Influence of a current and of a magnetic field on the properties of magnetic

superconductors of the HOMogS; type

A.l. Buzdin, L. N. Bulaevskii, and S. V. Panyukov
P. N. Lebedev Physics Institute, USSR Academy of Sciences

(Submitted 24 March 1982)
Zh. Eksp. Teor. Fiz. 83, 768-786 (August 1982)

We investigate the properties of the inhomogeneous domain-type magnetic structure (DS phase)
produced in magnetic superconductors such as HoMo4Sg in the region where superconductivity
and magnetism coexist. We show that the superconducting critical current in the DS phase

decreases to zero when the temperature is lowered to T’

) (the supercooling temperature of the DS

phase). The wave vector of the magnetic structure decreases at the same time with increasing
current flowing through the sample. We investigate the behavior of the DS in a magnetic field,
obtain the phase diagram in the (H,T') plane. In the region where the field penetrates, the DS phase
is substantially altered: new peaks 2nQ (n is an integer) appear in the neutron scattering, and the

wave vector Q decreases with increasing field.

PACS numbers:74.30.Ci, 74.60.Jg, 74.70.Lp, 75.30.Kz

I. INTRODUCTION

The great interest in the coexistence of superconductiv-
ity and magnetism is due to the fact that the interaction of
these two competing order parameters leads to the apper-
ance of new states, in which the magnetic ordering and the
superconducting pairing are transformed in such a way that
they can coexist. From this point of view, greatest interest
attaches to the situation first considered by Anderson and
Suhl,' wherein in the absence of Cooper pairing ferromagne-
tic ordering should appear at the point 8, «<T,, where T is
the critical temperature of the superconducting transition.
Anderson and Suhl have assumed that 8, is a second-order
phase transition point for the magnetic subsystem. Under
these assumptions, they have shown' that supeconductivity
transforms the magnetic interactions in the system in such a
way that what appears at the second-order phase transition
point T, =6, is not ferromagnetic ordering but an inhomo-
geneous magnetic state with large wave vectors 0> &, ',
where £, is the superconducting correlation length
(o = hve/mA,, 4, is the superconducting gap that would
exist in the superconductor at 7 = 0 in the absence of local-
ized moments (LM), and A,=~1.76 T, and v is the Fermi
velocity of the electrons). In the inhomogeneous state, the
directions of the magnetic moment in space change so rapid-
ly that the exchange field of the LM is effectively averaged
out over the superconducting correlation length, and the su-
perconductivity is capable of surviving under these condi-
tions even at a relatively large absolute value of the exchange
field.

Anderson and Suhl took into account only exchange
interaction (XI) of conduction electrons and of localized mo-
ments. Blount and Varma, as well as a few others (see Ref. 2
and the literature cited there) have shown that an inhomo-
geneous magnetic structure appears in a superconductor
alsoin a model in which only the electromagnetic interaction
(EI) of the electrons and of the LM is taken into account.

To describe real compounds such as HoMoS; and
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ErRh,B, it is necessary to take into account both mechan-
isms whereby the electrons and the LM interact, and also
consider the magnetic anisotropy (MA), which restricts
greatly the possibilities of changing the directions of the mo-
ments in space. The problem of determining the structure of
a superconducting phase with inhomogeneous magnetic or-
dering and the regions in which it exists, with allowance for
the XI, EI, and MA, assuming a second-order phase transi-
tion at the point 6, in the absence of superconductivity was
solved in Ref. 3.

The quantitative results of Ref. 3 were obtained for a
sufficiently dirty superconductors with electron mean free
path / satisfying the condition Q ~'</<&,, (8,,v:2/N (0))'?,
where 6., is the contribution of the long-range part of the
exchange interaction to the energy of the ferromagnetic state
of the system per LM, and NV (0) is the density of the electronic
states per LM.

The main results of Ref. 3 reduce to the following state-
ments.

(a) Below the point T, there appears in the supercon-
ducting phase an inhomogeneous magnetic structure with
wave vector Q. The value of Q is the result of a compromise
between the energy of the inhomogeneity of the magnetic
subsystem, on the one hand, and the energy of the interac-
tion of the superconducting and magnetic subsystems on the
other. The former reaches a minimum at a small value of Q,
while the latter, which includes the XI and the EI, tends to
increase Q. If 8., is not very small compared with the analo-
gous contribution 6,, of the electromagnetic interaction, the
interaction between the superconducting and magnetic sub-
systems is determined mainly by the exchange term. More
accurately, the electromagnetic contribution can be neglect-
ed if the condition 6,, >0, (1, Q)2 is satisfied, where 4, is
the London penetration depth. The X1, however, of necessi-
ty governs substantially the characteristics of the magnetic
subsystem, inasmuch as in real compounds 8, is of the order
of or somewhat larger than 6., . The small role of the EI in
the interaction between the superconducting and magnetic
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FIG. 1. Magnetic structure of the main type in superconductors of the
type ErRh,B, and HoMo,S;.

subsystems is due to the small value of (1, Q) ?=~af,/A 2,
where a is a parameter that characterizes the rigidity of the
magnetic system and is of the order of the interatomic dis-
tance.

(b) The magnetic anisotropy localizes the change of the
direction of the moments inside the domain walls. As a re-
sult, the inhomogeneous magnetic structure in the supercon-
ducting phase takes below the T, point the form of a one-
dimensional plane-parallel domain structure (Fig. 1). The
structure wave vector Q = 7/d, where d is the domain thick-
ness, decreases with decreasing temperature. This change is
small and its order of magnitude is Q= (a&,)~"/2 (2n + 1)Q
peaks where 7 is an integer, should appear in the case of
neutron scattering. In an ideal domain structure, the intensi-
ty of the peaks is proportional to (2# + 1)~2 in a single crys-
tal and to (2n + 1)~*in a polycrystal.

(c) The domain structure is transverse because of the
electromagnetic part of the energy of the magnetic subsys-
tem. The direction of Q in the plane perpendicular to the
direction of the magnetic moment inside the domains de-
pends on the anisotropy of the parameters @ and v.. The
domain has 180-degree walls only if the vector Q is not per-
pendicular to the easy plane of the crystal.

(d) The magnetic moment inside the domains is smaller
than the value that would be present in a ferromagnet in the
absence of a superconducting pair, but this difference is very
small and is of the order of (a/£,)'/2. The supeconductivity
has likewise practically no influence on the structure of the
domain walls.

(e)Atl,, <0 =T? v, N*0)/aT,, the superconduct-
ing phase with the domain structure (DS phase) remains sta-
ble down to zero temperature. If 8, >0, a first-order
phase transition takes place from the DS phase into the nor-
mal ferromagnetic phase FN with decreasing temperature.
In Ref. 3 we determined the points 7., of the first-order
transition, the supercooling point 7' of the DS phase, and
the superheating point 7% of the FN phase, the point T'%
practically coinciding with T,,.

