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Weak ferromagnetism in two-dimensional bilayered Sr32xCaxRu2O7
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We have synthesized a bilayered ruthenate solid solution Sr32xCaxRu2O7 (0<x<2.0), which is homolo-
gous to the copper-free layered-perovskite superconductor Sr2RuO4 (Tc51.5 K!. The x dependence of the
lattice parameters, magnetic susceptibilityx(T), magnetizationM (H), and electrical resistivityr(T) is sys-
tematically examined. Samples for allx show magnetic ordering below 150 K. It is shown, however, that the
magnetic correlations change with increasing Ca content. The lowest ferromagnetic-ordering temperature in
this series is observed at 3.2 K in the sample withx~Ca! 51.0. This transition is described well as a weakly
ferromagnetic ordering by self-consistent renormalization~SCR! theory of spin fluctuations. To the best of our
knowledge, this is the first example of applying the SCR theory to a weak ferromagnet with a quasi-two-
dimensional layered crystal structure.@S0163-1829~98!00502-5#
e

no
te
ro

l

-

of
ic

r-
ha

n
e

rp

te

e
tio

ns

o

ely.
ce
in-
ux
pa-
, in
p-
ence
y

ned
a-

uO
I. INTRODUCTION

Discovery1 of the superconductivity~SC! in Sr2RuO4 mo-
tivated us to search for other SC compounds among ruth
ates and other 4d-electron systems.2 Recently, we have
isolated3 new ruthenate Mott insulators Ca2RuO4 in two
structural phases. They are isostructural to Sr2RuO4 except
for distortions present in Ca2RuO4. It is intriguing that Mott
insulators are found in the vicinity of the superconductor
only for cuprates but also for ruthenates. In these ruthena
strong electron-electron correlations appear to play a key
in determining their diverse properties.

A related ruthenate Sr3Ru2O7, which has a tetragona
layered perovskite structure~Fig. 1!, shows antiferro-
magneticlike ordering4 below 15 K and nearly metallic be
havior between 0.3 and 300 K. We regard Sr3Ru2O7 as the
next candidate for the ruthenate SC compound because
two-dimensional RuO2 bilayers and much lower magnet
ordering temperature than that of SrRuO3 ~the Curie tem-
peratureTc5160 K!. In order to suppress the magnetic o
dering, substitution of smaller Ca cations into Sr sites
been performed in Sr32xCaxRu2Oy ~SCRO! with x up to
2.0. The synthesis of the series SCRO has already bee
ported in Ref. 5. Our previous study2 suggested negativ
evidence for superconductivity in Sr2CaRu2Oy (x 5 1.0!
down to 0.3 K. In this paper, we will show that a sha
change in the magnetic properties occurs atx'0.7 andx
'1.2, accompanied by the change in the lattice parame
We will also show that the magnetism aroundx51.0, where
lowest magnetic ordering temperature is observed, is w
described by means of the self-consistent renormaliza
theory of spin fluctuations.

Caoet al.6,7 have reported remarkable magnetic and tra
port properties of the end members Sr3Ru2O7 and Ca3Ru2O7
using single crystals made by a flux method. They have c
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cluded that the ground state of Sr3Ru2O7 and Ca3Ru2O7
are an itinerant ferromagnet and a nonmetal, respectiv
Investigations using single crystals are of crucial importan
especially in extracting the anisotropic properties and intr
sic transport properties. However, crystals grown by the fl
method sometimes show significant differences in lattice
rameters and physical properties from polycrystals, e.g.
~Sr,Ca!RuO3 as described below. The origin of the discre
ancies has not been understood at present, but the differ
in stoichiometry or inclusion of impurity elements may pla
a crucial role. Therefore, we believe that the data obtai
from polycrystals gives important complementary inform

FIG. 1. The crystal structures of Sr3Ru2O7. The large circle
represents Sr and the small circle Ru. The cubes indicate R6

octahedra.
978 © 1998 The American Physical Society
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57 979WEAK FERROMAGNETISM IN TWO-DIMENSIONAL . . .
tion to those of the single crystals.

