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Ferromagnetic correlations and mixed Ru valence in the magnetic superconductor
RuSr2„Eu,Gd…Cu2O8
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We present a characterization through magnetization measurements as a function of field and temperature of
the magnetic superconductor RuSr2RCu2O8 (R5Eu or Gd!. The effective magnetic moment was carefully
determined from measurements up to 900 K. For both compounds we have obtained almost the same value,
me f f;3.15(4)mb . This value confirms recent x-ray absorption experiments where a mixed valence state
(40% Ru41 –60% Ru51) was proposed. We have found that the predominant interaction among Ru ions is
ferromagnetic@Q5100(3) K andQ587(3) K for the Eu and Gd compounds, respectively#, but the high-field
susceptibility curve displays the characteristics of an antiferromagnetic transition. The possible type of order of
the Ru moments is discussed in view of these and previous experiments. We propose a type-I ordering
~antiferromagnetically coupled ferromagnetic RuO2 planes! and give reasons supporting this choice.
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In the ruthenate cuprate RuSr2RCu2O8, with R5Eu or Gd
~so-called 1212! ferromagnetic order and superconductiv
~two phenomena that are normally exclusive! can coexist on
a microscopic scale.1 The crystal structure of Ru1212 i
formed by successive layers of RuO2 /SrO/CuO2 /
R/CuO2 /SrO.2 The Ru moments in these compounds ord
magnetically at aroundTM;135 K and dc magnetization
muon spin rotation,2 electronic paramagnetic resonan
~EPR! and ferromagnetic resonance~FMR! ~Ref. 3! demon-
strate that the development of the superconducting phase~as-
sociated with the CuO2 planes! below TS;45 K does not
produce any significant effect on the magnetic order.

The magnetic properties of these compounds are still
understood. The first measurements2 in Gd1212 samples in
dicated ferromagnetic~FM! ordering of the Ru moments a
TM5133 K. From low-temperature~5 K! and high-field~70
kOe! data the saturation moment of the Ru lattice was e
mated to bem0(Ru);1mb . This value supported the ide
that Ru was present as Ru51 in its low-spin (S5 1

2 ) state
(4d3,t2g

3 ,eg
0). Assuming complete orbital quenching a the

retical value ofm052J51mb is obtained~see Table I!. Fix-
ing the Curie-Weiss temperature atQ5133 K, the high-
temperature susceptibility data was fitted in Ref. 2 usin
Curie-Weiss~Ru contribution! 1 Curie ~Gd contribution!
law. A Ru effective momentme f f51.05mb /Ru atom was
thus obtained. Note that this value is considerably sma
than the theoretically expectedme f f52AJ(J11)51.73mb
for S5 1

2 .
The first attempt to observe ferromagnetic order us

neutron diffraction in 160Gd enriched samples wa
unsuccessful.4 Another group5 found afterward extra peak
corresponding to a doubled unit cell ascribed to the anti
romagnetic~AF! ordering of the Ru moments in a G-typ
arrangement~neighboring spins are antiparallel in all thre
directions!. The low-temperature sublattice saturation m
0163-1829/2001/63~5!/054442~5!/$15.00 63 0544
r

ot

i-

-

a

r

g

r-

-

ment was found to bem0(Ru)51.18mb in close agreemen
with magnetization data~where, however, FM alignment wa
assumed!. The c axis was proposed as the direction of sp
alignment at variance with muon spin rotation and FMR
sults that suggested in-plane orientation of the magnetic
ments. Recent x-ray absorption near-edge struc
~XANES! experiments6 show that not all Ru ions are pen
tavalent, but there is a mixture of 60% Ru51 and 40% Ru41,
showing that a critical reinterpretation of the prelimina
magnetic data was necessary.

