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We studied the structural, magnetic, and transport properties of the quasi-two-dimensional Mott transition
system Ca_,Sr,RuQ,. In the vicinity of the metal-nonmetdM-NM) transition atx=0.2, we found a struc-
tural transition accompanied by a structural symmetry change with the instability poigtat5. 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 arouxd. The latter evolves into the spin-triplet superconductoyRBO, (X
=2) 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.

I. INTRODUCTION that it is this transition that induces the magnetic crossover,

most likely from the AF correlated state in the M-M region,

The appearance of a wide range of ground states indhe 4to the nearly FM state around the instability point. The ob-
transition metal oxides of ruthenates has recently attractegerved structural symmetry change may result in a variation
much research attention. By controlling both the bondingh the shape and the effective filling of the triply degenerate
state in Ru@ layers and the layer-stacking dimensionality, bands through Jahn-Teller-type orbital rearrangement. We

perovskite ruthenates exhibit various kinds of ground stateBroPose such a band splitting model to explain the magnetic

such as spin-triplet superconductivity, itinerant ferromag_crossover. The critical enhancement of the low-temperature

netism, antiferromagnetism, and the Mott insulating state. susceptibility toward the structural instability point is ascrib-
Am(;ng them, the quasi ,two dimensional ,CaSr,RuO, able to the result of the competition between the ferromag-
’ - - X 4

provides a new type of Mott transition system that Continu_netism and the Jahn-Teller instability. Finally, across the
ously connects the Mott insulator §RUO, with the spin-
triplet superconductor $RuQ,.2 The phase diagram has
clarified the unusual variation of the ground state in the Mott
transition route toward the spin-triplet superconductor, which
consists of the following three regions as in Fig. 1.

First in region | (0=x<0.2), the metal-nonmetalM-
NM) transition occurs by varying either the Sr content or the
temperature. In region Il (02x<<0.5) near the M-NM tran-
sition, an antiferromagneticalAF) correlated metallic state
has been found at low temperatures, which we will refer to as
the magnetic metalli¢M-M) region. Moreover, the critical
increase of low-temperature susceptibility observed near its
region boundary at.= 0.5 suggests a dramatic change of the
ground state to a nearly ferromagnetieM) one, which
evolves into the spin-triplet superconductor in region Il

(O,5sx§2), . netic, SC for superconducting phase, -M for metallic phase, and -
In this paper, we report on the structural, magnetic, angqy jnsylating phase. The boundaries are characterized by the peak

transport studies of the metallic region inCaSKRUG,. In temperatureTp of susceptibility for the[001] component(solid

the Ca-rich region near the M-NM transition, we found acircle), the metal-nonmetal transition temperatufg,.y (Open

structural transition possibly of second order with the zero<ircle) and the antiferromagnetic transition temperatilife (solid

temperature instability point &i,. A detailed analysis of the diamond. T, (open diamonyis the temperature below which the

temperature dependence of the susceptibility has revealédplane susceptibility starts to show twofold anisotropy.

Ca, SrRuQ,

P-M

FIG. 1. Phase diagram of €aSr,RuQ, with abbreviations: P
paramagnetic, CAF for canted antiferromagnetic, M for mag-
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structural transition, we observed a changeover from metallic
to nonmetallic behavior in the out-of-plane resistivity, which
reveals the highly anisotropic transport due to the quasi-two-
dimensional electronic structure.

Il. EXPERIMENT

We have succeeded in synthesizing polycrystalline
samples and in growing single crystals of,Ca&Sr,RuQ, in
the whole region ofx. Details of the preparations will be
described elsewhereThe crystal structures were studied by
powder x-ray diffraction analysis at room temperature. The
results for the single crystals indicate no trace of any second
phase. For polycrystalline samples, almost all the spectra
were identified as single phase, except for minor peaks of
CaO detected in several batches.

To determine the oxygen content, a thermogravimetric
(TG) analysis was performed, in which powdered samples
were heated up to 1200°C at a rate of 2°C/min in a
90% Ar+10% H, flow. All the results show one sharp de-
crease in the thermogravimetric weight around 440°C, cor-
responding to the decomposition reaction, C&rL,RUO, , s
—(2—x)Ca0+xSrO+ Ru+ (14 6/2)0,. From these re-
sults, we determined values such as-0.01(2) for the sto-
ichiometric CaRuQ, (corresponding to S phase in Refs.
4—6) and 0.002) for x=0.09, 0.2, 1.0, and 2. As a result, all
the members of Ga,Sr,RuQ, essentially have 4.0 oxygen
atoms per formula unit and the electronic configuration is
{Kr}4d*. Due to a large crystal field, Rti ions should be in
the low-spin configuratiomgg.