II. EXPERIMENT

We synthesized polycrystalline SCRO by a convention
solid-state reaction method. Stoichiometric mixtures of po
ders of SrCO3 ~99.99%!, CaCO3 ~99.99%!, and RuO2

~99.9%! were ground and calcined in air for 24 h at 1173 K
The calcined samples were reground and pressed into pe
They were then reacted and sintered in a flow of a wea
reducing gas mixture~99% Ar and 1% O2) at 1473 K for 24
h and cooled in the furnace. The procedure was repeate
1573 and 1623 K to obtain ‘‘as-prepared’’ samples. The
ducing atmosphere is necessary to obtain SCRO phases
example, firing the sample withx~Ca!51.5 in a flow of 0.1
MPa O2 at 1623 K results in decomposition into~Sr,Ca!O
and unidentified phases. Some as-prepared samples
then oxidized by annealing at 773 K under oxygen atm
sphere at relatively high pressure~1 and 5 MPa!. For anneal-
ing at 773 K, ambient O2 pressure was not adequate to pr
pare homogeneously oxidized samples because it resulte
the broadening of the peaks in the x-ray patterns, while
MPa O2 annealing sustains the homogeneity of the samp

The crystal structures of the samples at room tempera
were characterized by powder x-ray diffraction. The oxyg
contenty was determined by the thermogravimetric analys
~TGA!. The temperature dependence of magnetic susce
bility x(T) from 2 to 350 K mostly under 1 T, the field
dependence of magnetizationM (H) up to 5 T, and the ac
magnetization with the frequency of 1 kHz and the amplitu
of 0.1 mT were all measured by a superconducting quant
interference device magnetometer~Quantum Design, mode
MPMS-5S! using the sintered bar samples with the weight
10–50 mg. The electrical resistivityr(T) was measured by a
standard four-terminal dc technique from 4.2 to 300 K. T
specific heatCP of Sr3Ru2O7 was measured by the adia
batic heat pulse method from 1.2 to 25 K: the sample pe
with a diameter of 12 mm weighed about 2.5 g.

FIG. 2. X-ray powder-diffraction patterns of Sr32xCaxRu2Oy

with varying Ca concentrationx. All peaks of 0<x<2.0 are con-
sistent with the symmetry ofI4/mmm. The asterisks indicate
Sr2RuO4 impurity.
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III. EXPERIMENTAL RESULTS

Powder x-ray diffraction spectra of as-prepared SCR
with different x~Ca! are shown in Fig. 2. The samples a
essentially of single phase in the region 0<x<2.0, although
very weak impurity peaks of Sr2RuO4 are detected in the
spectra of the samples with 0<x<0.6. The spectra are we
indexed in terms of the symmetry of tetragonalI4/mmm
group up tox52.0. It is clear that the solubility range of C
in Sr3Ru2O7 is considerably wide although the ionic radiu
of divalent Ca is substantially smaller than that of Sr. Latt
parameters for both as-prepared and oxidized samples d
mined from the x-ray-diffraction spectra are plotted in Fig.
As we shall see below, three regions of distinct phases
clearly recognized: I(0<x<0.6), II(0.6,x<1.2), and III
(1.2,x<2.0). Reflecting the smaller size of Ca ions, t
unit-cell volume exhibits nearly linear contraction with in
creasingx for 0<x<2.0. With increasingx, monotonic de-
crease in thec parameter is observed except in region
aroundx51.0. The crystal structure in region II is characte
ized by an abrupt shortening of thea parameter by abou
0.5% and stretching of thec parameter by about 1.0%. I
Fig. 3, we also included the lattice parameters of single cr
tals and polycrystals reported by Mu¨ller-Buschbaum and

FIG. 3. The Ca concentration dependence of thea parameter,c
parameter, and unit-cell volume. Closed circles indicate the
prepared sample, open triangles indicate the oxidized sam
~present work!, open squares indicate single crystals@Müller-
Buschbaum and Wilkens~Ref. 8!#, inverted open triangle indicate
polycrystals@Cavaet al. ~Ref. 4!#, and open circles indicate singl
crystals@Caoet al. ~Refs. 6,7!#.
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980 57S. IKEDA, Y. MAENO, AND T. FUJITA
Wilkens,8 Cao et al.6,7 and Cavaet al.,4 respectively. It
should be noted that between single crystals and polycrys
of Sr3Ru2O7 there is a clear inconsistency in the latti
parameters, especially in thec parameter.

