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A complete set of charge-conserving, gauge-invariant, time-dependent Ginzburg-Landau equa-
tions is derived for a gapless, dirty, type-II superconductor using the method of Gor’kov and Eliash-
berg. Pair breaking by magnetic impurities and by a static magnetic field is permitted in any ratio,
in contrast to the equations of Hu and Thompson, where the magnetic impurities dominate. Our ex-
tension of the range of validity requires a sizable increase in complexity. The space and time deriva-
tives of the order parameter and the dynamic electromagnetic fields must be included to one higher
order than in previous work. The equations are solved for a plane geometry in perpendicular mag-
netic field to first order in a parallel time-independent electric field, including all screening or back-
flow effects. The nonlinear terms due to normal-state Joule heating found by Larkin and Ovchinni-
kov are also obtained, and a precise connection is made between the vertex functions appearing in
our equations and the electron distribution function appearing in the Boltzmann equation in the nor-

mal state.

I. INTRODUCTION

The first time-dependent Ginzburg-Landau (TDGL)
equations were derived by Schmid' for the case of weak
pair breaking. This seminal work had two significant
shortcomings: (1) as later emphasized by Gor’kov and
Eliashberg,” TDGL equations require slow variations in
space and time and can only be valid in the gapless re-
gime, which is vanishingly small for weak pair breaking,
and (2) space and time derivatives were not carried out to
high enough order to include the anomalous terms. The
first anomalous contribution to the conductivity was
discovered by Maki® and shown by Thompson* to be of
the same order of magnitude as the regular terms derived
by Schmid. The anomalous terms are caused by the slow
decay of phase coherence of time-reversed electronic tra-
jectories, which also contribute importantly to electron lo-
calization in the normal state.’

Schmid’s work was generalized to arbitrary pair break-
ing by a static magnetic field by Caroli and Maki.® Al-
though the first shortcoming of Schmid’s work was re-
moved near the upper critical magnetic field, the second
remained. The anomalous terms were still not included.
Furthermore, as shown by Takayama and Ebisawa,” a
new error was introduced because they were not careful
about the correct ordering of the gauge-invariant space
and time derivatives. The derivatives do not commute be-
cause of the space-time dependence of the electromagnetic
potentials.

The first completely correct set of TDGL equations
was obtained by Gor’kov and Eliashberg? in the limit of
strong pair breaking due to magnetic impurities. This
treatment was extended by Eliashberg?® to the case of weak
pair breaking by magnetic impurities and by Hu and
Thompson® to arbitrary pair breaking by magnetic impur-
ities. The situation is relatively simple for these cases
where the pair breaking is dominated by magnetic impuri-
ties. The anomalous terms are not important, and the
space and time derivatives are only needed in the lowest
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order where the question of their relative ordering does
not arise.

Later Gor’kov and Eliashberg!® included the pair-
breaking effect of a static magnetic field within the struc-
ture of their TDGL. However, they also did not carry out
the calculation to high enough order to include the
anomalous terms necessary to calculate correctly flux-
flow conductivity. The necessary calculation is carried
out in the present work. The complete TDGL equations
we obtain are presented in Sec. II.

As an example of an application of our equations we
solve in Sec. III for the complete structure, including all
screening or backflow effects, for a plane superconductor
in a strong perpendicular magnetic field and a weak paral-
lel electric field. Some results for these screening effects
were given earlier by Thompson and Hu for two-
dimensional features!! and some of the three-dimensional
features'? for the simpler case of strong pair breaking by
magnetic impurities, although not all of the three-
dimensional features were written explicitly even for this
case.

Finally, we consider nonlinear features of our equations
in Sec. IV. As has been emphasized by Larkin and
Ovchinnikov,'? the main effect near the upper critical
field is normal-state Joule heating because of the extreme-
ly long time for the energy absorbed from the electric
field to escape from the electrons at low temperatures.