The electrical resistivity was measured by a standard four-
probe dc method. Magnetization measurements from 330 K
down to 1.8 K were made with a superconducting quantum
interference devic€éSQUID) magnetometer equipped with a
sample-stage rotator. For high-temperature measurements up
to 700 K, we used a sample space oven inserted into the
magnetometer.

Ill. RESULTS
A. Structural transition in region Il

In Fig. 2, we display the results of x-ray diffraction mea-
surements of powdered single crystals %6+ 0.09, 0.2, and
2. All diffraction spectra are similar to each other, reflecting
the basic KNiF,-type structure. Especially, the results of
SrLRUQ, (x=2) andx=0.2 agree with the same tetragonal
symmetry. Meanwhile, the spectrumof 0.09 shows weak
but definite orthorhombicity with splitting betweernhKl)
and khl) peaks. For example, the inset of Fig. 2 shows that
the (110 peak ofx=0.2 splits into(200 and(020) peaks of
x=0.09. Accordingly, the result af=0.09 is well indexed
with an orthorhombic unit cell with a volume of/2a,

X \/Eatx C:, Wherea,; andc, are parameters for da/mmm
cell. This is a situation similar to the case of BaO, (x
=0) with an orthorhombid®bca symmetry*>

The cell parameters for all the regions are shown in Fig.
3. In order to obtain an overall view, we adopted the
[4/mmmcell for the tetragonal lattice, the same as that of
Sr,RuQ,, while for the orthorhombic oneg/\2 andb/\2
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FIG. 2. X-ray(Cu Ka) diffraction spectra at room temperature
for Ca_,Sr,RuQ, with x=0.09, 0.2, and 2. The inset shows that
the (110 peak ofx=0.2 splits into(020) and (200 peaks forx
=0.09. For the inset, thK«2 component has been subtracted.

for polycrystalline ones. This indicates that the nominal com-
position x for each single crystal is essentially the same as
the actual composition. Starting from,8uQ,, the volume
decreases continuously with the Ca substitution owing to the
smaller size of C&" than that of St*. However, there are
clear kinks without discontinuity ira, b, andc at x=0.2,
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rameters for single-crystalline samples agree well with thoserystalline samples, respectively.

FIG. 3. Cell parameters, b, ¢, 2c/(a+b), and unit cell volume
V of Ca_,SrRuQ, at room temperature. The open and solid
are given instead o andb. At each composition, the pa- squares represent those parameters of polycrystalline and single-
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ity ratio of the easy axif110] to the hard axi$110]. Figure

5 shows thatR(T) for x=0.2 increases on cooling and
reaches more than 200% beldw=12 K. It is worth noting
that, as in the inset of Fig. R(T) for x=0.2 starts to devi-
ate from the isotropic value 100% at a characteristic tem-
peratureTo=290 K.

Since the magnetic anisotropy reflects the structural
symmetry’ the appearance of the twofold symmetry below
To is ascribable to a structural transition from a high-
temperature tetragonal to a low-temperature orthorhombic
phase. We measured the in-plane azimuthal dependence of
the susceptibility at various temperatures alsaxte0.3, 0.4,

0.5, and 0.7. The twofold symmetry was found only in re-
: : 3533 : gion Il. From theR(T) plots shown in Fig. 5, we determined
0 90 180 270 360 To as 220 K forx=0.3, 150 K for 0.4, and below 1.8 K for

. 0.5 and 0.7. Plotting the variation @t in the phase diagram
Azimuthal angle (deg.) of Fig. 1, we notice that th& line crosses room tempera-
ture aroundx=0.2. Quite consistently, it is at this point
where the structural transition was detected by the x-ray dif-
fraction measurement. In addition to the strong shrinkage of
the c axis in Fig. 3, thea andb axes start to elongate and
where the splitting betweea and b starts in region I. This Sp||t in region |. Therefore, we conclude that across'ﬂaﬁ
clearly reveals a structural transition at room temperaturéine, a structural transition occurs from a tetragonal phase in
from a tetragonal phase in regions Il and Il to an orthorhom-the Sr-rich and high-temperature region to an orthorhombic
bic one in region I. Finally, neax=0, there is a large jump phase in the Ca-rich and low-temperature region, involving
of the cell parameters probably due to a first-order structurathe lattice flattening.
transition, accompanied by the M-NM transitibitherefore, This transition is also detected as kinks in the resistivity
the orthorhombic symmetry of the metallic phase in region Idatap,,(T) and p(T) [see Fig. 8 forp,u(T) of x=0.2 and

should be different from the orthorhombizbca symmetry  the inset of Fig. @) for p,(T) of x=0.2 and 0.4 The ab-
of the insulating phase. sence of the thermal hysteresis at these kinks suggests that

