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Switching of magnetic coupling by a structural symmetry change near the Mott
transition in Ca2ÀxSrxRuO4
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We studied the structural, magnetic, and transport properties of the quasi-two-dimensional Mott transition
system Ca22xSrxRuO4. In the vicinity of the metal-nonmetal~M-NM ! transition atx.0.2, we found a struc-
tural transition accompanied by a structural symmetry change with the instability point atxc.0.5. The critical
change across the structural transition in the temperature dependence of the susceptibility indicates a crossover
of the metallic state, most likely from the nearly antiferromagnetic state next to the M-NM transition to the
nearly ferromagnetic state aroundxc . The latter evolves into the spin-triplet superconductor Sr2RuO4 (x
52) with enhanced paramagnetism. We argue that the competition between the structural instability and the
ferromagnetism results in such a structural symmetry change with orbital degeneracy lifting, which induces the
switching of magnetic coupling. In addition, a changeover from metallic to nonmetallic behavior was observed
across the structural transition in the out-of-plane resistivity, which reveals highly anisotropic transport due to
the quasi-two-dimensional electronic structure.
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I. INTRODUCTION

The appearance of a wide range of ground states in thed
transition metal oxides of ruthenates has recently attra
much research attention. By controlling both the bond
state in RuO2 layers and the layer-stacking dimensionali
perovskite ruthenates exhibit various kinds of ground sta
such as spin-triplet superconductivity, itinerant ferroma
netism, antiferromagnetism, and the Mott insulating state1

Among them, the quasi-two-dimensional Ca22xSrxRuO4

provides a new type of Mott transition system that contin
ously connects the Mott insulator Ca2RuO4 with the spin-
triplet superconductor Sr2RuO4.2 The phase diagram ha
clarified the unusual variation of the ground state in the M
transition route toward the spin-triplet superconductor, wh
consists of the following three regions as in Fig. 1.

First in region I (0<x,0.2), the metal-nonmetal~M-
NM! transition occurs by varying either the Sr content or
temperature. In region II (0.2<x,0.5) near the M-NM tran-
sition, an antiferromagnetically~AF! correlated metallic state
has been found at low temperatures, which we will refer to
the magnetic metallic~M-M ! region. Moreover, the critica
increase of low-temperature susceptibility observed nea
region boundary atxc.0.5 suggests a dramatic change of t
ground state to a nearly ferromagnetic~FM! one, which
evolves into the spin-triplet superconductor in region
(0.5<x<2).

In this paper, we report on the structural, magnetic, a
transport studies of the metallic region in Ca22xSrxRuO4. In
the Ca-rich region near the M-NM transition, we found
structural transition possibly of second order with the ze
temperature instability point atxc . A detailed analysis of the
temperature dependence of the susceptibility has reve
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that it is this transition that induces the magnetic crossov
most likely from the AF correlated state in the M-M regio
to the nearly FM state around the instability point. The o
served structural symmetry change may result in a varia
in the shape and the effective filling of the triply degener
bands through Jahn-Teller-type orbital rearrangement.
propose such a band splitting model to explain the magn
crossover. The critical enhancement of the low-tempera
susceptibility toward the structural instability point is ascri
able to the result of the competition between the ferrom
netism and the Jahn-Teller instability. Finally, across

FIG. 1. Phase diagram of Ca22xSrxRuO4 with abbreviations: P
for paramagnetic, CAF for canted antiferromagnetic, M for ma
netic, SC for superconducting phase, -M for metallic phase, an
for insulating phase. The boundaries are characterized by the
temperatureTP of susceptibility for the@001# component~solid
circle!, the metal-nonmetal transition temperatureTM-NM ~open
circle! and the antiferromagnetic transition temperatureTN ~solid
diamond!. TO ~open diamond! is the temperature below which th
in-plane susceptibility starts to show twofold anisotropy.
6458 ©2000 The American Physical Society
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PRB 62 6459SWITCHING OF MAGNETIC COUPLING BY A . . .
structural transition, we observed a changeover from meta
to nonmetallic behavior in the out-of-plane resistivity, whi
reveals the highly anisotropic transport due to the quasi-t
dimensional electronic structure.

II. EXPERIMENT

We have succeeded in synthesizing polycrystall
samples and in growing single crystals of Ca22xSrxRuO4 in
the whole region ofx. Details of the preparations will be
described elsewhere.3 The crystal structures were studied b
powder x-ray diffraction analysis at room temperature. T
results for the single crystals indicate no trace of any sec
phase. For polycrystalline samples, almost all the spe
were identified as single phase, except for minor peaks
CaO detected in several batches.