II. TDGL EQUATIONS

Our purpose is to present TDGL equations of sufficient
accuracy to calculate the rate of change with respect to
the magnetic field B of the conductivity of a supercon-
ductor from its normal-state value o near the upper criti-
cal field H,,. The lowest-order TDGL equations include
contributions to the current j up to order | A|2A, where
A is the order parameter and A is the electromagnetic
vector potential. An implicit contribution to the change
in the conductivity is induced by the change in A caused
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by the presence of an electric field E. However, a change
in the conductivity of order |A |? could also result from
an explicit term in the current of order | A |’E, where A
contributes to E through its time derivative dA /dt. It
happens that the explicit contributions are negligible com-
pared with the implicit ones when pair breaking is dom-
inated by magnetic impurities, so the extra terms were not
needed in Refs. 2, 8, and 9. However, when the pair
breaking is dominated by the magnetic field both contri-
butions are important. To develop a consistent set of
equations which will satisfy charge conservation
V:j+0p/dt =0, where p is the charge density, we must
also calculate the other TDGL equations for the order pa-
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rameter, the charge density, and the vertex functions
along with the current to one higher dynamic order.

Our derivation uses exactly the methods explained by
Gor’kov and Eliashberg.>®!° Employing standard tech-
niques of quantum-field theory, particular attention is
paid to certain vertex functions, called T'; and I',, which
are anomalously large, being inversely proportlonal to the
diffusion propagator. These vertices arise from diagrams
in which an electronic energy changes from one side of
the Fermi level to the other because of the addition of the
frequency of the external perturbation causing the system
to leave equilibrium. We omit the details of the deriva-
tion and directly present our results:
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i it scattering, and q is a gauge-invariant derivative defined
e 4 fde( ! 2 by qA=(—iV—2eA)A and qA*=(iV—2eA)A*. qa is
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In these equations T is temperature, T,q the critical tem-
perature in the absence of pair-breaking effects, ¢ the di-
gamma function, ¥’ and ¢ its first and second deriva-
tives, e the electronic charge, ® the electromagnetic scalar
potential, 7 the normal-state single-electron lifetime, and
D the normal-state diffusion constant. (fi=c —-kB—l)
The dirty-limit condition 27T, o1 <<I is reqmred & is an
operator acting on A or A*, =7, '+ +Dg?, where 7, is

the normal-state single-electron hfetlme for spin-flip

terms because the dynamic corrections to A may have dif-
ferent eigenvalues than ap. Some other terms already
have enough explicit time derivatives so that these correc-
tions are not important to the order we are working. The
operator U becomes a number U when & is replaced by
ap. U is defined as in Ref. 8 so that both U, and U, are
real, in distinction from Ref. 10 where U, is imaginary.

The terms linear in A in Eq. (1) resemble the expansion
of the operator

{(In(T /T,0) +¥[+ +

proposed in Ref. 6, except for the ordering of the opera-
tors and the appearance of more complicated functions re-
placing ®. Equation (2) for the current is again compli-
cated by the appearance of some new functions replacing

—(3/3t +ie®) /4nT]—(5)} A
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the scalar potential in the first set of large square brack-
ets, which is the normal-state conductivity, and in the
second set of large square brackets, which is the
anomalous term of Ref. 4. The last sum of terms in Eq.
(2) reduces to the usual supercurrent in the static case.

|
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The explicit time derivative of the supercurrent does not
contribute to the average conductivity but does affect the
local current distribution. I'; and T, are the vertex func-
tions defined by Gor’kov and Eliashberg. They obey the
following equations:

:#ﬁgfﬂ%(pv-Amnw 2’7(6)% 7(T=Ty) |A 62f&\2 At
_{fb—(ﬂga;—{-}l‘(rl——rz) A* eraz A
+D<ez_f;§>7 812 |- @28 Ly, -1y I
“12)((:2+a2)z’A'2V ﬂfo ——+v ~-I,) |, (6)
[%__sz (T4 Ty)=— 2 ezj—a(z) 6(5)9{,%‘3— l4e2DfO,, [aa?]
——e[%(DV-A-HDH—ZD aa—‘:‘]v ELI{_EL) )

Here f,(€) is the normal-state electronic distribution function, and f; and f are its first and second derivatives with

respect to €,

1
fole)= 5. 1—tanh 2T
Cey— L _€_
fole)= 4Tcosh o7 |
" € | €
fo(€)=-—— tanh 5T cosh 3T

We obtain differential equations for ¥ and U, by multiplying Eq. (6) by —(i7/2) f de and Eq. (7) by

(ir/4) [ ede/(e+ad)

and then integrating
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With these equations we can now consider charge conservation. Using Eqgs. (1)—