In region 11, the susceptibility(T) shows a broad peak at this transition should be of the second order. The decrease of

the temperaturd@p, which characterizes the AF correlation Pc(T) and increase op,(T) below To are consistent with
in the M-M region? At the same time, it exhibits another the lattice flattening. This will weaken the hybridization be-

important aspect, namely, the in-plane anisotropy. The azitween the in-plane Rudtorbitals, while supporting coherent

muthal angle dependence of the in-plane susceptibility afOPPINg between layers.
various temperatures is displayed in Fig. 4 for0.2. In Neutron powder diffraction measurements have recently

comparison with the isotropic dependence at high temperd2€€n performed for samples wii=0.1, 0.2, 0.5, and 19,
tures, the anisotropy with twofold symmetry becomes evi-The results confirm that the second-order structural transition
dent as the temperature decreases. In order to quantify thf€°m @ high-temperature tetragonal to a low-temperature

temperature dependence, we defR@) as the susceptibil- orthorhombic phase occurs @t, inducing the lattice flat-
tening owing to orthorhombic deformation of Rg©ctahe-

dra as well as their tilting. Details of the results will be
7 described elsewhefe.

Another important point is thal 5 decreases witkx and
finally goes down to zero at=0.5 as in Fig. 1. This sug-
gests thak.~0.5 should be the instability point at absolute
zero, in other words, the quantum critical point of the
second-order structural transition.
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FIG. 4. In-plane anisotropy of the susceptibility undegH
=1 T for Ca gSr-RuQ, at different temperatures.
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] In the entire metallic region, the(T) curve shows a sys-
V. Ca, SrRuO, tematic variation withx. We define the susceptibilityy
355558865 3 8 6 0 o oo =M/H at low enough fieldgup to 1 T) where the magneti-
. ! . ! . ! zation M shows linear dependence on the fiéld In Figs.
0 100 200 300 6(a) and Gb), we display the in-planey,,(T) curves for
T (K) single-crystalline samples in regions Il and Ill, respectively.
The inverse susceptibilities measured up to 700 K for poly-
FIG. 5. Temperature dependence of the anisotropy ratio of therystalline samples in regions Il and Il are also given in the
in-plane susceptibilitiesR(T) = x[ 110]/x[ 110] for Ca,_,Sr,RuO,  insets of Fig. 6a) and Fig. @b), respectively.
with x=0.2, 0.3, 0.4, and 0.5. The inset shows the appearance of In order to clarify the evolution of the temperature depen-
the in-plane anisotropy &, . dence, we performed a Curie-Weig€&W) analysis on both
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FIG. 7. Curie-Weiss parameters against the Sr conkeim

FIG. 6. Temperature dependence of the in-plane susceptibilit5, 5 RuQ,. The solid and open circles correspond to the results

for Ca,_,Sr,RuQ, with different values ok (a) in region Il for the
[110] component andb) in region lll. For both regions, the zero-
field-cooled (ZFC) and field-cooled(FC) curves agree very well.
The insets fofa) and(b) display the inverse susceptibility of poly-
crystalline samples in regions Il and Ill, respectively. For polycrys-
talline samples only arounxi=2, the difference between the ZFC

of polycrystalline samples for the high-temperature and the low-
temperature fitting regions, respectively. The open triangles repre-
sent the low-temperature fitting results of single crystals for the
ab-plane component in region Il afd. 10] component in region

II. In the panel(a), the solid horizontal lines correspond to the

and FC curves can be seen at low temperatures. This is probab

due to a small inclusion €0.04%) of ferromagnetic impurity
Ca,_,SrRuG;.

ffective Bohr magnetons witB=1/2 and 1. The inset in the panel

Y)) is an enlarged figure for region Il. The solid curves are guides to
the eye.

polycrystalline and single-crystalline samples. The analyseBY band calculations] the states at the Fermi leveE) in
were made in a high-temperatu@T) fitting region, 300— SPRUO, are mainly composed ofdi t;4 bands. Basically,
700 K for polycrystalline samples, and in a low-temperaturethis configuration should not change throughout the system,
(LT) fitting region, 50—330 K for both polycrystalline and and_ thus the |t|n¢rart§g spins are responsible for the domi-
single-crystalline samples. For the samples in region I, we'ating CW term in Eq(3.1). _

restricted the LT region from 50 K up tf—20) K below _ Figure 7a) shows a systematix dependence oPes-

the structural transition. Since gRUO, exhibits a first-order ~ First, CaRuQ, (x=0) has the largegier with almost 80%
transition around 350 R? we performed the fitting for the ©Of the expected value for th&=1 configuration. As the
HT region between 380 and 700 K. We adopted the fittingSystem goes away from the insulating phasg; decreases
formula as rapidly in region | and finally becomes almost constant in the
region 0.2x=<1.5. Quite interestingly, the results in this
region, especially the HT results for polycrystalline samples
(solid circles, are close to the value corresponding $o

=1/2 spin. Given Hund’s coupling in thg, band, theS
Here, x, is a temperature-independent ter@js the Curie =1 configuration is naturally expected. In addition to being

constant, andd,y is the Weiss temperature. The effective a metal, the enhanced spin fluctuations due to the structural
Bohr magnetorp.; was derived from the formula two dimensionality and the orbital degree of freedom are

probably responsible for the reduceds;. However, this
mechanism alone does not explain why the effectviee-
mains close to 1/2.