To determine the oxygen content, a thermogravime
~TG! analysis was performed, in which powdered samp
were heated up to 1200°C at a rate of 2°C/min in
90% Ar110% H2 flow. All the results show one sharp de
crease in the thermogravimetric weight around 440°C, c
responding to the decomposition reaction Ca22xSrxRuO41d
→(22x)CaO1xSrO1Ru1(11d/2)O2. From these re-
sults, we determinedd values such as20.01(2) for the sto-
ichiometric Ca2RuO4 ~corresponding to S phase in Ref
4–6! and 0.00~2! for x50.09, 0.2, 1.0, and 2. As a result, a
the members of Ca22xSrxRuO4 essentially have 4.0 oxyge
atoms per formula unit and the electronic configuration
$Kr %4d4. Due to a large crystal field, Ru41 ions should be in
the low-spin configurationt2g

4 .
The electrical resistivity was measured by a standard fo

probe dc method. Magnetization measurements from 33
down to 1.8 K were made with a superconducting quant
interference device~SQUID! magnetometer equipped with
sample-stage rotator. For high-temperature measuremen
to 700 K, we used a sample space oven inserted into
magnetometer.

III. RESULTS

A. Structural transition in region II

In Fig. 2, we display the results of x-ray diffraction me
surements of powdered single crystals forx50.09, 0.2, and
2. All diffraction spectra are similar to each other, reflecti
the basic K2NiF4-type structure. Especially, the results
Sr2RuO4 (x52) andx50.2 agree with the same tetragon
symmetry. Meanwhile, the spectrum ofx50.09 shows weak
but definite orthorhombicity with splitting between (hkl)
and (khl) peaks. For example, the inset of Fig. 2 shows t
the ~110! peak ofx50.2 splits into~200! and~020! peaks of
x50.09. Accordingly, the result ofx50.09 is well indexed
with an orthorhombic unit cell with a volume ofA2at

3A2at3ct , whereat andct are parameters for anI4/mmm
cell. This is a situation similar to the case of Ca2RuO4 (x
50) with an orthorhombicPbca symmetry.4,5

The cell parameters for all the regions are shown in F
3. In order to obtain an overall view, we adopted t
I4/mmm cell for the tetragonal lattice, the same as that
Sr2RuO4, while for the orthorhombic one,a/A2 andb/A2
are given instead ofa and b. At each composition, the pa
rameters for single-crystalline samples agree well with th
ic
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for polycrystalline ones. This indicates that the nominal co
position x for each single crystal is essentially the same
the actual composition. Starting from Sr2RuO4, the volume
decreases continuously with the Ca substitution owing to
smaller size of Ca21 than that of Sr21. However, there are
clear kinks without discontinuity ina, b, and c at x50.2,

FIG. 2. X-ray ~Cu Ka) diffraction spectra at room temperatur
for Ca22xSrxRuO4 with x50.09, 0.2, and 2. The inset shows th
the ~110! peak of x50.2 splits into~020! and ~200! peaks forx
50.09. For the inset, theKa2 component has been subtracted.

FIG. 3. Cell parametersa, b, c, 2c/(a1b), and unit cell volume
V of Ca22xSrxRuO4 at room temperature. The open and so
squares represent those parameters of polycrystalline and si
crystalline samples, respectively.
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6460 PRB 62S. NAKATSUJI AND Y. MAENO
where the splitting betweena and b starts in region I. This
clearly reveals a structural transition at room temperat
from a tetragonal phase in regions II and III to an orthorho
bic one in region I. Finally, nearx50, there is a large jump
of the cell parameters probably due to a first-order struct
transition, accompanied by the M-NM transition.2 Therefore,
the orthorhombic symmetry of the metallic phase in regio
should be different from the orthorhombicPbca symmetry
of the insulating phase.

In region II, the susceptibilityx(T) shows a broad peak a
the temperatureTP, which characterizes the AF correlatio
in the M-M region.2 At the same time, it exhibits anothe
important aspect, namely, the in-plane anisotropy. The
muthal angle dependence of the in-plane susceptibility
various temperatures is displayed in Fig. 4 forx50.2. In
comparison with the isotropic dependence at high temp
tures, the anisotropy with twofold symmetry becomes e
dent as the temperature decreases. In order to quantify
temperature dependence, we defineR(T) as the susceptibil-

FIG. 4. In-plane anisotropy of the susceptibility underm0H
51 T for Ca1.8Sr0.2RuO4 at different temperatures.

FIG. 5. Temperature dependence of the anisotropy ratio of

in-plane susceptibilities:R(T)5x@110#/x@11̄0# for Ca22xSrxRuO4

with x50.2, 0.3, 0.4, and 0.5. The inset shows the appearanc
the in-plane anisotropy atTO .
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ity ratio of the easy axis@110# to the hard axis@11̄0#. Figure
5 shows thatR(T) for x50.2 increases on cooling an
reaches more than 200% belowTP.12 K. It is worth noting
that, as in the inset of Fig. 5,R(T) for x50.2 starts to devi-
ate from the isotropic value 100% at a characteristic te
peratureTO.290 K.

