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Restricting ourselves to high-field region, we calculate the longitudinal electrical current and the transverse
heat current in the resistive states of the high-field type-II superconductors (i.e., type-II superconductors
with a large Pauli paramagnetism). It is suggested that the measurements of the longitudinal resistivity
together with magnetization data allows one to decompose the magnetization into components due to dia-

magnetic and paramagnetic currents.

I. INTRODUCTION

NUMBER of theoretical and experimental works
have been published recently on the resistive
states of type-II superconductors.! In a previous
paper,? referred to hereafter as CM, Caroli and Maki
discussed the longitudinal resistivity and transverse
heat transport in type-II superconductors for the high
magnetic field region in the presence of an electric field.
This was done within the framework of the current
microscopic theory without referring to any phenom-
enological concepts such as the two-fluids model. In
particular we established that the order parameter
A(r, t) moves, when it is small, [i.e., | A(r, ) | K7 T,
where T is the transition temperature in the absence
of the magnetic field] with a uniform velocity —u=
—E/H in the direction perpendicular to both the
external electric field E and the magnetic field H.
In contrast to the ordinary type-II superconductors
exhibiting only negligible Pauli paramagnetism, there
exists a large number of superconductors with a strong
Pauli paramagnetism,? and consequently it is of great
interest to examine the resistive states of these so-
called “high-field superconductors.” The purpose of the
present paper is to extend the previous theory of the
resistive states of the type-II superconductors to those
with a large Pauli paramagnetic effect.
From recent theoretical work*® we know that in
the absence of electric field, for superconductors with a
large Pauli paramagnetism, the order parameter in the
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mixed state in the high-field region is still given in
terms of the Abrikosov solution;

i cnetFnY exp[—eH (x— k_n)z] (1)
=" 2eH/ |

where & and the ¢,’s are constant and #» is an integer.
Here we choose the static magnetic field H applied
along the z axis. In Sec. II, we shall see that in the
presence of an electric field E applied in the « direction
the appropriate solution is

A(r, ) =

"

Alr, 1) = i cn explikn (y+ut) ]

kn i \?
Xex"[ eH(x 2eH 4eHD> ] 2)
where #=E/H and D=4%lv, ] is the electronic mean
free path, and » is the Fermi velocity. The order
parameter moves, as in the ordinary type-II super-
conductors, in the directions of the y axis with a con-
stant velocity —u=—FE/H.

In Sec. III, following the prescription given in CM,
we calculate the transport currents (i.e., electric and
thermal currents) in the presence of the moving order
parameter. It is worthwhile pointing out that the
longitudinal resistivity as well as the transverse heat
current have the contributions from the diamagnetic
current terms only, since the paramagnetic current is
always divergence-free. This effect results in sig-
nificantly different expressions for the resistivity and
the Ettingshausen coefficient in high-field type-II
superconductors from those in the usual type-II
superconductors. Therefore, making use of the re-
sistive data in the mixed state, we can decompose the
magnetization of the mixed state into two components:
one due to the diamagnetic and one to the paramagnetic
current, respectively.

II. TIME-DEPENDENT ORDER PARAMETER

We shall consider the following geometrical situation:
A magnetic field H slightly smaller than H. is applied
along the z axis, and an electric field E in the « direction.
In order to describe the time-dependent order param-
eter we start with the following self-consistent equa-
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tion?:

At(r, ) =— | g| explii/:wi}(lz(i’)dt’}lf"(r, {)

Xexp[—i/:mtf(iz(t”)dt”]>, 3)

where ( ) means the average taken over the Gibbs
ensemble of the normal state. The interaction Hamil-
tonian 3Cr(¢) is given by

561 (1) =e / n(r, Do(r, 1) d'r

+ [ {AG ), 0 +41(5, 02 (5, D), (4)
where

n(r’ t) = Z ‘p"f(rY t)¢’<r7 t)’
\I’(l', t) =‘l’1 (I', i)\//;(l', t):

and

‘I,T(r: t) =¢‘1’(r’ l)\btf(r) t)' (5)

