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Single crystals of Sr4Ru3O10, the n53 member of the Ruddlesden-Popper series Srn11RunO3n11 , have
been found to be ferromagnetic forT,TC5148 K. Measurements of the magnetization for 2,T,350 K, and
in fieldsH to 30 T, electrical resistivity for 2,T,300 K and 0,H,12 T, and heat capacity for 2,T,20 K
reveal that the magnetic, transport, and thermal properties are consistent with those ofn51, 2, and̀ members
of the series. Low-field (H50.01 T! magnetization shows a sharp ferromagnetic transition atTC , and isother-
mal magnetization forT!TC reveals some hysteresis, but magnetic saturation occurs only forH.16 T. The
easy axis for magnetization lies in theab plane. The saturation value, 1.75mB /Ru is consistent with that
expected for the low-spin state for the Ru 4d4 configuration. The resistivity shows a Fisher-Langer-type
anomaly atTC that is suppressed for fields of a few T. The heat capacity measures a large electronic compo-
nent,g5110 mJ/mole K2, suggesting a highly correlatedd band, but similar to then51, 2, and̀ members of
the series when normalized to the number of Ru-O layers in the repeated structure. The data are discussed in
terms of the other members of the Srn11RunO3n11 series and of analogous properties for the Ca-based
counterpart materials.@S0163-1829~97!50834-4#

Although it has been over forty years since the rather
surprising discovery of ferromagnetism in the first 4d tran-
sition metal oxide, SrRuO3,1 it was not until the discovery in
1994 of superconductivity in high quality single crystals of
the related compound, Sr2RuO4,2 that interest was rekindled
in the physical properties of the alkaline earth ruthenates.
SrRuO3 and Sr2RuO4 are end members of a series of mate-
rials conveniently classified by the repeated sequence of the
number of their Ru-O layers, the Ruddlesden-Popper series.3

They have the general structural formulaAn11BnO3n11 for
1<n<`, whereA is an alkali or alkaline earth andB is a
3d, 4d, or 5d transition metal andn the number of Ru-O
layers in the sequence. Then5` member, SrRuO3, which
has a distorted perovskite structure, is rather strongly ferro-
magnetic with a high Curie temperature (TC5165 K!, and
the n51 member, Sr2RuO4, is superconducting, albeit with
a low transition temperature,Tc51.35 K.4 The supercon-
ducting phase of Sr2RuO4 is restricted to only fully stoichio-
metric, undoped, single crystals of very high quality, and
Sr2RuO4 is the only noncuprate having the same structure of
a highTc material, e.g., like (La,Sr!2CuO4. These and other
factors have driven theories positing nonconventional pairing
mechanisms, includingp-wave pairing for this material.5

The similar compositions but dissimilar properties suggest
that structure and dimensionality~which plays a major role
in magnetocrystalline anisotropy! control the wide variation
in physical properties.

Between then51 and n5` limiting members of the
Ruddlesden-Popper Srn11RunO3n11 series lie an infinite
number of structures with increasing number of repeated
Ru-O layers,n. We have reported recently on then52
member, Sr3Ru2O7,6 which shows ferromagnetism in well
characterized single crystals, withTC15105 K and evidence

for a lower temperature (TC2566 K! canted ferromagnetic
spin reorientation phase. The saturation magnetic moment of
Sr3Ru2O7 is 1.4mB /Ru and is reached by a field of about 0.2
T for T!TC5105 K. The saturation moment of SrRuO3

reaches 1.65mB /Ru for T!TC , but only above about 20 T.7

~The latter number has been reported over the past forty
years to vary from 0.8 to 2.0mB/Ru, depending on the ap-
plied field and temperature. The value of 1.65mB /Ru was
measured in the highest dc fields conveniently available and
the measurements extended to 30 T. These values of the
saturation moment are significant because Ru is presumed to
have the ‘‘low spin’’ S51 configuration of Ru 4d4 with
octahedral symmetry, not the ‘‘high spin’’S52 configura-
tion, which is expected for the 3d series, which has a more
confinedd-shell radial extent and lower crystal field split-
tings between thet2g crystal field ground state and the ex-
cited eg state.8 The low spin saturation moment would ap-
proach 2.0mB /Ru, the high spin state, 4.0mB /Ru.