(3), (9), and (10), we obtain directly

. i) e 9
V-j+dp/dt=— |—— ||A|?| |=——=DV? ' ggs 2 .
j+9dp/ e [A] Y DV* U, + 4172T2¢ (5 +po) 3 (DV A+<I>)] . (11)
[
Because of the explicit appearance of | A | ?in Eq. (11), we (’jz __e¥Y 1 +5),
only need a differential equation for U} to zeroth order in 27T (14)
A, i.e., in the normal state. Setting A=0 in Eq. (6) and , e o
then multiplying by U=~ 4272 PY'(5+po) -
(it/4) f apde/(€+a}) Finally, we want to remark that our equations are
gauge invariant. The basic transformations are

and integrating,

i—DVZ)UF—

—a—(DV-A+<I>).
at

Y'(5 +po) 3 (12)

€
2T

Differentiating Eq. (12) with respect to o, gives

e
47T

d 2
—DV
at

Uy = — ¢"(%+po)§t—(DV~A+<I>) .

13)

This result shows that the right-hand side of Eq. (11) is
zero to the order we are working, | A |2

In general, we would need a more accurate equation
than (11) to determine U, in the superconducting state.
However, applying the above integral to the terms of or-
der | A|?%in Eq. (6) would generate some functions which
we have not yet defined. To avoid an endless set of cou-
pled equations one really would need to solve Eq. (6) for
I'y—T, first and then integrate to get U,. In the special
case we consider in the next section, where the screening
of the electric field is very weak, we need only the
normal-state value of U,. Comparing Eqgs. (12) and (13)
with Eq. (9) with A=0 we find, in the normal state,

A—->A-VX, ®>PDP+3X/3t, and A—Aexp(—i2eX).
Since U,, U,, and U, are always multiplied by A, we
only need their transformations in the normal state. Us-

ing Egs. (10), (12), and (13),
R %‘t— P(E+p),
Us— U — 55" (G po) O (15)
U,—U,—eU, %—)f +8;2T2 ¥ (% +po) %—)f

Finally, we need ¥ not only in the normal state but to or-
der | A |2 for j and p to be accurate to order | A |2 Using
Eq. (9), ,
) [ X

L ia Yt at

| JENG\ 2T2

(16)

Although V¥ has the same gauge transformation as ¢ in
the normal state, the transformations of ¥ and ® are dif-
ferent to order | A |2 For further calculations it is more
convenient to replace ¥ in Eqgs. (2) and (3) by a potential
Y, which has simpler gauge properties,

Y=W+|A|2US /2e . (17



Then Y has the same gauge transformation as @, and eY
may be identified as the change in the electrochemical po-
tential from the equilibrium Fermi energy.

With the above transformation relations, Egs. (1)—(3)
are verified to be invariant. Each of the terms in large
square brackets in Eqgs. (2) and (3) is separately gauge in-

1 d
—[1 L INA— — | L4
[yn(T/?co)—H,b( > +p)—¥(3)]A 2T | 3 +i2eY
1 d 2
g b 9 . .
BT S¥"'(5+po) 3t +i2eY | +i2e

The contents of the first three sets of square brackets are
easily seen to be invariant, whereas the invariance of the
term in the last set of square brackets, which involves U,
is now easy to verify using Eq. (15). Since U, is of second
order in the potentials, it is important for nonlinear ef-
fects, which are discussed in Sec. IV. The terms of order
| A|? appearing on the right-hand sides of Egs. (6), (7),
(9), and (10) are all grouped into gauge-invariant combina-
tions.

III. DYNAMIC RESPONSE, LINEAR
IN ELECTRIC FIELD

To apply the TDGL equations derived in Sec. II to a
specific example, we consider a plane type-II supercon-
ductor of thickness 2d located in the region —d <z <d.
A uniform magnetic field By is applied perpendicular to
the film in the €, direction. The magnetic field is close to
the upper critical field H,, determined by

In( T/T,0)+ (5 +po)—¥(+)=0. (19)

A lattice of current vortices is formed in the film. An
electric field with average value Ej is applied in the plane
of the film and causes the vortices to move in a direction
perpendicular to both E;, and By. The solution to the
dynamic equations to first order in E is obtained follow-
ing the procedure of Thompson and Hu.!b12

First we solve for the order parameter A. For type-II
superconductors the electric and magnetic fields are weak-
ly screened near H,.,. We can use Eq. (18) with the poten-
tials for the normal-state fields and simplify the equation
to keep only terms linear in E,

1

(5 +P)— (5 +po)

1 i 9 .
am——an I_ —_—
+4 T¢(2—+-po) at+z2eY

]A:O. (20)

