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Internal magnetic field of superconducting ferromagnets
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We have measured the nonlinear response to the ac magnetic field in the superconducting weak ferromagnet
Ru-1222, at different regimes of sample cooling which provides unambiguous evidence of the interplay of the
domain structure and the flux distribution in the superconducting state. This is a proof of coexistence of
ferromagnetic and superconductive order parameters in highthenocuprates.
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The problem of coexistence of superconductiilC)  these properties depend also on th&rnal magnetic field
and ferromagnetism(FM) has been studied for almost during the cooling process. We exploited the procedure,
50 years starting from the theoretical work by GinzBurg which we shall call the internal-field coolingFC): The
(see also Ref. 2 Coexistence of weak-ferromagnetism sample was cooled down M under an external magnetic
(W-FM) and SC was discovered some time ago infield Hgc (Tirc<Tp). At Tiec, Hiec Was turned off and fur-
RuSpR,_CeCu,04 (R=Eu and Gd, Ru-1222ayered cu- ther cool down tol =5 K was done aH=0. It appears that,
prate system$,and more recentfyin RuS,GdCyOg (Ru- by using the IFC procedure, the properties of the SC state
1212. The SC charge carriers originate from the GuO were different from those measured after the regular ZFC
planes and the W-FM is related to the Ru layers. In bothprocess from temperatures abolg Thus, in the SC state,
systems, the magnetic order does not vanish when SC settse sample senses the internal magnetic field evolved from
in at T, and remains unchanged and coexists with the SGhe remnant magnetization, which was formed in the normal
state. The Ru-1222 materialfor R=Eu and Ggl display a ferromagnetic phase and then frozen at further cooling.
magnetic transition alTy=125-180 K and bulk SC below We measured the nonlinear response to the ac magnetic
T.=25-50 K(Ty>T,) depending on the oxygen concentra- field, which is a sensitive probe of superconducting vorticity,
tion and sample preparation. This discovery has launched @s demonstrated by numerous investigations in the8p#st.
new wave of investigations in this fiekdThe problem is of ~Ceramic sample of GdCe, sRu,SLCW,0;4 (RuU-1223 with
general interest for condensed matter physics and is relevadimensions & 2x 2 mn? was prepared by a solid-state re-
for many materials, in particular unconventional supercon-action as described in Ref. 3.
ductors (including some heavy fermiopswith triplet In a nonlinear medium, magnetization oscillations, in-
pairing® duced by an ac magnetic fielt)=h, sin wt, may be ex-

Despite a lot of work done in the past and recently, depanded in a Fourier series,
bates concerning whether such coexistence is genuine are
still continuing. Evidence in favor of coexistence is mostly M(t) = hoE x4 sin(nwt) - X cognot), (1)
indirect and refers to some peculiarities of the magnetization n>0
curve. One of the most pronounced manifestations of SC-FM
coexistence is the spontaneous vortex phas@erconduct- Wherey; andy; (n=1,2,3,..) are the in-phase and out-of-
ing vortices induced by the internal magnetic field from thephase components of the harmonic susceptibility. In all ex-
FM magnetization It explains well the magnetization curve periments described here we measured the voltage drop in-
of these materialgsee Ref. 7 and references thejeidow-  duced in a pickup coil, which is proportional to the time
ever, this phase has not yet been observed experimentaltlerivative of M(t). Our homemade experimental setup was
(visualized as the more common mixed state of type-Il suadapted to a commercial MPMS SQUID magnetometer. An
perconductors ac fieldh(t) at a frequency ofv/27=1.5 kHz and an ampli-

In the past the evidence of the FM-SC coexistence retude up to theny=3 Oe was generated by a copper solenoid
ferred mostly to the magnetic properties of the materials afexisting inside the SQUID magnetometer. The temperature,
fected by the presence of superconductivity. In this paper welc magnetic field, and amplitude dependencies of the funda-
present an additional experimental evidence of the effect ofnental and third harmonic signals presented here have been
the ferromagnetic order parameter, on the superconductingeasured by the two coils methddin the present paper the
order parameter. The ferromagnetic order parameter, nametgsults for the direct and third harmonics will be discussed.
the spontaneous magnetization, is a source of an internal Figure 1 shows the temperature dependencies of the in-
magnetic field inside a sample even without an external magphase susceptibilityy; and of the amplitude of the third
netic fieldH. On the other hand, the superconducting prop-harmonicAg,, > hg|x3—ixj3/, measured after the ZFC process
erties of type-Il superconductors depend strongly on whethesit H=0. The temperature dependence xdfis typical for
the sample was cooled to the SC state in zero magnetic fielsuperconducting ferromagnét3his plot reveals three tran-
(ZFC) or in a finite magnetic fieldFC). Here a “field” is  sitions, (i) the paramagnetic-antiferromagnetic transition at
supposed to be axternalmagnetic field. We show here that Ty=125 K, (ii) the most pronounced transition, which cor-