In this paper we report the ferromagnetism of Sr4Ru3O10,
the n53 member of the Sr,Ru Ruddlesden-Popper series.
The Curie temperature,TC5148 K, lies predictably between
that of then52 andn5` members of the series, and the
saturation moment, which is achieved only above about 16
T, reaches 1.75mB /Ru, higher than the others but consistent
with the low spin,S51, configuration. We also report on the
electrical resistivity and its magnetic field dependence and
on the specific heat at low temperatures. The samples were
grown by the flux method. Nonstoichiometric quantities of
SrCO3, RuO2, and SrCl3 , the self-flux, were mixed in plati-
num crucibles, heated to 1500 °C for 24 hours, cooled slowly
to 1350 °C over several hours, then quickly quenched to
room temperature to avoid twinning, which could occur be-
cause the sample structure is orthorhombic. X-ray diffraction
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measurements revealed a single crystal structure, with the
lattice constantsa55.556 A, b55.524 A andc57.832 A.
Sample surfaces were examined under a differential interfer-
ence contrast microscope, but no twinning of the materials
was observed. A scanning electron microscope-EDX system
determined the 4:3 ration of Sr:Ru to within 1%. Because
there was no evidence for ferromagnetism near 165 K in low
field magnetization measurements, we determine there is
,1% contamination of then5` component in these single
crystal samples, a contaminant which occurs at the several
percentage range in polycrystalline, sintered samples of the
Sr ruthenates.9

In Fig. 1 we show the temperature dependence of the low
field magnetization of Sr4Ru3O10 along the three principle
crystallographic directions, taken with a Quantum Design
MPMS superconducting quantum interference device mag-
netometer adapted to a 7 T superconducting magnet. The
magnetization is linear in the 0.01 T field at all temperatures,
so the data of Fig. 1~a! represent the magnetic susceptibility,
(dM/dH)H→0 . The evidence for ferromagnetism atTC

5148 K from this ‘‘kink point’’ method is clear for all three
directions, and the largest moment values presumably indi-
cate the easy axis lies in theab plane, consistent with the
easy axis for then5` member,10 but not then52 structure,
where it was determined that thec axis is the easy axis for
magnetization.6 The rather sharp feature in the low field
magnetization for 120,T,TC is reproducible from sample
to sample and is probably a manifestation of the strong tem-
perature dependence of the anisotropy field, which is ex-
pected nearTC . There may be a small spin reorientation
~canting! below 120 K, but the evidence is not nearly as
compelling as for then52 system.6

Isothermal magnetization curves to 7 T were taken over a
wide range of temperatures and data forT55 K are shown
in the lower part of Fig. 1, again for the same three principal
crystallographic directions. As was the case for SrRuO3, a
field of 7 T, even forT!TC is not sufficient to determine the
saturation moment. Consequently, we measuredM (H) at T
52 K in fields to 30 T, using a vibrating sample magneto-
meter, in the dc magnet facility of the National High Mag-
netic Field Laboratory. Several samples oriented withHia or
Hib were used to provide significant signal. The results are
shown in the inset of Fig. 1. ForH.16 T the magnetization
saturates andM (H) attains a value of 1.75mB /Ru.

In Fig. 2 we show the electrical resistivity as a function of
temperature,r(T), taken with a standard four lead tech-
nique. The anomaly atTC5148 K is like that observed at

FIG. 1. Magnetization vs temperature at low fields for
Sr4Ru3O10 for the three principal crystallographic directions. The
feature just belowTC5148 K may be due to temperature depen-
dence of the anisotropy field. The lower figure shows magnetization
at T55 K to 7 T for the same three directions. The inset shows
M (H) at T52 K to 30 T, taken in high dc magnetic fields. Mag-
netic saturation occurs at 1.75mB /Ru for H.16 T.