Since the magnetic anisotropy reflects the structu
symmetry,7 the appearance of the twofold symmetry belo
TO is ascribable to a structural transition from a hig
temperature tetragonal to a low-temperature orthorhom
phase. We measured the in-plane azimuthal dependenc
the susceptibility at various temperatures also forx50.3, 0.4,
0.5, and 0.7. The twofold symmetry was found only in r
gion II. From theR(T) plots shown in Fig. 5, we determine
TO as 220 K forx50.3, 150 K for 0.4, and below 1.8 K fo
0.5 and 0.7. Plotting the variation ofTO in the phase diagram
of Fig. 1, we notice that theTO line crosses room tempera
ture aroundx50.2. Quite consistently, it is at this poin
where the structural transition was detected by the x-ray
fraction measurement. In addition to the strong shrinkage
the c axis in Fig. 3, thea and b axes start to elongate an
split in region I. Therefore, we conclude that across theTO
line, a structural transition occurs from a tetragonal phas
the Sr-rich and high-temperature region to an orthorhom
phase in the Ca-rich and low-temperature region, involv
the lattice flattening.

This transition is also detected as kinks in the resistiv
datarab(T) andrc(T) @see Fig. 8 forrab(T) of x50.2 and
the inset of Fig. 9~a! for rc(T) of x50.2 and 0.4#. The ab-
sence of the thermal hysteresis at these kinks suggests
this transition should be of the second order. The decreas
rc(T) and increase ofrab(T) below TO are consistent with
the lattice flattening. This will weaken the hybridization b
tween the in-plane Ru 4d orbitals, while supporting coheren
hopping between layers.

Neutron powder diffraction measurements have rece
been performed for samples withx50.1, 0.2, 0.5, and 1.0.8

The results confirm that the second-order structural transi
from a high-temperature tetragonal to a low-temperat
orthorhombic phase occurs atTO, inducing the lattice flat-
tening owing to orthorhombic deformation of RuO6 octahe-
dra as well as their tilting. Details of the results will b
described elsewhere.8

Another important point is thatTO decreases withx and
finally goes down to zero atx50.5 as in Fig. 1. This sug-
gests thatxc.0.5 should be the instability point at absolu
zero, in other words, the quantum critical point of th
second-order structural transition.

B. Evolution of the temperature dependence
of the susceptibility

In the entire metallic region, thex(T) curve shows a sys
tematic variation withx. We define the susceptibilityx
[M /H at low enough fields~up to 1 T! where the magneti-
zation M shows linear dependence on the fieldH. In Figs.
6~a! and 6~b!, we display the in-planexab(T) curves for
single-crystalline samples in regions II and III, respective
The inverse susceptibilities measured up to 700 K for po
crystalline samples in regions II and III are also given in t
insets of Fig. 6~a! and Fig. 6~b!, respectively.

In order to clarify the evolution of the temperature depe
dence, we performed a Curie-Weiss~CW! analysis on both
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PRB 62 6461SWITCHING OF MAGNETIC COUPLING BY A . . .
polycrystalline and single-crystalline samples. The analy
were made in a high-temperature~HT! fitting region, 300–
700 K for polycrystalline samples, and in a low-temperatu
~LT! fitting region, 50–330 K for both polycrystalline an
single-crystalline samples. For the samples in region II,
restricted the LT region from 50 K up to (TO220) K below
the structural transition. Since Ca2RuO4 exhibits a first-order
transition around 350 K,8,9 we performed the fitting for the
HT region between 380 and 700 K. We adopted the fitt
formula as

x5x01
C

T2QW
. ~3.1!

Here,x0 is a temperature-independent term,C is the Curie
constant, andQW is the Weiss temperature. The effectiv
Bohr magnetonpeff was derived from the formula

C5
NApeff

2 mB
2

3kB
, ~3.2!

where NA , mB , and kB are Avogadro’s number, the Boh
magneton, and Boltzmann’s constant. Forx51.9 and 2, the
fitting was not successful becausex is almost constant up to
700 K.

Except for nearx52, x0 has values only of the order o
1024 emu/mol Ru, and is negligible in comparison with th
low-temperature susceptibilityx(0) at 1.8 K.2 Hence, we
will focus on the fitting results ofpeff and QW , which are
summarized in Figs. 7~a! and 7~b!, respectively. As shown

FIG. 6. Temperature dependence of the in-plane susceptib
for Ca22xSrxRuO4 with different values ofx ~a! in region II for the
@110# component and~b! in region III. For both regions, the zero
field-cooled~ZFC! and field-cooled~FC! curves agree very well
The insets for~a! and~b! display the inverse susceptibility of poly
crystalline samples in regions II and III, respectively. For polycr
talline samples only aroundx52, the difference between the ZF
and FC curves can be seen at low temperatures. This is prob
due to a small inclusion (,0.04%) of ferromagnetic impurity
Ca12xSrxRuO3.
s

e

e

g

by band calculations,10 the states at the Fermi level (EF) in
Sr2RuO4 are mainly composed of 4d t2g bands. Basically,
this configuration should not change throughout the syst
and thus the itinerantt2g spins are responsible for the dom
nating CW term in Eq.~3.1!.