In this work we present detailed magnetic measureme
made in Eu and Gd 1212 samples. Eu has the advantage
Gd in that its lower magnetic moment permits an easier
terpretation of the intrinsic Ru magnetism. Great care w
taken in the subtraction of the magnetic contributions to
high-temperature magnetization not coming from the
ions. The high-field susceptibility was analyzed over a bro
temperature range~5 K–900 K! allowing the precise deter
mination of the Ru effective magnetic moment, the Cur
Weiss temperature, and the low-temperature saturation m
netization.

Details to obtain an impurity-free phase withTM;135 K
andTS;48 K ~Gd!, TS;33 K ~Eu! can be found in Ref. 1.
Magnetic measurements were made in a Quantum De
Squid magnetometer in the temperature range 5 K–30
and field range 0 Oe–50 kOe. Above room temperature
up to 900 K a home made Faraday balance was used.

To isolate the intrinsic magnetic behavior of the Ru io
the following contributions to the measured susceptibil
should be considered:~i! paramagnetism of the RE ions. I
the case of Gd31 it is usually described usingxGd31

5CGd /T with CGd57.88 emu K/mol Gd31. Eu31 ions are
also paramagnetic, but do not follow a Curie law. Because
the proximity of excitedJ multiplets to theJ50 ground state
the susceptibility is usually described using the Van Vle
©2001 The American Physical Society42-1
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formula.7 At low temperatures the Van Vleck susceptibili
is temperature independent andM vs H curves remain linear
at 5 K with fields of 50 kOe.~ii ! Core diamagnetism: This
correction is specially important at high temperatures.
have usedxd1212521.8431024 emu/mol for the total dia-
magnetic contribution of the 1212 compounds.8 ~iii !
Temperature-independent susceptibility: In t
YBa2Cu3O72d ~123! family of compounds a Pauli-like con
tribution to the magnetic susceptibility coming from the co
duction electrons is present. The magnitude of this term
x0&131023 emu/mol,9 but its precise value depends on t
doping of the CuO2 planes. As this contribution is not com
ing from the RE magnetism it is expected to be of the sa
order for the Eu and the Gd compounds. We have found
in the case of Eu1212 the best way to isolate the Ru mag
tism is to subtract the measured susceptibility of the str
turally similar optimally doped EuBa2Cu3O72d ~Eu123!
compound, corrected by the corresponding diamagnetic
ceptibility. In this way there is no need for an estimation
x0.

In Fig. 1 we present magnetization vs field data bel
room temperature for the Eu1212 system. WhenT,TM a

TABLE I. Effective and saturation moment of low- and high
spin Ru41 and Ru51 ions.

S me f f52AJ(J11) (mb) m052J (mb)

Ru51 (3d3) 1
2 1.73 1

Ru41 (3d4) 1 2.83 2
Ru51 (3d3) 3

2 3.87 3
Ru41 (3d4) 2 4.90 4

FIG. 1. Magnetization vs field for Eu1212 at several differe
temperatures. The extrapolated zero-field saturation momentm0 and
the high-field differential susceptibility~shown in Fig. 2! were ob-
tained from the linear regime above 30 kOe. In the inset the t
perature variation ofm0 is shown.
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sharp increase inM is observed at low fields reaching a lin
ear regime above 30 kOe. With our maximum available fi
~50 kOe! saturation of the magnetization is not achiev
even at 5 K. From the extrapolation of the high-field line
behavior toH50 Oe a saturation moment at 5 K of m0
50.7mb /Ru atom is estimated. The temperature depende
of m0 is plotted in the inset of Fig. 1. It is observed thatm0
vanishes at;160 K. Although the magnetic ordering tem
perature of this compound isTM;138 K ~determined from
M vs T measurements at low applied fields! the magnetiza-
tion vs field curves are linear only above 250 K, indicati
the existence of short-range order well aboveTM , consistent
with the two-dimensional~2D! magnetic nature of Ru1212