The first term in Eq. (4) describes the perturbation due
to a finite electric field, and ¢(r) = —Ex is the scalar
potential. The second term is simply the pairing inter-
action term in the generalized Hartree-Fock approxi-
mation, which is sufficient for the present purpose.
Because we are now interested in the behavior of the
order parameter in the high-field region, where ¢(r, )
is small [i.e., | A(r, 1) | K77 ], we can reduce Eq. (3)
to

aite, o =—ilgl [ av [ owwis,n, w0

XA, ). (6)

Here the retarded product «([¥(x, 7), ¥(r/, ¥)])X
6(¢—1') has to be evaluated in the presence of both the
magnetic field H and the electric field E. In the follow-
ing we restrict ourselves to the dirty limit (i.e., I<&,
where / is the electronic mean free path and & is the
BCS coherence distance), since in the usual high-field
superconductors this condition is amply satisfied. In
this limit the effects of the magnetic and electric fields
are taken into account by a simple transformation of
differential operators [i.e.,

9/0t—9/d12iep (1), V—oVF2ieA(r),

where A and ¢ are the vector and scalar potentials,
respectively. Two signs refer to the operation on
A(r, §) and Af(r, £), respectively]. In the absence of
H and E, the integral equation is converted into a dif-
ferential equation as in CM, and we find

(1— g | ¥, ¥])ua) A(g, @) =0. (7
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Here ((¥', ¥]),,q is the Fourier transform of the
retarded product and is given by

(¥, ¥])aa=N (0) {m % + % [(1+ U,pr)l,-z)

xut+o)+ (1= G e -2 | ®

¥(2) is the digamma function and
pe=(1/20T) [} (i—w)+ (a== (B*—11)12)],
a=(1/3rs) +3D¢%, b=(1/3r%), I=pH (9)

and
D=1(l).

Here N(0) is the density of states of electrons and 74
the spin-flip lifetime due to the spin-orbit scattering of
impurities. In the derivation of the above equation we
have made use of the renormalization procedure ap-
propriate to the present situation as developed by
Werthamer, Helfand, and Hohenberg® and by the
present author.

In the presence of H and E we understand « and q
in Eq. (8) to be

w=10/9t—2e¢ (1)
and
q=(1/i)V—2¢A(r). (10)

It is then not difficult to show that A(r, £) given in (2)
satisfies Eq. (7) [or Eq. (6)]. This follows because
A(r, t) given by (2) is the solution of the differential
equation

(—W+Dq2) A(l’, t) =€0A(r) t) )
co=2DeH.z. (11)

Here we neglect a small shift of H., due to the electric
field E.

Therefore, we conclude that the order parameter
moves with a constant velocity—#=—E/H in the y
direction as is the case in the ordinary type-II super-
conductors. Furthermore, the (imaginary) polarization
in the direction of the electric field is controlled by
D=1(lv) (the diffusion constant) which is independent
of the Pauli term.

III. TRANSPORT PROPERTIES

The transport currents in the resistive states of the
mixed state are obtained following the procedure
described in CM. A physical observable Q(r, ¢) in the
resistive state is calculated by

Q(rd) =<exp[i/t 3¢ (¢) dt']Q(r, )]
XeXP[-i f t ch(w)dl"]>. (12)
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In the high-field region where the order parameter
A(r, 1) is small, we can simplify Eq. (12) as

Q(l', t) =Q1(l’, t)+Q2(r: t), (13)
0i(x, 1) = —ie f Ca / &
X{Q(r, ), n(r, ) Do(r', 1), (14)

and
e )==3 [ an [ an [ [omi o0,

X (L) ]t (myty ])+([[Q(x, 1), ¥T (myty) JT¥(Litr) )}
XAT(lltl)A(mﬂz) . (15)

The first term in Eq. (13) is the expectation value of
Q(r, 7) in the normal state, while the second term is the
lowest-order correction to Q(r, #) in A(r, 7) for the
mixed state. In the following we shall calculate the
electric and heat currents in the presence of a finite
electric field E, [i.e.,, we put ¢(r)=—E-r=—Ex].