Figure 7~a! shows a systematicx dependence ofpeff .
First, Ca2RuO4 (x50) has the largestpeff with almost 80%
of the expected value for theS51 configuration. As the
system goes away from the insulating phase,peff decreases
rapidly in region I and finally becomes almost constant in
region 0.2<x<1.5. Quite interestingly, the results in th
region, especially the HT results for polycrystalline samp
~solid circles!, are close to the value corresponding toS
51/2 spin. Given Hund’s coupling in thet2g band, theS
51 configuration is naturally expected. In addition to bei
a metal, the enhanced spin fluctuations due to the struct
two dimensionality and the orbital degree of freedom a
probably responsible for the reducedpeff . However, this
mechanism alone does not explain why the effectiveS re-
mains close to 1/2.

According to the conventional analysis, positive a
negative values ofQW indicate the strength of ferromagnet
and antiferromagnetic interactions, respectively. While
Ca2RuO4 this rule works well andQW.90 K has the same
order of magnitude as its Ne´el pointTN5110 K, a slight Ca
substitution reduces the absolute value ofQW much faster
than that ofTN . However, the increase of negativeQW is
still qualitatively consistent with the decrease of AF coupli
of the order ofTN in region I.

In region III, QW for both HT and LT regions also ha

ty

-

bly

FIG. 7. Curie-Weiss parameters against the Sr contentx in
Ca22xSrxRuO4. The solid and open circles correspond to the resu
of polycrystalline samples for the high-temperature and the lo
temperature fitting regions, respectively. The open triangles re
sent the low-temperature fitting results of single crystals for

ab-plane component in region III and@11̄0# component in region
II. In the panel ~a!, the solid horizontal lines correspond to th
effective Bohr magnetons withS51/2 and 1. The inset in the pane
~b! is an enlarged figure for region II. The solid curves are guide
the eye.
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6462 PRB 62S. NAKATSUJI AND Y. MAENO
negative values, but increases with decreasingx. LT results
for single crystals~open triangles! are consistent with thos
for polycrystalline samples~open circles!. In general, a fairly
large value ofQW is necessary to reproduce the almo
temperature-independent behavior of Eq.~3.1!. Accordingly,
near the Pauli paramagnetic Sr2RuO4, QW has a large nega
tive value, and owing to the evolution of Curie-Weiss beha
ior the magnitude decreases rapidly with the Ca substitut
Thus, the negative value ofQW in this region does not indi-
cate the strength of the AF coupling. Alternatively, acco
ing to the self-consistent renormalization~SCR! theory,11

this increase in negativeQW to zero can be well understoo
as the result of the evolution of FM spin fluctuations. T
band narrowing due to the Ca substitution must be the m
cause of this FM coupling, as we will discuss in Sec. IV B

Here, it is also important to stress that both HT and
results show qualitatively the same feature thatQW with
negative values increases with the Ca substitution. Furt
more, they finally coincide aroundx50.8 and approach zer
together nearx50.5.

Once the system enters region II, however,QW for each
fitting region starts to show definitely a differentx depen-
dence, as shown in the inset of Fig. 7~b!. While the result for
T.TO ~solid circles! increases continuously on the extend
track from region III,QW for T,TO of both polycrystalline
samples~open circles! and the@11̄0# component of single-
crystalline samples~open triangles! stops increasing atx
50.5 but starts to decrease in region II. Notably,QW for T
,TO has a negative value with the same order of magnit
asTP. This sign reversal ofQW acrossTO indicates thatthe
structural transition induces a change of magnetic couplin.

In the ground state, this change becomes evident; it i
xc.0.5 that bothQW in region III andTP in region II vanish
so thatx(0) critically enhances as shown in Fig. 6. Th
criticality indicates that the ground-state magnetism dra
cally changes at the structural instability. The continuous
crease of the HT result ofQW acrossx50.5 suggests tha
without the structural transition,x(0) would keep diverging
with decreasingx. Therefore, the critical point atxc.0.5
should be very close to a FM instability. In reality, howeve
the AF correlation takes over toward the Mott transition
the M-M region. Here, the negativeQW as well asTP must
be the indicator of the strength of the AF coupling. Thus, i
natural to consider that the structural transition halts
growth of the FM instability and switches on the AF co
pling.