It is important for investigation of crystal structures a
electronic configuration to determine the oxygen content.
decomposed powders of the as-prepared sample into
CaO, and Ru by heating under the atmosphere of flowing
with 10% H2 up to 1473 K at 2 K/min in a commercia
TGA equipment. The results give the oxygen contenty in
Sr32xCaxRu2Oy to be 6.9560.06 for x50, 6.9960.06 for
x51.0 and 7.0160.05 forx52.0, indicating thaty is essen-
tially 7.0. This implies that the formal valency of the Ru io
remains tetravalent with four 4d electrons. Therefore the ob
served structural changes by Ca substitution are not dr
by the change in oxygen content. Lattice distortions
Sr3Ru2O7 have been examined by Inoueet al.9 using trans-
mission electron microscopy. They reported the evidence
rotation of the RuO6 octahedra by about 1° around thec
axis, with the direction of the rotation alternating from o
layer to another within the bilayers. The existence of
rotation of the RuO6 octahedra is in contrast with the ab
sence of any lattice distortion in Sr2RuO4 down to low
temperatures.10,11 Oxidation effects on the lattice paramete
are observed as shown in Fig. 3. Forx51.5, annealing in 1
MPa O2 results in the increase in thec parameter by 0.63%
and the decrease in thea parameter by 0.54%. The increa
in the oxygen contentDy inferred from the sample weight i
0.25 (y57.25!. The excess oxygen atoms are probably po
tioned at interstitial sites within the rocksalt~Sr,Ca! 2O2 lay-
ers. Forx52.0, the same tendency is observed. On the o
hand, forx51.0, thec parameter decreases by 0.45%, thea
parameter slightly increases by 0.18% andDy 50.10
(y57.10! upon annealing in 5 MPa O2 atmosphere. This
behavior indicates that the oxidation effects in regions II a
III are quite different. It is also remarkable that oxidation
samples in region III noticeably reduce the unit-cell volum
which is not seen in region II.

The electrical resistivitiesr of the as-prepared sample
are shown in Fig. 4. Metallic temperature dependence is
served forx50, anddr/dT substantially increases below 1
K. Metallic temperature dependence is also observed
x51.0, 1.5, and 2.0, although it changes to nonmetallic
havior at lower temperatures. Nevertheless, the meas
values ofr at 300 K arer58;30 mV cm for 0<x<2.0, at

FIG. 4. Electrical resistivity between 4 and 300 K.
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least three orders of magnitude lower in comparison w
that of the insulator Sr2IrO 4 .12,13 Therefore the nonmetallic
behavior may be ascribed to grain-boundary resistance,
the intrinsic behavior may well be metallic to lower temper
tures.

The temperature dependence of the magnetic suscep
ity x(T)[M /H under a field of 1 T, for both field-cooling
~FC! and zero-field-cooling~ZFC! processes, is shown in
Fig. 5. For 0<x<2.0, x(T) is fitted well with the Curie-
Weiss behavior above 200 K and shows a cusp below 50
Magnetic ordering temperatureTmax defined at maximum
x(T) varies with x as indicated by arrows in Fig. 5 an
shown in the top frame of Fig. 6. In region I,Tmax weakly
increases with increasingx except atx50. The samples in
region I contain ferromagnetic impurity phase~Sr,Ca!RuO3
(Tc<160 K! with the estimated amount about 1.6% from t
magnetization measurements forx50, although it is not de-
tected in the x-ray spectra. In region II,Tmax shows small
values of 3–5 K and is nearly independent ofx. Across the
boundary (x'1.2) from region II to region III,Tmax shows
an abrupt increase. It increases up to 43 K (x52.0! with
further increasingx. The peak feature in thex-T curve

FIG. 5. Magnetic susceptibility under the field of 1 T. Bo
zero-field-cooling~ZFC! and field-cooling~FC! data are shown.
Magnetic ordering temperatureTmax is defined as the temperatur
where magnetic susceptibility takes a maximum value. See tex
other notations.
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57 981WEAK FERROMAGNETISM IN TWO-DIMENSIONAL . . .
aroundTmax in region III is suppressed by a field of 5 T~Fig.
7!, indicating that it is ascribed to weak antiferromagne
ordering with small ferromagnetic components such as th
induced by canted moments. Magnetization measurem
under a weak magnetic field (,1023 T! indicated no sign of
superconductivity above 2 K in all theas-prepared and oxi
dized samples.