The solution is obtained in two stages. First we ignore the
magnetic field generated by the transport current j, =0Eg
and obtain a two-dimensional solution A,, which is in-
dependent of z in the metal. Then we find the z-
dependent correction 8A3, so A=A, +8A;.

oY _ae

ar ot
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variant. The invariance properties of Eq. (1) are most
easily seen in the case of weak screening of the electric
field. Then we can use Eq. (14) and group the terms into
gauge-invariant combinations. Equation (1) linearized in
A then reads

[¥'(5+p)A]

2
€ rrg 1
A+ [Ul_'—'———sﬂ_sz"// (T+p)Y?|A=0. (18)

The operator p acting on A, gives ppA, plus a correction
of order E, which involves the first-excited eigenfunction.
To first order in E,

(ﬁ’“Po)nAzz(px—po)n_l(ﬁ——po)Az ) (21)
where p;=3p,. Expanding the first term in Eq. (20) in
powers of p—p,, we get

P~ YDg*—ep)+ g;+i2eY A,=0,

—1_ Y3 +p1)— Y3 +po)

(p1—po)¥' (5 +po)
The function P was introduced by Takayama and
Ebisawa.” The solution of A, is just the static solution A,
translating uniformly with velocity v=EyXBy/B3 with
no distortions:

Ay(x,t)=Ag(x—V?t)
=exp[ —eBy(x —xo—v;1)?+i2eBoxo(y —v,t)] .
(23)

‘We have picked our gauge so the normal-state potentials
are

Ay=DBy(x ;vxt)'éy —PEy/2¢ ,
(24)
Yo=0,Bo(x —vyt) .

All time dependence here and throughout our solution ap- °
pears in the combination x—v¢. Other choices of gauge
may obscure the simplicity of the solution given in Eq.
(23). Although P was called a polarization in Ref. 7, the
order parameter A, is not polarized.

To find 8A; we must replace Ay by Ag+ A, in Eq.
(20). In the metal

A, =-2mj(z*+f,) ,
: 25)
VXA,'—"—'-‘B,Z—'47TZXj; ’

where fo is a constant. (Outside the metal
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B, = —4wd€, X j;sgn(z) is a constant.) To linear order in
E,
8A;=—f(z)8mej,"qA, ,
(26)
82
~ 37 +4eB, |f(z)=z2>+f, .
z

The boundary condition at the surfaces z =+d is that
q,A=0, which means that df/dz=0. Introducing the
coherence length & by 2eBy=£"2, the solution to Eq. (26)
is

& 2, ,2_ /3 cosh(V'2z /£)
f(z)= > fo+&+z 2d§sinh(\/§d/§) . 27

We choose f so that f(+d)=0. This choice simplifies
the expression for the magnetic field in Eq. (44). The
change in the magnitude | A |? to linear order in E is

8| A|2=(A%)(8A3)+(A))(5A%)
=—8'rref(z)(j,><’éz)-V|A2’2 (28)

which is a translation or bending of the vortex lines to fol-
low the lines of the total field B=B,+ B,, except within a
coherence length of the surface, which the vortices inter-
sect perpendicularly. We require B, << B, at the surface
for the linearized solution to be valid.

Next we consider the current using Eq. (2). It is con-
venient to introduce a vector field & in the metal by

g——_vr_2A& (29)
at ,
& differs locally from the Maxwell field E, but the aver-
‘age of & is the applied field E,. Using the operator prop-
erties of p as above, we get

. g1(po) ¥'(5 +po) 5
j=0&+o T I Tes [ A, “Eo
i ¥'(3+4p0)  (1—P2aT | 1 diso
3o ¥'(++po) € 47T ot
LLAE VX f(2)| Ay | 2 (30)
+—T‘¢(“2‘+P0)V><[ Xif(2) | A2]°T,

where jso is the current distribution of the equilibrium
vortex lattice translating with velocity v,

jso=—;e%7¢'<%+po>V><<ez|A2|2>. (31)

The spatial variation of & is determined below. How-
ever, if one is only interested in the average conductivity
for flux flow, Eq. (30) can now be averaged over space,

()
(j ) =UIEO ’
(32)
¥'(3 +po)
27TT€0

g1(po)
47272

o'=0 |1+

(|A|2>l.
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Equation (32) agrees with the result of Ovchinnikov.!
The value of { | A |?) is found from the static solution

HCZ—BO
2B 4k3—7

eT
oY (5 +po)

(|a?)= , (33)

where
Ba=(|A|*)/(|A|?)*=1.16
and «; is a generalized Ginzburg-Landau parameter:!’