C. Anisotropic transport properties

Reflecting the quasi-two-dimensional structure, the te
perature dependence of the resistivityr(T) is quite aniso-
tropic. Figure 8 presents the temperature-dependent pa
the in-plane resistivity:rab(T)2rab(0) measured down to
0.3 K for various values ofx. All curves show metallic be-
havior ~i.e., dr/dT.0). In fact, at low temperatures,rab(T)
are less than the Mott-Ioffe-Regel~MIR! limit of metallic
conduction of about 200mV cm for Sr2RuO4,12 which sug-
gests coherent metallic transport within the plane. As can
seen in Fig. 8,rab(T)2rab(0) increases quite systematical
with the Ca substitution. Because the temperature-depen
term is basically determined by inelastic scattering, wh
t
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becomes severe for a narrow band metal with highN(EF),
this increase is consistent with the band narrowing with
Ca substitution. In addition,rab(T)2rab(0) for x50.2
shows a steep decrease belowTP.12 K. This should come
from a reduction of the spin scattering by the formation
AF short-range order in the M-M region.2

Thex dependence of the residual resistivityrab(0) is pre-
sented in the inset of Fig. 8. In contrast with the continuo
increase ofrab(T)2rab(0), rab(0) has a peak aroundx
51.0, which is qualitatively consistent with the Nordhei
law. The Nordheim formulaAx(x22) roughly fits thex de-
pendence ofrab(0), asindicated by the solid curve withA
554 mV cm. This result strongly implies that the random
ness intrinsic to the Ca substitution is responsible for
residual resistivity in this system.

In comparison with the metallic behavior of the in-plan
component, the out-of-plane resistivityrc(T) is less tem-
perature dependent and in some cases even nonmetallic~i.e.,
dr/dT,0). In order to show the temperature dependen
clearly, we displayrc(T) normalized by the values at 300 K
rc(T)/rc(300 K) in Fig. 9~a!. All of them were measured
down to 0.3 K. Hererc(300 K) hardly depends onx and
remains within 2863 mV cm for all x.

The MIR limit for the metallic c-axis conduction of
Sr2RuO4 is estimated to be about 4 mV cm.13 While the
order of the limit should not be changed in this isostructu
system, all the results ofrc(T) are one order of magnitud
higher than the limit except for Sr2RuO4. Therefore, the me-
tallic behavior observed in the region 0.15<x,0.5 is not
attributable to the coherent conduction in the band pictu
Instead, we consider here the diffusion and thermally
sisted hopping processes for the transport mechanism
both processes, quasiparticles hop between layers wi
jumping frequencytc

21 , and the out-of-plane resistivity
reads

rc5@N~EF!e2l 2tc
21#21, ~3.3!

whereN(EF) is the density of states atEF , e is the elemen-
tary charge, andD5 l 2tc

21 is the diffusion coefficient with a
jumping ~interlayer! distancel.

FIG. 8. Temperature dependence of the in-plane resisti
rab(T) for Ca22xSrxRuO4 with different values ofx. The inset
shows thex dependence of the in-plane residual resistivityrab(0).
The solid curve represents a fit to the Nordheim law.
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FIG. 9. ~a! Temperature dependence of th
out-of-plane resistivityrc(T) normalized by the
values at 300 K for Ca22xSrxRuO4 with different
values ofx. For x50.15, the data are shown onl
above the M-NM transition point;70 K. The
inset illustrates the crossover atTO for x50.2 and
0.4. ~b! The variation ofrc(T)/rc(Tmax) against
T/Tmax for several values ofx in region III. The
inset displays thex dependence ofTmax ~solid
circle! andrc(Tmax) ~open diamond!.
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rc(T)/rab(T) shows large anisotropy throughout the sy
tem. For example, the values forx50.2, 0.9, 1.5, and 2 are
120, 130, 160, and 230 at 300 K and 780, 600, 2300, and
at 2 K, respectively. Therefore, the Fermi surface in t
system must be remaining in almost cylindrical topology
that of Sr2RuO4. Consequently, the interlayer transfer int
gral tc should be so small that the in-plane scattering
comes a dominant process for thec-axis transport. In this
case, one can write the jumping rate as13–16

tc
215tc

2tab /\2, ~3.4!

wheretab
21 is the in-plane scattering rate andh52p\ is the

Plank constant. From this equation, one can easily un
stand that even with this incoherent mechanism,rc shows
metallic behavior whenrab is coherent so thattab

21 becomes
smaller on cooling. Hence, the metallic behavior in 0.15<x
,0.5 should arise from this mechanism.

The thermally assisted hopping process takes place w
the thermal energykBT is much larger than the effectiv
bandwidthWc for thec-axis transport. In this case, the jum
ing rate can be expressed as13

tc
215tc0

21exp@2~aWc /kBT!n#, ~3.5!

wherea is a numerical factor andn depends on the dimen
sionality of the hopping. This process explains the nonme
lic behavior at high temperatures.

