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Heavy-Mass Fermi Liquid near a Ferromagnetic Instability in Layered Ruthenates

S. Nakatsuji,1,2 D. Hall,1 L. Balicas,1 Z. Fisk,1 K. Sugahara,2 M. Yoshioka,2 and Y. Maeno2,3,4

1National High Magnetic Field Laboratory (NHMFL), Tallahassee, Florida 32310
2Department of Physics, Kyoto University, Kyoto 606-8502, Japan

3International Innovation Center, Kyoto University, Kyoto 606-8501, Japan
4CREST, Japan Science and Technology Corporation, Kawaguchi, Saitama 332-0012, Japan

(Received 20 September 2002; published 2 April 2003)
137202-1
Low temperature magnetic, thermal, and transport measurements in Ca2�xSrxRuO4 clarify the
appearance of a cluster glass phase, after the evolution of a nearly ferromagnetic heavy-mass Fermi
liquid from the spin-triplet superconductor Sr2RuO4. As the Mott transition is approached across a 2nd-
order structural transition, both the magnetization and specific heat decrease considerably while the
transport scattering rate diverges. A metamagnetic transition to a highly spin polarized state, with a
local moment S � 1=2, is observed. We argue that an orbital rearrangement with Ca substitution
changes itinerant ferromagnetism to antiferromagnetism of localized moments.
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Ca2�xSrxRuO4 [14–16]. In this system, the substitution and (ii) to study the evolution of the orbital dependent
A diversity of orbital related phenomena has attracted
considerable interest in transition metal oxides (TMOs)
[1]. Among the TMOs, the single layered ruthenate
Sr2RuO4 is a rare example of a well-defined Fermi li-
quid (FL) displaying spin-triplet superconductivity.
Extensive studies, initiated by the discovery of super-
conductivity [2], revealed its complex ‘‘orbital depen-
dent’’ physics [3]. The normal state is a quasi-2D FL
whose Fermi surfaces are composed of three warped
cylinders, originating from the 4dt2g orbitals in the
RuO2 planes [4,5]. The � and � Fermi surfaces arise
from 1D chains of dyz;zx orbitals while the � sheet origi-
nates from a 2D network of planar dxy orbitals. This
difference in dimensionality, as well as in their parity
under reflection with respect to RuO2 planes, defines its
unique orbital dependent properties.

Band structure calculations [6,7] predict two compet-
ing magnetic instabilities in the normal state: an incom-
mensurate antiferromagnetic (AF) order due to the
nesting within the dyz;zx (�;�) bands and a ferromagnetic
(FM) instability due to the van Hove singularity in the
dxy (�) band. The incommensurate spin fluctuations have
been confirmed by neutron scattering measurements [8],
leading to theoretical studies on their relevant role in the
superconducting mechanism [9]. In contrast, no FM fluc-
tuations have been detected in neutron studies [8], while
NMR results show a weak exchange enhancement [10,11].
In the superconducting state, however, the prominent role
of the � band has been pointed out by experimental and
theoretical studies [3,12]. It has been suggested that the
main gap opens in the active � band, inducing the super-
conductivity in the � and � bands by proximity effect. A
FM fluctuation mediated superconductivity in the � band
has been proposed [6,7,13].

Although no clear indication of FM fluctuations is
yet found in Sr2RuO4, the FM coupling in the � band
has been recently suggested based on studies of
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with isovalent Ca increases the effective electron corre-
lations by introducing structural distortions and, thus,
may develop orbital dependent magnetism.

Starting from undistorted Sr2RuO4, Ca substitution
initially stabilizes the rotation of RuO6 octahedra and
induces an enhancement of the low-T susceptibility .
Surprisingly, �T� shows divergent Curie behavior near
a structural instability at a critical value xc ’ 0:5
where recent polarized neutron diffraction measurements
under field [16] revealed an anomalously large magneti-
zation density at both Ru and O in-plane sites. The
strongly anisotropic density at the Ru sites, similar to
the distribution of the dxy orbital, suggests a FM insta-
bility due to the dominant influence of the van Hove
singularity of the � band, as predicted by band struc-
ture calculations [7]. Nevertheless, �T� is strongly sup-
pressed by the appearance of a metallic region with AF
coupling (which we refer to as the magnetic metallic
region) as the Mott transition at x ’ 0:2 is approached
through the structural transition at xc. Finally, the com-
plete substitution of Sr by Ca changes the supercon-
ductor into the Mott insulator Ca2RuO4 [17,18]. The
strong Jahn-Teller distortion and its resultant orbital po-
larization indicate an orbital ordering in the AF insulat-
ing state [15,19–21].

