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species. It should be pointed out, however,
that the heat-capacity data were obtained on
a sample which had been first cooled well be-
low the transformation temperature (approxi-
mately 1.3'K), the data being collected as the
temperature was increased. Figure 2 clear-
ly shows that a cubic phase must have been
present during the measurements above and
below the observed X anomaly. It thus appears
that the X anomaly which is associated with
the disordering of the J=1 rotational species
is not a consequence of the lattice transforma-
tion. Yet the lattice transformation on cooling
is probably a consequence of the rotational
order ing.

*This work was supported in part by the U. S. Atomic
Energy Commission, Chemistry Branch, Division of
Research, Washington, D. C.

~R. L. Mills and A. F. Schuch, Phys. Rev. Letters
15, 722 (1965).

R. W. Hill and B. W. A. Ricketson, Phil. Mag. 45,
227 (1954)', G. Ahlers and W. H. Orttung, Phys. Rev.
133, A1642 (1964).

3M. Clouter and H. P. Gush, Phys. Rev. Letters 15,
200 (1965).

K. F. Mucker, S. Talhouk, P. M. Harris, David
White, and R. A. Erickson, Phys. Rev. Letters ~15 586
(1965).

~J. R. Gaines, E. M. deCastro, and David White,
Phys. Rev. Letters 13, 425 (1964).

8G. Grenier and David White, J. Chem. Phys. 40,
3015 (1964).

YWhile there is no clear indication of lines forbidden
by space group Pa3, it is possible a slight deviation
exists corresponding to symmetry P2&3 as has been
found for n-N2 [see T. H. Jordan, H. W. Smith, W. E.
Stribe, and W. N. Lipscomb, J. Chem. Phys. 41, 756
(1964)].

J. C. Raich and H. M. James, Phys. Rev. Letters 16,
173 (1966).

GALVANOMAGNETIC AND RELATED EFFECTS IN TYPE-II SUPERCONDUCTORS*

M. J. Stephen

Physics Department, Yale University, New Haven, Connecticut
(Received 30 March 1966)

Recently, galvanomagnetic and thermomag-
netic effects have been observed in the mixed
state of type-II superconductors. Fiory and
Serin' measured the heat absorbed and emit-
ted at a junction in a superconductor on one
side of which H & H~ y and on the other side H
& H~ y. This is similar to the Peltier effect
in a normal metal. Otter and Solomon' have
observed the analogs of the Ettingshausen and
Nernst-Ettingshausen effects. ' Firstly, they
measured the transverse temperature gradi-
ent produced by a current and, secondly, the
transverse voltage produced by a thermal gra-
dient. In all cases the applied magnetic field
was perpendicular to the voltages, temperature
gradients, etc. The magnitude of these latter
effects is about three orders of magnitude larger
than those found for normal metals, and they
vanished if the current in the specimen did not
exceed the critical value for depinning. Both
groups of authors have interpreted their results
in terms of the entropy carried by moving vor-
tex lines. It is the purpose of this note to ex-
amine these effects somewhat further.

Consider a type-II superconductor in the mixed
state. The applied magnetic field is taken to

dF(T, B)= -SdT+ (1/4m)HdB.

The number of vortex lines per unit area, n,
is related to B by B=nyowhere q, =bc/2e is
the flux quantum. Thus from (1), Hcp, /4n plays
the role of the chemical potential for vortex
lines. The condition of mechanical equilibri-
um of the lines is that the "pressure, " G(T, H), -
be constant where

G(T, H) = F (1/4m)HB. — (2)

be along the ~ direction and all voltages, ther-
mal gradients, etc. , are in the x, y plane. The
effects of pinning of the vortex lines will be
disregarded. To obtain the effective force on
a vortex line in a thermal gradient, consider
the situation where a thermal gradient exists
and at the same time a current is passed through
the superconductor to prevent the vortex lines
from moving. If F =FgH -Fg 0, where FSH
and FS p are the free-energy density of the su-
perconductor in a field H and zero field, re-
spectively, the entropy and field associated
with the vortex lines are determined from
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This leads to

VG= -SVT (1-/4w)BVH=0. (3)

@ps 1
VT+ —(Jxy )=0 (4)

where qp is a vector of magnitude pp along
the z direction. The effective thermal force
on a vortex line is —(y,S/B)V T, and the lines
will tend to move from hotter to colder regions.
The quantity yoS/B is the entropy of unit length
of a vortex line. Close to IIc1 the free ener-
gy is mainly electromagnetic in origin4 and

The current in the superconductor is determined
from curlH = (4w/c) J; and taking H to be in the
z direction, (3) can be written

each vortex line. When the external field is
much larger than IIc1 and a considerable num-
ber of flux lines penetrate the material, this
argument must be modified.