We fitted the data ofx(T) between 200 and 350 K with
x(T)5x01xCW, wherex0 is the temperature independe
term and xCW5C/(T2uW) is the temperature-depende
Curie-Weiss term. HereC is the Curie constant anduW is the
Weiss temperature. The values of the effective Bohr mag
ton peff deduced fromC5NApeff

2 mB
2/3kB , whereNA is the

FIG. 6. The Ca concentration dependence ofTmax, Weiss tem-
peratureuW , and the effective Bohr magnetonpeff . Closed circles
indicate the as-prepared sample, open triangles indicate the
dized sample, and open squares indicateuW obtained from the data
between 300 and 700 K.

FIG. 7. Magnetic susceptibility ofx~Ca!52.0 under different
fields. Both zero-field-cooling and field-cooling data are shown
se
ts

e-

Avogadro number,mB is the Bohr magneton, andkB is the
Boltzmann constant, are shown in Fig. 6. We do not sh
peff and uW in region I because the data in region I clear
contain the contribution from the ferromagnetic impuri
~Sr,Ca!RuO3. Assuming that Ru41 is in the low spin state in
the tetragonal crystalline electric fieldt2g

4 eg
0 and that the or-

bital moment is quenched, we expectpeff to be g$S(S
11)%1/252.83, with S51 andg52. As shown in the bot-
tom of Fig. 6, the observed effective Bohr magnetonpeff
remains almost constant (peff;2.7). This is consistent with
the TGA results that the effective valence number of Ru
in SCRO changes little by Ca substitution. On the oth
hand, the Weiss temperaturesuW drastically change with in-
creasingx from antiferromagnetic to ferromagnetic~Fig. 6!.
The inverse susceptibilityx21 of samples withx51.0 and
2.0 as a function ofT shown in Fig. 8 clearly shows that th
magnetic correlations of SCRO change with increasing
content. Because of the constancy of formal valence of
we should rely on the information based on the structu
modifications in order to clarify this drastic sign change
uW in this system. Since thea parameter is almost constan
but thec parameter shrinks rapidly with increasingx except
in region II, the change of magnetic correlations may hav
relation to the change of thec parameter.

A similar variation of the magnetic correlation is we
known in ~Sr,Ca!RuO3.14 With substitution of Ca into
SrRuO3, magnetic correlations change from ferromagnetic
antiferromagnetic at Sr0.4Ca0.6RuO3, despite the constanc
of the formal Ru valency. In this three-dimensional syste
only the compounds containing Sr shows ferromagnetic
dering, while no magnetic ordering occurs in compoun
with antiferromagnetic Weiss temperatures such as CaR3
and LaRuO3.15 Recent study of single crystallin
~Sr,Ca!RuO3 by Caoet al.16 suggests that Sr0.05Ca0.95RuO3,
containing a very small amount of Sr, shows spin-glass-l
ordering. It is noted that the corresponding polycrystalli
samples do not yield any magnetic ordering. The origin
such discrepancies between single crystals grown by the
method and polycrystalline samples should be clarified
future studies.

The temperature-independentx0 is estimated at abou
61024 emu/Ru mol. Taking a core diamagnetic contributi
of about2831025 emu/f.u. mol into account, we estimat
the Pauli paramagnetic contributionxPauli to be rather small
and at most 231024 emu/Ru mol. This contrasts with
large Pauli contribution of nearly 131023 emu/Ru mol for

xi-

FIG. 8. The reciprocal magnetic susceptibility forx51.0 and
2.0.
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982 57S. IKEDA, Y. MAENO, AND T. FUJITA
superconducting Sr2RuO4. Although Curie-Weiss analysi
is not strictly valid for noninsulating compounds, the si
change ofuW is obvious evidence for certain modification
of magnetic correlations in SCRO.