The measured high-field (H.30 kOe! differential suscep-
tibility of Eu1212 and of Eu123 and the Ru-only contributio
@xRu5xmeasured2xd12122(xEu1232xd123)# are shown in Fig.
2. For comparison the theoretical free ion Eu31 Van Vleck
susceptibility,xEu31, is also shown. We note that this con
tribution can be two to five times smaller than the Ru s
ceptibility depending on temperature. The only free para
eter in the calculation of the Van Vleck susceptibility@x(T
50 K);7.131023 emu/mol Eu31# was taken from the mea
surements in Eu2CuO4.7 The susceptibility of Eu123
(xEu123) can be very well described asxEu1235xEu311x0
with x058.731024 emu/mol. Below 250 K this correction
was used instead of performing the direct subtraction
xEu123. The value ofx0 is close to previously measure
values in fully oxygenated, optimally doped samples,9 but
larger than the values found in underdoped samples. Opt
doping was also deduced from XANES measurements,6 in
contrast with thermopower and superconducting proper
that are indicative of underdoped superconductors.1,2 The
temperature where the susceptibility is maximum isTxmax

;145 K, slightly higher thanTM;138 K. Note also thatx
does not go to zero below the ordering temperature as wo
be expected for a usual ferromagnet.

We show in Fig. 3 the Ru contribution to the invers

t

-

FIG. 2. Differential high-field susceptibility (H>30 kOe! of
Eu1212 and of Eu123. The Ru-only contribution is shown a
continuous line. The dashed curve is the calculated Van Vleck
ceptibility of Eu31 ions. Note thatxEu1212 is larger thanxEu31.
2-2
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susceptibility,xRu
21 . Above 300 K and up to 900 K an almos

perfect linear behavior is observed,xRu
215(T2Q)/CRu ,

with CRu51.22(1) emu K/mol andQ5100(3) K giving an
effective momentme f f53.12(3)mb . High-temperature data
for the Gd compound are also presented in the same fig
In this case the Ru contribution was estimated asxRu
5xmeasured2xd12122x02xGd , with xd1212 andx0 the same
as for Eu1212 andxGd5CGd31 /(T2QGd) with CGd31

5me f f
2 /854J(J11)/857.9 emu K/mol and QGd

529 K. As the direct determination ofQGd from magnetic
measurements is quite difficult, we decided to use the va
obtained from the behavior of the Gd31 linewidth in low-
temperature EPR experiments.3 The inverse susceptibility is
also very linear and we have estimatedCRu51.26(1) emu
K/mol @me f f53.17(4)mb# andQ587(5) K. In determining
xRu

21 for Gd1212 the Gd contribution that has to be subtrac
is considerably larger than that intrinsic to the Ru spins, le
ing to some uncertainty in the determination ofCRu andQ.
In Eu1212, on the other hand, Eu31 contributes a smalle
part of the total magnetization~see Fig. 2!. Thus, we con-
clude that within experimental error both compounds can
characterized by basically the same effective moment
Curie-Weiss temperature, indicating that the RE magnet
has only a minor effect on the ordering of the Ru momen
Finally, we note that for the correct determination of the
values it is extremely important to perform a precise subtr
tion of all contributions other than Ru. In fact, since all t
parameters are coupled, fixingQ can lead to a wrong deter
mination of me f f ~as in Ref. 2!, and not includingx0 may
lead to completely incorrect values of bothme f f and Q
~which can even be negative ifx0 is overlooked!.