The relation of the current to the voltages
appearing in the mixed state of a type-II su-
perconductor have been investigated experi-
mentally' and theoretically. ' These results,
together with the above results, can be sum-
marized in the following relations:

t1 dT1
1 +Lll& -L21&T d&&l,

J =LE-L Z+L ~1 dTi

B2 BII B &II
c1 c11

8n 4m
' 4m BT

For dirty superconductors we can use the re-
sults of Maki, '

and at low temperatures we only need consid-
er the temperature dependence of &,. Thus

(5)

where

v H
n c2 ST

L = (1++ '~') ', L =&a ~L, L =c

Here E is the average field, tTn is the normal
conductivity, and vc& is the tangent of the Hall
angle in the normal state. The entropy current
JS will correspondingly be of the form

1 dTTJ =L E

q) 2Q~T

B 24&'-S "
0

(6)

9'ps
4

9'p

B 4m'(0) T ~

The penetration depth of the specimen used
by OS is not known accurately, but if we take
X=2xl0 'cm, T=2 6 K~ Tc=6 K~ and t" n

from (6) yoS/B = 10 ' esu. For comparison,
the electromagnetic force on a flux line is Jyo/
c= 2x10 J where in the last result J is ex-
pressed in A/cm2. Thus unit thermal gradi-
ent gives rise to a force equivalent to that pro-
duced by a current of 5 A/cm'. This value for
the thermal force is in close agreement with
that found by OS. The physical origin of this
force is that in the hotter regions there are
more vortex lines, and they repel each other
more strongly due to the larger penetration
depth and thus they will tend to move to regions
of lower temperature. The above argument
assumes that an entropy can be associated with

where b,, is the energy gaP at O'K (260= 3.5kTc).
Close to Tc the main temperature dependence
is in X and using X '(T) =X 2(0)(1—T /T4z ), 4

1 dT
S 3 4Td

In writing down these equations, we have
made use of the Onsager relation so that L,(H)

L,(—H). Th-e average electric field in the
superconductor E = -(1/c)(vL &&B) where vL
is the velocity of the vortex lines. Then the
first term in (9) is TSvL and states that the
entropy flows with the vortex lines. In the
case where the vortex lines are stationary,
from (9) the thermal conductivity is L~/T.
Certain small terms arising from normal fluid
outside the core of the vortex lines have been
omitted from (8) and (9). The entropy produc-
tion is positive provided L, and L, 4 are positive.

Transverse Effects. —In this case the Hall
effect is unimportant and will be neglected,
i.e. , ~c&=0.

(a) Ettingshausen effect: Under conditions
where J~g 0 and JS&——0 a temperature gradi-
ent appears along the y direction, and the Et-
tingshausen coefficient is given by

dT/dy L,T
F. BJ LL +L L
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Alternatively, one can express the result in
the form used by OS:

We will only give the results for the coefficients:
(a) absolute thermoelectric force,

~TZ i
j

L, dT

o Lj +Li, T' (14)

The experimental value found by OS at 2.6'K
is L, = 4&&10" esu. From (6),

ST ego / T

c
(12)

where we have used the values of the parame-
ters quoted above. A typical value of Ls for
a normal metal is 10' esu. The temperature
and field dependence of L, in (12) is not incon-
sistent with the experimental results.

(b) Ettingshausen-Nernst effect: Under con-
ditions where

dT/ding

0, a, transverse field
E& exists. The Ettingshausen-Nernst coeffi-
cient is

E L

EN adT/dx f3TL,.~.T
k6&'(3.5T )'j o Hc n c2

10-~i esu

where we have used o~ = 10' mho/cm and Hc2
= 6000 G. These values should be appropriate
for the specimen used by OS. They do not spe-
cifically give A FN but the part of the transverse
voltage even in the current can be found from
their results and leads to a value of A EN close
to 10 "esu.

Longitudinal Effects. -Owing to the Hall ef-
fect the vortex lines do not move perpendicu-
larly to the current, and this leads to the ap-
pearance of a thermoelectric force, a Thom-
som effect, and a Peltier effect. The usual
relations between these effects' can be obtained
by considering a superconductor in which both
the field and temperature vary along the length.

(b) Thomson coefficient,

(dzg/d T2 (15)

(c) Peltier effect. When unit charge passes
from a region where the field is II, to a region
mhere it is 0„ the heat evolved at the junction
due to the creation or annihilation of vortex
lines is

(16)
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