It is noted that the difference between FC and ZFCx(T)
is substantial in all regions, and especially strong in regio
To characterize the onset of this weak ferromagnetic ord
ing aboveTmax for 0<x<1.5, we defineTirr as the tempera
ture below which FC and ZFC exhibit irreversibility~Fig. 5!.
For x>1.8 we could not detect such irreversibility abo
Tmax within our experimental resolution. As we will show
below, the ferromagnetism of SCRO belowTirr is clearly
different from the contribution from~Sr,Ca!RuO3. This im-
plies that ferromagnetic components exist in SCRO. In F
9, Tirr as well asTmax is shown as a function ofx (T-x
diagram!. With increasingx, Tirr monotonically decreases i
region I and the lowest value ofTirr is observed atx51.0. In
region III, a minimum inx(T) below Tmax is recognized for
FC sequence as shown in Fig. 5. We therefore define
another characteristic temperatureTmin for this minimum,
which shows a gradual increase with increasingx up to 2.0.

In order to detectTmax, Tirr, andTmin clearly, the real part
of ac magnetizationM 8(T) under almost zero field (Hdc
<1024 T andHac50.1 mT! is displayed in Fig. 10. For al
the Ca concentration there exist two characteristic peak
M 8(T) at temperaturesT18 and T28 , or at T18 and T38 , in
addition to the ones ascribable to the ferromagnetic transi
of the impurity ~Sr,Ca!RuO3. These temperatures are al
plotted in theT-x diagram~Fig. 9! by open circles and tri-
angles. It is clear thatT18 is identified withTmax. According
to the reports by Caoet al.,6,7 single crystalline Sr3Ru2O7
~Ca3Ru2O7) has two characteristic temperaturesT* 566 K
andTc5104 K (TM548 K andTN556 K!. We also include
these temperatures indicated by open squares in Fig. 9.
Sr-rich compounds, some inconsistencies of character
temperatures as well as lattice parameters are recognize
tween polycrystalline samples~our work and that of Cava

FIG. 9. T-x~Ca! phase diagram inferred from the results of
and ac magnetization measurements. WF is the weakly ferrom
netic phase, P is the paramagnetic phase, F is the ferromag
phase, and AF is the antiferromagnetic phase. Closed circles
cateTmax, closed triangles indicateTirr , inverted closed triangles
indicateTmin , open circles indicateT18 , open triangles indicateT28 ,
inverted open triangles indicateT38 , and open squares indicate cha
acteristic temperatures defined for single crystals~Refs. 6,7!.
I.
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et al.4! and single crystals. In particular magnetic features
Tmax andT18 have not been recognized for single crystals.
the other hand, the data of single crystalline Ca3Ru2O7 ap-
pears consistent with the extrapolation of the data of po
crystalline SCRO. TheT-x diagram suggests thatTirr in re-
gion I corresponds to theTc of single crystalline Sr3Ru2O7,

FIG. 11. The field dependence of magnetization at 2 K up to
5T.
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FIG. 10. The temperature dependence of ac susceptibilityM 8
for differentx from 2 to 200 K. Thick arrows indicate the peaks du
to ~Sr,Ca!RuO3.
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57 983WEAK FERROMAGNETISM IN TWO-DIMENSIONAL . . .
while Tmax andTmin in region III to TN andTM , respectively,
of single crystalline Ca3Ru2O7. We will also discuss mag
netic phases inT-x diagram later.

The nature of magnetism can be clarified from the fi
dependence of magnetizationM (H). Figure 11 showsM (H)
for the samples with differentx at 2 K, below any magnetic
ordering temperatures. It should be noted that the curva
of M (H) for x51.0 is quite different from those forx50 and
2.0. With increasing applied field,M (H) of x51.0 reveals
saturation behavior. On the other hand, such saturation is
observed inM (H) of x50 and 2.0, suggestive of metama
netic transition at higher fields.M (H) data of these three
samples all show hysteresis behavior. The magnitude of
magnetic moment under a 5 Tfield increases with increasin
x~Ca!. This implies that the localized character of Ru-4d
electrons in the ground state is enhanced in the Ca-
phase, although its resistivity is metallic at high temperatu
(T.200 K! and its magnetic moment is about four tim
smaller than that expected in the localized Heisenberg
system.