3 [—¥"(54+po) =" (> +po)/67TT]
K= ) 3 . (34)
16maD[{'(5 +po)]

7 is a function calculated by Lasher.!® For thick films
with d>>§, n=B,—1=0.16. For thin films 7 goes
monotonically to zero.

For later economy of notation, we can generalize the
dynamic screening length ¢ defined in Ref. 11:

2
ﬁ €081(po)
& 20Ty (5 +po

where A, =x,£. The ratio £/¢ has simple limits at 7 =0
and T =T,

1
" 4woD ‘ ) ] ’ (35)

12 1 2 t T=0
e T 3egt2/m | BTV
¢ = . (36)
58| 14+——+— t T=T,p.
tet2/m ] a €0
Overall §{ has a rather limited range of values,

0.296 < <0.505. In terms of ¢ the normalized slope of
the conductivity may be written

2
H,, _é' K3
o 9 ZﬁAK%"‘TI ’

To find the spatial variation of & and j we develop a
differential equation for Y. We start with V-j=0 because
dp/dt is of order E? and use Eq. (30) for j. The time
dependence of A can be rewritten dA/dt= —(v-V)A.
Using a vector identity

VAv-A)=(v-V)(V-A)—v-(VXB)

2
do’

dB,

HcZ

(37)

and substituting V X B=41j, we get, to first order in E,
VAY —v-A)=[1—(A, /&) 147V js0 - (38)

The solution to Eq. (38) is most easily obtained by using
Fourier transforms in the variables x and y. Any func-
tion F which has the periodicity of the vortex lattice can
be written

F(x,,2)= Y (F) explik-x) , (39)
k

where k is the set of two-dimensional reciprocal-lattice
vectors for the vortex lattice in the x-y plane.!” A two-
dimensional solution to Eq. (38) is then obtained immedi-
ately since the two-dimensional part of the operator V? is
transformed into a number — k2. To the two-dimensional
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solution (Y—v-*A), can be added any three-dimensional
function (8Y); which satisfies V3(6Y);=0,

(8Y)3= 3 [Crexp(kz)+ Dyexp(—kz)]
k

xexplik-(x—v?)], (40)

where the factor k multiplying the z coordinate is the
magnitude of the vector k. The boundary condition
which determines the coefficients C; and Dy is that j, =0
at the metal surfaces z =+d. To find j from Eq. (30), we

|

(8By,)
B,o=B,+(8B,,)8,0(d*—z)— 3 ——ik—zivuexm

k (0)

—k |z—d | )—exp(

2971
substitute & from
&=—-VY+(v-V)A
=—V(Y—v-A)—vXB. , (41)

In the last term of Eq. (41), we only need the magnetic
field to zeroth order in E, By, By, is the function ob-
tained previously for the static lattice by Lasher.!® To
B;,, the two-dimensional solution of Eq. (31) and
V X Bso=4mjs0, is added the gradient of a scalar of the
form of Eq. (40) to satisfy the boundary condition that B
is continuous at z = +d:

—k |z+d |)]explik-(x—v8)]} , (42)

where 8B, = —(0/eT)Y (5 +po)8 | Ay | % 8| Ay | 2= | Ay |2—( | A|?), and © is the step function. Finally, we obtain the

result

47v-+(jso)
$=—VXBSO—V 2 ___.__.M
k (£0) k

To obtain an explicit expression, one substitutes 47v-js;o=E

A
[—i ] — 1+exp(—kd)cosh(kz) |exp[ik-(x—v?)] . 43)

(SBSZ)/BO with 8B, given above.

Substituting Eq. (43) into Eq. (30), the resulting expression for j is divergenceless and can be rewritten 47j=V XB.

The solution for B is obtained as above by erasing the curl operator and adding the gradient of a scalar of the form of

Eq. (40):
B=B;,—27€,X(0'E)( |z+d | — |z—d |)

2

A
— S BBlikew) [ ATE 22| e
k (0 k g
X ‘c‘ze(dz——zz)exp[ik'(x—vt)]——E%(—V{[exp(

— S (8Byy)lik-v)
k (5£0)

The first term on the right-hand side of Eq. (44) is given
in Eq. (42). The second term is the field generated by the
average transport current, which is j, =0'E; in the super-
conducting state. The two-dimensional part of the third
term was called the backflow field in Ref. 11 and illustrat-
ed in Ref. 17. Most of the weight of the Fourier sum is
included in the set of the six shortest k+0. The fourth
term is a new contribution resulting from the three-
dimensional contributions in Eq. (43). The last term,
which includes the bending of the vortex lines, was dis-
cussed and illustrated in Ref. 12.