A. Electric Current

The current operator is given by

(5,0 == 2= X (V=V'=2icA(x, )

X (1, Oo(1, 1) frmrr.  (16)
Substituting this in Eq. (14) we have
J1a(X, ) = Ea/(1+77),
Ju(x, 1) =—Eon/(14+2?), (17)

where ¢ =¢e*N/m, the conductivity of the metal in the
normal state, n=7w, and w,=eH/2m. From Eq. (15)
jo(xr, 8) is evaluated (see Appendix) and we have

N 1 b
jo(r, 1) = Z%]_‘ (q1—9q2) {5 [1+ m]‘ﬁ“’ (3+p)

[

3| 1= G PO o) JADA @) o

(18)
where p,. is now given by
pr=(1/22T) [es+ b (B2 —12) V2], (19)

Here in the derivation of Eq. (18) we have made use of

(1 —H/Hc2)
[22*(4) =114

(Joey=—D"1
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the relation
(—tw+Dg?) A(1) =eA(1),
(—twetDg?) AT(2) =A1(2). (20)

Substituting the explicit form of A(r, ¢) given in
Eq. (2), it is easy to see that the current has an oscillat-
ing part with harmonics of a basic frequency wo=% | % |,
where w=—E/H and k is of the order &(T)—1=
(2eH2(2) )2, This type of ac current is associated with
the local variation of A(r, £) due to the motion of the
order parameter and has been previously pointed out by
Kulik.” Making the space average of Eq. (18) we obtain

. N ou (1 b
(oz) = 481::nT % { 3 I:H— m]'//“) (3+p-)
1 b o~ )
+5]1- o Gte) ({1 A1)
=—Mau/D, (21)
(s} =0, (22)
where we have defined M, as
V(1 b
Mo=— HH m]wn(%ﬂ_)
1 b
3|1 gmmmpe e an. @

M ; is physically the diamagnetic contribution to the
magnetization in the mixed state, which in the high-
field superconductors is written as

M=(M;"‘Mn) =Md+M11’ (24>

where M, is the contribution due to the reduction of the
Pauli paramagnetism in the mixed state and given® by

usN I 1 b
M, =— 1+ —
P demeT (BR—I2)2 {2 [ (B2—12) m]

xpoto)— i1 ot hoa e
27 Th
+ 3F—1) W&+ —¢(%+p+)]}( la?). (25)

Here p is the Bohr magneton and v the Fermi velocity.

Making use of the relation®
drM=— (Ho—H) /[2¢2(1) =118,  Ba=1.16, (26)

where xp(f) is the second Ginzburg-Landau parameter,
Eq. (21) can be rewritten as

A()E, 27)

71. O. Kulik, Zh. Eksperim. i Teor. Fiz. 50, 1617 (1966) [English transl.: Soviet Phys.—JETP 23, 1077 (1966)].
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where
A —_ MM, = 1 b 1y (1 1 b (1

() =Ma/ (Ms+M,) = 3 1+ G 4 (§+P—)+§ 1— o WO (3+p4)

1 b 1 b
S H = R =
1

2

We also note here that Eq. (22) implies that, in the
present approximation, there is no correction to the
Hall current to the second order (| A |?). Since the
Hall current is smaller than the longitudinal current by
a factor at most 77, and as our approximation con-
sistently neglects terms of this order, a more delicate
treatment of both the electric and magnetic fields in
Eq. (7) is necessary for a calculation of the Hall
current.

From Egs. (17) and (21), we obtain the bulk re-
sistivity in the mixed state;

R, 4.95¢2
R, {1 [2x22(t>~1]( 73 >A”) } (29)
or
H oR, 4,95¢%
R, oH | ~ [262()—1] A (30)

Here k=x(1).
The above result is a generalization of the one due
to Schmid® and CM.