First in region I,rc(T) for x50.15 is metallic at all the
temperatures measured down to the M-NM transition te
perature of about 70 K. However in region II, a clear chan
over from nonmetallic to metallic behavior has been o
served acrossTO on cooling.@See the inset of Fig. 9~a! for
x50.2 and 0.4.# As we discussed in Sec. III A, the structur
transition atTO involves the lattice flattening, which shoul
enhance the interlayer coherence by enlargingtc . In contrast
with the nonmetallic behavior due to the thermally assis
hopping at high temperatures, this increase intc by the tran-
sition must stabilize the diffusive hopping process bel
-

30
s
s

-

r-

en

l-

-
-
-

d

TO, and thus more strongly metallic behavior appears w
the Ca substitution.

In region III, however, the crossover in the temperatu
dependence occurs even without a structural transition, fo
ing a maximum atTmax. Figure 9~b! demonstrates a scalin
with the normalized axesrc(T)/rc(Tmax) andT/Tmax in 0.5
<x<0.9. The inset of Fig. 9~b! illustrates thex dependence
of Tmax andrc(Tmax). Hererc(Tmax) stays almost constant a
around 32 mV cm, consistent with the result of the pressu
dependence for Sr2RuO4.13

In this case, since the thermally assisted hopping beco
effective whenkBT is larger thanWc54tc , the crossover
temperatureTmax should be roughly proportional totc . In
fact, this expectation is consistent with several observatio
First, given this assumption, Eq.~3.5! qualitatively explains
the nearly universal temperature dependence aboveTmax as
in Fig. 9~b!.17 Second, on this assumption,Tmax shown in the
inset of Fig. 9~b! indicates thatWc increases with decreasin
x from 0.9 to 0.5. This is quite consistent with the expect
enhancement intc due to the shrinkage of the interlayer di
tancel 5c/2 as shown in Fig. 3. Moreover, the extension
the metallic region belowTmax towardx50.5 is also under-
standable by Eq.~3.4! with this increase intc . Finally, Eq.
~3.5! may reproduce the nearly constantrc(Tmax) in this re-
gion, as discussed in Ref. 13.

Although the metallic region becomes wider with high
Tmax asx changes from 1.5 to 0.5, the incoherent conduct
at low temperatures still remains even atx50.5. This may be
due to an anisotropic weak localization effect by disorders
~Ca/Sr!O layers, which basically retains the coherent cond
tion in RuO2 layers. Once the structural transition occurs
region II, however,rc(T) finally becomes metallic with a
strong decrease at low temperatures.

On the other hand, in this region III,Tmax decreases rap
idly from x52 to 1.5. The Ca substitution for Sr2RuO4 in-
troduces not only randomness in SrO layers, but also dis
tion in RuO2 layers. Actually, a recent powder neutro
diffraction study confirms that the Ca substitution drives t
rotation of RuO6 octahedra along thec axis, which is absent
in Sr2RuO4.8 Hence, this rotational distortion as well as th
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FIG. 10. Schematic variation of the electron
configuration in Ca22xSrxRuO4 according to the
band splitting model.
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localization effect due to the randomness may be correla
with the incoherentrc(T) at x51.5.

To summarize this section, we confirmed by the abo
analyses that thec-axis transport in this system is dominate
by the hopping process, which systematically changes f
the diffusive metallic hopping to the thermally assisted o
with the Sr contentx and the temperature, characterized
the small tc (; several 10 K! due to the quasi-two-
dimensional electronic structure.

IV. DISCUSSION

A. Origin of the magnetoelastic coupling in Ca2RuO4

To understand those rich and unusual phenomena
Ca22xSrxRuO4, we will discuss the variation of the ground
state magnetism and electronic structure. First, let us l
into the Mott insulator Ca2RuO4. The neutron diffraction
measurement by Bradenet al.5 has revealed strong magnet
elastic coupling in Ca2RuO4. They reported severe flattenin
as well as tilting of RuO6 octahedra on cooling toward it
Néel temperature. The in-plane oxygen O~1! distance elon-
gates along theb axis of thePbca unit cell, while the Ru–
apical-oxygen O~2! bond shortens. However, once the sta
gered moment starts to align along theb axis, both flattening
and tilting of RuO6 octahedra saturate at lower temperatur

Although the flattening of octahedra may be understo
simply by the Jahn-Teller effect,18 in order to explain the
strong magnetoelastic coupling, we have to take accoun
spin-orbit coupling. Since the flattening induces a disti
orthorhombic crystal field, thet2g orbitals split into three
nondegenerate ones such asdx

o
22y

o
2 with the lowest energy,

dzoxo
in the middle, anddyozo

with the highest energy. Here

thexo , yo , andzo axes correspond to thea, b, andc axes of
the orthorhombicPbca unit cell, respectively.@If we take
the x and y axes along the in-plane Ru-O bonds as in
I4/mmm cell, dx

o
22y

o
2, dyozo

, and dzoxo
are transformed into

dxy , (dzx2dyz)/A2, and (dzx1dyz)/A2, respectively.# Basi-
cally, the tilting of RuO6 octahedra along theb axis also
stabilizes the above configuration, generating the orthorh
bic crystal field by the second-nearest oxygens from a
ion. In this situation, the second-order perturbation theory
the spin-orbit coupling allows us to deduce that thebo axis
should become the easy axis of the spin alignment, wh
agrees with the observation of Bradenet al.5