—kd)sinh(kd)

== |exp( —kd)[ cosh(kz) —cosh(kd)]e,0(d

¥"'(3 +po) _1-P
4rTY(+4+py) 260

—k |z—d |)—exp(—k |z+4d |)]exp[ik-(x—v?)]}

2_22)—8meV X[j.f(2)8B,,]10(d*—2?) .

(44)

We can now derive a differential equation for the
charge density p by applying the operator V? to Eq. (3)
and using V-E=4wp and Eq. (43):

DV?
4o

3
¢

V(3 +po)DV?

1—
87Ty (T +po)

p= Viiso. (45

The quantity D /4wo=2A%p, where Arg is the Thomas-
Fermi screening length. p,, the two-dimensional solution
to Eq. (45), is
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2 (5 +po)DK>

87Ty (5 +po)

V'(jso)k
1+A2pk2

*

(46)
9

(p2)i =

To p, may be added any three-dimensional function (5p);
which satisfies (1—A3pV2)(8p);=0:

(8p)3= 3, [Frexp(z/A)+Grexp(—z/A)]
P

xXexplik-(x—vt)], (47)

where A=(A7#+k%) 2.  Physically, Arp<<& and
A=~Arp, so the contributions in Eq. (47) are surface
charges at z =*d. The coefficients F;, and Gy are deter-

JEROME J. KREMPASKY AND RICHARD S. THOMPSON : 32

mined by the boundary condition on the electric field E.
Inside the metal, E is found from our previous results
using Eq. (3),

E=&+V(Y-)
DVp ¥ (3+p)DV(EyV |4, |?)

o 1672T %,

We note  that E=—-V(®P—-v-A)—vXB and
VH®—v-A)=4m(v-j—p). Outside the metal the last
equation equals zero, so ®—v- A has the form of Eq. (40).
Making E continuous at z ==+d determines the coeffi-
cients.

Our final results are

=&+ (48)

) ; 1 cosh(z/A)
= (o2)k 114+ ik (x—vt)] .
= P I @ M)+ (k) s ) | SPLE (= vD)] “49)
Inside the metal,
4 . cosh(z/A)
E=—vXBy+V — (V' jso—p2)k +(p3)
*0 k(};;'o, 2 0T PPk osh(d /A)+ (k A)~'sinh(d /A)
—v-(jso)rexp(—kd)cosh(kz) |exp[ik-(x—vt)] . (50)
Outside the metal,
4ar . . (p2)rexp(kd)
E=—-vXB v — |- h(kd)— kK (x—vit)—
50+ kéO) 2 v+(js0)xsinh(kd) T kA coth(d /M) explik-(x—vt)—k |z |]. (51)

IV. DYNAMIC RESPONSE, NONLINEAR
IN ELECTRIC FIELD

In the preceding section we present a complete dynamic
solution to first order in the electric field for a supercon-
ducting film in a perpendicular magnetic field. Now we
want to consider stronger electric fields which give rise to
nonlinear effects, including destruction of the supercon-
ductivity. These effects have been considered previously
by Thompson and Hu'® and by Larkin and Ovchinni-
kov.!*> However, in the work of Thompson and Hu only
pair-breaking effects were considered. Larkin and
Ovchinnikov showed that energy-relaxation effects are
usually more important. We can now show how both
types of nonlinear effects appear in the Gor’kov-
Eliashberg formalism. We also can relate the vertex func-
tions to the electron distribution function in the normal
state by using the Boltzmann equation.