In high-field type-II superconductors the temperature
dependence of the resistivity in the mixed state is de-
termined by two factors: the temperature dependence
of k(f) and A(1). Therefore measurement of the re-

A () =1—ap{[28¢ (3) /n*]—p[ 27— (784/7*)§*(3) (1—a?) 1},
=[1/(1+a?) J{1+3[e?/ (140)*](4rT/e)?},

oo+

2P b ,
Z“_”“o< (3|1 G oG

b ) -
—‘[1 -(_1,——[2)172]"0 (2+p+)+2(b2 I2) [Y(G+o-) ¢(§+P+)])} - (28)

sistivity together with that of the magnetization M
allow one to deduce 4 (¢) (i.e., the ratio of the diamag-
netic contribution to M in high-field type-II super-
conductors). As we shall see, the temperature depend-
ence of A (¢) is milder than that of x3(¢), and we expect
that the slope given in Eq. (30) increases by a factor
~10 at low temperatures, compared with the one
close to T'=T4. In fact, this kind of behavior has
already been observed in the experiment by Kim et al.,°
although they did not study the temperature variation
of the slope in detail.

It may be of some interest to study the temperature
dependence of A4(#). Since the general expressions are
extremely complicated, we shall consider here only two
limiting cases.

1. Absence of Spin-Orbit Scaltering

Substituting 8= (37s%)*=0 in Eq. (28) we have

Rey® (4+p(1-+ia) )

2. Strong Spin-Orbit Scaltering Limit (b>>1)

In this limit Eq. (28) reduces to

{2 o 20

A(l) = - - s 31
O = R+ Qo) OV
where
p=e/dnT=7v2¢H (1) /67T, a=u/eD.
The following asymptotics may be useful:
for T~Ty (32)
for TKT . (33)
: (34)
erv

We can see from these calculations that in either limit the temperature dependence of «,(Z) is much stronger® than
that of 4(£), and generally gives rise to a steep slope of resistivity at low temperatures in fields close to He(Z).

B. Heat Current

We shall be concerned here only with the additional heat current in the mixed state. The heat current is obtained
by substituting Q(r, #) in Eq. (15) by the heat-current operator

x, 0 == (2m)= 22 {(V—ieA) ((9/01) —ied)+ (V'ieA) ((8/01) +iep) 1" (¢, )¢ (1, 1) lrrmr v (35)

8 A. Schmid, Physik Kondensierten Materie 5, 302 (1966) .

°Y. B. Klm, C. F. Hempstead, and A. R. Strnad Phys. Rev. 139, A1163 (1965).
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From the evaluation of a triangular diagram, the following expression of j* emerges (see Appendix A):

(1, ) = (Q1—02) (we—w1) (rN/8xmT) {314 b/ (6*— 1)) JG® (3+p-) +304 (3+p-))

+3[1— @/ (@P—1)") ]GO G+os) +3o® (3100 A AT(2) 1t=gr.0-

The space average of Eq. (36) results in
<] 21h) =0,

(36)

(joy*)y=— (+N/2xmT) {3[1+ o/ (=) *) J¢® (3+p-) +20 4 (3+0-))
+3[1— @/ =1 ]G G+p4) +3o0@ (5+01) )} (| A [P)eE

=MyuL(i)E,

and

318/ (= 1) o 4 () +301=8/ (=) W] ® (3+p.)

(37)

L(1) ={2+

The above expression is a simple generalization of
the one obtained by CM. It is interesting to note that
both the electric and the heat currents have simple
expressions in terms of My (rather than M, the total
magnetization). This can be understood physically
from the fact that the paramagnetic contribution to the
current induced by the motion of the order parameter
gives rise to rotational currents only, and neither
contributes to the average electrical nor to the heat
current.

It might be useful to extract from Eq. (37) the en-
tropy carried by each flux (S5);

1 (Hc2—H )
T 4T [2x2(t) —1]Ba
We conclude this section with a brief examination of
the temperature dependence of L(?).

