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The observations of a Peltier effect' and
an Ettingshausen effect2 in type-II supercon-
ductors in the flux-flow state have been ex-
plained in terms of the motion of individual
fluxoids by the original authors and in subse-
quent, more detailed treatments. s ' We wish
to report detailed observations of both effects
in pure niobium, which cannot be explained
in terms of a simple fluxoid model, and which
moreover suggest that in the flux-flow state
the normal current makes a contribution to
the entropy flow.

This investigation was made possible by
Dr. R. W. Meyerhoff of the Union Carbide
Corporation, ' who provided us mith a speci-
men of pure niobium with a ratio of 3000 be-
tween the room-temperature resistance and
the value at 9.5'K. The specimen was in the
form of a strip 2.5 cm long by 0.52 cm wide
by 0.02 cm thick. A uniform magnetic field
could be applied perpendicular to the plane
of the strip. The specimen was clamped at
its ends to current leads of high electrical
conductance made of a slightly impure indium
alloy, and these leads were in the normal
state at all temperatures at mhich measure-
ments were made. All the data were taken
with a current density of 1330 A/cma. Quan-
tities measured in the direction of current
flow will be given a subscript &, while those
transverse to the current mill be denoted with
a subscript y.

Carbon resistance thermometers and Con-
stantan heaters of matched resistance were
mounted at each end of the specimen at the
In-Nb junctions. With current flowing, the
power dissipated in the heater at the cold junc-
tion was adjusted so that the thermometer

readings mere unchanged when the current
direction was reversed and the power moved
to the opposite junction. This power equals
twice the Peltier pomer. The temperature
difference across the specimen never exceed-
ed a few millidegrees. The Peltier power was
divided by the current to yield the usually de-
fined Peltier coefficient, '~' Hz. We estimate
the relative accuracy of the values of II& in
the flux-flow state to be better than 5%.

Thermometers were also mounted on each
edge of the specimen at its center, and the
temperature difference &T& determined for
each current direction. Appropriate power
was dissipated in the heaters at the ends to
nullify the effects of Peltier heat. The ther-
mal conductivity of the specimen, K, mas al-
so measured as a function of magnetic field
while the current was flowing through it. In-
stead of the Ettingshausen coefficient, ' we de-
fine a quantity 11& = -(4T )v/mZ„, where w is
the width of the specimen and J„the curr ent
density, which is the analog of II&. The rela-
tive accuracy of these measurements is esti-
mated to be 10%.

In addition, appropriately placed probes per-
mitted the longitudinal voltage (see Fig. 3) de-
veloped across the specimen to be measured,
as well as the Hall voltage near each junction.
The two Hall voltages so determined were av-
eraged to allom for slightly different behavior
at each junction. The voltages were convert-
ed to a longitudinal electric field, Z~, and a
Hall field, F&. These data are similar to those
published" for niobium. We remark that be-
tween about 0.950~2 and II~2 both electric fields
show a relatively rapid increase compared to
their rates of change at lower magnetic fields.
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FIG. 1. Components of the Peltier coefficient &z and

IIy, which is related to the Ettingshausen coefficient,
are plotted as a function of the ratio of the applied
magnetic field to the upper critical field. The value of
II~ for the In lead has been subtracted from the data,
leaving only the contribution due to Nb. At lower tem-
peratures II& at B 2 becomes more negative, and the
peak value in the flux-flow state decreases.

In Fig. 1, the values of II~ and II& at 8'K are
plotted as a function of magnetic field. Because
at 8'K the increase in II~ near H~2 is small,
we show in Fig. 1 the curves obtained at 6.5

and 4.75'K. II& is negative and proportional
to magnetic field in the normal state. Just
below H~2, it rapidly increases to a value com-
parable to II&. The negative sign in the nor-
mal state was checked by an independent mea-
surement of the Nernst coefficient. '

The striking feature of the data in Fig. 1 is
the rapid increase in both the coefficients be-
tween H~2 and 0.95H~2. The increases occur
despite decreases in both the electric fields
and the fluxoid velocity, and a rapid decrease
in & as the field is reduced below H~&. Thus
the II's are not proportional to the electrical
fields. This point is illustrated further in Fig.
2, where the data at 8'K for II~/E& and II&/E~
are shown. (The data obtained at lower tem-
peratures are qualitatively similar. ) On a sin-
gle fluxoid model, s ' II~/E& and II&/E~ should

each be equal to CTSI, where SL is the entro-

py transported per unit length of a fluxoid and

C is a constant. " We note that the apparent
magnitudes of SL, deduced from II„/E& are
greater at all fields than those deduced from
II&/E~. However, if the approximate linear
field dependence at low fields is extrapolated

«H~2, the quantities &„and & are equal"
within experimental error not only at this

/Hcz

FIG. 2. The coefficients have been divided by the
measured flux-flow electrical field g~, and the Hall
field g&. 6 is obtained by extrapolation to H~2 as
shown.

temperature but at 6.5 and 4.75'K.
These results imply that at H&2 a compo-

nent of entropy transport appears which is
associated with motion of fluxoids. This com-
ponent is added algebraically to the normal
state entropy transport at H~2. However, en-
tropy transport by the normal current densi-
ty continues to exist below H&2. This existence
is clearly manifest in the data for II& at low-
er temperatures where this quantity remains
negative to fields appreciably less than H~2.

The data can be consistently described by
assuming that

11(e)=11 P)+11 P),

where IIf arises from the fluxoid contribution
to the entropy flow, and II~ from the normal
current contribution. TSL is then proportion-
al to (II-+)/E. In order to effect this sepa-
ration we assume that since at 8'K the normal
state value" of II& is small, ~ makes a small
contribution to the values of Iiy/Ez in Fig. 2

so that the curve approximates closely to the
fluxoid contribution to the entropy transport.
Since this component presumably makes an
identical contribution to the longitudinal entro-

py transport, subtracting it from II~ should

yield ~z. The values of +~ so deduced are
shown in Fig. 3. It is to be noted that II„„de-
creases as the field is decreased below H~2,
and its dependence on field is similar in form
to that exhibited by the flux-flow voltage. The
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data at lower temperatures are harder to an-
alyze because lII~y (FIc2) I is large. However,
if we assume that for both the longitudinal and

transverse coefficients II~ (F) = (FI/IIc2)llz (Pc2),
then the deduced fluxoid contributions to the
entropy transport in the two directions agree
to withi. n about 25Vo, which we regard as fur-
ther evidence in support of the contention that
the data are described by Eq. (1). At all tem-
peratures Iif (FI)/E exhibits a rapid increase
between II&2 and 0.95IIq2 followed by a slow-
er increase as the field is further reduced
similar to the variation of II&/Ez illustrated
in Fig. 2.

After this work was completed, we learned
the results of a study by Caroli and Maki"
of the microscopic theory of thermomagnetic
effects at fields close to II&2. In the pure lim-

it, the derived transport equations contain
terms associated with the normal current of
the type we observe at all fields. Detailed
analysis of the data between 0.950~2 and II~2
indicate agreement with some aspects of the
theory.

We are indebted to Dr. C. Caroli and Dr.

FIG. 3. II„~ is the deduced normal current contribu-
tion to the entropy transport. The measured flux-flow
voltages V~ have been scaled to give the value?I»(H~2)
atH 2.
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power, e, between the leads and the specimen was
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fields, and the values of II~ and e so determined satis-
fied the Thomson relationv II& =To to better than 10%,
where T is the absolute temperature. Since the values
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