As previously mentioned there is evidence support
both FM and AF ordering of the Ru moments. Ferromagne
order is mainly supported by magnetization measurem
that show: a zero-field extrapolated momentm0(5 K)
*0.7mb , a remanence of;15%m0, a coercive field of
;450 Oe, and a positive Curie-Weiss temperatureQ

FIG. 3. Inverse magnetic susceptibility for Eu1212 and
1212. The values shown correspond to the Ru contribution o
The curves are perfectly linear from 300 K up to 900 K.
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;100 K for Eu1212 andQ;87 K for Gd1212!. Neutron
diffraction experiments, on the other hand, are consis
with a G-type AF ordering of spins parallel to thec axis.
They indicate the absence of a FM component, at leas
zero field. When a magnetic field is applied the change of
neutron spectra is interpreted as due to a spin-flop-like tr
sition occurring atHs f54 kOe.5 The presence of an absorp
tion belowTM in FMR experiments indicates that there is
net FM component, but its magnitude cannot be determin
from such experiments. In principle it could come eith
from a FM or from an unbalanced AF. Unbalanced AF c
be of the canted type@weak ferromagnetism~WF!# or with
unequal sublattices~ferrimagnetism!. The small distortion of
the oxygen octahedra4,10 allowing a nonzero anisotropic su
perexchange and hence the presence of WF could exp5

the nonvanishing Ru magnetization in this system. We n
that the induced saturation moment is a large fraction of
theoretical value expected for Ru, implying a very lar
canting angle independent of whether Ru is low or high sp
Normally the spontaneous magnetization in WF is at mos
few percent of the AF sublattice magnetization as ina
2Fe2O3, Mn, and Co carbonates, orthoferrites, and the ra
earth cuprates.11 If this system is indeed a WF it would be
very unusual one. Ferrimagnets are characterized by two
coupled sublattices with different magnetic moments. Th
should be at least two different crystallographic sites~with
different oxygen environment! where the magnetic ion ca
reside. This is not the case in the 1212 compounds wh
diffraction techniques confirmed the existence of only o
site for Ru.4,10

The effective moment obtained in both the Eu and
compounds (me f f;3.15mb) is not coincident with any of the
theoretical values expected for a single valence state of
Ru ions, either high or low spin~see Table I!. If mixed va-
lence is assumed, the measured effective moment woul
compatible with:~a! 55% Ru51 (S5 1

2 ) and 45% Ru41 (S
52) or ~b! 31% Ru51 (S5 3

2 ) and 69% Ru41 (S51). The
former estimation is coincident with the values determin
using XANES techniques.6 However, it should be noted tha
Ru41 is usually found in its low-spin state in perovskite
with octahedral oxygen environment (SrRuO3, Sr3Ru2O7,
and Sr4Ru3O10) with high-spin Sr2RuO4 being the only
exception12 probably because of the relatively larger elong
tion of the RuO6 octahedra along thec axis in this latter
compound. In 1212 compounds the octahedra is actu
compressed in this direction,4,10 making the presence o
high-spin Ru41 unlikely. The effective moments in Ru41 are
very close to the spin-only theoretical value12 in spite of the
nonlocalized nature of the FM order.

Ru51 has been extensively studied13 in perovskites of the
type Ru(Sr,Ba,Ca)2(RE,Y)O6 where it is only present in the
S5 3

2 high-spin state. In contrast to Ru41compounds,
51valence materials show some spread in the reported
fective moment around the theoretical spin-only value. W
the experimental data13 of seven different compounds w
obtained an average effective momentme f f(Ru51)54.03
60.42mb . Thus, option~b! should not be ruled out becaus
it is the most probable spin configuration and, due to
wide range ofme f f values found for Ru51, me f f can be tuned

y.
2-3
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to derive the observed 40% Ru41 – 60% Ru51 valence
percentage.6 Also note that this percentage was estima
through x-ray absorption techniques comparing the 1
spectrum with two high-spin compounds (RuSr2GdO6 and
Sr2RuO4).6 It is probable that slightly different values ma
be determined if the estimation is done with low-spin t
ravalent materials as in Ref. 14.

