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S. Nakatsuji' and Y. Maeno'?
'Department of Physics, Kyoto University, Kyoto 606-8502, Japan

2CREST, Japan Science and Technology Corporation, Kawaguchi, Saitama 332-0012, Japan
(Received 28 December 1998)

We have revealed the phase diagram of Ca,_,Sr,RuO,: the quasi-two-dimensional Mott transition
system that connects the Mott insulator Ca, RuO, with the spin-triplet superconductor Sr,RuO,. Adjacent
to the metal /nonmetal transition at x = 0.2, we found an antiferromagnetically correlated metallic region
where non-Fermi-liquid behavior in resistivity is observed. Besides this, the critica enhancement of
susceptibility toward the region boundary at x. = 0.5 suggests the crossover of magnetic correlation to
a nearly ferromagnetic state, which evolves into the spin-triplet superconductor Sr,RuO;.

PACS numbers: 71.30.+h, 74.70.—b, 75.40.—s

Much attention has been paid to the quasi-two-
dimensiona Mott transition systems, such as high-T.
cuprates and organic conductors, for their dramatic
variation of the electronic states between the extremes
of ground states: insulating state and superconductivity.
Particularly, the mechanism of the emergence of the
unconventional superconductivity from the Mott insulator
has been one of the main focuses of intense investigation.
Intriguing links have also been revealed between anoma-
lous metallic states near the metal-insulator transition and
non-Fermi-liquid (NFL) behavior in the quantum critical
regime of a number of heavy fermion compounds [1].

While the d-wave pairing has been revealed in the
cuprates, the p-wave superconductivity in Sr,RuQOj,
which is isostructural to one of the best studied cuprates
La—,Sr,CuQy, has attracted recent interest [2—4]. The
spin-triplet pairing in Sr,RuO, has been demonstrated by
NMR Knight shift measurement [3]. As expected from
the exotic pairing, its normal state is a highly correlated
metal, well described as a quasi-two-dimensional Fermi
liquid [5,6]. In contrast, isovalent Ca substitution for Sr
drastically changes this superconductor into the Mott in-
sulator CaxRuO, [7,8]. The decrease of 4d-band width in
comparison with that of Sr,RuQ,, caused by distortionsin
RuO, planes, leads to a Mott-Hubbard-type gap [7,9,10].
Therefore, the new solution system Ca,—, Sr,RuO, should
provide the important information on the Mott transition
route that involves the emergence of the spin-triplet
superconductor.

In this Letter, we present the first results on the phase
diagram of the quasi-two-dimensional Mott transition
system Ca_,Sr,RuO4. The metal/nonmetal (M/NM)
transition occurs in the Carrich region by varying either
the Sr content or the temperature. On the verge of the
M/NM transition at x = 0.2, we have found an anti-
ferromagnetically (AF) correlated metallic region where
non-Fermi-liquid behavior in resistivity has been observed.
Furthermore, toward the region boundary at x. = 0.5,
the system revedls the critical enhancement of low tem-
perature susceptibility. This suggests the crossover of
magnetic correlation to anearly ferromagnetic (FM) state,
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which evolves into the spin-triplet superconductor with
enhanced paramagnetism.

We have recently succeeded in synthesizing polycrys-
talline Ca—, Sr,RuO, in the whole region of x, and in
growing single crystals by a floating-zone method in the
region 0.0 = x = 0.7, in addition to Sr,RuQ, (x = 2).
Details of the preparations will be described elsewhere
[11]. The crysta structures are studied by powder x-ray
diffraction at room temperature. While Ca;RuQ, has an
orthorhombic Pbca symmetry [9], all the other spectra of
Ca—Sr,RuQ, show only the peaks that are well indexed
with the single pseudotetragonal symmetry, consistent
with 14/mmm of Sr,RuQ,. Determination of their precise
symmetries is under investigation [12]. Here we adopt
the notations for the unit cell with 14/mmm symmetry.
Electrical resistivity was measured down to 4.2 K by a
standard four-probe dc method and down to 0.3 K by an
ac method. Magnetization measurements down to 1.8 K
were performed with a SQUID magnetometer.

We have determined the phase diagram as represented
in Fig. 1, which consists of the following three regions:

() (0 = x < 0.2) AF insulating ground state. M/NM
transition occurs by varying temperature except x = 0.
CaRuO4 (x = 0) is an insulator at least up to 300 K.
M/NM transition by varying x occurs at x = 0.2.

