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In high-T, superconducting compound®, sCe, sRuS,LCu,0;, the onset of superconductivity occurs at a
temperatureT; much lower than the temperature of the phase transition to weak ferromagnetism, and the
diamagnetic response arises at the temperdtyrevhich is much lower thaff.. The present paper contains
experimental data and a theoretical analysis of this phenomenon. These results collectively show convincingly
that betweerT, andT vortices are present in the sample in equilibrium without an external magnetiétfield
spontaneous vortex phasgS0163-1828)52022-X]

Coexistence of ferromagnetism and superconductivity hasvas demonstrated by the dependence of the magnetic mo-
long attracted attentichThis nontrivial phenomenon arises mentM on the external magnetic field. But the most remark-
from a simultaneous presence of two competing order paable property of the superconducting weak ferromagnet was

rameters, spontaneous magnetic montdgt and the com-  that the diamagnetism arose at temperatufgs-20 K,
plex superconducting ordek =|A|exp(e). Usually these which is much lower thaT;. The diamagnetism was re-
two order parameters mutually suppress one another. Nevef€aled as a negative magnetic moment on the virgin magne-

theless, the coexistence is possible sometimes, as the thedgAtion curve obtained aft‘fer the zero-figlq-coo_li@FC)
and the experiment have demonstrated. p o_ces§. We stress_, that su_perconductlwty W|th_out_ the
There are two possibilities to achieve coexistence of fer_Melssner effect” exists |n_the intervally<T<Te, Wh.'Ch IS
) o ._much broader than the width of the superconducting transi-
romagnetism and superconductivity: either ferromagnetism. : . .y
: o . . tion. So this phenomenon may not result from an insufficient
arises inside the superconducting state, or, inversely, the o

t of ductivit in the f e ctate, 19AMPle quality.
SeLor superconductivity occurs In the ferromagnetic staté. In- rpgre \yas no proper theoretical interpretation on these

the past botﬁsthe experiment and the theory dealt with thg,seryations. In the present paper we present experimental
former casé 8 They called these m_atenal‘erromagnetlc data and a phenomenological model describing magnetic
supercqnduc?orsRece.ntIy the experiments have been '®properties of these materials. They unambiguously demon-
ported in which coexistence of ferromagnetism and superstrate that belowl’, the equilibrium mixed state arises even
conductivity was revealed iR; £Ce, sRUSECU,O10.° IN CON-  without an external magnetic fieldhe spontaneous vortex
trast to previous studies which dealt with superconductinghasg.
ordering stronger than magnetic ordering, to our knowledge Let us dwell first on the experimental magnetization
this was the first time where the superconductivity arose ircurve. In a comparatively narrow field interval about a few
the state with a well developed magnetic order parametehundred Oe the magnetization achieves its saturation value
the ratio of the Nel temperaturd to the critical tempera- when its further growth becomes much slower and linear. It
ture T, of the superconductivity onset was about 4. We be-s natural to suggest that this narrow interval corresponds to
lieve it was also the first example where the coexistence ofhe domain structure which is finally suppressed by the ap-
ferromagnetism and superconductivity was observed in highplied magnetic field. Then the spontaneous magnetic mo-
T. materials. We call this compound theperconducting mentMg can be obtained by the extrapolation of the satura-
ferromagnetin order to emphasize the difference between ittion plateau to zero external magnetic fiéibe an example
and ferromagnetic superconductors which refer to ferromagin the inset in Fig. 1L The momentM, is believed to be the
netism arising in the superconducting state. saturation momeni ¢, of the Ru sublattic8. The tempera-
CeramicR; sCe sRuSKLCW,0,, samples were prepared by ture dependence d¥l .= Mg is shown in Fig. 1, andy is
a solid-state reaction. Their chemistry and structure were dedefined as the temperature in whibh, vanishes.
scribed in Ref. 9. The onset of superconductivity at Furthermore, we have revealed that the hysteresis phe-
T.~33 K was revealed by the observation of a steep drop ohomena are much stronger in the superconducting state at
resistivity at zero magnetic field. At the same temperature 3<T. than in the temperature interval,<T<Ty. One
weak specific-heat kink has also been obseMe8canning can see it in Fig. 2 where a few hysteresis loops for different
tunneling microscopy and spectroscopy data reveal a supetemperatures are shown. A strong enhancement of coercivity
conducting gap all over the sample, confirming that thein the superconducting state is also demonstrated by the
samples do not consist of separate normal and supercondugtot of the coercive fielH . as a function of temperature
ing regions. The weak ferromagnetism B&Ty~130 K (Fig. 3.
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FIG. 1. The dependence of the spontaneous magnetic mowgrin temperature. Inset: The spontaneous magnetic moMgris

shown forT=5 K.