Regarding the type of ordering of the Ru moments t
was proposed from neutron-diffraction experiments it see
to be incompatible with magnetization measurements in s
eral aspects:~i! We have found apositiveCurie-Weiss con-
stant smaller than the ordering temperature indicating
the predominant interaction among Ru ions is FM. T
G-type structure, in fact, requires AF interactions.~ii ! The
low-temperature magnetization, which is close to the satu
tion value, is not consistent with a small canting of the A
alignment.~iii ! EPR results show that there is a net magne
field of ;600 Oe at the Gd site coming from the order
array of Ru,3 whereas a cancellation of the Gd-Ru interacti
is predicted in a G-type-ordered AF.~iv! The proposed spin
flop transition that at 80 K occurs atHs f;4 kOe would
imply a vanishingly small anisotropy.15 The observed distor
tion of the RuO6 octahedra, the strong 2D character of t
RuO2 planes, and the FMR results~where an easy plan
anisotropy fieldHAZ;110 kOe was estimated! are again
contradictory with this latter result.

However, the high-field susceptibility data~Fig. 2! give
evidence of AF order. In addition, the fact thatQ,TM im-
plies that AF interactions may be present together with
main FM correlation. In a mean-field theory the maximu
susceptibility, occurring close toTM , is ~Ref. 16! xmax
5C/(TN2Q);0.032 emu/mol, in close agreement with t
experimental value of Fig. 2. The maximum susceptibil
(xmax) occurring aboveTM , the nonvanishingx below TM ,
andx(T50 K); 2

3 xmax are also indicative of an AF-ordere
material. Even the increase observed at lowT ~that does not
come from paramagnetic impurities as was corroborate
M vs T experiments! is sometimes found in antiferromagne
and has been ascribed to the presence of spin waves
anisotropy.15 Also, all Ru51 compounds studied by Battl
and Jones and co-workers present AF order.13 However,
none of these compounds presented G-type spin arra
ment. All but one (RuBa2LaO6) order in a type-I~or typeA)
structure consisting of antiferromagnetically coupled F
RuO2 planes with the Ru moments laying in plane. Due
the high bidimensionality of the 1212 system~the superex-
change path in thec axis requires at least four atoms! the
interplane exchange coupling,He' , is expected to be con
siderably smaller than the intraplaneHei . FMR experiments
show that the easy plane anisotropy is very large (HAZ
0544
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;110 kOe!, but the in-plane easy axis anisotropy is sm
(HAX;200 Oe!. With these results in mind theM vs H
curves of Fig. 1 could be explained as the superposition
magnetization component saturating at;20 kOe and a linear
component. The former contribution appears when the fi
is applied parallel to the planes. In this case total alignm
of the spins withH is expected for 2He';20 kOe. The
spin-flop transition should hence occur at the critical fie
Hs f;AHe'HAX;1.4 kOe. The expected and not observ
sudden increase ofM at Hs f is probably due to the polycrys
talline nature of the sample and perhaps also due to a di
bution of anisotropy and exchange fields. For fields lar
than 2He' the linear behavior comes in this scenario fro
crystals with thec axis oriented parallel to the applied field
The expected saturation moment for a 50
Ru41 – 50% Ru51 valence mixing would be around 2.5mb
according to Table I. A somewhat smaller value (m0
;1.75mb) can be estimated from the experimental data.12,13

However, if the 1212 system has as proposed a large e
plane anisotropy, this value could only be reached forH
;AHeiHAZ;400 kOe (Hei was estimated from the mea
suredTM and mean-field theory!.

We would like to point out that the existence of mixe
Ru41/Ru51 valence (4d electrons with the same electron
configuration of 3d Mn31/Mn41) opens the possibility for
the existence of double exchange. Although this mechan
was never observed in Ru perovskites before, very rec
work17 in LaSrMnO where Mn was partially replaced by R
shows that the introduction of Ru ions, even in large qua
ties, affects only marginally the ferromagnetism, as oppo
to the strong suppression of FM observed when other i
are used for replacement.