FIG. 2. Electrical resistivity vs temperature for Sr4Ru3O10

showing a Fisher-Langer type anomaly atTC . ~b! shows the mag-
netoresistivity atH510 T, the anomaly atTC is no longer seen. The
inset shows the difference between the two figures, with a clear
maximum near the Curie temperature.
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TC5165 K for SrRuO3 and is consistent with a Fisher-
Langer anomaly associated with a decrease in spin disorder
scattering below the transition temperature.11 However, to
our knowledge, no comprehensive treatment of the resistivity
at magnetic ordering temperatures exists appropriate to fer-
romagnetism in the transition metal oxides. For example,
there are no apparents electrons at the Fermi surface based
on photoemission studies and band structure calculations.12

Furthermore, the magnetic scattering is largelyd wave rather
than Fisher-Langers- f scattering. Finally, the magnetic mo-
ment of thed shell is diffuse, not necessarily well localized
as treated in Fisher-Langer theory.~Diffuse neutron scatter-
ing of SrRuO3 show that about 10% of the ‘‘localized’’
d-shell moment associated with the Ru moment piles up on
the octahedral O sites through covalency.13! Nevertheless,
the sudden decrease inr(T) at TC is consistent with removal
of a spin disorder scattering channel. The longitudinal mag-
netoresistivity,r(H,T) was measured for a few fields to 12
T. The results forH510 T are shown in the lower part of
Fig. 2 and show the decrease inr(T) and elimination of the
spin disorder resistivity anomaly with increasing field. The
difference between the zero and high field negative resistiv-
ity is shown in the inset of Fig. 2. Note there is a sharp peak
in rH502rH510 T nearTC5148 K.

Finally, measurements of the heat capacity,C(T) for 2
,T,20 K were fit toC/T vs T2, and the intercept of the
curve ~not shown! gives a value of the electronic density of
states,g5110 mJ/mole K2. This value ofg is similar to
those of the other members of the Sr,Ru Ruddlesden-Popper
series when normalized to the number of Ru-O layers in the
respective repeated sequence. These normalized values are
shown in Fig. 3~right-hand scale!. While g is not as large as
observed for some very highly correlated electron systems
such as heavy fermion materials~g'1000 mJ/mole K2 or
higher!, they show considerable enhancement over the val-
ues calculated from band structure calculations. For example
m* '3me for SrRuO3 ~Ref. 14! andm* @1 for Sr2RuO4.15

The results underscore the nonconventional behavior and the
tendency of the Sr ruthenates to be highly correlated electron
materials with metallic conductivity.

In Fig. 3 ~left-hand scale! we also illustrate the magnetic
ordering temperatures as a function of 1/n for all four mem-
bers of the Sr, Ru Ruddlesden-Popper series examined to
date. A clear trend to increasing ferromagnetic strength ac-

companies an increase inn, and a decrease in the magneto-
crystalline anisotropy. This curve illustrates the importance
of dimensionality in the strength of the magnetic interac-
tions. It is noteworthy that a similar graph of antiferromag-
netic ordering temperatures in the Ca counterparts to this
series shows exactly the opposite trend:TN , the Néel tem-
perature,decreasesfrom TN5110 K toTN50 K from n51
to n5`.16

We believe the result of the additional member of the
Sr,Ru Ruddlesden-Popper series contributes additional infor-
mation to our understanding of the role of dimensionality
and structure on magnetic ordering and the associated trans-
port properties in transition metal metallic oxides. Further
work will go into fabricating high quality single crystals of
then53 Ca counterpart of Sr4Ru3O10, namely, Ca4Ru3O10,
which we believe should show a low temperature metallic
paramagnetic to antiferromagnetic transition,TN , perhaps
accompanied by a transition from metallic to nonmetallic.

Support for the NHMFL is by the National Science Foun-
dation under Cooperative Agreement No. DMR95-27035
and the State of Florida. We are pleased to acknowledge
helpful discussions with D. Singh and I. Mazin.