(f) The influence of the magnetic structure of the DS
phase on the superconducting-condensation is similar to the
influence of magnetic impurities, for which the magnetic-
scattering time 7, is defined by

T '=T(3) 0N (0)s*(T)/weQ(T),
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where § (x) is the Riemann function and s(T') is the relative
average localized moment chosen such that s(0) = 1 (see Ref.
9).

(8) Above the T,, point the magnetic-moment fluctu-
ations have a ferromagnetic character everywhere with the
exception of a very narrow region near T,,. In crystals with
easy-axis anisotropy the magnetic fluctuations are sup-
pressed by the long-range part of the dipole interaction.
Therefore the self-consistent field approximation for the
magnetic subsystem yields in this case not only qualitative
but also quantitative results.

The results (a)—(g) agree with the experimental data for
HoMoS; (Ref. 4-6). The parameters obtained for this com-
poundare7,, =1.8K, T,, =0.7K and T, =0.65 K. Neu-
tron-scattering investigations of HoMogS, polycrystals have
shown that when they are heated from the low-temperature
region only the ferromagnetic phase is observed, in accord
with the conclusion (e). The intensity of the ferromagnetic
peak decreases with rising temperature, as should be the case
for a second-order transition, and the assumption that the
transition at the point T, is of second order is fully applica-
ble to this compound. The behavior of an inhomogeneous
magnetic structure to which a magentic field is applied was
investigated in Refs. 4-6. We shall therefore consider below
theoretically, within the framework of the same assumptions
as in Ref. 3, the influence of a magnetic field and of a super-
conducting current on the DS phase, and compare the theo-
retical conclusions with the experimental data.

The results of the investigation of neutron scattering in
polycrystals and single crystals of ErRh,B, (Refs. 7 and 8)
contradict the conclusions (b) and (c), and indicate that in the
absence of superconductivity the transition into the ferro-
magnetic phase is apparently of first order (of the singlet
ferromagnetic transition type). Therefore the theory of Ref.
3 and the results cited below are not applicable directly to
ErRh,B,.

In Sec. II below we investigate the properties of the DS
phase under conditions when a superconducting current of
density j flows through the sample. This current should lead
to a decrease in the superconducting order parameter 4.
Therefore, by passing current through HoMo,Sg samples in
the region of the existence of the DS phase one can observe a
decrease of the wave vector Q with increasing superconduct-
ing current. We shall calculate the function Q () for thin
films, in which the action of the magnetic field of the current
on the DS phase can be neglected. Under the same conditions
we shall obtain the dependence of the critical superconduct-
ing current j(T') in the DS phase and show that j drops to
zero when the temperature decreases from T, to the DS-
phase supercooling point 7.

In Secs. III and IV we shall investigate the effect of a
magnetic field on the DS phase in thin films of thickness L
small compared with the London penetration depth 4, . We
shall obtain for the films the region of existence of the DS
phase in the (7, H ) plane and consider the change induced in
the magnetic structure by the field.

In Secs. V and VI we shall find the region of existence of
the DS phase in the (T,H ) plane for bulky samples and calcu-
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late the lower critical field H,, , as well as the depth of pene-
tration of the field in the DS plane. In all our calculations we
consider dirty superconductors with a mean free path satis-
fying the condition (6., v%/N (0))"/?>/>Q ~'. The condition
I>Q ~' means that we exclude from consideration dirty su-
perconductors with mean free path approaching the inter-
atomic distance.

Il. EFFECT OF A CURRENT ON THE SUPERCONDUCTING
PHASE WITH INHOMOGENEOUS MAGNETIC ORDERING
(DS PHASE)

A. Eulenberg equations and their solution

We consider a system of electrons within the framework
of the BCS model. The localized magnetic moments, which
are regularly located at the crystal-lattice sites will be de-
scribed within the framework of the mean-field approxima-
tion. In accordance with conclusion (a) it suffices to take into
account the action of only the exchange field on the conduc-
tion electrons. Within the framework of these approxima-
tions, the Hamiltonian of the electron system is

2= [0 L)+ 04 ()9 @) +4 @ 0@ 1)

|A(r)|?
g

+

+ Y re—ryyr (r)mp(r)s.-] +%., (1)

where /(r) are spinor operators, o are Pauli matrices, 4 (r) is
the superconducting order parameter, g is the effective-in-
teraction parameter of the electrons and phonons, s; de-
scribes the mean value of the localized moment at the site 7,
0<s; <1 the term &, describes electron scattering by non-
magnetic impurities, and we assume the scattering potential
to be pointlike. In (1) we have neglected the anisotropy of the
electron velocity on the Fermi surface, assuming this aniso-
tropy to be small.

We consider next a magnetic structure with wave vec-
tors Q<27n'/?, where n is the LM density. According to (1),
the electrons are acted upon by the components of the ex-
change field with wave vectors of order Q and wave vectors
of order 27n'/3, since the LM lattice is discrete. The action of
the LM on the superconductivity is neglected (see Ref. 3), so
that the exchange field h depends on the continuous variable
r and h(r)' = A, s(r), where h, =n I(0), I(0)= § I(r)d >r and
8,. =hiN|0).

Our problem is to find the self-consistency equations for
4 (r) in the presence of a superconducting current. Knowl-
edge of this equation yields the functional of the free energy
of the system, minimization of which enables us to determine
all the characteristics of the DS phase (see Ref. 3).

The Green’s functions for superconducting electrons
satisfy a system of equations of the Eulenberg type?
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[a<r>+ih<r>i%(vv>] (v 1) =A% (1) g (v, 1),

gx(v, r)+f (v, r)f (v, r)=1, Il=v,r,

B =0+ — 8, &%())=0%()+ - f7(n),
T 27 2
- d
2 @=e¥0) Y 7+, g0=[Tgv),

B=2 v gvn=ilEq, @,
d
f(v,x) =0j -Z%F_uu(p,r),

where the symbol 0 = + characterizes the direction of the
spin of the functions G and .%, where v is the velocity on the
Fermi surface, and averaging over the angles {2 denotes aver-
aging over the direction of the velocity v on the Fermi sur-
face. Equations (2) were written for the case when the mo-
ments inside the domains are directed along one axis (z), i.e.,
within the domains we have s, =5,=0 and s,(r)
=s5,(r+2d)=sands,(r +d) = —s,(r) = —s, where2d is
the period of the domain structure.