According to the conventional analysis, positive and
whereN,, wg, andkg are Avogadro’s number, the Bohr negative values ofy indicate the strength of ferromagnetic
magneton, and Boltzmann’s constant. ker1.9 and 2, the and antiferromagnetic interactions, respectively. While for
fitting was not successful becaugas almost constant up to Ca&RuO, this rule works well and,,=90 K has the same
700 K. order of magnitude as its epointTy=110 K, a slight Ca

Except for neax=2, xo has values only of the order of substitution reduces the absolute value®f, much faster
10~* emu/mol Ru, and is negligible in comparison with the than that ofT. However, the increase of negatid,, is
low-temperature susceptibility(0) at 1.8 K2 Hence, we still qualitatively consistent with the decrease of AF coupling
will focus on the fitting results opgt and ®,, which are  of the order ofTy in region I.
summarized in Figs. (@4 and 7b), respectively. As shown In region Ill, ®,y for both HT and LT regions also has

@

X=Xot T-0y (3.2

2 2
 NaPerris

C= 3k (3.2
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negative values, but increases with decreasingT results
for single crystalgopen trianglesare consistent with those
for polycrystalline sampletpen circles In general, a fairly
large value of®,, is necessary to reproduce the almost
temperature-independent behavior of E2j1). Accordingly,
near the Pauli paramagnetic,BuQ,, 0, has a large nega-
tive value, and owing to the evolution of Curie-Weiss behav-
ior the magnitude decreases rapidly with the Ca substitution.
Thus, the negative value @, in this region does not indi-
cate the strength of the AF coupling. Alternatively, accord-
ing to the self-consistent renormalizatid®CR theory!?
this increase in negativ®,, to zero can be well understood
as the result of the evolution of FM spin fluctuations. The
band narrowing due to the Ca substitution must be the main ' ' 300
cause of this FM coupling, as we will discuss in Sec. IV B 2.
Here, it is also important to stress that both HT and LT
reSUIt.s show qughtatlvely th.e same feature'tm;‘x, with FIG. 8. Temperature dependence of the in-plane resistivity
negative values increases with the Ca substitution. Further-

. S Pan(T) for Ca_,Sr,RUO, with different values ofx. The inset
more, they finally coincide around=0.8 and approach zero shows thex dependence of the in-plane residual resistiyity(0).

together neak=0.5. . The solid curve represents a fit to the Nordheim law.
Once the system enters region I, howew®ry, for each

fitting region starts to show definitely a differentdepen- becomes severe for a narrow band metal with HEg),
dence, as shown in the inset of Figb) While the result for this increase is consistent with the band narrowing with the
T>T, (solid circles increases continuously on the extendedCa substitution. In additionp,p(T) — pap(0) for x=0.2
track from region 11,0,y for T<Tg of both polycrystalline ~shows a steep decrease beldp~=12 K. This should come

samples(open circles and the[110] component of single- from a reduction of the spin scatteriné;n by the formation of

; ; : ; AF short-range order in the M-M regi
e o e oo s Then dependance of he teiua fess(0) s pre-
<To has a negative value with the same order of magnitudgented in the inset of Fig. 8. In contrast with the continuous
asTp. This sign reversal 00, acrossT, indicates thathe ~ 'M¢'¢ase Ofpas(T) ~pan(0), pan(0) has a peak around
structural transition induces a change of magnetic coupling 1.0, which is qualitatively consistent with the Nordheim