The significant structural dependence of the magne-
tism in this system, particularly the FM coupling in the �
band, the probable active band for superconductivity,
suggests a strong ‘‘orbital dependence’’ of its physical
properties. This is also featured by a recent discovery of
the pressure-induced FM metallic phase in Ca2RuO4 [22].
In this Letter, we present the magnetic, thermal, and
transport properties of Ca2�xSrxRuO4 under zero and
finite magnetic fields at low temperatures. Our purpose
is twofold: (i) to examine the presence of the FM insta-
bility around x � 0:5 predicted by theory and to clarify
how it develops from the spin-triplet superconductor,
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magnetism in the metallic state, particularly in the vi-
cinity of the orbital ordered Mott insulating phase.

Single crystals were prepared using a floating zone
method [14]. X-ray powder diffraction patterns show
single phase samples. The notations for the unit cell are
assigned using those of I4=mmm symmetry. Magnetiza-
tion M above 1.8 K was measured with a commercial
SQUID magnetometer, while for measurements down to
0.3 K, a magnetometer was constructed using a dc
SQUID probe in conjunction with a 3He refrigerator. To
study the field dependence of M, a vibrating sample mag-
netometer was used, while field dependent four terminal
resistivity measurements were performed in a dilution
refrigerator, both at the NHMFL. Specific heat CP was
measured by a thermal relaxation method down to 0.35 K.

Figure 1(a) shows the T dependence of the elec-
tronic part of the specific heat Ce divided by T for
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FIG. 1. Low temperature properties of single crystals of
Ca2�xSrxRuO4. (a) Ce=T vs lnT. Inset: Ce=T for x � 0:5 under
fields. (b) �ab�T� � �ab�0� vs T2. The low-T parts are enlarged
in the inset. The arrows indicate TFL. (c) In-plane M vs T under
B � 10 mT. Solid and broken lines give FC and ZFC results,
respectively. Results measured by the homebuilt SQUID (line)
are smoothly connected to the high-T results (open symbol) by
a commercial SQUID magnetometer. Insets: M vs B (left) and
relaxation curve of M (right) for x � 0:5.
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Ca2�xSrxRuO4. To obtain Ce, we assume that CP of the
insulator Ca2RuO4 reasonably represents the lattice con-
tribution for the following two reasons: first, the low
temperature CP=T of the isostructural Ca2RuO4 has no
electronic part and is well described by �T2 with almost
the same Debye temperature �D � 411 K as Sr2RuO4

(410 K); second, any magnetic contribution should be
negligible at T well below 110 K, the Néel point. Thus,
by subtracting CP=T of Ca2RuO4, we estimate Ce=T for
each x as in Fig. 1(a). Sr2RuO4 exhibits a jump in Ce=T
because of the superconducting transition at Tc ’ 1:5 K.
Reflecting its FL state [4,5], Ce=T is constant down to Tc

for x � 2 and also down to 0.35 K for x � 1:95 where
2.5% Ca substitution suppresses Tc. Starting from this
well-defined FL behavior, the T dependence of Ce=T
systematically enhances with decreasing x. While Ce=T
for x � 1:5 still displays a T independent FL behavior
below �5 K, Ce=T for x � 0:9, 0.7, and 0.5 exhibits a
significant increase on cooling, showing a FL-like satu-
ration only below T ’ 0:5 K. In the magnetic metallic
region, a peak is observed, as seen in the trace for x � 0:2.

Figure 1(b) shows the inelastic component of the in-
plane resistivity �ab�T� � �ab�0� vs T2 for the entire me-
tallic region, while the inset shows the low-T part for x ’
0:5 in an enlarged scale. Consistent with the Ce=T results,
we found a systematic decrease of the temperature TFL

below which a T2 dependence appears. Starting from
�20 K for Sr2RuO4, TFL rapidly decreases down to
�0:5 K for x < 0:5 [see Fig. 2(a)], where a T1:4 depen-
dence appears at higher T on heating [14]. In strongly
correlated electron systems, especially in the heavy
fermions, the T2 coefficient A and the electronic specific
heat coefficient �e obey an empirical relation A / �2

e
with a universal ratio a0 � A=�2

e 	 1:0 
 10�5 ��cm=
�mJ=mol K�2 [4,23]. From this relation, we calculated the
expected �e value