At the same time, since the shortening of the out-of-pla
Ru-O bond is nearly twice as much as the elongation of
in-plane one, thedx

o
22y

o
2 or dxy orbital should have much
d

e

m
e

in

k

-

.
d

of
t

e

-
u
r

h

e
e

lower energy than the other two orbitals. Given the four el
trons in thet2g orbitals, such electronic structure may we
realize a half-filled configuration atEF @with two electrons in
(dzx2dyz)/A2 and (dzx1dyz)/A2 orbitals as shown in Fig
10#, which favors AF superexchange coupling betwe
neighboring spins. As a result, the orthorhombic distort
enhanced towardTN stabilizes both the superexchange inte
action and spin-orbit coupling in the Ne´el state. In this sense
the observed strong magnetoelastic coupling should be a
operative phenomenon involving Jahn-Teller effect, super
change, and spin-orbit coupling.

B. Ground-state crossover in the metallic region

1. Electronic configuration of Sr2RuO4

NMR studies have revealed that Sr2RuO4 exhibits
exchange-enhanced paramagnetism with a local ferrom
netic coupling between in-plane spins at neighbor
sites.19,20 The origin of this coupling should consist in th
electronic configuration. Because the out-of-plane Ru
bond is longer than the in-plane ones,dxy should have
slightly different energy among thet2g orbitals. However,
the two-dimensional spreadingdxy forms a g band wide
enough to degenerate with thedyz,zx orbitals that produce
rather narrow a and b bands, reflecting their one
dimensional networks.10 Consequently, the Ru41 t2g band
provides the electronic configuration offour electrons in the
triply degenerate band. In addition, according to the ban
structure calculation,10 the g band has a large peak in th
density of states~DOS! nearEF due to van Hove singularity
~vHS!, and results in a strongly asymmetric DOS of the ov
all t2g band.

According to the theories on ferromagnetism in strong
correlated systems,21 such an asymmetric DOS with a stron
peak nearEF favors ferromagnetism for its ground stat
while a symmetric, half-filled band stabilizes antiferroma
netism. Although the electronic configuration of Sr2RuO4
nearly satisfies the former condition, no substantial FM flu
tuation has been detected so far. It is probably because o
rather lowN(EF) that the FM fluctuations are not well de
veloped to a wide range but remain local so as to realize
exchange-enhanced paramagnetism.22

We note that a recent inelastic neutron scattering m
surement has revealed the existence of incommensurate
fluctuations located at (60.6p/a,60.6p/a,0).23 This is
consistent with the prediction of nesting instability betwe
a andb bands by a band structure calculation.24 One dimen-
sionality of thedyz,zx orbital network results in this nestin
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effect. For the superconductivity, however, we speculate
the local ferromagnetic coupling mentioned above poss
stabilizes the spin-triplet pairing of Sr2RuO4, while the in-
commensurate spin fluctuations may have a minor or eve
adverse effect. Mazin and Singh examined competition
tweenp- andd-wave superconductivity by a calculation in
cluding both incommensurate and FM spin fluctuations, a
drew a similar conclusion.24,25

2. Band splitting model

The Ca substitution in Sr2RuO4 brings about the critica
enhancement of the low-temperature susceptibility towarx
50.5, which suggests that the structural instability point
xc.0.5 should be close to a FM instability. In contrast, it
the AF correlation that becomes substantial in the M-M
gion atx,0.5. For the simplified picture of this switching o
magnetic coupling, we propose theband splitting model,
which is schematically illustrated in Fig. 10. In this mode
the changes in the shape and filling of the band are vita
control the magnetism.

First, let us discuss the origin of the evolution of the F
correlation towardxc in region III. While Sr2RuO4 has no
structural distortion, the Ca substitution stabilizes and
hances the rotational distortion of RuO6 octahedra along the
c axis, as we mentioned in Sec. III C. As a consequence,
rotational distortion causes the following two main effects
enhance the FM coupling.

One is the band narrowing which enlargesN(EF). The
distortion weakens the orbital hybridization and reduces
bandwidth. At the same time, since the structural symme
remains tetragonal in region III, the crystal field symme
around a Ru ion should be basically the same. Thus, the
substitution will neither lift the triple degeneracy of th
bands nor blunt the vHS. Therefore, the system should k
basically the same asymmetric DOS which favors ferrom
netism. Additionally, the band narrowing will enhance t
vHS, therebyN(EF) as well, so that the FM coupling get
stronger by the Stoner mechanism. This tendency is con
tent with results by a recent mean-field theory based on
band structure of Sr2RuO4.26

Second, the rotation of octahedra will produce a stron
hybridization betweendyz anddzx , which weakens the one
dimensional nature ofa and b bands. Thus the nesting o
these bands, the origin of the incommensurate spin corr
tion in Sr2RuO4, may become weaker with decreasingx. As
a result, rotational distortion should develop the FM coupl
from the enhanced paramagnetism of Sr2RuO4.