In the ground state, this change becomes evident; it is ?w.dThe Nordhe(;m for.mg.la\ﬁ(g—bZ)t;oughll.)é fits thex dt;
X.=0.5 that both®,y in region Il andTp in region Il vanish pendence 0p,;(0), asindicated by the solid curve wi

so that y(0) critically enhances as shown in Fig. 6. This =54 u) cm. This result strongly implies that the random-

criticality indicates that the ground-state magnetism drasti—nesfz |n|tr|ns!ct.tc')t the tﬁ'a subtstltu'uon is responsible for the
cally changes at the structural instability. The continuous jn] EStaual resistivity in this system. : :
crease of the HT result o, acrossx=0.5 suggests that In comparison with the metallic behavior of the in-plane

without the structural transitiony(0) would keep diverging component, the out-of-plane resistivip(T) is less tem-
with decreasingx. Therefore, the critical point at.=0.5 perature dependent and in some cases even nonmeétallic

should be very close to a FM instability. In reality, however,dl’)/d;ko)'dl.n (I)rder_IEo show lfthedtgmt[;]eratulre de{)gggelgce
the AF correlation takes over toward the Mott transition in ©'€2"Y, W€ dISp a¥)°( .) hormalized by the values a :
the M-M region. Here, the negativ@,, as well asTp must pc(T)/pe(300 K) in Fig. 9a). All of them were measured

be the indicator of the strength of the AF coupling. Thus, it isdown_ to o_.:;_K.de?[epncq(;oo :f) hﬁrdly depends oR and
natural to consider that the structural transition halts thd©MaiNs within cm for all x.

: - - The MIR limit for the metallic c-axis conduction of
rowth of the FM instability and switches on the AF cou- . . .
gling. y SKLRuUQ, is estimated to be about 4 Gncm® While the

order of the limit should not be changed in this isostructural
_ _ _ system, all the results qi.(T) are one order of magnitude
C. Anisotropic transport properties higher than the limit except for RuQ,. Therefore, the me-

Reflecting the quasi-two-dimensional structure, the temiallic behavior observed in the region 0s2%<0.5 is not
perature dependence of the resistivityT) is quite aniso- attributable to the coherent conduction in the band picture.
tropic. Figure 8 presents the temperature-dependent part §3stead, we consider here the diffusion and thermally as-
the in-plane resistivityp,,(T) — pap(0) measured down to sisted hopping proces_ses_for the transport mechamsn_w. In
0.3 K for various values of. All curves show metallic be- both processes, quasiparticles hop between layers with a
havior (i.e., dp/dT>0). In fact, at low temperaturep,,(T)  Jumping frequencyr;*, and the out-of-plane resistivity
are less than the Mott-loffe-RegéVIR) Iimiltzof metallic ~ reads
conduction of about 20Qu{) cm for SpRuUQ,,* which sug- _ 212 —17-1
gests coherent metaIIiCQtl;ansport WitEin th4e plane. As (?an be pe=[N(Epe 7 717, @3
seen in Fig. 8p,,(T) — pap(0) increases quite systematically whereN(Eg) is the density of states &, e is the elemen-
with the Ca substitution. Because the temperature-dependetary charge, an®:|27';l is the diffusion coefficient with a
term is basically determined by inelastic scattering, whichjumping (interlayep distancel.
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FIG. 9. (a) Temperature dependence of the
out-of-plane resistivityp.(T) normalized by the
values at 300 K for Ca ,Sr,RuQ, with different
values ofx. Forx=0.15, the data are shown only
above the M-NM transition point-70 K. The
inset illustrates the crossover®gg for x=0.2 and
0.4. (b) The variation ofp:(T)/pc(Tma against
T/T % for several values ox in region Ill. The
inset displays thex dependence off,,, (solid
circle) and p¢(T a0 (Open diamong
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pc(M/pap(T) shows large anisotropy throughout the sys-T,, and thus more strongly metallic behavior appears with
tem. For example, the values far=0.2, 0.9, 1.5, and 2 are the Ca substitution.
120, 130, 160, and 230 at 300 K and 780, 600, 2300, and 930 In region Ill, however, the crossover in the temperature
at 2 K, respectively. Therefore, the Fermi surface in thisdependence occurs even without a structural transition, form-
system must be remaining in almost cylindrical topology asing a maximum aff 4. Figure 9b) demonstrates a scaling
that of SpRuQ,. Consequently, the interlayer transfer inte- ith the normalized axep.(T)/pe(Tmay) and T/ Tiay in 0.5
gral t; should be so small that the in-plane scattering be—<yx<0.9. The inset of Fig. @) illustrates thex dependence
comes a domma_nt process f_or thfaXI§ éransport. In this ¢ T e 2N pe( Trna)- Herepo(Tona) Stays almost constant at
case, one can write the jumping rate-as around 32 nf) cm, consistent with the result of the pressure
dependence for SRuQ,.*?
Tc_l=tﬁrab/ﬁ2, (3.9 In this case, since the thermally assisted hopping becomes
effective whenkgT is larger thanW, =4t., the crossover
-1