We do not obtain a complete solution for the system as
in Sec. III, but limit ourselves to consideration of the
average conductivity o'(E)=j,/Eg as in Refs. 13 and 18.
The main effect of nonlinearity is a reduction in the mag-
nitude of the order parameter A. The part of Eq. (1)
which is linear in A, Eq. (6), and the normal-state part of

[

Eq. (7), are, in fact, accurate to order E 2, Equation (2) for
j is not accurate to order E3. However, the direct E°
corrections to j are not important, since they are to be
compared with unity relative to the corrections to A
which are compared with small quantities of order |A |2
or H Cz—B 0- )

We consider sufficiently weak screening so that we can
use the normal-state values of the fields to find the aver-

‘age conductivity. For the magnetic field this requires

Kk,>>0.26n'72. The terms linear in A in Eq. (1) are sim-

plified as in Eq. (18) and compared with the term of order
A% in Eq. (1) to determine | A |2. The contributions of the
first three square-bracketed terms in Eq. (18) are identi-
fied as pair-breaking effects due to the motion of the vor-
tex lattice. The contents of the last set of square brackets
are unusual and are related to the escape from the elec-
tronic system of the energy absorbed from the field by
dissipation.

To understand the quantities U; and Y appearing in
Eq. (18), which are integrals of the vertex functions T,
and Iy, it is useful to compare Egs. (6) and (7) with the
Boltzmann kinetic equation for the electron distribution
function f(x,z,€,f1). € is the electron energy, and 1 is a
unit vector in the direction of its motion. In the normal
state,
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af af 1|
o1 + oAV +evpfie Ea = f+ f daf
j=2N(0)evy [ dedQif, (52)

p=2N(0)e [ dedQ(f—fo),

where N (0) is the density of states per spin at the Fermi
energy, and vy is the Fermi velocity. In the dirty limit for
slow variations, where vp7V and 70/9t are small, a solu-
tion can be constructed as

F=f—rvpii-(eBdf /3e+Vf)

where f is isotropic.!” To order E?,

9 _pw f=eD§LV-E+2eDE-Vé‘}: +
de de

ezDEz(lzl .
dt de?

(53)
Expanding f = fo+f1+f», where f; is of order E’,

%—sz f1=eDf,V'E,

(54)
B pur|f,—eD[(V- vy |2
[at —DV? |f,=eD[(V-E)+2E V][ 3 J

+e?DE*f§

where f, and its derivatives are the same as in Eq. (8).
Noting that f is even and f, is odd in € and comparing
Eq. (54) with Egs. (6) and (7) in the normal state with
A=0, we find that the equations are the same if the fol-
lowing identifications are made:

FI_FZZ%(fl”“efE)(D) ,
(55)
i4 af1 (e®)? .,
F+Th= fr—e® 3¢ ) fo

These equations give precise physical meaning to I'y and
I', in the normal state. Also, the gauge transformations
presented in Eq. (15) can be reverified, noting that the f;
are gauge invariant.

Integration of the first of Egs. (55) with respect to € to
form W=7 gives Eq. (3) in the normal state for the
charge density p=2N(0)e ff,de. eV=eY is therefore
the change in the electrochemical potential from its equi-
librium value.

To interpret Uy, it is helpful to introduce a quantity U,
which only depends on normal-state parameters,

U0=—i47— [ (T4 Tyede. (56)

Integrating Eq. (7) in the normal state with respect to
€de, the resulting equation for Uy is the same as Eq. (10)
for U, in the normal state with :
¥"(5 +po) /
U=———-U,. 57)
' 47*T? 0 (

The combination appearing in the last pair of square
brackets of Eq. (18) is then proportional to Ug—(eY)?/2,
which, using Eq. (55), is

(eT

Up—-= [ fzede————(Y @) . (58)

The differential equation for this combination is

9 2
a; — PV

(eY)?
Uo—-—,

]:D(esf)z . (59)

The right-hand side of Eq. (59) is proportional to the rate
of heat dissipation o & 2, and the second factor on the
left-hand side in large parentheses is apparently growing
linearly in time proportional to the heat input. This situa-
tion arises because we did not provide any mechanism in
our equations for heat to leave the electronic system.
Phenomenologically, we may replace the diffusion opera-
tor on the left-hand side of Eq. (59) by
(3/8t —DV?*+7."), where 7. is a time for energy escape
from the electronic system Since 7, is very long at low
temperatures, T¢~ ®% /T3 for electron-phonon processes,
U, is unusually large with a new scale factor which does
not appear in the other terms. ® is the Debye tempera-
ture.