1098-0121/2004/1@1)/2125034)/$22.50 212503-1 ©2004 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B0, 212503(2004)

T - T 5 ) 15 _' ) ' ) ' I ' .
- —O—%y =04 Oe pe. ) =
@ 20} oA h=208 o\ i T=5K |
= g o) hn =0.2 Oe
S
o —~ 10f q=0.38 T
= >
S 100 =
5 e’
3 3
< ~ ST
b <
"X o
ol i
[/} 50 100 0 50 100 150
Temperature (K) Magnetic field (Oe)
FIG. 1. (Color onling Temperature dependencies gf and FIG. 3. (Color onling Magnetic field dependence &, at
Az T=5 K after ZFC.

responds to the peak @t~ 78 K, and(iii ) the transition into o i
the SC state aT,~28 K. The nature of the second transi- tude of excitation, instead of a quadratic growth. The growth

tion, which is evident both in the linear and the nonlinear®f the nonlinear response in the superconducting materials
response, is not yet completely clear and is discussefy@S revealed in numerous previous experimental

elsewheré:! Ambiguity is connected with the magnetic investigation$~1° Various mechanisms were suggested for

phase betweefT,, and Ty, which is characterized by low this nonlinear response based on the critical state riadel

coercivity. On the other hand, tHe.<T<T,, temperature the presence of weak link8.In particular, the response

region definitely corresponds to the weak-ferromagnetihown in Fig. 2 is well described by the Josephson-media
phasé model. We do not have to discuss these models, since all of

The third harmonic behavior is different far>T, and  them relate the response to the penetration of the magnetic
T<T,. For T>T, the behavior is typical for ferromagnetic flux (vortices into the sample, and only this fact is essential

materials and was known already from Rayleigh’s investiga—for the present i.nvestigatio.n. Thus it seems reasor)ab'le that
tion on ironl2 The third harmonic response demonstrates 4N€As, at T<Tcis an effective probe of the vortex distribu-

quadratic dependence &g (inset in Fig. 3, which directly ~ tion in the superconducting media.

derived from the oscillatory motion of the domain weélffs. Figure 3 demonstrates ZFC dependenceAgf on the
This signal should decrease at low temperatures and it b&xternal magnetic field. One can see thgj decreases with
comes unobservable under our experimental conditions. FgRe magnetic field. At high magnetic fields,, is a power
T<T, the third harmonic grows very fast with temperature function of theH, Ag,,oH™, with g~ 0.8. Suppression of the.
decreasingFig. 1), and its dependence on the ac field am-As. PY the magnetic field applied after ZFC was observed in
plitude (Fig. 2) is different from that aff>T,, as evident the previous nonlinear studies and agrees with all suggested

from the saturation for the nonlinear response at high amplimedels of the nonlinear response. The nonlinearity under
discussion is connected with a nonhomogeneous distribution

T T T T of the magnetic flux, which penetrated into the sample, and
the magnetic flux distribution becomes more and more uni-
form, when the vortex density increases. On the other hand,
in the Meissner state the nonlinear response must be quite
. weak, and the magnetic field dependencégf should have
a peak at somkl, as was observed in some materfaRut in
ceramics with numerous weak links, such as our material,
this field can be extremely small, and the peak is not observ-
able. Moreover, we deal with the superconducting ferromag-
T=5K nets, where the spontaneous vortex phase can replace the
Meissner state dtl=0. Altogether this explains why we ob-
serve the maximum value @, at H=0.
— T Now let us consider the experimental results in the IFC
IE3 01 2 process. After turning off the magnetic figttlgc at tempera-
Excitation amplitude, h, (Oe) ture Trc, the sample was cooled #H=0 down toT=5 K
and the signal of the third harmonicBt5 K was measured.
FIG. 2. (Color online Amplitude dependencies of;, at  Figure 4 showsA;,(Hc) dependence follrc=40 K and
T=5 K. Inset, amplitude dependence &f, in magnetic phase at 70 K. It is evident that the fieldH,zc suppresses thés,
T=62 K. signal similarly to the external field after ZFC in Fig. 3 even
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FIG. 4. (Color onling Az,(T=5 K) as a function ofH s for