In the presence of a superconducting current, the pairs
have a c.m.s. momentum 2g, and the solution of Eq. (2) must
be sought in the form 4 * (r) = 4 (r)e * ¥, where q is deter-
mined by the given current densty j:

i=— 2250 Y [ 2 (v- T gm. ()

Actually atj#0 we can replace w in (2) by @ + i(v-q) and seek
the solution of (2) in the form 4 *(r)=A4 ~(r) =4 (r).

Just as in Ref. 3, we obtain the solution for the case of a
dirty superconductor when the conditions (h7)*<1, 4, 7<]1,
QI>1 and v g7<]1 are satisfied. In Ref. 3 it is shown that
under these conditions we can neglect the coordinate depen-
dence of 4 atj = 0, and Egs. (2) can be easily solved by ex-
panding 4 (r), g(v,r), and f * (v,r) in Fourier series.

B

) . 4h,s sin (Qrn)
= iQrk = Qrk—
g(v,r) Eh,gk(V)e » h(r) Ek hye - hEo' o

(4)

and analogously for f * (v,r)and 4 (r). The condition (A7)’ <1
ensures smallness of the harmonics fF, g., and 4, with
k #0, and the use of perturbation theory in terms of these
harmonics, makes it possible to write down equations for the
quantities go(v) and fst (v), and for the component 4, with
k = 0 which will hereafter be designated 4. This solution
method can be used also in the presence of current, and as a
result we obtain from (2)

hp byt

(@otiqv) fo (V) —Bge (v) =—fo (v) g2 (V) ZRJ WW (5a)
1 _ " 1 _
fP(v)+gl(v)=1, ®=0+_—F, A=A+_—F., (Sb)
27 2t
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where in the derivation of (5) we used also the conditions
QI>1and A7<1. From (5)it follows that at (A7)*<1 and qu, 7
<1 we can replace f;(v) and g,(v) in the right-hand side of (5a)
by f, and g,, respectively. After this replacement and after
introducing the parameter u = @,/. A we obtain equations for
fo» 8o, O for u in the form

of o—AZe=—Fogo/tm,  Fo+Ei=1, (6a)
£=u[1_____1__,_], L O L

A TmA (1+u?)" 3 Py
(6b)

Relation (6) which connects @ with 4, is similar to the corre-
sponding relation for a superconductor with magnetic im-
purities (see Ref. 8), for which the scattering time is equal to
7,,. Thus, at (h7)><€1,A7«¢1,and (Q/ ) ' €1 we obtain the self-
consistency equation for the parameter 4:

A,

ln-z- — j(z)=0, (7a)

nx

n z=(1.A) "'

f(z)= . (b)

1 [
archz +~——(x arc sin — —Yi—-x“’) , =>1
2 z

The superconducting part of interest to us of the free-energy
functional of the system is obtained by multiplying the left-
hand side of (7a) by AN (0) and integrating from O to 4. As a
result we obtain for the complete functional of the system
F(5,0,4,9,T) at T<Ty, <T,, and at a specified current den-
sity j the expression

g.'(sy Qy A1 qy T) =g—"'(s1 Q’ T)+g~s(A)

+g-€nt (S, 07 A7 q)_zeQJy
(8)

1 2
Fo(d)=—— NO)A'In 2 2718,
2 A
A 1
Foui(A,5,0,9)=N(0) ("—— ——) ey
ZTm 3Tmz

o)
F (0,5, 1) =BT () —Qn(s.T),

where the functional % ,,(Q,s,T') was obtained in Ref. 3, 6 is
the energy of the ferromagnetic state per LM, ofs) is the LM
entropy, and 7 is the surface energy of the domain wall (see
Ref. 3). It is easy to verify from (3) and (7) that
j = 2edF ,,/dq. Therefore the equilibrium values of the pa-
rameters 4, Q, g and s are obtained from the condition that
the total functional (8) be a minimum at the given value of the
current j.

B. Dependence of the wave vector of the magnetic structure
on the current, and the critical current in the DS phase

Minimization of the free-energy functional (9) with re-
spect to g, 4, and Q yields the dependences of 4 and Q on the
Jj in the implicit form
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C(z) =Qu(T)g"(z) 9" (z),

g(z)=e"", Qo (T)=

A (7:) =A0g2 (x) ’
. 7t (3)3'(A06ex32 (T)
20, (T)

4y
=1 -—_—.—-,
@ (z) .

(10)

j(2) =298 [x—ag™ (z) =" (2)] " (2) g~ (),
a(T)=TE(3) ho?s*(T) /nvrQo (T) Ao,
jeo=1.7T1eN (0) A 7"vp,

where j, is the critical current that would flow in the system
at T = 0 in the absence of the LM. It is equal in practice to
the critical current in a nonmagnetic superconducting phase
at temperatures 7, > 7> Ty,.

A plot of the function j(x,a)/ j, for several values of a is
shown in Fig. 2. The value a,, = 0.168 corresponds to the
temperature T,,, and a =0.26 to the temperature 7. The
dashed curve in this figure shows the function Q (x)/Q,. In
the temperature interval from T, to T,,, the value of Q)
decreases by approximately 15% when the current is in-
creased from zero to the critical value j_(a). With further
decrease of the temperature from T, to %) the total change
Q with increasing current decreases and vanishes as T'.
Therefore the optimum conditions for observing the O ( j) de-
pendence are realized near the temperature T,, where the
change of Q is still large enough and the current j, is approxi-
mately half the value of j,. At small j/j. the wave vector
decreases quadratically withj, and a noticeable decrease of Q
takes place only in the current interval from 0.5/, to j..

The dependence of the critical current j. on the tem-
perature, i.e., on the parameter o, is shown in Fig. 3. In the
considered case of a dirty superconductor with (h7)*<1, the
value of the critical current does not depend on the direction
of j relative to the direction of the magnetic moment inside
the domains or relative to the direction of the wave vector of
the magnetic structure.

To decrease the action of the magnetic field of the cur-
rent on the magnetic structure it is necessary to choose a
sample in the form of a thin film and direct the current such
that the influence of its magnetic field be a minimum. The
influence of the magnetic field on the DS phase is considered
below, and it follows from this consideration that the small-
est effect is produced by a field perpendicular to the magneti-
zation inside the domains and parallel to the hardest-magne-

Iiq
TR
\\IZIX)/II,,
=0
~
(AR
0.5 7,168
0,22
0.24
025
n _
a a5 !

X

FIG. 2. Dependence of superconducting current and of the magnetic-
structure wave vector Q on the parameter x (see the text).