Now we should consider the relation between structu
instability and Ru-4d electron states. Increasing the conte
of smaller Ca leads to contraction of the unit-cell volume.
this contraction, stronger mixing between Ru-4d and O-2p
electrons is naively expected. However, the results show
opposite tendency. The enhanced localized character ma
due to the reduction in the overlap of wave functions
Ru-4d and O-2p which is caused by the distortion of RuO6
octahedra with increasingx. This is analogous to the differ
ence between metallic Sr2RuO4 and insulating Ca2RuO4.3

In addition, by oxidation of the samples in region III, co
sidered as the most distorted region, thec parameter in-
creases, thea parameter decreases, and the temperatur
the antiferromagneticlike transition atTmax is depressed a
shown in Fig. 12. This indicates that the distortions of Ru6
octahedra are released by interstitial oxygens and are im
tant for antiferromagneticlike transition in region III. At low
temperatures, spin reorientation is often associated w
structural phase transitions. Recent structural study
Bradenet al.17 indicates that lattice distortions in orthorhom
bic Ca2RuO4 are described as the tiltings and rotations
rigid RuO6 octahedra. In this SCRO system, structural
finements by neutron diffraction at low temperatures
needed to deepen the understanding of the ground state

FIG. 12. Oxidation effects onx(T)[M /H for x51.5. The mag-
netic ordering temperatureTmax is diminished by O2 annealing.
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Specific heat divided by temperatureCP /T of Sr3Ru2O7
is shown in Fig. 13. It is noted that no clear peak is obser
around the magnetic ordering temperature at 15 K. Never
less, theT2 dependence ofCP /T does not follow a linear
relation ofCP /T5g1bT2 below 15 K. This may be due to
a broad contribution of magnetic ordering toCP .
This broadening suggests that the magnetic ordering
Sr3Ru2O7 is not three-dimensional but two-dimensional r
flecting its crystal structure. In the range of temperature
tween 400 K2<T2<800 K2, fitting the data using the for-
mula above gives the Sommerfeld coefficient ofg563
mJ/Ru mol K2 and b50.273 mJ/Ru mol K4. The Debye
temperature is evaluated asuD5350 K from b512
p4NkB/5uD

3 whereN56 is the number of atoms in formul
unit. The largest specific-heatg value of Sr3Ru2O7 among
the Sr-Ru-O Ruddelsden-Popper phases@30 mJ/Ru mol K2

for SrRuO3 ~Ref. 18! and 38 mJ/Ru mol K2 for Sr2RuO4
~Refs. 19,20!# provides clear evidence that Sr3Ru2O7 is a
strongly correlated 4d electron metallic oxide. A local-
density electronic-band-structure calculation has been
formed for Sr3Ru2O7 by Hase and Nishihara.21 They de-
duced the density of statesD(EF)510.3 states/eV cell and
electronic specific-heat coefficientgband512.1 mJ/Ru mol K
2. Thus the mass enhancement factorgexp/gband55.2 sur-
passes that of Sr2RuO4 at gexp/gband53.6.19,22 It is neces-
sary to measureCP for other concentrationsx in the SCRO
system in order to elucidate whether the ground state is
tallic or not.

IV. DISCUSSIONS

A. The SCR analysis for Sr2CaRu2O7

The SCRO system shows both the Curie-Weiss beha
of magnetic susceptibility and noninsulating electrical res
tivity. Similar properties were observed in the mixed metal
phase~Sr,Ca!RuO3 and were discussed in terms of the se
consistent renormalization theory~SCR theory23! as an itin-
erant ferromagnet.24 The SCR theory of spin fluctuations fo
a weak ferromagnet should be appropriate for analyzing
magnetism in SCRO, especially in region II where very lo
Tmax ~3–5 K! is observed. The Arrott plot of magnetizatio
curves forx51.0 at different temperatures is shown in Fi
14. The appearance of the positive intercept on the vert