If the electrons were in thermal equilibrium at a slight-
ly elevated temperature T +87T, one could expect heating
effects to appear by the addition to the first term in
square brackets in Eq. (18) of

8T ,
ST——[—lnT+¢ +po)l=— - [1—po¥ (5 +po)] ,

(60)

with 8T =7.0&2/C, where the electronic specific heat
C =(27*/3)N(0)T. If we set the last factor in square
brackets in Eq. (18) equal to Eq. (60), but with 87 re-
placed by an effective temperature shift 7%, the ratio is

sT* _ ¥'(3+p0)
8T 12[1—pod'(5+po)]

This ratio goes to 1 at T=0 and to 1.4 at T =T, The
two temperature shifts are different because we have not
included electron-electron interactions which would allow
the electrons to thermalize with respect to each other.
Our f, is proportional to f;, whereas a change in tem-
perature gives a correction to f proportional to €f. If the
characteristic time for electron-electron interactions be-
came shorter than 7., we would expect 8T* to equal 8T
also near 7.

To calculate the nonlinear pair-breaking terms in Eq.
(18), one may solve the differential equations to order E?
as before. Fortunately though, the pair-breaking terms
are only significant relative to the U, term for small mag-
netic fields By. For small magnetic fields we only need to
expand the ¥ function to first order in Dg?, so the opera-
tor ordering and higher eigenvalue problems do not arise.
The nonlinear value of the simple operator Dg? was found
by Caroli and Maki,® :

(61)

Dg*=D|[2eB;+(Ey/2DBy)] .
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The combination of the two terms gives us an equation
for the conductivity of the same form as obtained by
Thompson and Hu:

2
ch 11—
B,

1 &
2B4 | &

However, the characteristic electric field E. is now given
by

E, |’
E,

a’=a[1+ } (62)

A
7Ty (++po) Bo

Only the first term on the right-hand'side of Eq. (63) was
included in Ref. (18). From the ratio of the two contribu-
tions to E,, we see that the pair-breaking term dominates
only for weak magnetic fields,

2eDBo <(T,o/7) * =TT /0
This condition becomes especially hard to satisfy for very
low temperatures T << T,o. Nevertheless, if the corrected
value of E, from Eq. (63) is substituted in the parameter

1 +po) et

2DB,

1
E %=
¢ 2eBo

(63)

The new characteristic field E* is related to E, by the pa-
rameter ¥ =(E,/E*)?. For weak pair breaking near T,
they found y =1.46(T,o/a,)®. The heating model, which
may be applied for strong pair breaking near T = 0 gives
rY=£2/28"B4.

For strong pair breaking when y§3§2/4§2[3 4 our previ-
ous results are only slightly modified. Single-valued j,-
versus- E curves are obtained only if

Bo/H 22 {14+[(E2/8B)—v]1 1} !

For smaller B, the curves have a maximum for A0 and
a minimum at A=0. When y =3£2/4£%8 4, both 9j, /9E,
and 0%,/dE} vanish at A=0 for B/H,=(1
+4£%B,/6%)!. Then for weaker pair breaking when
v > 3E2/4E*B 4, a new. type of curve is obtained with both
a maximum and a minimum in j, versus E, occurring for
A=£0 when B <B*. Unfortunately, one cannot determine
the new characteristic field B* using only information
about the conductivity near A=0.
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e=E/E,, the results illustrated in Fig. 1 of Ref. 18
remain qualitatively the same. The j,-versus-E, curve
can be continuous and single-valued only if

Bo/H ,Z2(1+ 8B4 /EH) 7! .

For smaller values of By/H,, the slope 3j, /dE is nega-
tive at A=0, and a discontinuous jump in the electric
field is predicted at the transition to the normal state from
the superconducting state carrying the maximum current,
which occurs for A<0. Owing to the range of variation
of (/& this critical field lies in the range
0.78<By,/H.,=0.91. The corresponding critical values
of Ej lie in the range 0.27<E,/E, £0.47.

Larkin and Ovchinnikov also evaluated an additional
nonlinear term, which corresponds to a contribution to
U, of order | A|2E3. If this nonlinear effect were simply
due to heating, one would only need to adjust the heating
rate from 0&? to o’ &2. However, the contribution they
found, ~(0’'—0)&XT,o/ay)? is much larger for weak
pair breaking. They obtained a formula which can be
written

2
] . (64)

——

V. CONCLUSION

We have developed a set of TDGL equations for gap-
less superconductors in the dirty limit, which for the first
time include all dynamic effects to the first order in an
electric field for pair breaking by a magnetic field and by
magnetic impurities in an arbitrary ratio. These equations
are especially useful for deriving a complete description of
all the vortex deformations and field-screening effects
which occur when the vortex lattice in a type-II supercon-
ductor moves.
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