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Kinetics of vortex formation in superconductors with d pairing
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We study the kinetics of vortex formation in superconductors witpairing. We find order-parameter
peculiarities and associated magnetic field maxima at intermediate stages of the evolution from the disordered
to the ordered stat¢S0163-1826)09926-3

INTRODUCTION
H= 1/2f dV{ann* + By(nn*) %12+ Bal n- 7|*12

Traditionally, heavy-fermion systems are treated as sys-
tems withd pairing. Symmetry analysis gives the same su-
perconducting class for Y-Ba-Cu-DRecent experimertts +K3Di 7] Dj i+ K4D3 7 Do+ ¥( rotA)?}, (1)
and theoretical studidsprovide extensive evidence of this . . ) . -
fact for the highT, superconductors. It has been found thatwrlere Di=di=igAi, J=xy; A is a vector potential;
these systems are type-Il superconductors and they shou _{”X’”y}’nxd_ 7{{” 772’7’y_h773+' 74, | a= I‘Y(T_Tct)’ .
possess Abrikosov-like vortices. Static vortex structures hav 1='f/28£ 3 anijng: el hireM a%neer':i(cjznggt?ilti)t?/m;n q tcr? g spzlgi_s,
been found experimentally in these systems. As a rule, the eness, of the quartic form in the function@) lead to the
structures may be described in the framework of a modifie ollowing restrictions:
theory of the vortex state, accounting for their strong anisot-

+ Bl *+1my|*1/2+ KD} 7 D 7, + K, D 7 D

ropy, interaction between superconducting layers, quasi-two- Ki>|Ky|, Ki+Ko+Kz>|Ky, K4>0,

dimensionallquasi-2D behavior, and the possible existence

of the multiquantum vortices. B1+ B+ Bal2+min[ B3/2;— (B,+|B2])/2]=0.
However, the formation of this state in kinetics may be ] S o

very nontrivial. A vortex (more exactly, a pair of them: Let us consider the specific situations existing in YPt

“vortex-antivortex”) is an essentially mesoscopic structure,@nd Y-Ba-Cu-O systems, wherl% E]e coefficiggtis anoma-
It forms as a dissipative attractor during a kinetic protess!Ously small ands,~ B;; ,>0.7"Under these conditions
when the fluctuations of both components of the order-and in the absence of an external magnetic field, an ordered

. . . - state with broken time-inversion invariance occurs. Below
arameter field); interact with the(gauge electromagnetic . . e o ’
lf?eld A &, e(gaugs 9 for simplicity, we suppose thgB;=0. This simplifies all

equations, but changes the free-energy functional from
square to cylindrical symmetry. It may be proven that a small
Eorrection fromB3#0 (but at 83<B,,8,) leads to some

@ normalization of the parameters, but does not strongly

For a traditional superconductor the order parametées
a two-component vector. It seems essential in our contex

because it leads automatically to the necessary topologi

configurations from arbitrary fluctuatiofiS. In short, the change the general physical picture. WHgy=0 the condi-
vortices arise at the points where the two lings=0 and (i (2) is transformed to a simpler ong; >0, 8;>— ..
»=0 intersect. The existence of such an intersection is typi- | the presence of fluctuation noi§ér,t), the evolution

cal for a two-component field. Formally, if the number of uf the order parameter may be described on the basis of the

components is larger than=2, the probability of mutual \ye|l-known modification of the Landau-Khalatnikov equa-
intersection of all linegy;=0 at the saméunique point is  tions in the form

extremely small. In principle, this may suppress the vortex

generation. dnilot=—T6H/én;+f(r,1),
However, as mentioned above, the existence of the vortex (3)
state in high¥. superconductors is well established. In the IAIt=—T pSHISA+f(r,t),

above context two explanations are possiblg:the concept
of d pairing is not valid for these systems; dg) some
kinetic mechanism exists which stably produces the vortices. (F(r,£))=0
We concentrate on this problem in the present paper. ' '

wherel” andT 5 are kinetic constants and
(F(r,)f(r,£))=D&(r—r")8(t—t").

Taking into account the anisotropy and hierarchy of inter-
actions in the substances under consideratiord for sim-
MODEL AND RESULTS plicity), we suppose in what follows that no variables depend
on thez coordinate. This means that we study numerically a
The Ginzburg-Landau-WilsodtGLW) functional for d two-dimensional cross section of a real 3D system in the
pairing may be written in the forfrf=° plane perpendicular to theaxis?® In addition, for the same
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FIG. 1. Fragment of the system at an intermediate stage of evo-
lution containing typical configurations of the order-parameter
modulusS(x,y) [calculated ab=28,/(81+ B,)=1].

