density-con-
centration correlation functions. The quantities
W and AW are given by 3(W 4+ Wp) and 3(W , - W),
respectively, where W, and Wy are the pseudopo-
tentials for A and B atoms.

An expression for the thermopower above the
Debye temperature can be obtained by combining
Eqgs. (1)-(4):

Q=Q,+AT[4K kpI(2k:, T)]T, (5)
where
Ag=21%y?/3leler =(4.9%1072 1V eV K™?) /e

and @,= QpD—%AQT. Here Qpp is the tempera-
ture independent phonon-drag contribution® to Q.
In calculating @, the free-electron approximation
for n has been used.® In addition, the critical
contribution to » from the lattice expansion” has
been neglected under the assumption that the rel-
ative change in the lattice parameter is small
compared to that of @. Using the results of Ref.
2 it can be shown that for ferromagnets near T,
4K kpI(2kg, T) is of the same order of magnitude
and has roughly the same temperature depen-
dence as 1/7,. Therefore, defining p,=m /ne’t,
and p,=m /ne®7,, it follows that

Q~Q,+ATP./P=Q,+A,T(1-p,/p). (6)

Careful thermopower measurements on Ni ex-
ist® and are consistent with the behavior for @
predicted by Eq. (6). Itis of interest, then, to
obtain similar data on the critical behavior of @
near an order-disorder phase transition. -
brass is a particularly ideal system to which to
apply the above model since the ions which under-
go the order-disorder phase transition are truly
localized, in contrast to the situation in Ni where
the d spins may be partially itinerant.

The data for B-brass were obtained using stan-
dard techniques.® Fine-gauge reference and ther-
mocouple wires were spot-welded to two points
at the ends of the samples, and the samples were
hermetically sealed with a vapor-deposited film
of SiO (about 10% A thick) to prevent the emana-
tion of Zn. Our tests indicate that coating the
sample is a crucial procedure since the Zn vapor
causes serious contamination of voltage and ther-
mocouple wires, as well as changes in the sam-
ple composition. (The lack of correlation among
measurements of @ from sample to sample in
previous measurements on 3-brass'® may be at-
tributable to this problem.) Large polycrystal-
line samples were produced from a mechanically
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FIG. 1. Anomaly in the temperature dependence of
the thermoelectric power of 8-brass with Chromel re-
ference. Open and closed circles are for two samples
cut from the same boule with AT =1 and 5 K, respec-
tively. Q. is the value of @ at T'; the curves labeled
@pr» Qrh [Ed. (6)], and p (measured resistivity, see
Ref. 11) are explained in the text.

458 460 462

mixed molten solution of 99.999+%-purity Cu and
99.99+%-purity Zn. Measurements were taken
with a drift rate of about 2 K/h with periodic re-
versals of AT and detailed checks for linearity
of V versus AT both above and below T..

The thermopower data for two samples with
values of AT =5 and 1 K (closed and open circles,
respectively) are shown in Fig. 1 along with the
resistivity'*'*? (dot-dashed line); the critical
anomaly in @ appears to be qualitatively similar
to that of p. The maximum slope of @ occurs at
739 K. Differential cooling measurements on
another piece of the same boule (with 47.01 at.%
Zn) indicate a sharp specific-heat peak at the
same T.=739 K. This value of T, is in agree-
ment with the phase diagram for 8-brass as mea-
sured by various experimenters.!®* The results
were checked in separate experiments with Chro-
mel C and Constantan x reference wires and
were found to be the same for both, as would be
expected from the known constancy of Q.- @,
near 740 K.'* The qualitative shape of @ for 8-
brass was also checked using Pt and stainless-
steel reference wires. The accuracy of the ab-
solute value of @ near T, is limited by the uncer-
tainty in the values of @ for the reference wires's
used, but our values fall around +1.3+0.5 uV/K,
a result consistent with the value +1.7 uV/K
found by Webb.°

The fact that the resistivity of 8-brass has an
anomaly characteristic of a ferromagnet rather

than that expected of an antiferromagnet could
suggest that the contribution to I(k, T) from the
density-density fluctuation I', (K, T) (which is be-
lieved to have a ferromagneticlike anomaly*-®)
dominates the contribution from I' (%, T') (which
should behave like the spin-spin correlation func-
tion for an antiferromagnet'). Since the relative
change in the lattice constant'® near T, is less
than 1072 times that of @, it is reasonable to as-
sume that the anomaly in @ is not dominated by
that of the lattice expansion. The approximation
in Eq. (6) can, therefore, be directly compared
with the data.