(1M (0.2 = x < 0.5) “Magnetic metalic (M-M) region”
below the peak temperature Tp of the susceptibility.

(111 (0.5 = x = 2) Paramagnetic metal. Low tempera-
ture susceptibility exhibits critical enhancement at x. =
0.5. Superconductivity with 7. = 1.5 K at x = 2.

In the paragraphs below, we will describe these charac-
teristic properties of each region in the order of regions |,
I, and I1l. Finally, the physical origin of this distinct vari-
ation of the ground state will be discussed.

First, we summarize in Fig. 2 the temperature depen-
dence of the in-plane resistivity p.,(7) measured on
cooling for various values of x. In region |, p.(T) of
the stoichiometric Ca;RuO4 (x = 0) basically shows
activation-type insulating behavior with an activation
energy of 0.2 eV [13]. Besides, the electronic specific-
heat coefficient was found to be 0 = 0.2 mJ/mol K2,
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FIG. 1. Phase diagram of Ca-,Sr,RuO, with the abbrevia-
tions: P for paramagnetic, CAF for canted antiferromagnetic,
M for magnetic, SC for superconducting phase, -M for metal-
lic phase, and -I for insulating phase. The solid circle, the
open circle, and the solid diamond represent the peak tem-
perature Tp of the susceptibility for the [001] component, the
metal /nonmetal transition temperature Tyinum, and the CAF
transition temperature Tcar, respectively.

which manifests that Ca;RuQ, is truly an insulator with
no density of states at the Fermi level N(Eg) [13].

In contrast, slight Sr substitution for Ca stabilizes a
metallic state at high temperatures, and inducesthe M /NM
transition at a temperature 7yi/nm ON cooling asin Fig. 1.
The results of x = 0.09 and 0.15 in Fig. 2 represent
pav(T) for region | with Tyy/nm = 155 and 70 K, respec-
tively. With abrupt increases by factors more than 10* at
Tv/nu, they show the nonmetallic behavior described by
variable-range hopping. For x = 0.15, for example, the
data below Ty Well fit pa, (T) = A exp(To/T)"/* with
To = 9 X 10* K. This suggests that strong localization
dominating the nonmetallic behavior drives the M/NM
transition, preceding the gap opening toward the Mott
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FIG. 2. Temperature dependence of the in-plane resistivity
pu(T) for Ca—,Sr,RuO, with different values of x. The
vertical broken lines are guides to the eye.

insulator. Below Tyi/nm, the susceptibility y also shows
a distinct magnetic transition at a temperature Tcap ON
cooling, which finally coincideswith the M /NM transition
for about x = 0.1. The magnetization vs the field (M-H
curve) at 5 K exhibits weak FM hysteresis ascribable to
canted AF asin Ca,RuQ; [7,9]. The M/NM transition of
the ground state occurs at x = 0.2, asillustrated in Fig. 2.

Powder neutron diffraction measurements have been
carried out for x = 0.1 and 0.2 down to 1.5 K [12], and
shown that the M/NM transition either by varying x or
T involves the first-order structural transition, consistent
with the thermal hystereses observed in p(T) and x (7).

What characterizes the M-M region in region Il is the
susceptibility peak. Figure 3 shows y(T') curves for x =
0.2 under fields of 1 T parallel to [110], [110], and [001]
axes. The in-plane susceptibility exhibits the maximum
and the minimum for fields along [110] and [110], re-
spectively. There is no observable difference between
field-cooled and zero-field-cooled data, so our measure-
ments are not suggestive of spin glass ordering. The
most prominent feature is the broad maximum in each
axis component. Well above Tp, these components show
Curie-Weiss (C-W) behavior with AF Weiss temperatures
Ow comparable to Tp. Such characteristics indicate that
some kind of AF ordering occurs at Tp.

However, the broad nature of these maxima is far from
the usual sharp cusp at a Néel point. Moreover, the peak
temperatures Tp for the in-plane components are definitely