wherer,,! is the in-plane scattering rate ahek 2 is the  temperatureT n,, should be roughly proportional .. In
Plank constant. From this equation, one can easily undefact, this expectation is consistent with several observations.
stand that even with this incoherent mechanigmshows ~ First, given this assumption, E(8.5) qualitatively explains
metallic behavior whem,, is coherent so that,, becomes  the nearly universal temperature dependence aligyg as
smaller on cooling. Hence, the metallic behavior in &  in Fig. Ab).”" Second, on this assumptiof,., shown in the
<0.5 should arise from this mechanism. inset of Fig. 9b) indicates thaWV, increases with decreasing
The thermally assisted hopping process takes place whehnfrom 0.9 to 0.5. This is quite consistent with the expected
the thermal energkgT is much larger than the effective €nhancement it due to the shrinkage of the interlayer dis-

bandwidthW, for the c-axis transport. In this case, the jump- tancel =c/2 as shown in Fig. 3. Moreover, the extension of
ing rate can be expressed-3s the metallic region below ,,, towardx= 0.5 is also under-

standable by Eq3.4) with this increase in;. Finally, Eq.
B 3 (3.5 may reproduce the nearly constan{T in this re-
7o t=Too X — (aW,/keT)"], (3.9 gion, asydisclzoussed in Ref. 13.y #Tne)

Although the metallic region becomes wider with higher
wherea is a numerical factor and depends on the dimen- T,,,asx changes from 1.5 to 0.5, the incoherent conduction
sionality of the hopping. This process explains the nonmetalat low temperatures still remains everxat0.5. This may be
lic behavior at high temperatures. due to an anisotropic weak localization effect by disorders in

First in region |,p(T) for x=0.15 is metallic at all the (Ca/S)O layers, which basically retains the coherent conduc-
temperatures measured down to the M-NM transition temtion in RuO, layers. Once the structural transition occurs in
perature of about 70 K. However in region Il, a clear change+region Il, however,p(T) finally becomes metallic with a
over from nonmetallic to metallic behavior has been ob-strong decrease at low temperatures.
served acros$ on cooling.[See the inset of Fig.(8) for On the other hand, in this region IIT,,,, decreases rap-
x=0.2 and 0.4. As we discussed in Sec. Ill A, the structural idly from x=2 to 1.5. The Ca substitution for JRuQ, in-
transition atT involves the lattice flattening, which should troduces not only randomness in SrO layers, but also distor-
enhance the interlayer coherence by enlargingn contrast  tion in RuG, layers. Actually, a recent powder neutron
with the nonmetallic behavior due to the thermally assistedliffraction study confirms that the Ca substitution drives the
hopping at high temperatures, this increasé.iby the tran-  rotation of RuQ@ octahedra along the axis, which is absent
sition must stabilize the diffusive hopping process belowin Sr,RuQ,.2 Hence, this rotational distortion as well as the
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localization effect due to the randomness may be correlateldwer energy than the other two orbitals. Given the four elec-
with the incoherenp.(T) atx=1.5. trons in thet,, orbitals, such electronic structure may well
To summarize this section, we confirmed by the aboveaealize a half-filled configuration & [with two electrons in
analyses that the-axis transport in this system is dominated (d,,— dyz)/\/i and d,,+ dyz)/\/i orbitals as shown in Fig.
by the hopping process, which systematically changes from0], which favors AF superexchange coupling between
the diffusive metallic hopping to the thermally assisted oneneighboring spins. As a result, the orthorhombic distortion
with the Sr contenk and the temperature, characterized byenhanced toward stabilizes both the superexchange inter-
the smallt; (~ several 10 K due to the quasi-two- action and spin-orbit coupling in the Mlestate. In this sense,

dimensional electronic structure. the observed strong magnetoelastic coupling should be a co-
operative phenomenon involving Jahn-Teller effect, superex-
IV. DISCUSSION change, and spin-orbit coupling.

A. Origin of the magnetoelastic coupling in CagRuO, B. Ground-state crossover in the metallic region

To understand those rich and unusual phenomena in
Ca_,Sr,RuQ,, we will discuss the variation of the ground-
state magnetism and electronic structure. First, let us look NMR studies have revealed that ,BuO, exhibits
into the Mott insulator CzgRuQ,. The neutron diffraction ~exchange-enhanced paramagnetism with a local ferromag-
measurement by Bradest al® has revealed strong magneto- Netic _coupling between in-plane spins at neighboring
elastic coupling in C&RuQ,. They reported severe flattening Sites'®?° The origin of this coupling should consist in the
as well as tilting of Ru@ octahedra on cooling toward its €lectronic configuration. Because the out-of-plane Ru-O
Néel temperature. The in-plane oxyger{lDdistance elon- bond is longer than the in-plane ones,, should have
gates along thé axis of thePbca unit cell, while the Ru—  slightly different energy among thi orbitals. However,
apical-oxygen @) bond shortens. However, once the stag-the two-dimensional spreadind,, forms ay band wide
gered moment starts to align along thexis, both flattening €nough to degenerate with titg, ,, orbitals that produce
and tilting of RuQ octahedra saturate at lower temperaturesrather narrow « and B bands, reflecting their one-