FIG. 13. Specific heat divided by temperature of Sr3Ru2O7.
Solid line represents the fittingC/T5g1bT2.
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984 57S. IKEDA, Y. MAENO, AND T. FUJITA
axis indicates that the intrinsic Curie temperatureTc is below
5 K. Therefore we regardTmax53.2 K, notTirr545 K, as the
intrinsic Curie temperatureTc . Only the data in region II
satisfy the relation thatM2 is proportional toH/M . The
spontaneous magnetization per one magnetic ionpS
>M /mB(H50)50.08 at 2 K is much smaller than the ef
fective Bohr magnetonpeff52.82 evaluated fromx(T).
These characterize SCRO in region II as a weak ferromag

For itinerant electron systems, magnetic anisotropy is
substantial in comparison with localized electron syste
since magnetic correlation length is considerably longer t
the cell dimensions. For region II, the low Curie temperat
of ;100 K indicates that magnetic anisotropy energy
evaluated at most 1022– 1021 K. Thus the observed magne
tization M (H) up to 5 T ~Fig. 14! for the polycrystalline
samples should reflect the intrinsic process. Nevertheles
recent theory by Hatatani and Moriya25 discusses a subtl
difference in the behavior of the isotropic two-dimension
system of spin fluctuations from that of the isotropic thre
dimensional system.

In weakly ferromagnetic metals, the SCR theory gives
relation:

pS
2

4
5

15T0

TA
cS Tc

T0
D 4/3

, ~1!

wherec50.33536 is a constant,Tc is the Curie temperature
andT0 andTA characterize the energy width of the dynam
cal spin-fluctuation spectrum and the width of the distrib
tion of the static susceptibility in theq space, respectively
T0 andTA correspond to the exchange energyJ in the local-
ized spin system. A much larger ratio ofTA /Tc than unity
means that spin fluctuations only nearq50 contribute to the
magnetic ordering.

We consider the relation derived by Takahashi:26

F̄15
4kBTA

2

15T0
, ~2!

where F̄1 is the fourth-order expansion coefficient of th
magnetic free energy which depends onM . F̄1 can be de-
rived from the gradient of the Arrott plot as

FIG. 14. Arrott plot ofM (H) data withx51.0 at different tem-
peratures.
et.
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F̄1

H

M
5M ~H !22M ~0!2, ~3!

whereH andM are expressed in Oe andmB/Ru ion, respec-
tively.

It is not appropriate to estimate the spontaneous magn
zation pS (T50 K! from the data ofM (H) at 2 K because
this temperature cannot be regarded as much belowTc53.2
K. Therefore, we regardpS as a fitting parameter and fit th
inverse magnetic susceptibility in the limit of zero fiel
x21(T,H50), using the following relations in order to de
termine the SCR parameters as in Ref. 27. Assuming
weakly ferromagnetic limit, i.e.,Tc /T0!1, the relations are
simplified as follows:

y5
F̄1pS

2

8TAh2H 211
11ny

c E
0

1/h
dz•z3F ln u2

1

2u
2C~u!G J ,

~4!

with

y5
NA

2TAxh2
, ~5!

h5S Tc

T0
D 1/3

, ~6!

n5
h2TA

U
, ~7!

u5
z~y1z2!

t
, ~8!

whereC(u) is the digamma function,U is the intra-atomic
exchange energy, andt5T/Tc . Using these relations an
assumingU5104 K, we can predictx(T,H50) aboveTc
for several values ofpS as shown in Fig. 15. For experimen
tal x(T,H50) we employ positive intercepts in the Arro
plot ~Fig. 14! where the line of extrapolation of high-fiel
data crosses the horizontal axis. Adequate reproduction
x(T,H50) is obtained whenpS is 0.2. Furthermore,T0 and

FIG. 15. Results ofx(T,H50)21 calculated forx51.0 by
means of SCR theory. It depends on parametersF̄1 , Tc , T0 , and
TA in addition topS. Several different values forpS are assumed
andpS50.2 gives the best fit as shown.
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TA are evaluated self-consistently from Eqs.~1!, ~2!, and~4!.
All the SCR parameters thus evaluated are,Tc53.2 K,

pS50.2, F̄15433 K, T05133 K, andTA5465 K.
The ratiosTc /T050.024 andpeff /pS514.1 are important

for the classification of the itinerant/localized ferromagne
Figure 16 is based on the generalized Rhodes-Wohlfarth
(peff /pS vs Tc /T0) for weak ferromagnets by Takahashi.26 In
this plot, largepeff /pS and smallTc /T0 represents the stron
itinerant character of electrons. The localized Heisenb
system is characterized bypeff /pS5Tc /T051. Sr2CaRu2O7