The solid line, @1, in Fig. 1 is a plot of the
theoretical expression for @ [Eq. (6)] plus the
thermopower of the reference wires'® with 4,
=0.015 pV/K? and @,=-3.44 uV/K and is in fair-
ly good agreement with the data. On the basis of
resistivity measurements'® p, should be roughly
between 4 and 10 uf cm near T,. For simplicity,
p, was taken here to be 4.51 uf2 cm (which is the
value of p at 25°C); the nature of the theoretical
fit to the data is insensitive to the choice of p,,
Because of lattice and band-structure effects, it
is difficult to make a reliable theoretical esti-
mate of @,. However, the theoretical and experi-
mental values of Ay are in reasonable agreement
when €y is taken to be ~7.0 eV which corresponds
to the Fermi energy in pure Cu. Finally, the
dashed line in Fig. 1, labeled @5, represents a
computer least-squares fit to the data, above and
below T, separately, using the critical exponents
which were found to describe the critical temper-
ature dependence of p.!

An alternative theory to explain the critical be-
havior of @ has been proposed® which suggests
that, if the conduction electrons themselves or-
der at the phase transition, @ measures the stat-
ic entropy associated with the transition. This
model, which is without firm theoretical founda-
tion, predicts that dQ/dT =C,/T ,n*'q, where n®f
is the effective density of itinerant carriers with
charge ¢ which participate in the phase transi-
tion, and C, is the specific heat. The difficulties
with this model have been previously summar-
ized.'

In order to compare the different theoretical
models for @ with experiment, the temperature
derivatives of the three curves in Fig. 1 are plot-
ted in Fig. 2. Because of the small signal-to-
noise ratio in the data (the noise level is ~10 nV),
the quantity d @y /dT + o, where ¢ is 1 standard
deviation, is plotted (shaded area) to represent
the data. The dot-dashed line is a plot of the
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FIG. 2. Temperature derivative of the measured
thermopower shown in Fig. 1 with data scatter repre-
sented by the shaded area. The scattering theory pre-
sented in the text, dQry/dT, is seen to give a reason-
able description of the observed anomaly. The mea-
sured specific heat (see Ref. 11) is significantly dif-
ferent in functional shape. '

specific heat, which is proportional to dp/dT."*
The quantities dQy,/dT and dQyy/dT are multi-
plied by a constant to make the three curves co-
incide below T',. Although the curves represent-
ing d@Qr,/dT and the data coincide over the entire
temperature range, both curves significantly de-
viate from the specific-heat curve above T'..'®
The present theory is, therefore, in better agree-
ment with experiment than is the specific-heat
model.®

We conclude that the physics underlying the
thermoelectric power near order-disorder and
other second-order phase transitions in metals
is fundamentally related to the scattering of con-
duction electrons by critical fluctuations. The
noise in the present data'® (while allowing a defin-
itive, albeit qualitative, test of the present mod-
el versus the specific-heat model promoted in
Ref. 8) precludes the demonstration of the differ-
ence between the correlation function I(2kg, T')
and the critical resistivity p(T), i.e., Eq. (5)
versus Eq. (6). While I(2k, T) and p(T) are ap-
proximately similar, they differ in detail (see,
e.g., Ref. 2). It would be interesting to demon-
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strate this difference as well as the explicit form
of I(2ky, T) by making precise and simultaneous
measurements of the thermopower and resistiv-
ity anomalies in a system where the anomalies
are larger and hence the data scatter is smaller
than in the case of S-brass. That the explicit
form of the correlation function for K =2k can,
in principle, be obtained from measurements of
the thermopower is a quite remarkable result,
since it is usually assumed that conventional
transport measurements depend upon the correla-
tion function only through complicated convolu-
tions, e.g., as in the case of electrical resistiv-
ity, given by Egs. (2) and (3).%°
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The phenomenon of boson echoes, which presents some similarities with the spin~echo
phenomenon, is explained in terms of phonons. In particular, the nature of the two re-
laxation times Ty and 7', is explored, and they are ascribed to anharmonic and impurity

scattering processes, respectively.

In a recent paper' we have reported on prelim-
inary experiments on boson echoes, a phenome-
non presenting some analogy with spin echoes: A
crystal, placed in a cavity, receives two short
pulses of hyperfrequency electric field at times
0 and T; at time 27, it reradiates a signal (an
echo) at the same frequency. Actually, the effect
is strongly different from spin echoes in the fol-
lowing respects: (a) The echo intensity is not a
periodic function of the power or length of the
pulses; (b) it occurs at any frequency without ad-
justing a biasing field; (c) its width A7 is deter-
mined by the widths of the exciting pulses; and
(d) only crystals without a center of symmetry
are able to produce this effect. These echoes
have been explained as boson echoes.’

In this Letter we report on further experiments
with two cavities and with two or three pulses
(Fig. 1) which enable us to attribute the echoes
to the crystal phonon modes and to obtain some
insight on their relaxation times. In particular,
we may distinguish between the coherence relax-
ation time T, and the relaxation time 7T, of phonon
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FIG. 1. Schematic of an echo experiment. (a) Two-
pulse sequence; (b) three-pulse sequence. Only echoes
at times 27 and T + T are represented, with the relax-
ation times corresponding to each period. The opera-
tors a and af correspond to dipolar echoes; a® and a't?
to quadrupolar echoes.
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