So the most remarkable properties of our superconductinductivity and ferromagnetism is governed by electromag-

weak ferromagnet ardi) The diamagnetism arises at tem-

peraturesT4~ 20 K, which is much lower thaf..° (i) A
strong enhancement of coercivity is observed belbw

Now we shall consider a phenomenological model which, . 1 the free energf = f (M

explains such a behavior.
The total free energy of our system is

F=f(Nig)+ o (Wi~ o) 2+ — (B—drhi)?
=1( 0)+Z( o)‘*’g( m™)
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wherey is the differential magnetic susceptibilitp, is the
magnetic-flux quantum, andly is the London penetration

depth without magnetism. The real penetration depth may b

different (see below.

Equation(1) is the London limit of the free-energy ex-
pression suggested by Blount and Varfccording to their
analysis(see also Refs. 3, 4) &nterplay between supercon-
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FIG. 2. The hysteresis loops for different temperatures.

netic effects and the antiferromagnetic components of the
order parameter play a negligible role. We also assume that

M is close to the spontaneous magnetic moml@ia,t at

o) has a minimum in the ab-
sence of the superconductivity and the external magnetic
field. The minimization of the free energy, EQ.), with re-

spect toM yields

|\7|:|\7|0+%(|§—4m\7|0), )

wherew =1+ 4y is the differential magnetic permeability.
In order to find the spatial distribution of the magnetic

induction B, one should look for the minimum of the total
free energy with respect #. This yields the Maxwell equa-
tion for the electric supercurrerj?g:
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FIG. 3. The coercive fielH ., (the width of the
loop) as a function of temperature.
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The Maxwell equation(3) together with the equation /\/YJ H
. >
VX [o=———(B,~B) (@ -
Is= v ~
'

yields the London equation which determir®s

AV X[VXB]+B=B,. (5)

b)

Here A\=\o/\/u is the London penetration length into the

magnetic superconductor, anév is the vortex field
which takes into account the presence of vortex lines. It is
directed along the vortex lines, its magnitude being
B,=®y= 5(?— ﬂ), Whereﬂ is the position vector of theth
vortex line in the plane normal to the line.

Thus the presence of the magnetic moment does not
change the distribution of the magnetic induction in the su-
perconductor, except for the renormalization of the London
penetration depthTherefore, in order to find the free energy
of the superconducting ferromagnet averaged over the
vortex-array cell, we can use the average free energy of t
nonmagnetic superconductor:

FIG. 4. Schematic theoretical magnetization curves)

h"IEC>T>Td; (b) T<T4. The dashed lines are for the case of fixed
M,. The thick solid lines show magnetization curves whég
reverses its direction af =0.

FE—lf BZ+ ®2 (. 2w/32d ]
oB=35 ) lgr 322 |V 5, ) |9 © e L

_ o Hig=4m— == (—47MytHY), (9
Here integration is performed over the vortex-array-cell area Bl .o M

Sin the plane normal to the vortex lines, aBek o, is the whereH?, is the first critical field for a nonmagnetic super-

average magnetic induction, whergis the vortex-line den- duct d sians. and — d to the si f
sity. Then the average total ener@} of the superconduct- conductor, and signs- an correspond to the sign o

ing ferromagnet may be presented as B-My in the limit B—0. Thus for a domain with fixed!1,
the Meissner state does not vanish, but is shifted and con-
- 2, 1 . . 1 tracted along the axi$l. The magnetization curves for a
F(B)=1(Mo)+ 7M°_ M B-Mo+ ;FO(B)’ ™ single-domain sample with fixeM , are shown by dashed

_ o lines forTy<T<T, in Fig. 4a) and forT<T, in Fig. 4(b).
where now and later oB=B is the average magnetic induc- However, the picture given above does not take into ac-

tion. count that there are domains with different directions of the
The magnetization curve can be found from the eXpresgpontaneous magnetic momeM,. The experiment at
sion for the magnetic fieldH: T>T,. shows that the external magnetic field remagnetizes

the sample very easily, with quite weak hysterek?s)' re-

= oF 1 . . - verses its direction in a narrow interval of fields. Neglecting
H _47T£ - ;[HO(B) —4mMo], 8 this field interval related to the domain structure we have the