N L(H)A(). (39)

1. No Spin-Orbit Scattering (b=0)
In this case L(¢) in Eq. (38) reduces to
Re[p(14ia)y® G+po(1+ia)) ]
Rey® G+p(1+ia)) ’

784¢2(3
~) @5_3). p+[21r2(1—a2)+ __i(_)]pz,
T T

L(2) ={2+ (40)

for T~T, (41)

(42)

11302 (4xT
=1+

2
- ———), for T<KTe.
6 (1+e2) \ &

2. Strong Spin-Orbit Scattering Limit (b>1)

L) = (2+[ey@ G+ ) AP G+p-) 1}, (43)
where
p-=2(20T) H{Eeot57e0 (Hea () )}
Asymptotic behaviors are
L(t) =2—[28¢(3) /n*Jp—, for T~T, (44)
=14+1(p_)72 for T<T,o. (45)

SCTH0/ =) PO Gt o) T3 =0/ B=T) RO (54p,)

}. (38)

IV. CONCLUDING REMARKS

Extending the previous treatment by Caroli and
Maki to the high-field type-II superconductors, we
obtain the expressions of the electric and thermal
currents in the resistive state for the high-field region
(H~Hz). If Mg, the diamagnetic part of the total
magnetization M, is substituted in place of M, we obtain
an almost equivalent expression for the resistivity in
the mixed state so that for normal type-II super-
conductors without any paramagnetic effect. The
steep slope of the resistivity at H~H,, at low temper-
atures in the high-field type-II superconductors results
from «y(#) being significantly smaller at low temper-
atures than k. Therefore we can explain qualitatively
in terms of the present theory, the experimental result
of Kim ei al.,* although more detailed analysis is needed
to draw a definite conclusion.
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APPENDIX A: CALCULATION OF ELECTRIC AND
HEAT CURRENTS

Since, in the dirty limit, the effect of both the electric
and the magnetic fields is introduced into the theory by
the transformation

w—w=2iep(7), 9—qF2ieA, (A1)

depending on whether » and q act on A or A*, it is
sufficient to evaluate j(q, w) and j® (¢, w) in the ab-
sence of field. We then make use of the transformation
and let q and » tend to zero to get the averaged current.

Following exactly the same procedure as used in CM
we first calculate the relevant thermal products, then
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the retarded “product_is obtained by an analytic con- figurations;

tinuation thereof. _ - -
The electric current j, is given from (15) by =2nt+0rT,  o=2mrl,  w=2nxT,

where » is any integer and #; and ; are positive integers.

Ja(x, wrtas) = — (1/2m) [ie(V'—V) —2¢*A(r) ] The above integral can be represented with a triangular
diagram.

XT Y Z / Bldm As usual, the effect of impurity scattering is taken

PR — into account by means of the following renormalization:

1. In each Green’s function w has to be replaced by
o —a o AR
X (G’ (1, 1) G (1, 1) Gp? (m, 1) ); d=wn,=w(14+1/2r |w | ), where 7 is the total collision
Avor (D Ayt (M) e  (A2) lifetime of the electron. . B
X (1) A’ (10) | (42) 2. Each vertex corresponding to A.(q, ©) or A f(q,
{ ); stands for the average over random impurity con- ) introduces a factor

5:I:.I.(q.; Q) =77:I:-Q»9Af(q; Q) 3
(0 =3 no1potil ) (0 —30F il +a+b)

= f -0
Peae s i w(e=0)>0 »3)
=1, if w(w—Q)<0,
where
I=uH, a=(3150) 5 (r74r) v, b=(37s)"L (A4)

Furthermore, a renormalization factor has to be multiplied on the vertex associated to the current operators. How-
ever, in the present calculation this modification gives rise to no effect on the final result and we shall neglect this.
After these preliminaries it is easy to evaluate (A2) and we obtain

j2(q, witws) = (erN/4mT) (q1—qs) § (wi+we+ Dgs*— Dgi?)