Buzdin et al. 433

1



0.5 J/i
1.0 é, 1.0
L/l X
0.9
S
SN—
0.5 ! X
S
<
1 |
0 a1 Y07 «

o, =018

FIG. 3. Dependence of the superconducting critical current on the param-
eter a (see the text and Eq. (10)).

tization axis. In this geometry the value of the field H should
be less than 2(D + 6., )-44/hy p , , where D is the anisotropy
parameter and &, is the magnetic moment at the site for the
hard magnetization direction. This condition leads to a re-
striction on the plate thickness L at a given current density j,
i.e., to the condition

L<0.186hac (AoT) ' (vFeuLn) - (]c/]) (D+eex) /Bex,
where c is the speed of light and e is the electron charge.

lIl. INFLUENCE OF MAGNETIC FIELD PARALLEL TO THE
MOMENTS INSIDE THE DOMAINS ON THE STRUCTURE OF
THE DS PHASE IN A THIN PLATE

A. Region of existence of the DS phase in the (~, 7) plane

The most interesting and strongest influences of a mag-
netic field on the DS phase manifest themselves under condi-
tions when the magnetic field is directed along the magnetic
moment inside the DS-phase domains and if the magnetic
field penetrates fully into the sample. We therefore investi-
gate first the behavior of a sample in the form of a plate
whose thickness L is small compared with the London pene-
tration depth 4, in the DS phase (the value of A, in the DS
phase will be obtained below). We consider a plate cut in
such a way that the moment inside the domains lies in the
plane of the plate and is directed along the x axis (the [111]
axis in HoMo4Sg). We shall disregard the influence of the
boundary conditions on the magnetic structure of the DS
phase. To this end, the structure wave vector Q (which is
parallel to the z axis) should lie in the plane of the plate, or
the plate thickness L should be much larger than the domain
thicknessd = 7/Q, if the vector Q does not lie in the plane of
the plate.

We obtain now the region of the existence of the DS
phase for such a plate in the case of a field parallel to the
direction of the moment inside the domains, i.e., a field di-
rected along the x axis. Under the influence of the field, the
thickness of the domains with magnetization along the field
(+ s)increases, and opposite to the field ( — s) decreases. We
denote these thicknesses of such domains by d (1 + ). The
Fourier expansion of the average value of the moment s, (z) is
then
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$:(z) =58+ Z%{H— (—1)" cos(nnd) 1sin nQz

+ (—1)"sin(nnd)cos (nQz)}. (11)

Expression (11) does not take into account the finite thick-
ness of the domain wall. It is shown in Ref. 3 that the influ-
ence of the domain walls on the superconductivity can be
neglected, and we are at present likewise not interested in the
contribution of the walls to the neutron scattering. There-
fore expression (11) is sufficient for our purposes. We neglect
the orbital effect of the field on the superconductivity by
virtue of the condition L €4, , and we must take into account
only the action of the exchange field hs, (2).

In part I we solved the problem for a rapidly alternating
exchange field in the presence of a current. We now consider
the problem without a current, but in the presence of a con-
stant exchange field 4 = h,s8. Allowance for this field re-
duces to replacing in (2)—(6) the real variable @ by the com-
plex variable z = w + iA. In the self-consistency equation for
4, instead of integrating f,(w) along the real axis © we must
calculate the integral of the functions f,(z) along a path paral-
lel to the real axis and shifted above it by an amount 4. The
result of the integration does notdependon/ (and4 doesnot
depend on % ) so long as this integration path does not cross
the singular points of the function f'(z). The singular points of
f(z) correspond to zeros of dz/df,, while the function f,(z) is
determined by Egs. (6a), i.e., by the equation

p=(4-1)(s-1)", rm—*=7—§§£‘§ia(6),
(12)

; 4 v 1—(=1)"cosnnd
G(8)= 7§(3); - .

AtAr,, > 1, thesingular point of f(z) closest to the real axis is
located at z = iA [1 — (47,,)~%/*]*/, and so long as & <A,
=4 [1—(4r,)"*?]**thequantity » doesnotenterin the
self-consistency equation for A. This means that the para-
magnetic susceptibility of the electron system is zero in weak
fields, and the functional of the free energy of the system
takes the form

F (5,0, 8,6, 1) =05 ~To(s)-+n (5, T) Q/sc ~ 5 gllsd

1 el nA 1
202 2 -_—
+0..5%6 ) N@©0)A*In i + N (0) (—-—,21"‘ —31:"‘2) )

1
hobs<h.=A[1—(Atm)~"/°]". (13)

At.>1,

There is no superconducting solution at > A,.
We have noted above that the magnetic structure of the
DS phase acts on the superconductivity in analogy with mag-
netic impurities for which the magnetic-scattering time is
equal to 7,,. We see now that this analogy is not complete,
since in our system the parallel paramagnetic susceptibility
Xe, 18 zero, and in a superconductor with magnetic impuri-
ties it differs from zero at any value of the parameter 47,,.
The reason why these two systems differ is that a supercon-
ductor with magnetic impurities is completely isotropic in
spin space, whereas in the DS phase there is a preferred di-
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rection parallel to the moment inside the domains. Therefore
the paramagnetic responses of these two electron systems to
the constant field are different. In a superconductor with
magnetic impurities, the ferromagnetic susceptibility of the
electrons is isotropic, while in the DS phase it is anisotropic.
We shall see below that the paramagnetic electronic re-
sponse of the DS to a perpendicular field differs from zero
(just as the response of a superconductor with magnetic im-
purities), i.e., in the DS phase we have y,; =0, but y,, > 0.

Minimizing the functional (13) with respect to the varia-
bles s, 0, 4 and 6 we can determine the equilibrium charac-
teristics of the DS phase and the region of the existence of
this phase, as functions of the magnetic field and of the tem-
perature.

Minimization with respect to § can be effected without
taking into account the last term in (13), since it is small
compared with the sixth term relative to the parameter
4 /ve Q «<1. Therefore 6 = u H /26,, The magnetic sus-
ceptibility of the localized moments in the DS phase in a thin
plate is y = ,u|2| n/20,, and the electronic contribution to
the susceptibility is negligible small compared with the LM
contribution. Thus, the susceptibility y, in the DS phase
does not depend on the temperature in the entire region of
existence of the DS phase.

On minimizing with respect to s, the third and last
terms of (13) can also be neglected, and the parameter s is
determined by the first two terms of the functional (13).
These same two terms determine the equilibrium value of
s(T') in the ferromagnet in the absence of a field and of super-
conductivity, and we arrive at the conclusion that in the DS
phase the value of s(T") hardly differs from the moment in the
ferromagnetic phase in the absence of superconductivity and
of a magnetic field.

