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HUThe resonance frequency of the conduction electrons
is given approximately by the relation we =y (H+AM;)
and that of the paramagnetic ions w;=y(H+AMg).
Therefore, the frequency shift w, —w; is approximately
equal to AyM ;.
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We reconsider microscopically and thermodynamically the heat current associated
with the motion of vortex lines in a dirty type-II superconductor and show that the heat—

current operator ]oh

employed previously by Caroli and Maki has to be replaced by j [
the presence of a constant magnetic field H: ]h—Joh+H]M

, Where ] may be called

the magnetxzatlon current. We then recalculate the entropy associated with a single
vortex line Sp at all temperatures (and in the high-field region), which vanishes like T

at low temperatures.

The thermomagnetic effects associated with the
motion of vortex lines are of current interest.
Recent experiments in the resistive state of type-
IT superconductors show the existence of thermo-
magnetic effects such as the Peltier,! Ettingshau-
sen,? and Nernst effects.3»*

Employing a phenomenological model Stephen®
considered previously the entropy carried by a
single vortex line with limited success. More
recently Caroli and the present author® formulat-
ed the problem microscopically in terms of the
moving order parameter and arrived at the sur-
prising result that the entropy carried by a indi-
vidual vortex line Sp diverges like 77! at low
temperatures. On the other hand, the thermody-
namical reasoning shows that Sp vanishes at T
=0°K.” The purpose of this note is to clarify the
origin of this difficulty and present a new expres-
sion for the entropy free of the above defects.

In I we used the following expression for the

heat current in the calculation of SD:

=>h 1

o =-z‘;n‘§<vw v'ar)
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=¢’
where §oT(F, t) and ¢o(T, t) are electron field op-
erators.

The above expression has been used in the dis-
cussion of the thermal conductivity in supercon-
ductors.? Equation (1) can be also decomposed as

=

lo =1 —#&1, (2)
where KE is the energy current, 7 is the mass
current, and p is the chemical potential of the
electron.

In the presence of a magnetic field, however,
we have to generalize the heat-current operator
somewhat. This follows from the thermodynami-
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cal relation
0Q=T6S=0E~ 06N +HOSM, (3)

where 6@ is the variation of the heat energy, 6S
is the variation of the entropy, ON is the varia-
tion of the electron number, and 6M is the varia-
tion in the magnetization. Correspondingly the
heat current in this general situation can be writ-
ten as

+h +E + M +h M
J =] —ui+Hj =), +Hj . 4

Here 7™ may be called the magnetization current
and is related to the local magnetization M(¥,t) by

M, 1)+ oM, 1) /0t =0. )

In order to calculate ]h it is necessary to know
oh and JM . Fortunately these quantities have
been obtained in I. First let us consider a dirty
type-II superconductor, where a magnetic field,
H (slightly smaller than H.9), is applied in the
Z direction and an electric field, £, in the x di-
rection. The order parameter A(F,?) then moves
uniformly in the y direction,®

dA(F, 1) /0t =udA(r, t) /oy, u=E/H. (6)

In this situation we have®

o
(.70 )x"O’
G =MEL @) )
0y D"
et N
-4nM(%, t) = IA(' HE Y (3 +p), (8)
and
L =200 ™k +0) /4 (4 +p)) ©)

where ¢ @(z) and y ®(z) are the tri- and the tetra-
gamma functions. p is determined by

~Int =¢(3 +p)-4(3), (10)

where ¢=T/T, and y(z) is the di-gamma function.
From Egs. (6) and (8) we get

Substituting this into Eq. (5) we have

M M .
I, =0, ]y = —uM(¥,1). (12)

Finally, the heat current is given by

h R

i, =0, i, =MEL (1), (13)
where

L& =[1+pp®G+p)/p @G +p)]. (14)

The magnetization M may be rewritten as

(HCZ—B)
{1.16[2k,2(1)] +1}’

—47M = (15)

where B is the induction.
The entropy Sp carried by a single vortex line
is related to jyh by

jyh =-nTS 4, (16)

where n=H/¢, is the number of vortex lines and
@, is m/e. Solving Eq. (16) for Sp, we find the
entropy for a vortex line to be given by

1 (#_,~B)
S (T)= ¢

D" " 2eT [T 162k 2(H)-1]+1} L@, @7

where Lp(f) has been given in Eq. (14). Since
L p(#) vanishes like T? at low temperatures it is
easy to see that Sp tends to zero like T as T van-
ishes.

It is of some interest to note that the function
L p(t) appears also in the expression for the ther-
mal conductivity in a dirty type-II superconduc-
tor,®

1 (Hc2—B)
K™% 2 11 6[21,2(f)-1]+1 PLp®,

(18)

where the subscript n denotes the normal state.

A similar consideration will also apply to the
calculation done in the pure limit.® In fact, in
the pure limit we have the following expression
for the entropy:

sinh[¢(1-2%)7"2]

! (ch—B) (
Sph)= z L ®, (19
OM(F, t)/ot =udM(F, t) /3y. (11) D" " 4eT {1.16[2k,7(t)-1]+1} P
| where Lp(t) is now given by
1 dz L glexp(—p%c%) |-
2 3 b (1 —zz)”zfo a sinh[¢(1-2%) V2] (20)

o 3(1-p?2%) exp(—p*8?)
L,(t)= gzj(1 o
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It is easy to show that Sp(t) for a pure superconductor also vanishes like TInT as T tends to zero.
However, it turns out that in the pure limit there is another contribution to the heat current which is
not considered in I and a more elaborate discussion is necessary.!?

Finally, we mention that the extension of the present consideration to the high-field type-II super-
conductor!! is almost evident. In this case the corrected entropy for a vortex line, can be expressed
by

1. (HCZ—B)
Sp¥ =0T Tl @-11+17 - V4®; @)
where
{ 1 +b/W -] @G +p ) +3[1-b/®%~1)"?]0 4 @5 +p)) }
N R e e o i e P e o Ha T E e
M, 1
Al [e,+b = (B2-12)12], (22)

)=, p, =5
(Md+Mp) = 21T

€9=2DeH 9(t), b=(3Tg,)"", and I= uH. Here u is the Bohr magneton and Ty, is the spin-orbit life-
time. Sp(f) given in Eq. (21) also vanishes like T as T tends to zero.

In conclusion I would like to thank C. Caroli for calling my attention to the difficulty associated with
Sp and useful correspondences.
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EVIDENCE OF BAND CONDUCTION AND CRITICAL SCATTERING IN DILUTE
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Resistivity and Hall-effect measurements in Eug ¢Gdy,05S give evidence for the onset
of a well defined conduction band with critical scattering coexisting with magnetic im-
purity states.

The anomalous properties of Eu-chalcogenide temperature and field dependence of the resisti-
alloys, Euy —xRyxX (where R is a trivalent rare vity.® In particular, an explanation of the data
earth and X is one of the following: O, S, Se, Te) on single-crystal samples with x <0.01 has been
have been the subject of considerable experimen- given based on a magnetic impurity state (MIS)
tal and theoretical investigation.!»2 Among these, and conduction by means of hopping. The activa-
perhaps the most striking are the anomalous tion energy for this process is determined by
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