different from each other: TIE“O] for the easy-axis [110] is

8.2 K, while 75" for the hard-axis[170] is 12.2 K, iden-
tical to that for the c-axis [001]. Therefore, athough the
substantial reduction of the susceptibility should originate
from the AF correlation, the long-range order (LRO) does
not emerge at T'p, but is somehow destabilized. In fact, no
magnetic LRO with a moment larger than the resolution
limit of 0.05 wp was detected for x = 0.2 downto 1.5 K
in the neutron diffraction measurement [12].
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FIG. 3. Temperature dependence of the susceptibility of
Ca 3Srp,RUO, under woH = 1T padlel to each axis.
Field-cooled and zero-field-cooled curves agree very well.
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Another evidence for the AF correlation in the M-M
region is the anisotropy of the susceptibility below Tbp.
As shown in Fig. 3, the [110] component decreases
on cooling aimost 3 times more than the others. This
corresponds to the anisotropy for an AF ordering with
the easy-axis [110] and with the hard-axes [110] and
[001]. In fact, the anisotropy obtained here is very similar
to that of the AF-LRO state in CaRuO, [13], with
spins aligned antiferromagnetically along the [110] axis
[9]. Moreover, the M-H curve in this region exhibits a
metamagnetic transition (for example, at uoH = 2.5 T ||
[110] for x = 0.2), similar to the one observed in the
ordered Ca,RuO, [8]. These substantial resemblances
indicate that an AF short-range order (AF-SRO) is well
stabilized in the magnetic metallic region just next to the
M/NM transition.

As presented in Fig. 4, the most intriguing systematic
variation in the metallic regions Il and |1l was found in
the low temperature susceptibility y(0), represented here
by the value at 2 K. The inset of Fig. 4 displays x(T)
curves for region |11 under afield of 0.1 T parallel to the
ab plane. The in-plane susceptibility is almost isotropic
in this region. For Sr,RuQ,, the y(T') curve is Pauli-
paramagnetic for its Fermi liquid state. The Ca substitu-
tion, however, continuously changes it to C-W-like, and
finally to Curie-like with ®w = 0 K a x = 0.5. Corre-
sponding to this evolution of the C-W behavior, y(0) for
2.0 = x = 0.5 in Fig. 4 increases with decreasing x. It is
critically enhanced at x = 0.5, reaching a value more than
100 times larger than that of Sr,RuQ;.

The enhancement is consistent with the expected in-
crease in N(Eg) by the band narrowing with the Ca sub-
stitution. However, this effect alone cannot explain the
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FIG. 4. x(0): the susceptibility at 2.0 K against the Sr concen-
tration x in the metallic regions Il and I1l. The values for the

polycrystalline samples are indicated by open circles, while for
the single crystals, the solid diamonds represent the mean values
xm(0) determined by the relation: y,(0) = {x.(0) + x,(0) +
xc(0)}/3. The broken lines are guides to the eye. The inset dis-
plays x(T) curves for region Il under a field of 0.1 T parallel
to the ab plane. Field-cooled and zero-field-cooled curves agree
very well.
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strong temperature dependence near x = 0.5. In an itin-
erant system like this, such an increase of negative O to
zero is ascribable to the evolution of FM spin fluctuations
[14]. Therefore, with the enlarged N(Eg), it should be
the Stoner enhancement that plays a significant role in the
critical behavior around x = 0.5. Inregion |1, on the other
hand, x (0) sharply decreases with decreasing x, reflecting
the formation of the susceptibility peak at the higher tem-
perature Tp as shown in Fig. 1.

We note that this critical enhancement of y(0) occurs at
x = 0.5, and thus appears to be correlated with Oy ap-
proaching zero in region Il and Tp increasing from zero
inregion Il. This criticality indicates a drastic change of
the ground state at the M-M region boundary, most likely
from the nearly FM state to the AF correlated one. Since
we detected no evidence of magnetic LRO down to 0.3 K,
it should be a magnetic crossover that occurs at x. = 0.5.
Quite recently, however, a preliminary neutron diffraction
measurement has found a second-order structural transi-
tion in region Il from a high temperature tetragonal to a
low temperature orthorhombic phase [12]. It is also at x.
that the transition temperature emerges from zero, just as
Tp, while it increases much more rapidly than 7Tp with
decreasing x. This coincidence strongly implies that the
structural transition induces the magnetic crossover.

The low temperature parts of p,,(T) in Fig. 2 for x =
0.2, 0.5, and 2 are presented in Fig. 5, where p,,(T) —
pab(0) is plotted against 7'*. Sr,RuO, shows T-squared
dependence as indicated by a fitting curve, reflecting its
Fermi liquid state established by a variety of measure-
ments [5,6]. In contrast, for x = 0.2 and 0.5, the in-plane
resistivities severely deviate from the 7T-squared depen-
dence. The best fit was obtained in the form of p.,(T) =
par(0) + AT, Atx = 0.5, thisT'* dependence appears
below about 3 K following the T-linear one up to 5.5 K.
Meanwhile, the resigtivity for x = 0.2 starts to decrease
strongly below about 7%l = 8 K and shows the 7' de-
pendence toward the lowest temperature.