�����������
A=a0

p
in order to compare with �e �

Ce=T (0.4 K) [see Fig. 2(b)]. In the region 2 � x � 0:5,
both �e and

�����������
A=a0

p
agree quite well, suggesting that the

same renormalized quasiparticles govern both the en-
hancement of �e and the electrical transport. In fact, the
critical enhancement of �e, reaching an enormous maxi-
mum of 255 mJ=mol-Ru K2 at x � 0:5, indicates the for-
mation of heavy-mass quasiparticles. To our knowledge,
this value is the largest ever reported for TMOs, surpass-
ing the value �e ’ 210 mJ=mol-V K2 for LiV2O4 [24]. In
contrast, for 0:5 > x � 0:2,

�����������
A=a0

p
increases while the

actual �e decreases, signaling a significant change in the
electronic structure across the structural transition.
Despite this decrease, the magnitude of �e in this region
is still 1 order larger than those (10–15 mJ=mol K2) ex-
pected from band calculations [7], indicating a strong
correlation effect. A detailed study focused on x � 0:3
also revealed heavy-electron behavior [25].

Given that the measured �T� is dominated by renor-
malized quasiparticles, we calculated the Wilson ratio
RW � ��2k2

B=3�
2
B�=�=�e� [see Fig. 2(b)]. Here,  and

�e were estimated from their values at 1.8 K where the
137202-2



FIG. 2 (color online). (a) Newly found cluster glass phase
added to the phase diagram of Ca2�xSrxRuO4 from
Refs. [14,15]. TO and TP are the structural transition tempera-
ture and the peak temperature of �T�, respectively. For TFL

and Tmax, see text. (b) The Sr concentration dependence of �e �
Ce=T (0.4 K) (solid square),

�����������
A=a0

p
(open square), and the

Wilson ratio Rw (solid circle). The broken lines are guides to
the eye. Inset: �e vs ln at 1.8 K. The solid line is a linear fit.
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entire metallic region is paramagnetic. While RW for
Sr2RuO4 is 2 corresponding to its strongly correlated FL
state [4], RW diverges for x � 0:5, reaching a value � 40
which surpasses those known for nearly FM metals, such
as Pd (5.8) and TiBe2 (12) [26]. Furthermore, the inset in
Fig. 2(b) indicates that the relation �e / ln holds in the
metallic region for x � 0:5 including Sr2RuO4. This criti-
cal relation is expected for a FL near to Stoner-type FM
[27]. Thus, this increase of RW in the tetragonal phase
�x � xc� indicates the progressive evolution of a Fermi
liquid toward FM. This enhancement of FM correlation
was also found by NMR measurements [28].

To characterize the nearly FM state around x � 0:5, we
have measured the in-plane dc magnetization down to
T � 0:3 K. Figure 1(c) gives the results of M�T� taken
upon heating in the field-cooling (FC) and zero-field-
cooling (ZFC) sequences under B � 10 mT. At x � 0:5,
M�T� exhibits FM-like hysteresis below �1:5 K, showing
a large enhancement up to 8 m�B. Moreover, the B de-
pendence of M also shows hysteresis at 0.6 K, indicating
the appearance of a weak FM component of around
10 m�B [Fig. 1(c), left inset]. However, this low-T phase
possesses a glassy nature as demonstrated by the time
dependence of the magnetization. A stretched exponential
decay of M / exp���t=��0:26 with � � 2800 s is ob-
served by cooling down to 0.3 K under B � 10 mT and
removing this field after waiting for a period of 3000 s
[Fig. 1(c), right inset]. This indicates that the system is a
137202-3
cluster glass; the formation of clusters with FM short-
range order enhancesM�T� until the clusters freeze below
the peak temperature Tmax of the ZFC curve. Both dc-M
and Tmax decrease continuously as xmoves away from 0.5
and Tmax is lowered below 0.3 K at x 	 0:3; 0:7 [see
Fig. 1(c)]. This systematic behavior demonstrates that
the FM cluster formation is a bulk effect. Tmax vs x is
summarized in Fig. 2(a), showing the cluster glass region
in the phase diagram. No anomaly in ��T�, and only a
very weak kink in Ce=T [e.g., at 0.5 K for x � 0:5 in
Fig. 1(a)] were detected as a spin freezing effect, probably
because of the weak FM moments. In addition, the inset
in Fig. 1(a) shows that Ce=T is little affected for B � 1 T
and at 3 T reduced only by �20%. This weak dependence
on the field of the energy scale of spin freezing
(kBTmax =2�B � 1 T) confirms that the enhancement of
Ce=T results from the quasiparticle mass renormaliza-
tion, not from spin freezing.