T|FC=40 K and 70 K.

thoughH,-c was turned ofbeforethe onset of superconduc-
tivity. Turning off Hec at T=40 K affectsAz, more strongly
than forT=70 K due to larger remanent magnetizatiorirat
=40 K. This behavior is typical for the FM materiafs.
Figure 5 presents the signal of the third harmonic
As,(T=5K) as a function ofTec after cooling inHc
=30 Oe. The signal of thé;, (T=5 K) decreases foll ¢
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FIG. 6. Internal magnetic field v$iec for Tjrc=40 K and
0 K.

take the value ofs, from the plot in Fig. 4, find the value of
H, which corresponds to this value @&, in Fig. 3, and
assume that this value éf gives a reasonable estimation of
H,. Figure 6 presents the dependencéHpion H rc.

The internal magnetic field arises from the frozen rema-

nent magnetization #(I\7I) after field cooling down tor .
We have compared Fig. 6 with direct dc remanent magneti-

<T,. This demonstrates that the suppression of the thirgation measured in our previous studiedt appears that
harmonic response by the internal magnetic field takes placéere is a reasonable agreemenith an accuracy of +24)
only if the field cooling continues down to the weakly ferro- between the two methods, and confirms our scenario.

magnetic phase with essential coercivity. It is kndwmat in

The phenomenon revealed in our experiment is possible if

idealized single-domain superconducting ferromagnets théhe domain structure formed in the ferromagnetic phase can
internal magnetic field from the spontaneous magnetizatioRe frozen down to the superconducting state. On the other

47M has the same effect on the phase diagram, i.e., on thré
magnetic flux penetrating into the sample, as the extern
field. This can be generalized in the more realistic case of
multidomain sample with nonzero average internal field

47r<|\7|>. On the basis of this argument we can use the plot o

and, as was noted in the pioneering paper by GinZtamg

£0nfirmed by the detailed analysis in Ref. 14, superconduc-
gvity should strongly affect the equilibrium domain struc-

ture: Its period should grow, and in equilibrium any sample
in the Meissner state is a single domain. But in our case we
eal with a nonequilibrium domain structure, which is a

Az,(H) (Fig. 3) as a calibration curve to estimate the magni- metastable state due to coercivity.

tude of the frozen internal magnetic fielHl;). Namely, we

15 [ Ll T Ll T Ll T

[2) - h =0.20e
.E (] O
5 10} /
g
- o}
N

: . /
< I o}

o
O—q”
0—o0—0
ot
0 20 40 60 80 100

Temperature, T__ (K)

FIG. 5. (Color online Amplitude of the third harmonidy, at

H=0 andT=5 K vs T”:c.

The presence of the frozen internal field in the supercon-
ducting phase clearly demonstrates that the sample is in the
mixed state with many vortices. One cannot call this state the
spontaneous vortex phase because the latter refers to the
equilibrium state, but we deal with a metastable state. We
have analyzed here the nonlinear response, which is sensitive

to the average internal fieldn4|\7l>. The absolute value of the

average magnetizatiofM) is less than the saturation mag-
netizationM, which can determine the vortex density in a
single-domain sampleHowever, the saturation magnetiza-
tion may create vortices inside domains. SiMehanges its
direction from domain to domain, we obtain the vortex
tangle, which does not contribute to the average internal field

~4m(M), studied here. This vortex tangle is expected to ex-
ist even after the ZFC process and contributes to the initial
value of the third harmonic, which was detected without ex-
ternal or internal magnetic field. These arguments illustrate
that the magnetic flux distribution in a re@specially ce-

ramic) superconducting ferromagnet can be very compli-
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cated. Genuinely zero field cooling is practically impossible:ducting and ferromagnetic order parameter in Ru-1222
if one cools a sample in zero external field, one cannosamples below the superconducting critical temperature. Co-
avoid internal magnetic fields from the spontaneous magneexistence is manifested by the clear effect on the domain
tization, even if these fields vanish on average but stillstructure frozen from normal FM phase on superconducting
remain inside the domains. A more detailed analysis of theroperties. We tend to believe that the effect revealed in Ru-
magnetic-flux distribution would become possible if further 1222 is general and can be observed in other materials with
investigations provided more information on the structure ofFM-SC coexistence.
the material: sizes of grains and domains, data on crystal
anisotropy, etc. The work was supported by the Klatchky Foundation and
In summary, our measurements of the nonlinear respondey a grant from the Israel Academy of Sciences and Humani-
unambiguously demonstrate the coexistence of the supercoties.
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