Work on heavy fermion compounds and cuprates has
revealed that such NFL behavior is due to critical fluc-
tuations, and persists to low temperature near a magnetic
instability [1,15]. Therefore, the NFL behavior observed
down to 0.3 K not only around x. = 0.5 but a x = 0.2
suggests that the enhanced spin fluctuations, which desta-
bilize the magnetic L RO, dominate the entire M-M region.
In a two-dimensiona system near AF and FM instabili-
ties, the resistivity is expected to show T-linear [16] and
T#/3 [17] dependence, respectively. The observed 7' de-
pendence is quite close to the latter one, which is also
found in Sr,RuO, under pressure [18]. Along with the
strong enhancement of the low temperature susceptibility,
this gives a consistent interpretation that x. = 0.5 is just
near a FM instability. On the other hand, for the AF-SRO
in the M-M region, there are basically two possible spin
configurations. simple in-plane AF or interlayer AF with
the dominant in-plane FM spin fluctuations. It is not pos-
sible to distinguish between these possibilities on the basis
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FIG. 5. Temperature dependence of the in-plane resistivity
pa(T) for x = 0.2, 0.5, and 2. Solid lines indicate fits with
T? (x =2), and T'* (x = 0.2 and 0.5) dependence. The peak
temperatures of the susceptibilities are indicated for x = 0.2.

of the current data. Further studies by neutron diffuse scat-
tering are needed for this region.

In Fig. 5, it should also be noted that p,, (T) — pap(0)
becomes smaller with x. This most probably results from
the weakened inelastic (especialy, spin) scattering due
to the band widening. Moreover, for x = 0.2, the for-
mation of AF-SRO should induce the strong decrease in
pan(T) (below Tp) because of the reduced spin scatter-
ing. In fact, well below Tp, the field dependence of the
longitudinal in-plane magnetoresistance (I || H || ab) for
x = 0.2 shows aclear peak at uoH = 2.8 T, correspond-
ing to the metamagnetic transition, while only a negative
dependence was observed above Tp [11]. Nevertheless,
the residual resistivity p,,(0) for x = 0.2 is smaller than
that for x = 0.5, asin Fig. 2. Since p,,(0) isbasicaly de-
termined by the imputity scattering [19], thisis attributable
to the less randomness in Ca/Sr distribution at x = 0.2.

Finally, let us discuss the physical origin of the distinct
variation of the ground state in this system. Recent NMR
studies clarified that the magnetic interaction in Sr,RuQO,
is characterized by the weakly ferromagnetic spin fluctu-
ations with the exchange-enhanced in-plane susceptibility
[20,21]. This suggests that local spins in triply degener-
ate t,, orbitals are coupled ferromagnetically with each
other. In contrast with the half-filled case, the addition
of the fourth electron will align spins at neighboring sites
through Hund's coupling, thereby gaining kinetic energy
against Coulomb repulsion. This local ferromagnetic in-
teraction must be crucia for the spin-triplet pairing. Nev-
ertheless, as in Fig. 1, Sr,RuO, at x = 2 is the singular
point for this superconductivity, which disappears already
at x = 1.95, probably owing to the disorder intrinsic to the
Ca substitution.

In contrast with undistorted Sr,RuQ,, the RuO, plane
in CaRuO; is so severely distorted that RuOg octahedra
have unusually flattened shape along the interlayer direc-
tion through the Jahn-Teller effect [9]. Thus, the three 1,,

orbitals originaly degenerate in Sr,RuO, will split into
dy, with lower energy and the almost degenerate d,. and
d with higher energy. Filling them with four electrons,
CaRuO4 may well have the half-filled band, which favors
the Mott insulating ground state with AF superexchange
coupling between neighboring spins.

Connecting these opposite ground states of the end
members, the nearly FM state evolved from Sr,RuO,
through band narrowing, starts to change into the AF
correlated one beyond x. = 0.5. The orbital rearrange-
ment involved in the structural symmetry change may
probably cause such a crossover of magnetic correlation.
Consequently, not only the band-width control by the
Ca/Sr substitution, but the control of the effective filling
of carriers through the orbital degeneracy tuning (which
may be called “ k-space doping”) must be essential in this
Mott transition system Ca—,Sr,RuOy, in contrast with
the high-T, cuprates with asingle d,.— > orbital.
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