Minimization with respect to 4 and Q leads to equa-
tions for the equilibrium values of 4 (T7,H ),Q (T,H ) and of the
free energy % (T,H ) in the form

b
AT, H) =B, Q(T, H)=Que~* (1~ 22 ) G(0),
o (wH)? (14
i =—0s2— ——-—.——L

F(I,H)=—-0s*—To(s) o e

NQ©) ,, .., 3uz

—— —nx Ik, P
o Ao (1 - 25 2at),

where x = (7,, 4)~ " is defined by the equation
4r

2 H
F(x)=xe“"’"’8(1-—-?;) —a(T)G(5), a=%<1, z<1.

ex

(15)

(a) DS-phase supercooling line. The function F(x) has a
maximum at x = 0.68. Therefore the region of existence of
the DS phase is determined, as a function of 7" and H, by the
conditions

(T, H)<s*(T,",0)Qo(T) Q™" (T ) G~*(5),
“uHszen (Ao/ho) e—nx/4 (1_1:‘/3) ’/z.

(16)

According to (16), the DS-phase supercooling line in the H,T
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FIG. 4. Region of existence of the DS phasein the (H, T ) plane in the case of
a field parallel to the moment direction in the domains. The temperature
scale is the normalized mean value s(T") of the moment in the ferromagne-
tic phase in the absence of superconductivity and of a magnetic field.
Curve 1—DS-phase supercooling line, 2—Tline of DS — FN, first-order
transition curve 3—FN-phase superheat line, curve 4 separates the super-
conducting phase with homogeneous magnetic ordering from the phase
with inhomogeneous magnetic order (in the mean-field approximation).
Curve 5 shows the region of establishment of a clearly pronounced domain
structure (11).

plane consists of two segments defined by the relations
Wi =200: (Ao/ho) €4 (1—22) *,

(17a)

F(.’L‘) =G(T)G(H]|H/20223(T))y

. _aym(@ a*ln2 ¢ wH\*
H(D = T+ (B (17b)

They intersect at the point with coordinates

s2(T)=s*(T& ) +0.452(Ao/ho)?,  pH=0.1080,.A,/h,.
The resultant DS-phase supercooling curve in the (H,T)
plane is shown schematically in Fig. 4, curve 1. In the same
figure, the temperature scale is taken to be the equilibrium
value of s(T') in the ferromagnetic phase without supercon-
ductivity or an external field, while s is reckoned to the left
from the point T,,, where s = 0, to the point s = 1, which
corresponds to T = 0. Figure 4 corresponds to the situation
AO/ h0<sc2 .

(b) First-order DS — FN transition line. To obtain the
first-order transition line it is necessary to equate the equilib-
rium free energy (14) of the DS phase to the energy of the
normal ferromagnetic phase, which corresponds to the mini-
mum of the functional

F (s, T)=—0s>—To(s) —pwHs—11*/8n (18)

with respect to the variable s. At low temperatures, where
>4,/ h,, the first-order transition line is determined by the
relation

3nx

wyHs (T) ="/.N (0) AgZe="" ( 122+ w) o (192)

F(z)=0.066s*(T)/s*(T..), (190b)
and in the region of small s(T')<(N (0)4 2/b0)"'* we obtain
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A
5I(I+1)

A BOA \ e
;11,H=2ee:7"-0.738( eA") ,

u T (20)

where I is the effective localized moment at low tempera-
tures 7S T,,. The first-order transition line is shown by
curve 2 of Fig. 4. The latent heat of the DS — FN transition
in the region s(T")»A4,/h, amounts to

3nz 1
= (0. —— g2 2
q (0709 2:c)A‘,N(O)(

dlnsz)

1
dlnT 21)

and the parameter x is given by (19b).

(c) Superheat line of normal ferromagnetic phase FN.
This line is determined by the equation A, s(T,H )= 4,/2,
where s(T,H ) is the equilibrium value of the moment in the
FN phase in the absence of a field, i.e., the value of s that
minimizes the functional (18). This line passes through the
point H =0, s(T') = A,/2h,; at small H the value of s(T") in-
creases linearly with increasing H and takes the asymptotic
valueu, H =b6(4,/2h,) at s€4,/2h,. The FN-phase su-
perheat line is shown by curve 3 of Fig. 4.

(d) Line separating the superconducting phases with ho-
mogeneous and inhomogeneous magnetic ordering (the
phases S and DS). We determine now the line on which a
domain structure appears. To the right of this line in Fig. 4 is
located the s-phase with homogeneous magnetic ordering
5070 in a magnetic field H >0, and on the line itself there
appear Fourier components s, 7 0. The functional of the free
energy takes, accurate to terms of second order in s,,, the
form (see Ref. 3)

g.{sﬂh 30.1 T} = (9—‘9,3) soz_ullHSo—TO (s0)

3., 31 2z, TA0
+ Z (7 b —O+T 5 Batg )sqs_q. (22)
From (22) we obtain s, = u H /20,,, and the line of transi-
tion into the inhomogeneous magnetic state takes the form
s(T) = 3'/%s,, accurate to terms of higher order in s,<1. The
line at which the inhomogeneous magnetic structure appears
(the second-order transition line) is shown by the line 4 in
Fig. 4. Near this line, the magnetic structure takes the form
5. (2) ~sinQ,, z with @3, ~(7?4,0,./4a’v; 0) (Ref. 1), and
this structure goes over into a domain structure when the
temperature or the field is decreased. In the domain struc-
ture, the domain width 7(1 — & )/Q should be large com-
pared with the domain-wall width a/s(T) (see Ref. 3 at T,
— T«T,). There exists therefore a transition region
between the sinusoidal solution and the domain structure.
This transition region is given by the relation u, H
=20, [s(T') — aQ (T')/7] and is shown by the dashed curve
- 5 of Fig. 4. At H = 0 it passes through the point s(T")=(a/
&o)". In the transition region, the parameter Q varies quite
rapidly from the value Q,, to the value given by (14).

Thus, Fig. 4 represents the region of the existence of a
superconducting phase with an inhomogeneous magnetic-
order parameter in the (H,T) plane for a parallel field. The
forms of the curves 1-4 are determined by the parameters
Ay/hyands,, = 0.208(4,/ho)(v; Qu/Ao)''?, and Fig. 4 shows
the situation 1> 59>4,/h,. In principle the DS phase can
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remain stable down to 7= 0 (if s, > 1) or remain metastable
down to T=0 (s, <1, but s = 1.26s_, > 1). In any case,
however, the DS phase exists only in fields u, H
<206, A4,/ h.

B. Dependence of magnetic structure of the DS phase on the
parallel field

It follows from (14) that the wave vector Q of the do-
main structure decreases with increasing field at a given tem-
perature. According to Fig. 4, the maximum changes in the
field from zero to values of the order of 26,, 4,/hou are
possible at temperatures determined by the condition
s(T')=A4y/h,. The parameter § increases in this case from
zero to a value on the order of unity when the DS-phase
stability limit is reached. The quantity G '/?(5), which de-
scribes the dependence of Q on H at a given temperature
(6 =pH /8., s(T)), is shown in Fig. 5, from which it is seen
that when the parameter § increases from zero to 0.5 the
change of Q is approximately 20%. Such a change can be
easily discerned in experiment.