FIG. 2. The same as Fig. 1 for magnetic fieldMutual corre-
reasons we limit ourselves to the cake,K;<K;. As a  spondence between the distribution of the magnetic field and the

result we have the system of equations structure ofS(x,y) is quite visible directly. The “usual vortices”
. presented here are the results of the collapse of the “channels” at
In;lat=An—(— 1) (2AV p+ nVA) — 5[ A2~ 1+ 8] an earlier stage.
+bMaM/dm+f, [[=1,....4k=]—(=1'],  agter that, there are two different possibilitie€t) the ring
. (4) “channel” completely disappears &t-«; (2) it transforms
G~ dAIt=—rot(rotA) +{[ 71V 72— 17,V 71] to the “usual” vortex.

Figure 3 reproduces the typical stages of this transforma-
tion corresponding to the second case. In that case the initial
ring has a “topological charge” corresponding to the vortex
from the beginning. The “usual” vortices displayed in Figs.

and 2 are the results of this process. The only “channels”
which are pinned on the boundas§or example, on the
boundaries of granulgsio not disappear.

Numerical observation of excitations stimulates the search
S=2, p’=qn*, M=[ngi9— mms]=i[ X 5* /2. for an approximate analytical solution for them. It is easy to
see that at least in the regions with small curvature, a good
approximation for the “channels” may be obtained even

+[ 73V 74— 14V 73] - AS} 5P+ £

The standard notation is used for the Ginzburg-Landau
parameter in these dimensionless equations. For typical s
perconductors withd pairing one has¢>1. The following
notation is used here:

_ 112 (-1 2\
ni=ml(Br+ Bl al™,  Ia= (" Tal8mat’)~1, from the one-dimensional version of the equations.
2 When the parametet>1 one can prove that the gauge
b=2B5/(B1+B2)<2, &=(Kyi/a)™ field A does not strongly effect the; distributions. So, to

. . calculate them in lowest approximation it is quite sufficient
Equations(4) were solved by the numerical approach al-g study the following reduced system:
ready used in Refs. 5 and 12. Figures 1 and 2, respectively, '

show a typical fragment of thex(y)-space distributions of
the order-parameter modul8=3»? and magnetic field d25/dx2—2| X (d#;/dx)?|—2S(S—1)+4bM?=0,
h=rotA, at an intermediate stage of evolution. To calculate ! 5
them, initial conditions with zero order parameter and (53
fti)(enlléncivzrr)écdjsr;ddlflons corresponding to zero external magnethdZM/dXZ—2[(d7]1/dX)(d7]4/dX)—(d7]2/dX)(d7]3/dX)]
Two types of the peculiarities presenting in the system are —2M(S—1)+bSM=0. (5b)
quite visible on the pictures. They are the “usual vortices”
and specific “channels” on they(x,y) surface, with a width  After that one can determine the field if it is necessary.
A=[&(B1+ B,) B,]*? and having magnetic field inside However, even in the last form this system is very compli-
them. Generation of the “channels” is an interesting featurecated. We utilized the method of verified smallness used re-
of the system under consideration. At intermediate steps afently in Ref. 5. The concept may be reproduced as follows.
the evolution these “channels” form very complicated con-  First of all, we solve the equations numerically and find
figurations. During the relaxation of the system to the or-which terms(or their combinationsin the equations are
dered state these “channels” take the simpler form of ringssmall in comparison with other terms. Of course, this small-
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FIG. 3. Typical stages of transformation of the ringlike structure into the “usual” vortex. lefoand righy parallel sequences of the
plots show order parameter and magnetic field, respectively.

ness s_hould occur in quite a wide interyal of the parameters. M (X)=[ 7,74~ 7,7m3]= Qtanh(x/A). (6)

In particular, we found that the terms in square brackets in _ 12 2 12« )

Egs. (5) may be omitted. As a result, we obtain a systemH€ré, A=(2b)"*=[£°(B1+ B2)/ B.] s the width of th?

having two invariantsS and M, only. wall, andQ=(M ,.,—M _w)/_z is the tqpolqgmgl charge.
Using different projections of the phase pattern of theF°r§(X) one_has”an analytical approximation in the form of

system in the spaceS(M,dS/dx,dM/dx), one may estab- the “dark soliton™:

lish an approximate relation between these two variables in

the region of the “channel.” As a result, a unique equation 4

remains which may be solved directly. S(X)ZZ nf=1+b[tanh(x/A)]?/(2~b). 7
This procedure has been performed and the approximate =t

relationS(M)=1+b(2—b)M? has been found. Inreality, it |t has been found thaat 0<b<1.85) the difference be-

is satisfied with a quite good accura@yp to 1%. Substitut-  yyeen these estimations and the numerical results is smaller
ing this relation into the systef®) one has a simple equation than the level of the noise.

for M:
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