In the M-M region, however, the triple degeneracy mu
be lifted by the structural transition. The twofold anisotro
of the in-plane susceptibility belowTO indicates the broken
tetragonal symmetry, which lifts the degeneracy ofdyz and
dzx orbital bands: thea andb bands. As a neutron diffrac
tion measurement has clarified,8 the O~1!-O~1! bond of octa-
hedra splits into a shorter one along@110# and a longer one
along @11̄0# below TO, while the Ru-O~1! and Ru-O~2!
bonds keep their lengths almost the same as those fx
50.5 as well as for Sr2RuO4. In addition, the tilt of RuO6
octahedra occurs across the transition, which reduces
angle of the Ru-O~1!-Ru bond along@010#. Considering both
the hybridization between the orbitals and the crystal fi
effect, the splitting in the bond length should bring about
at
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following band degeneracy lifting, similar to the discussi
in Sec. IV A: the (dzx1dyz)/& orbital will form a narrower
band with a lower energy, whereas the (dzx2dyz)/& will
generate a wider band with a higher energy, as depicte
Fig. 10. Since the lowest-energy band absorbs more e
trons, the filling of the bands atEF decreases toward one
half. Taking account of the spin-orbit coupling, this mod
naturally explains the in-plane anisotropy of the suscepti
ity in the M-M region.

Moreover, the symmetry breaking distortion may lift th
degeneracy of the states piled up at the vHS of theg band, as
what is discussed for the case in the Ca substitution
Ca12xSrxRuO3.1,27 Therefore, due to the band splitting an
the suppression of the vHS, the band atEF will become more
symmetric with smallerN(EF). This change from an asym
metric, strongly peaked band to a symmetric, half-filled ba
should weaken the FM coupling, but instead enhance the
superexchange coupling in the M-M region.

In this model, the band degeneracy controls the elect
filling of each band. This differs from the carrier doping
the singledx22y2 band of the high-Tc cuprates by chemica
substitutions in block layers. In contrast with this type
‘‘real space doping,’’ the filling control here may be calle
‘‘ k-space doping.’’

We note here the significant dependence on this filling
magnetic coupling, from the FM one atxc with 2/3 filling to
the AF one atx.0.2 with effectively half filling, while the
shape of the DOS should also be vital for the switching
magnetic coupling as we discussed above. In fact, this
pendence is consistent with theoretical studies by Alexan
and Anderson28 and by Moriya.29 Based on a mean-field
theory using the Anderson impurity model, they showed t
the magnetic coupling switches from FM exchange to
superexchange as the filling approaches one-half. Espec
Moriya predicted that such a switching occurs around 6
filling in the case with a simple band structure.29 Notably,
this suggests that the 2/3 filling in region III is already qu
close to the critical point, as long asN(EF) is large enough,
thereby with the asymmetric DOS.

Then, why does the band splitting occur belowxc instead
of a FM ordering? In order to understand this, we have
take account of the orbital degree of freedom. AsN(EF)
increases with band narrowing, the triply degenerate ba
are prone to meet a Jahn-Teller-type instability as well a
FM instability. In fact, the gap by the Jahn-Teller effect w
stabilize the fourth electron in comparison with the degen
ate case, and this stabilization energy becomes larger f
narrower band with higherN(EF). Therefore, we sugges
that in region III, these instabilities compete with each oth
and consequently the structural transition for the ground s
takes over atxc .

Moreover, orbital fluctuations and/or the dynamical Jah
Teller effect as critical phenomena are expected on the ve
of the instability point. This orbital fluctuation may lead to
nonuniform exchange interaction of spins through dynam
lifting of the orbital degeneracy. This dynamical couplin
between spins and orbitals, which was recently suggeste
the case of V2O3,30,31would suppress a magnetic~especially
FM! long-range order at aroundxc .

Acrossx'0.2 into region I, the first-order structural tran
sition occurs2 and induces another type of orbital ordering
the Jahn-Teller effect, as we discussed in Sec. IV A. S
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ported by this orbital ordering, the system finally achiev
AF long-range order as well as the insulating ground sta

We conclude that the interplay between the band sh
control and thek-space doping plays a crucial role in th
dramatic variation of the ground states. The developmen
FM coupling toward the structural transition suggests a co
petition between the instabilities of ferromagnetism a
Jahn-Teller orbital ordering. This competition results in t
band degeneracy lifting to induce the switching of magne
coupling. The rich and unusual phenomena of the quasi-t
dimensional Mott transition system Ca22xSrxRuO4 should
help deepen our insight into the role of the orbital degree
freedom in the Mott transition mechanism as well as in it
erant magnetism.
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