When 6 is changed, according to (11), the relative inten-
sities of the component nQ in the neutron scattering also
change. In particular, in the presence of a magentic field
there appear peaks 2nQ, which are missing at H = 0. For the
intensity of a peak nQ in a single crystal we obtain from (11)
the expression

I.(H) _ 1—(—1)"cosnn6, §— wH ' 23)
1,(0) 2n?

The dependence of the relative intensity of the peaks on the
value of the parallel fields can also be detected in experiment
by neutron scattering. We note that the value of s(T') can be
obtained from data on the temperature dependence of the
neutron-scattering amplitude. The parameter 6,, can be cal-
culated if the susceptibility of the plate in the parallel mag-
netic field is known (see III A above).

IV. EFFECT OF FIELD PERPENDICULAR TO THE
MAGNETIZATION INSIDE THE DOMAINS ON THE DS PHASE
IN A THIN PLATE

In this section we investigate the behavior of the DS
phase in a field perpendicular to the magnetization inside the
domains. We consider as before the case when the field is
parallel to the surface of the plate and disregard orbital ef-
fects, assuming that the plate thickness is L <A, and consid-
ering fields H<H % (0), where H % (0) is the upper orbital
critical field.

In the system considered by us, the electrons are acted
upon by an exchange field 4, (r) = A, s, (r) that varies in
space, and by a constant exchange field 4, = h,s, perpendi-
cular to it (the magnetic field is directed along the z axis). We
shall show below that the component s, is small, and will
disregard the change of the s, component inside the domains
on account of the appearance of the s, component. Thus, the
moment inside the domains is characterized by the quanti-
tiess, = +sands,.

We start with the Gor’kov equation for the Green’s
function
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G(r, 1, r',0) =—iTp(r, P, 0)> 0=y, ¥, 4 7).

We must take into account the action exerted on the
superconductivity by the exchange fields 4, and 4, (r) and
the scattering of the electrons by nonmagnetic impurities.
The field A, (r) contains the Fourier components (2n + 1)Q
withn =0, 1, 2, ... . The equations for the function G are of
the form

GG(r,T; v, 0)=1, G~'=G,'+h,

o= (G o) e (O %) = (5 %),
(24

We change over to the momentum representation in terms of
the difference r — r’ and introduce the Green’s function

G(p,r) =5 dr’ €™ G(r, 1, r+1',0).

The operator G ! takes then the form

-1 _ ioFh,+E (p) FA
G.(p,r)= ( +A _imihg+§(p) )
1 dp
Ty f oy G @1, (25a)

- [ Bs(r) 0 _1 dp
h:,z(r)—( 0 h,,(r)) 2'1:—*8 WGi,Z(pv r), (25b)

where £ ( p) = £( p) — € and £( p) is the electron energy.

The procedure for solving Eqs. (24) and (25) is similar to
that used in Refs. 3 and 10. We expand the Green’s function
G ( p,r)in a Fourier series in the variable r, with Fourier coef-
ficients G ( p,n). The Fourier component 7 of the Green’s
function is small in the parameter (4, 7)" and we confine our-
selves to terms of second order in 4, in the equation for the
mass operator of the zeroth component of the Green’s func-
tion. In this case the discarded terms are small in the param-
eter (h, 7)>. The equation for the zeroth component of the
Green’s function G ( p,0) is

G®,0=Gu(p,0)+Y " Gu(p,0) kel (p+q,0)h-oC (,0),
(26a)

q=nQ, G,~'G.(p, 0) =1, (26b)
with only the zeroth component of the Green’s function re-
tained in the last term of the right-hand side of (25a) (the
higher components are sma'l in terms of the parameter |, |/
veQ), while in the right-hand side of (25b) we leave out the
last term, since it is small in the parameter (Q/)~'. We write
the solution for the function G ( p,0) in the form

G+ (p) 0 i i iﬂ)l,z+§ iAi,z
G(p’ 0)=( 0 G- (p) )y Gi (p)_( :tAi‘z "‘i(l)l,2+E )
(27a)

and then Eq. (26b) takes the form
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PR Gor ™' (p) 0
crw= (" Ty
iy [ i0EhAE FA 1 dp
G (p)_< +A ——io>¢h,+g) ze) @y G (P)-
(27b)

Substituting (27) in (26a) and integrating first with re-
spect to the angle variable of the momentum, and then with
respect to energy, we obtain equations for w,, and 4, ,:

0y

0,=w—ih,+ m
11 Ihnlei(miA2+m2Ai)
 0rQ &= 207 (02 A F (0 A B
" (28)
A= A, b1 'hnlzmi(ﬁ)xAz'l'(OzAt)

A - 1 1
21(wl +AR) f vsQ " 2nt (@’ +AL%) I’((D12+A12)%

and analogous expressions with the substitutions 4, <> 4,,
@, <> ©,, h, < — h,. We note that for our problem the so-
lution of the Gor’kov-Nambu equations is simpler than the
solution of equations of the Eulenberg type because in (27b)
it is easier to carry out first integration with respect to the
angles and then with respect to energy.
We introduce the variables 4, , = w,,/4,, and, using
the small parameter 74 €1, we obtain
w—ih, _ z (u,tu,) otih,
A “TZre) "t A
T5(3) hos* 1
e=—as s A Yawar

The solution of (29) is of the form u, , = u + iv, whereu
and v are real numbes. At small 4, €4 the self-consistency
equation for 4 takes the form

z (u,+u,)
2(1+u?)" ’

=u,

29)

ln—i—°=f(x) ta R (0, 2), (30)

2A°

where the function f(x)is defined in (7), while F (0,x) at x< 1 is
given by the integral

(1—u*)du [ u'z (1)

-2
F(0, z)=o (1+u?)® - (1+u?)* ] ’
and F(0,x) = m/8 + 4x/105 4 O (x?). Integrating (30) with
respect to A we obtain the functional of the free energy of the
system at x<1:

F (5,80, 0)=—0s*~Toc(s)+0..2[1—-C(0,z) ] —pHs.