(x51.0! is regarded as a weakly ferromagnetic metal w
intermediate character as shown. For polycrystall
Sr0.4Ca0.6RuO3, Kiyama et al.24 obtainedTc525 K andTA

'5000 K from M (H), thusTA /Tc'200. The almost iden-
tical value of TA /Tc5145 for Sr2CaRu2O7 indicates that
the weak ferromagnetism in both compounds is quite sim
despite the difference in dimensionality of the Ru-O n
work. Our study is, to our knowledge, the first example
applying the SCR theory to a ferromagnet with a quasi-tw
dimensional layered crystal structure.25 Theoretical calcula-
tions of Takahashi’s relation@Eq. ~2!# for a quasi-two-
dimensional system should be required in order to adva
the investigation of the quasi-two-dimensional weak fer
magnet. Nevertheless it is expected that the analysis
sented here remains qualitatively valid also for systems w
quasi-two-dimensional ferromagnetic spin fluctuations.28

B. Phase diagram

In this section, we summarize the structural and magn
phase diagram of Sr32xCaxRu2O7. Three regions I, II, and
III are well distinguished by the lattice parameters and m
netic ordering temperatures. For each region, there exist
or three characteristic temperatures as observed in the m
netization measurements. We give the interpretation of th
temperatures below.

In region I, the paramagnetic phase changes to ferrom
netic atTirr . There exists another phase belowTmax. How-
ever, it is not clear from the present study what type
magnetism the ground state has. In region II,Tmax is the

FIG. 16. Generalized Rhodes-Wohlfarth plots after Takaha
~Ref. 26!. The data of Sr2CaRu2O7 is shown by a solid circle. The
solid line is the theoretical expectation.
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Curie temperature characterized by itinerant weak ferrom
netism.Tirr is not essential for magnetism because the Arr
plot clearly shows that a spontaneous moment appears
belowTmax. In region III, Tmax is an antiferromagnetic tran
sition temperature with canted ferromagnetism. According
the result of Ca3Ru2O7 by Caoet al.,7 Tmin may correspond
to spin-reorientation temperature to greater canting. It is
ficult to determine whetherTirr observed in this region is
intrinsic or not. Ultimately, we can make the magnetic pha
diagram of SCRO already shown in Fig. 9. Structural stu
below characteristic temperatures of each phase will h
confirming the interpretation given here.

Next, we discuss the distinction between three phase
II, and III. As analyzed in Sec. IV A, region II is well de
scribed by the itinerant weak ferromagnetism and is qu
different from the others. This difference is also consist
with the singularity of thex dependence of the lattice param
eters. The expectation of the metamagnetic transition abo
field of 5 T in regions I and III suggests that the magne
ground state in these regions is rather localized than tha
region II. As already described, region III is more localiz
than region I, corresponding to enhanced lattice dist
tion. As a result, the magnetic ground states of
Sr32xCaxRu2O7 system are characterized by the changeo
from the itinerant weak ferromagnetism to the localized s
system with increasingx.

Especially in region I, the discrepancies between po
crystalline and single-crystalline samples are recognized
the lattice parameters and magnetism. Future investigat
with single crystals grown by a different method may he
clarify this issue.29

V. CONCLUSION

In summary, we have characterized the magnetic
structural properties of the bilayered ruthenate se
Sr32xCaxRu2Oy (0<x<2.0). The oxygen contenty has
been determined as essentially 7.0 for allx before annealing
oxidizing atmosphere. With increasing Ca, the magnetic c
relations of SCRO change dramatically and the localiz
character in the ground state is enhanced for high Ca c
centration. The magnetic properties in the region arou
x51.0 are associated with the appearance of weak ferrom
netism. On the basis of the SCR parameters Sr2CaRu2O7 is
classified as the weak ferromagnet with a quasi-tw
dimensional crystal structure.
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