Once Ca substitution stabilizes the orthorhombic phase
for x < xc, AF coupling appears, leading to the creation of
a magnetic metallic region and rapidly suppressing the
FM cluster glass. This indicates that the magnetic cou-
pling changes from FM to AF at the 2nd-order structural
transition [14,15]. Moreover, this competition between
both couplings should generate frustration among the
clusters, preventing long-range order.

In the tetragonal phase, the RuO6 octahedra remain
rigid despite their rotation, keeping essentially the same
crystal field and hence the triple degeneracy of the t2g

orbitals as in Sr2RuO4 [6,7,15,20]. However, the tilting of
the octahedra in the orthorhombic phase involves a Jahn-
Teller distortion. It elongates the RuO2 planes along the
[110] direction and lifts the degeneracy of dyz and dzx
orbitals, most probably stabilizing a dyz � dzx state [14].
This Jahn-Teller distortion is sizable ( > 1% at x � 0:2)
and comparable to that observed in a metallic manganite
Nd0:45Sr0:55MnO3 in which a uniform ordering of dx2�y2 is
stabilized [1,15]. Thus, an orbital/band polarization may
well occur at the structural transition.

Recently, Anisimov et al. performed band calculations
for Ca2�xSrxRuO4, using the LDA �U method [20].
Based on the difference in parity and in bandwidth be-
tween the dxy and the dyz;zx orbital bands, they predict that
the structural distortions first localize the latter orbitals
and induce the above mentioned ferro-type ordering of
dyz � dzx orbitals at x� 0:5. While the bandwidth of the
dxy orbital band remains sufficiently large for metallic
conduction, the localization and ordering of dyz;zx orbitals
would stabilize local moments S � 1=2 and generate an
AF coupling between them [20].

In order to further explore the electronic structure, we
performed high magnetic field measurements for x � 0:2.
Figure 3 shows the field dependence of M and the longi-
tudinal magnetoresistance at 0.6 K. As B increases, M
shows a stepwise increase at Bcr � 2:3 and 6 T for its
ab-plane and c-axis components, respectively. These
metamagnetic transitions should be due to the field
137202-3
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destabilization of the AF coupling. At the highest fields,
both components show a tendency to saturate around
0:8�B in sharp contrast with what is expected from
band calculations. According to local density approxima-
tion, the band around the Fermi level is mainly composed
of the 4dt2g orbitals [6,7]. For the Ru4� state, the moment
is expected to increase up to a saturation value of 2�B

until a half-metallic state is achieved, as reported for
Sr1�xCaxRuO3 [29]. Nevertheless, the observed saturation
moment is close to the effective magneton of 1�B esti-
mated from the Curie-Weiss analyses of �T� [14]. This
suggests that the system at high fields is in an almost
polarized FM state with a local moment of S�1=2. In
fact, both the ab-plane and c-axis components of the mag-
netoresistance change their signs from positive to nega-
tive across Bcr, which is consistent with a change in the
spin coupling from AF to FM. Furthermore, the c-axis
component increases by nearly 100% at Bcr in comparison
with only 12% for the ab plane. This suggests that dyz;zx
orbitals, which dominate the out-of-plane transport, are
strongly involved in the metamagnetic transition, in com-
parison with dxy orbitals, which are expected to govern
the in-plane transport. All these results for x�0:2 agree
with the partial Mott gap scenario that predicts S�1=2
localized moments in dyz;zx orbitals [20]. Thus, the de-
crease in �e for x<0:5 suggests that the gap starts to open
around x�0:5. The strong narrowing of the itinerant dxy
band due to the tilt distortion as well as the scattering of
carriers by these local moments may be the origin of the
large enhancement of A near the Mott transition.

In conclusion, measurements in Ca2�xSrxRuO4 reveal
the evolution from the spin-triplet superconductor
Sr2RuO4 to a FM instability leading to a heavy-mass
Fermi liquid state and eventually to a FM cluster glass.
This itinerant FM coupling should be of Stoner-type,
most likely due to the van Hove singularity of the dxy
band [6,7,14,16]. As the system further approaches the
Mott transition, the AF correlation of localized moments
with S � 1=2 develops, suppressing the magnetization
and specific heat, while inducing a divergence of the in-
plane scattering rate. We argue that the strong band nar-
rowing due to the tilt distortion suppresses the dxy band
137202-4
Stoner-like FM. This stabilizes the AF correlated metal
with a partial correlation gap in dyz;zx bands before a full
gap opens at the Mott transition. These results underline
the orbital dependent physics inherent to single layered
ruthenates and point to the possible influence of the FM
instability in the spin-triplet pairing.
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