N 1Q 1 ] PRECRM i
+Ds.t = = - N(0) A [IDTJFM 3 ] 8
(32)

C(0,z)= jF(o, ) dz,

where D is the anisotropy parameter. It is seen from (32) that
the paramagnetic susceptibility of the electrons in a perpen-
dicular field is different from zero and is proportional to C (0,
x) in full analogy with the behavior of a superconductor with
magnetic impurities.’
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In the case of small x<1 and arbitrary fields #,<4 we
obtain accurate to terms of order x, the self-consistency
equation for 4:

1ni‘5"_——1<('; ) (33)

which corresponds to the free-energy functional

1 hs.
F (55,8, 0) =—05'—T0 (5) +0esss* + =N (0) A%aE (TAE‘)
2
—w HsADsz+ A& 1O N(O)A”l Al
T A? 8n
(34)

where K ( y) and E ( y) are elliptic functions.

Minimization of (34) with respect to s, 5, Q, and 4
yields their equilibrium values. For the susceptibility of this
system we obtain y, = pu’n/(6,, + D), itisless than the par-
allel susceptibility in a ratio (1 + D /6,,)"'ul/u;. The re-
gion of existence of the DS phase in the (H,T ) plane at small x
(in practice from T, to T,,) is determined by the same rela-
tions as in the parallel field, if 6, is replaced by 6, + D and
the slope of the line separating the phases DS and S is de-
creased by a factor /3.

The quantity Q decreases with increasing field, and at
small x this function takes the form

wiHh,

A eD) " OO

om=00[ Z560]", .=
A plot of the function Q (8, )/Q (0) is shown in Fig. 5. In the
region of the existence of the DS phase, the quantity &, varies
from zero to a value on the order of unity, and the maximum
decrease of Q with increasing field is approximately 15-20%
in the temperature interval from T, to T,,. Thus, the influ-
ence of the perpendicular field on the wave vector of the DS
phase is much weaker than that of the parallel field even at
D = 0. The magnetic-field interval of the existence of the DS
phase is also anisotropic, and for a perpendicular field at
small x it is larger in the ratio (1 + D /6,,) ™ 'u, /1, .

We have neglected above the orbital effects, as can be
done if HY <H*%(0).

Neglecting the action of the perpendicular magnetic
field we can calculate now the field dependence of the mean

UIIH)/ al)

75

a 025 05 075 &

FIG. 5. Dependence of the magnetic-structure vector Q on the magnetic
field at a given temperature.
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value Q (H )for polycrystalline samples. As aresult we obtain
3p
0 (H)/Q(0)=6,* j G" () dz, where 8,=,H/20..s(T).
]

The function Q (8,)/Q (0) is plotted in Fig. 5.

V.LOWER CRITICAL MAGNETIC FIELD H_, IN THE DS PHASE

We consider now a bulky sample and obtain for it the
lower critical magnetic field H_,, which determines the ap-
pearance of a vortex structure in the DS phase. We confine
ourselves to an investigation of superconductors with 4, >£
where A4, is the London penetration depth of the field in the
nonmagnetic phase S at temperatures T, < T<€T,,, and £ is
a correlation length or order (£,/)'/%. We shall show below
that magnetic fields with Fourier components (vectors) of
the order A ;' take part in the formation of the vortex struc-
ture of the DS phase. If 1, »£&, the response of the DS phase
to these fields is approximately the same as the response to a
constant field. Let the constant magnetic field be directed
along the z axis. The electrons are then acted upon by a con-
stant exchange field 4,, a magnetic field B = curl A directed
along the z axis, and a rapidly oscillating exchange field
h(r) = (h,(r), A,(r), A,(r)) of the domain structure. To deter-
mine the field H_, it is necessary to find the functional of the
free energy of the superconductor in the presence of such
fields.

Calculations similar to those performed in Sec. IV yield
the equations

o—ih, —u (1 _ Zy )_ zz(u1+uz)
A A+ud)™ ] 2(1+u2)™
w+ih, . (1 o ) x, (utu,)
A U eyt 2(Fen

(36)

n [Bonl? n [Benl®+ Ry |?
Zy = ZUFQA Zﬂ n ) 32—20F0An2 n )

1= 2 (1+uz2) "

These equations are generalizations of Egs. (6), (12), and (29),
and have been obtained under the same assumptions. At 4,
<A the self-consistent field equation takes the form

Ao h?
ln~ f(x1+xz)+xz F (21, 2),

(37)
F(zy,2,)=

~ (1—u?)du [1 B

z,tulz, 17
(1+u?)® ]

(1+u?)*

16z, i 4z,

+ 2
5T 105 0@

-z
8
where the notation is the same as in (30). Integrating with
respect to 4, we obtain from (37) the functional (32), in which -

x = x, + Xx,, while C (0,x) must be replaced by
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1
C(xy, z.) =z, J‘F(axn az.)da.
0

o

(1—u')d
=xzj (13—11,2;Z [1_

x1+u2xz -1
] (38)

(1+ur)*

The paramagnetic susceptibility of the electrons is now pro-
portional to the function C (x,,x,), and is different from zero
in the presence of the perpendicular field h,(r)= (A,(r),
h,(r),0), that intermixes the states with different values of the
spin projection on the direction of the field 4, .

At slow spatial variations of the fields 4, and B (r), the
free-energy functional (32), (38) remains valid for volumes in
which this field be regarded as constant. Summing over the
space occupied by the superconductor, we arrive at the den-
sity of the total functional of the Gibbs free energy

F(5:,5,Q,A,A(r) ) =—05*(r) +{0ex[1—C (21, 22) 1+D} 5.2 (x)

—To(s(r)) +n(s(r), T)Q/n—uB(r)s.(r)

B*(r) N(0)A? eA? 2,
+ &2 [ln e nz+3x]

1—4x/3n c * B(r)H
—_— - - =z, +
8.2 [A(r) e Vo) ] Tam 0 W
(39)

calculated accurate to terms A? at an arbitrary phase A. In
(39) the quantity 4 and the function ¢(r) are the modulus and
the phase of the above parameter, i.e., 4 (r) = 4 exp(ip(r)),
and the parameter D is the anisotropy energy when the direc-
tion of the moment is along the z axis.

If the vortex filament is located at the origin along the z
axis, then the phase @(r) satisfies the equation

[rot Vo(r)].=nb(r). (40)
Minimizing (39) with respect to s, (r), we obtain the equilibri-
um value of s, in the form

$:(r) =pB(r)/{20e:[1—C (2, ;)] +2nu*n+D}. (41)

Minimization of the functional (39) with respect to A(r) and
@(r) yields the Maxwell equation
4z D, 4z
4, -2(1——-)] Be=4npq’s, +—(1~——) ,
[ q L 3 q=3NUG"S2q A 3
(42)
q=(qx’ 9y, 0).