In summary, we have determined the effective magne
moment of Eu and Gd1212 ruthenate cuprates. The va
obtained are in agreement with the recently proposed mi
valence state for the Ru ions. We have also derived
Curie-Weiss temperature that implies that the most impor
correlations are ferromagnetic. The observed magnetic p
erties do not agree with the previously proposed type-G
arrangement for the Ru moments. A type-I lattice seems
be more adequate to explain the experiments. A plaus
explanation of the doubled unit cell proposed in neutro
diffraction experiments is still lacking. It is probable tha
due to the mixed valence nature of this material, some k
of charge ordering is responsible for the observed behav
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~PICT 03-3392! and Fundacio´n Antorchas for financial sup
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Golnik, E. Brücher, R.K. Kremer, D.R. Noakes, C.E. Stronach
and E.J. Ansaldo, Phys. Rev. B59, 14 099~1999!.

3A. Fainstein, E. Winkler, A. Butera, and J. Tallon, Phys. Rev.
60, R12 597~1999!.

4O. Chmaissem, J.D. Jorgensen, H. Shaked, P. Dollar, and J
Tallon, Phys. Rev. B61, 6401~2000!.
2-4



n,

-W

s
io

n,
d

l-

D.
o-

-

FERROMAGNETIC CORRELATIONS AND MIXED . . . PHYSICAL REVIEW B63 054442
5J.W. Lynn, B. Keimer, C. Ulrich, C. Bernhard, and J.L. Tallo
Phys. Rev. B61, R14 964~2000!.

6R.S. Liu, L.-Y. Jang, H.-H. Hung, and J.L. Tallon~unpublished!.
7M. Tovar, D. Rao, J. Barnett, S.B. Oseroff, J.D. Thompson, S.

Cheong, Z. Fisk, D.C. Vier, and S. Schultz, Phys. Rev. B39,
2661 ~1989!.

8Landolt-Börnstein,Numerical Data and Functional Relationship
in Science and Technology: Magnetic Properties of Transit
Metal Compounds~Springer-Verlag, Berlin, 1979!, Vol. 10,
pp. 12 and 13.

9A. Freimuth, S. Blumenro¨der, G. Jackel, H. Kierspel, J. Lange
G. Buth, A. Nowak, H. Schmidt, W. Schlabitz, E. Zirngiebl, an
E. Mörser, Z. Phys. B: Condens. Matter68, 433 ~1987!.

10A.C. McLaughlin, W. Zhou, P. Attfield, A.N. Fitch, and J.L. Ta
lon, Phys. Rev. B60, 7512~1999!.

11I. Dzyaloshinsky, J. Phys. Chem. Solids4, 241 ~1958!; R.L.
White, J. Appl. Phys.40, 1061 ~1969!; J.D. Cashion, A.H.
05444
.

n

Cooke, D.M. Martin, and M.R. Wells, J. Phys. C3, 1612~1970!;
S.B. Oseroff, D. Rao, F. Wright, D.C. Vier, S. Schultz, J.
Thompson, Z. Fisk, S.-W. Cheong, M.F. Hundley, and M. T
var, Phys. Rev. B41, 1934~1990!.

12M. Itoh, M. Shikano, and T. Shimura, Phys. Rev. B51, 16 432
~1995!; G. Cao, S. McCall, J.E. Crow, and R.P. Guertin,ibid.
56, R5740~1997!.

13P.D. Battle and C.W. Jones, J. Solid State Chem.78, 108~1989!,
and references therein.

14I. Felner, U. Asaf, C. Godart, and E. Alleno, Physica B259-261,
703 ~1999!.

15J.L. de Jongh and A.R. Miedema,Experiments on Simple Mag
netic Model Systems~Taylor and Francis, London, 1974!, p. 63
@reprinted from Adv. Phys.23, 1 ~1974!#.

16S. Chikazumi,Physics of Magnetism~Krieger Publishing, Mala-
bar, FL, 1964!, p. 85.

17K.M. Krishnan and H.L. Ju, Phys. Rev. B60, 14 793~1999!.
2-5