simplified magnetization curve M=MyH/H+yH at

whereHo(B) =4mdF,/JB is the magnetic field which cor- T>T.. Then in order to obtain the magnetization curve in
responds to the magnetic inducti@ in the nonmagnetic the superconducting stat& £ T), one must take the part of
superconductor. These relations show the transformation b€ magnetization curve &t>0 obtained above for a single-
which one can obtain the cun&(H) for the superconduct- domain structure with fixedM, and supplement it by its
ing ferromagnet from the curvB(H,) for the nonmagnetic space inversiorisolid lines in Figs. 4) and 4b)]. On the
superconductor(i) to shift the curve along the horizontal magnetization curve obtained by this procedure, the Meiss-
axis H by the length 4rM; (i) to scale the axi$i by the  ner state is possible only &<Ty when 47M, becomes
factor 1ju. smaller than the first critical fielt, of the nonmagnetic

The critical fields separating the Meissner and the mixedsuperconductor with the free enerdyy(B) [Fig. 4b)].
states are Above T4 at zeroH the whole sample is in the mixed state,
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but there are domains with opposite directions of the magand is about 34 Oésee Fig. L As a value ofH‘;’l, one may
netic flux corresponding to the directions of the spontaneoushoose the typical value of the first critical field in the non-
momentM . magnetic  superconductors of a similar structure:
Until now our model assumed that the critical magneticHo1~[1—(T/T¢)?]400 Oe. We see that at the temperature
field for the Meissner state exceeded the field which supTa~20 K where the diamagnetic response appéeas is of
presses the magnetic-domain structure. In order to make olit¢ same order as™M,. This qualitatively confirms our
model even more realistic, one should take into account thafhodel.
in the experiment both fields are of the same order. Since we N our theoretical analysis we restricted ourselves with the
do not have enough information on the material parameter8auilibrium magnetization curve. As was already mentioned
necessary for the knowledge of the domain structure, w&€ irreversibility(the hysteresis logps more pronounced in
restrict ourselves with some general comments on a possibf§€ Superconducting state. This means that irreversibility

mdicaton of the magnetzaion curv i the presence off €5 TOSUY oM e Yo png, bt ot om e b
) AT~ o
the domain structure. AT<T4 and at low magnetic fields ferromagnets.

there is a mixture of domains which are in the Meissner state™ 1 \<\e have shown that in a superconducting ferromag-
and of ;hose Th thfe”m'\z(e.d state. This meq?r? ttr?at one Ct' et atT.>T> T4 magnetic-flux lines are present in a sample
neverobserve the ull VIeISSner response wi € susceptiy, equilibrium even without an external magnetic field. This
bility x=—1/4, but itis still possible to observe the nega- gia1e \yas called thepontaneous vortex phad®ecently Ng
t'vivsusbcelpt'b'l':%_tliﬁwfXt<O' . IV ob din oudnd Varmi suggested looking for the spontaneous vortex
e be 'evir ? ) N las case 1S refg ﬁé 0 hserve n _Oubhase experimentally in ErpB,C at temperatures below 2.3

experiment alf <Tq; at low magnetic fields the magnetic "o of their papers is titled “Spontaneous Vortex Phase
response comes from different domains which are either ifyo o\ ered?” We believe that the question mark can be re-

the Meissner, or in the mixed state. Therefore one canngt o4 the spontaneous vortex phase diasady been dis-
observe the full Meissner response. Thus our sample is inh%’overea in the superconducting weak ~ferromagnets
mogeneous on two spatial scalég:a smaller scale of the R, <Ce, RUSECWL,O1,

order of the intervortex distance in the mixed-state domains, n summary, our observations and the phenomenological

inhomogeneity is induced by the broken symmetry of the

’ i o ondition that the magnetic ordering is stronger than the su-
ordered state, and has nothing to do with the possibility oﬁ 9 9 g

7 .perconducting orderingT;<<Ty). In this case the diamag-
the granular structure of the material itself. The latter POSSIT tic response becomes possible at temperatlired

assumed domaih Sttuctre with a mixed state n some dguNIch 1S much lower than the temperatuTe. In the tem-
mains must arise even in a sample which is ideally homo eperature intervall y< T<T, magnetic-flux lines are present

P y %€ equilibrium without an external magnetic fie{dpontane-
neous abovdy .

oo . ous vortex phagebut there are domains with opposite direc-
Now let us make a rough estimation of the ratio between[. phase . PP
0 L ; . ) ions of the magnetic flux.
Mo andH¢,;, which is crucial for our interpretation. At tem-

peratures of the order or less th@ip the spontaneous mag-  We thank B. Horovitz, C. G. Kuper, and C. M. Varma for
netic momentM, has no essential temperature dependencéiscussions.
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