Substituting (41) in (42) we get

4
Bq=q)0[ 1+A2q (1 - )
3m

-1

2npin -t
1 —_
X( 0[1—C (z,.72) | T D+ 2apin )] (43)

This expression shows that the magnetic flux is quantized in
the usual manner

| & B(x) =Bo=o=0..
Using Maxwell’s equation (42) and (43), we obtain for
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the energy difference between a superconductor with and
without a vortex the expression

B (r=0) —4npsS, (1‘=0‘)

F vri= s = L
8n 4n
By setting (44) equal to zero we obtain
O,(1—4x/3n) . A
He = — o i/
4rih; g (45)

=

2nuin
0c[1—C (24, 2,) 1+D

- b\~
AL=AL(1———) [1+
3n

The quantity 4, determines also the penetration depth for a
field parallel to the surface in the case of specular reflection
of the electrons from the surface.

It is seen from (45) that the field H,, decreases when the
superconductor goes over into DS phase, and that for a field
parallel to the easy plane this decrease near the point T, is

approximately /3.

VI. REGION OF EXISTENCE OF THE DS PHASE IN A BULKY
SAMPLE

We have obtained earlier the region of existence of the
DS phase in a plate of thickness L«A, with the magnetic
field parallel to the plane of the plate. We now consider the
behavior of a bulky sample of thickness L» A, in a magnetic
field parallel to the surface.

In the bulky sample, the magnetic field penetrates into a
surface layer having a thickness on the order of A,.We con-
sider superconductors in which 1,>& and the condition
[H“/H %(0)]°<1 for the smallness of the orbital effect is
satisfied.

If A, >&, the magnetic field destroys the superconduc-
tivity in the surface layer when the exchange field exceeds
here the critical value. Since the destruction of the supercon-
ductivity in the surface layer is accompanied by destruction
of the superconductivity in the entire sample, curve 1 of Fig.
5 is the boundary of the coexistence of the DS phase with
respect to a parallel field both in a plate and in a bulky sam-
ple (for a perpendicular field, just as in the case of a plate, the
corresponding results are obtained by replacing 6,, by 6.,

+ D).

It is easily seen that the thermodynamic first-order
transition field H_, obtained for the plate, describes also the
first-order transition DS —FN in the surface layer, since the
energy of the superconducting currents in the DS phase is
negligibly small compared with the energies that determine
the transition. Indeed, the term H 2/87 in (18) is small com-
pared with the term u Hs in the energy of the FN phase on the
entire line of the DS — FN first-order transition. It is ob-
vious also that curve 3 of Fig. 4 for the superheat field of the
FN phase is valid also for the bulky sample.

The line 4 of Fig. 4, which separates the DS and §
phases, retains its form in the surface layer of the bulky sam-
ple, but inside the superconductor, in the Meissner state, it
becomes vertical.

The magnetic structure changes under the influence of
the field in those sample regions in which the magnetic field
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penetrates. At H < H_, this change will be observed only in a
surface layer of thickness A, , while in the vortical state the
magnetic structure changes also in those regions where the
vortices are located. The character of the change of the
structure, just as in the case of a plate, depends on the direc-
tion of the field relative to the direction of a moment inside
the domains.

VII. MAIN CONCLUSIONS AND COMPARISON WITH THE
EXPERIMENTAL RESULTS

1. In a thin plate of thickness L <A, for a field parallel
to the surface, the magnetic susceptibility of a superconduc-
tor in the DS phase is y = u’n/(6,, + D), where u is the
moment and D is the magnetic-anisotropy parameter for the
given field direction. Therefore measurements of the mag-
netic susceptibility in the DS phase yield the exchange pa-
rameter 6,, that determines the most significant characteris-
tics of magnetic superconductors.

2. In a thin plate, the wave vector of the magnetic struc-
ture decreases appreciable under the influence of a magnetic
field parallel to the surface and to the direction of the mo-
ment inside the domains (see Fig. 5), and peaks 2nQ appear in
the neutron scattering, where n is an integer (see Eq. (23)). In
the case of a field perpendicular to the direction of the mo-
ments inside the domains, the wave vector of the magnetic
structure Q decreases insignificantly with increasing field,
and the distribution of the intensities of the neutron-scatter-
ing peaks is independent of the field.

3. In a thin plate the supercooling magnetic field of the
phase H “ is equal to approximately 2(d,, + D )4,/hqu near
Ty, and decreases with decreasing temperature (Fig. 4).

4. In a bulky sample, the changes of the magnetic struc-
ture are observed where the magnetic field penetrates. The
region of existence of the DS phase under the condition AL
> ¢ takes the same form as in a thin plate.

5. The field H,, in which vortices appear in the DS field
near T, remains approximately the same as in the nonmag-
netic S phase, and with decreasing temperature the field H.,
decreases insignificantly. The depth of penetration of the
field decreases on going into the DS phase by a factor
(14 4my )2

6. The superconducting critical current j. in the DS
phase decreases to zero with decreasing temperature from
T,, to T'9 (Fig. 2). The wave vector of the magnetic struc-
ture decreases with increasing superconducting current.
This decrease is most noticeable near the point 7, . The Q ()
dependence is such that in weak currents the change of Q is
negligible and becomes observable in practice only when j
approaches the value ..
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The action of the magnetic field on the superconducting
phase with inhomogeneous magnetic order was investigated
so far only in polycrystalline samples of HoMoSg. Lynn et
al. investigated neutron scattering as a function of the mag-
netic field in the region of existence of an inhomogeneous
magnetic structure.*® In HoMo,S, the inhomogeneous mag-
netic structure vanishes in fields above 0.5 kOe. In the same
compound, a decrease of the wave vector of the magnetic
structure was observed upon application of the field, and this
change amounted to approximately 20% when the field in-
creased from zero to 0.2 kOe at 0.67 K. This Q (H) depen-
dence agrees with our conclusions too. For the curve of Fig.
5 for the polycrystalline sample we determine 6, = 0.8 and,
taking s(T') =~0.5 from Fig. 8 of Ref. 6, we obtain the estimate
6., ~0.2 K. Ishikawa et al.'" estimated the suppression of T,
due to exchange scattering in HoMoSg. These data yield the
close estimate 6, ~0.15 K. Taking N (0)=3 eV~ ' (Ref. 11),
we obtain 4,~20 K. In a parallel field the inhomogeneous
structure vanishes then if

H<H," =20..A0/p;ho=0,14 kOe

(4 =9up)- This value agrees with the previously given field
value (0.5 kOe) above which the peaks of the inhomogeneous
structure are no longer observable.

In HoMogS; the upper critical magnetic field H % (0) is
approximately 3 kOe (Ref. 12), and the condition for neglect-
ing the orbital effects, used by us in the calculation of H ), is
satisfied.

In conclusion, the authors thank I. O. Kulik and the
participants of the seminar of V. L. Ginzburg for a helpful
discussion of the work.
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