%[1+ F_—”ITW]G( +pot “’2“"’1) w( % +ot 4’%))
+3]1- (—b:bﬁ,—z](w( Forct )y bt ))
2 [H' —I 1/2]< (% )

— (e1twyt Dgi— Dga?) *

1 2wetwy
-y (5 +p—+ T ))

1 b 1 Wa 1 2(02"]"601
-+ 5[1— ——(bz__p)m]('// (5 +por+ H‘>_¢ (5 +prt T ))

prex=(1/27T) {3 Dg1 2+ bF (b2 —12) 12},
Here q=q,+qo. In the limit w;+wy&nTe. (AS5) reduces to

TN 1 b 1 1+ 2) .
ja(q, wl—i—wg)gﬁ-ﬁ (i—q2) l E[H' m]( O G4 )+ ——— (@ —— @ (G+p ))

* %[1“ W}—Ktﬁ (o) + 2 yo g +p+)>

}, (AS)

and

I2)12 A(qy, 1) AT(go, wa), (A6)

where
p+=1/2xT{at (B®—I*)1?} and a=b+1e.
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Here we have made use of the relations
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(w1+Dq12)A(1) =€0A(1) )

(wz-l" .Dq22) At (2) = G()AT (2) .

(A7)

Calculation of the heat current can be carried out in a parallel fashion. Starting from

(h)(rlw1+w2)_(2m)_1[ v+ — V]TZ Z /d3ld3m

o m=—0

x (Gﬁ’l—“h'n‘7 (r) l) G“’n_a (m) l) G—W2—wnq (m7 r,) )Aﬂwl ( l) A—WAWT (m) ’

we arrive at

4 1
3™ (q, wrtw) = @T (01—qy) { 5[1

el

2w;1+wy 1 b
~#(G et H)H[“m

wg—Dq12
witw—D(g?—q:%)

1
[+

1 b 2w1+w2 1 w
+ 2 [1— m](lﬁ( +port- ) - (5 +oit Zﬁ))

wet D912
witwy+D ((]12

1 b
+ 5[1_- (B2—12)102

In the limit w;4w;—0, the above expression reduces to

N
3O (q ertor) = o (6= ) (=)
1 b
X {E[H- W] WO G+e-) +304® (5+0-))

+1[1— b

2 (82—1?) 1/2] WD (G+p4) +3009® (G+04) )}

XA(q, w) AT(qy, wz). (A10)

As can be seen from the above expressions, the relevant
currents can always be expressed as a sum of two terms,
each having an equivalent expression to one in the type-
II superconductor without the Pauli term, except
that now p=e/4xT is replaced by p,. and a weighting
factor 3[143/(82—12)12] [or 3[1—0/(8*—1I?)'2]] is
applied.

APPENDIX B: THERMAL CONDUCTIVITY IN
HIGH-FIELD SUPERCONDUCTORS

The method used in the calculation of the electronic
contribution to the thermal conductivity in the or-

r=r, 1=t (A8)

Kﬂ;mﬁ%w@ﬂmmwﬁ
el ot S (e )

1 b 1 2w2—l-w1 1
—¢?) { 2 [1+ (b2—12)1/2]<’/' (5 to-t )_"’ (5 et

]@<MﬁMﬂgqyw+ﬁ»

}. (A9)

dinary type-II superconductor can be easily extended
to the one in the high-field type-II superconductors.
We shall not go into details here, since it is a trivial
repetition of the calculation done by Caroli and Cyrot.1
The final expression can be written as

.~ 5 L G

1
X (0P (3+p-) +o4® (3+p-) )+§[1 - ((,T_bp)_T/z]

X (o2 (5t-pi) e (b-pa) )}, (B1)

which can be compared with

K 3 AP

= 2.0(2) (1 (1 B2
K, 2(xT)? {® (3+p) +oy G+e} (B2)
in the type-II superconductors without Pauli paramag-

netism.

1 C. Caroli and M. Cyrot, Physik Kondensierten Materie 4,
285 (1965).