Although the flattening of octahedra may be understoodlimensional network¥’ Consequently, the R t,, band
simply by the Jahn-Teller effe¢t in order to explain the provides the electronic configuration fofur electrons in the
strong magnetoelastic coupling, we have to take account dfiply degenerate bandin addition, according to the band
spin-orbit coupling. Since the flattening induces a distinctstructure calculatio) the y band has a large peak in the
orthorhombic crystal field, the,, orbitals split into three density of state$DOS) nearEr due to van Hove singularity
nondegenerate ones suchdis_,2 with the lowest energy, (\fﬁs),k?nddreSU“S in a strongly asymmetric DOS of the over-

; - I : all t,, band.
Az, In the middle, andi, ;, with the highest energy. Here, Azgcording to the theories on ferromagnetism in strongly
thex,, Yo, andz, axes correspond to tree b, andc axes of

\ k i correlated systenfs,such an asymmetric DOS with a strong
the orthorhombicPbca unit (_:eII, respectively[If we take peak nearkEg favors ferromagnetism for its ground state,
the x andy axes along the in-plane Ru-O bonds as in thgjje a symmetric, half-filled band stabilizes antiferromag-
l4/mmmeell, d,2-y2, dy,, andd,, are transformed into  patism  Although the electronic configuration of,BuO,
dyy, (dx— dyz)/\/z and @,,+ dyz)/\/z respectivelyl. Basi-  nearly satisfies the former condition, no substantial FM fluc-
cally, the tilting of RuQ octahedra along thé axis also tuation has been detected so far. It is probably because of the
stabilizes the above configuration, generating the orthorhonrather lowN(Eg) that the FM fluctuations are not well de-
bic crystal field by the second-nearest oxygens from a Rweloped to a wide range but remain local so as to realize the

ion. In this situation, the second-order perturbation theory foexchange-enhanced paramagneti$m.

1. Electronic configuration of SsRuQ,

the spin-orbit coupling allows us to deduce that theaxis We note that a recent inelastic neutron scattering mea-
should become the easy axis of the spin alignment, whiclsurement has revealed the existence of incommensurate spin
agrees with the observation of Bradenal® fluctuations located at #0.67/a,+0.67/a,0) > This is

At the same time, since the shortening of the out-of-planeconsistent with the prediction of nesting instability between
Ru-O bond is nearly twice as much as the elongation of ther and 8 bands by a band structure calculatf§fOne dimen-
in-plane one, thedxg,yg or dyy orbital should have much sionality of thed,, ,, orbital network results in this nesting
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effect. For the superconductivity, however, we speculate thabllowing band degeneracy lifting, similar to the discussion
the local ferromagnetic coupling mentioned above possiblyn Sec. IV A: the @,,+d,,)/v2 orbital will form a narrower
stabilizes the spin-triplet pairing of SuQ,, while the in-  band with a lower energy, whereas the,(—d,,)/v2 will
commensurate spin fluctuations may have a minor or even a@enerate a wider band with a higher energy, as depicted in
adverse effect. Mazin and Singh examined competition beFig. 10. Since the lowest-energy band absorbs more elec-
tweenp- and d-wave superconductivity by a calculation in- trons, the filling of the bands 4 decreases toward one-
cluding both incommensurate and FM spin fluctuations, andhalf. Taking account of the spin-orbit coupling, this model

drew a similar conclusioff® naturally explains the in-plane anisotropy of the susceptibil-
ity in the M-M region.
2. Band splitting model Moreover, the symmetry breaking distortion may lift the

o . - degeneracy of the states piled up at the vHS ohtlirand, as
The Ca substitution in $RuG, brings about the critical 4t is discussed for the case in the Ca substitution of

enhancement of the low-temperature susceptibility toward - _ SrRu0,. 127 Therefore, due to the band splitting and
=0.5, which suggests that the structural instability point atpq suppression of the vHS, the bandEatwill become more
X.=0.5 should be close to a FM instability. In contrast, it is symmetric with smalleN(Eg). This change from an asym-
the AF correlation that becomes substantial in the M-M re-metric, strongly peaked band to a symmetric, half-filled band
gion atx<0.5. For the simplified picture of this switching of should weaken the FM coupling, but instead enhance the AF
magnetic coupling, we propose thEand splitting model  superexchange coupling in the M-M region.

which is schematically illustrated in Fig. 10. In this model, In this model, the band degeneracy controls the electron
the changes in the shape and filling of the band are vital tdilling of each band. This differs from the carrier doping to
control the magnetism. the singled,2_2 band of the highF; cuprates by chemical