*On leave from National High Magnetic Field Laboratory, T1.,
Tallahassee, FL 32310.

1J .J. Randall and R. Ward, J. Am. Chem. Soc.81, 2629 ~1959!;
See P. A. Cox,Transition Metal Oxides~Clarendon, Oxford,
1995! for a review of transition metal oxides.

2Y. Maeno, H. Hashimoto, I. K. Yoshida, S. Ishizaki, T. Fujita, J.
G. Bednorz, and F. Lichtenberg, Nature~London! 372, 532
~1994!.

3S. N. Ruddlesden and P. Popper, Acta Crystallogr.I1, 54 ~1958!.
4Y. Maeno~private communication!.
5T. M. Rice and M. Sigrist, J. Phys. Condens. Matter7, L643

~1995!.
6G. Cao, S. McCall, and J. E. Crow, Phys. Rev. B55, R672

~1997!.
7M. Shepard~private communication!.

8See J. B. Goodenough, Prog. Solid State Chem.5, 145 ~1971!.
9R. J. Cava, H. W. Zandbergen, J. J. Krajewski, W. F. Peck, Jr., B.

Batlogg, S. Carter, R. M. Fleming, O. Zhou, and L. W. Rupp,
Jr., J. Solid State Chem.116, 1412~1995!; M. Itoh, M. Shikano,
and T. Shimura, Phys. Rev. B51, 16 432~1995!.

10G. Cao, S. McCall, J. E. Crow, and R. P. Guertin, Phys. Rev. B
56, 321 ~1997!.

11M. E. Fisher and J. S. Langer, Phys. Rev. Lett.13, 665 ~1968!.
12D. J. Singh~private communication!; I. Mazin and D. J. Singh

~unpublished!.
13S. Nagler~private communication!.
14P. B. Allen, H. Berger, O. Chauvet, L. Forro, T. Jarlborg, A.

Junod, B. Revaz, and G. Santi, Phys. Rev. B53, 4393~1996!; K.
Fujioka, J. Okamoto, T. Mizokawa, A. Fujimori, J. Hase, M.
Abbate, H. J. Lin, C. T. Chen, Y. Takeda, and M. Takano~un-

FIG. 3. Magnetic ordering temperature vs 1/n for four Sr-
Ruddlesden-Popper metallic magnetic systems~left-hand scale!.
The symboln represents the number of layers in a sequence and
reflects decreasing anisotropy with increasingn. Also shown~right-
hand scale! are values of the electronic heat capacity coefficient,g,
in mJ/mole K2 normalized to the number of repeated Ru-O layers in
the structure.

RAPID COMMUNICATIONS

R5742 56G. CAO, S. K. McCALL, J. E. CROW, and R. P. GUERTIN



published!; D. J. Singh, J. Appl. Phys.79, 4818~1996!.
15I. H. Inoie, Y. Aiura, Y. Haruyama, S. Nishizaki, Y. Maeno, T.

Fujita, J. G. Bednorz, and F. Lichtenberg, J. Electron Spectrosc.
Relat. Phenom.78, 175 ~1996!; T. Yokoya, A. Chainani, T.
Takahashi, H. Katayama-Yoshida, M. Kasai, and Y. Tokura,
Phys. Rev. Lett.76, 3009~1996!; D. H. Lu, M. Schmidt , T. R.

Cummins, S. Schuppler, F. Lichtenberg, and J. G. Bednorz,ibid.
76, 4845~1996!.

16For Ca3Ru2O7 , see G. Cao, S. McCall, J. E. Crow, and R. P.
Guertin, Phys. Rev. Lett.78, 1751~1997!; for Ca2RuO4 , see G.
Cao, S. McCall, M. Shepard, J. E. Crow, and R. P. Guertin,
Phys. Rev. B56, R2916~1997!.

RAPID COMMUNICATIONS

56 R5743FERROMAGNETISM IN Sr4Ru3O10: RELATIONSHIP . . .