First, let us discuss the origin of the evolution of the FM substitutions in block layers. In contrast with this type of
correlation towardx; in region lll. While S,bRuQ, has no  “real space doping,” the filling control here may be called
structural distortion, the Ca substitution stabilizes and en* k-space doping.”
hances the rotational distortion of Ry©Octahedra along the We note here the significant dependence on this filling of
c axis, as we mentioned in Sec. Ill C. As a consequence, thmagnetic coupling, from the FM one &t with 2/3 filling to
rotational distortion causes the following two main effects tothe AF one aix=0.2 with effectively half filling, while the
enhance the FM coupling. shape of the DOS should also be vital for the switching of

One is the band narrowing which enlargd$Er). The  magnetic coupling as we discussed above. In fact, this de-
distortion weakens the orbital hybridization and reduces the@endence is consistent with theoretical studies by Alexander
bandwidth. At the same time, since the structural symmetryand Andersoff and by Moriya?® Based on a mean-field
remains tetragonal in region lll, the crystal field symmetrytheory using the Anderson impurity model, they showed that
around a Ru ion should be basically the same. Thus, the Gé&e magnetic coupling switches from FM exchange to AF
substitution will neither lift the triple degeneracy of the superexchange as the filling approaches one-half. Especially,
bands nor blunt the vHS. Therefore, the system should keeploriya predicted that such a switching occurs around 60%
basically the same asymmetric DOS which favors ferromagfilling in the case with a simple band structi#feNotably,
netism. Additionally, the band narrowing will enhance thethis suggests that the 2/3 filling in region Il is already quite
VHS, therebyN(Er) as well, so that the FM coupling gets close to the critical point, as long & Ef) is large enough,
stronger by the Stoner mechanism. This tendency is consishereby with the asymmetric DOS.
tent with results by a recent mean-field theory based on the Then, why does the band splitting occur belgwinstead
band structure of SRuQ,.?® of a FM ordering? In order to understand this, we have to

Second, the rotation of octahedra will produce a strongetake account of the orbital degree of freedom. NéEf)
hybridization betweenl,, andd,,, which weakens the one- increases with band narrowing, the triply degenerate bands
dimensional nature oft and 8 bands. Thus the nesting of are prone to meet a Jahn-Teller-type instability as well as a
these bands, the origin of the incommensurate spin correld&M instability. In fact, the gap by the Jahn-Teller effect will
tion in SLRUQ,, may become weaker with decreasigds  stabilize the fourth electron in comparison with the degener-
a result, rotational distortion should develop the FM couplingate case, and this stabilization energy becomes larger for a
from the enhanced paramagnetism ofR8r0;. narrower band with higheN(Eg). Therefore, we suggest

In the M-M region, however, the triple degeneracy mustthat in region Ill, these instabilities compete with each other,
be lifted by the structural transition. The twofold anisotropy and consequently the structural transition for the ground state
of the in-plane susceptibility beloW indicates the broken takes over ak..
tetragonal symmetry, which lifts the degeneracydpf and Moreover, orbital fluctuations and/or the dynamical Jahn-
d,, orbital bands: thex and 8 bands. As a neutron diffrac- Teller effect as critical phenomena are expected on the verge
tion measurement has clarififdhe O1)-O(1) bond of octa-  of the instability point. This orbital fluctuation may lead to a
hedra splits into a shorter one alofigl0] and a longer one nonuniform exchange interaction of spins through dynamical
along [110] below To, while the Ru-@1) and Ru-@2) lifting of the orbital degeneracy. This dynamical coupling
bonds keep their lengths almost the same as thosex for between spins and orbitals, which was recently suggested in
=0.5 as well as for SRuQ,. In addition, the tilt of RugQ  the case of YO5,33would suppress a magnetiespecially
octahedra occurs across the transition, which reduces tHeM) long-range order at around.
angle of the Ru-Ql)-Ru bond along010]. Considering both Acrossx=0.2 into region I, the first-order structural tran-
the hybridization between the orbitals and the crystal fieldsition occurd and induces another type of orbital ordering by
effect, the splitting in the bond length should bring about thethe Jahn-Teller effect, as we discussed in Sec. IV A. Sup-
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The curve forx=2 in Fig. 9b) is not on the universal one. This
is probably caused by the fact that only,BuO, has no rota-
tional distortion as we will discuss below, which results in the
difference in parameters such asandn in Eq. (3.5).

18As discussed below, it is owing to the flattening of the octahedra
that thed,, orbital will have lower energy than the other two.
Therefore, the flattening is naturally explained by the Jahn-
Teller effect to produce this orbital splitting, which stabilizes the
fourth electron in comparison with the degenerate case.
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