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Ca2RuO4 is a Mott system with a structurally driven metal-insulator transition atTMI5357 K and Ne´el
temperature atTN5110 K. Slight substitution of trivalent La for divalent Ca in Ca2RuO4 drastically reduces
TMI and the electrical resistivity, simultaneously precipitating robust ferromagnetism in the antiferromagnetic
host.TC is conspicuously and consistently lower thanTMI , suggesting that the metal-insulator transition is not
driven by the magnetic instability. The La substitution also results in a rapid increase in both the Pauli
susceptibility and electronic specific heat coefficient, and a crossover from hopping conductivity to disordered
metallic behavior at low temperatures. These dramatic changes underline the subtlety of the competition
between the antiferromagnetic and ferromagnetic coupling and a near degeneracy of the ground state in
Ca2RuO4.
n-

r
x-
e

ra
lti-
-

m
,

in
t

ic
em
na

a

-

rd
al
flect
rro-
of

or-
e
s
re

out
al

a-
r
stent

-
ing

a-
In transition metal oxides, the intra-atomic Coulomb i
teraction,U, competes with the bandwidth,W, in determin-
ing the ground state. This competition becomes particula
intricate in 4d electrons characterized by their largely e
tended orbitals. This extended characteristic suggests a w
U, yet at the same time, an enhanced electron-lattice inte
tion which very often precipitates structural distortions, u
mately narrowingW. It is not surprising, given such a com
plex competition betweenU andW, that many 4d transition
metal oxides are delicately poised near a metallic to non
tallic boundary withU/W;1, and that small perturbations
such as slight alterations of crystal structures, dilute dop
disorder, etc., can readily tip the balance across the me
nonmetal borderline with pronounced changes in phys
properties and ground states. In no other isomorphic syst
is this better illustrated than in the quasi-two-dimensio
ruthenates of Ca2RuO4 and Sr2RuO4. They have the same
K2NiF 4 layered structure, yet completely different physic
properties.1–6 Ca2RuO4, being more distorted than Sr2RuO4

due to the smaller ionic radiusr Ca,r Sr, is a Mott insulator
below 357 K with an antiferromagnetic ground state atT
,TN5110 K,2–4 whereas Sr2RuO4 is a superconductor be
PRB 610163-1829/2000/61~8!/5053~5!/$15.00
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low 1.5 K and a paramagnet with a tendency towa
ferromagnetism.1,5 The fundamental differences in physic
properties between these two isostructural compounds re
a strong competition between ferromagnetic and antife
magnetic coupling and an extraordinarily high sensitivity
the ground state to distortions of the crystal structure.

We have recently reported a structurally driven insulat
to-‘‘near’’ metal transition,TMI , above room temperatur
(TMI5357 K! in Ca2RuO4, the transition being simultaneou
with a low temperature orthorhombic to high temperatu
tetragonal structural transition.4 It is also known that
Ca2RuO4 in the insulating phase has a narrow gap of ab
0.2 eV, determined from both transport and optic
measurements.2,7 Its magnetic moment at 30 T is anom
lously low ~;0.4mB /Ru),2 compared to those of the othe
Ca- and Sr-based ruthenates, which have moments consi
with the 2.0mB /Ru expected for the low spin (S51) state of
the Ru41(4d4) configuration.8 Most remarkably, the resistiv
ity of Ca2RuO4 in the basal plane changes by an astonish
ten orders of magnitude, from 109 V cm atT570 K to 1021

V cm at T5580 K, and obeys the Efros-Shklovskii mech
nism ~ES! for T<300 K.2
R5053 ©2000 The American Physical Society
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Some progress has been made in bridging the dispa
physical properties of Sr2RuO4 and Ca2RuO4 by forming
single crystal (Ca12xSrx)2RuO4 at least tox50.04. As ex-
pected, the resistivity decreases and the system approac
metallic ground state, however, the antiferromagnetic ord
ing remains, showing a broader transition in the vicinity
T5100 K for x<0.04.2 In this paper, we take an alterna
approach in understanding the properties of the Mott ins
tor Ca2RuO4, namely, with controlled substitution of the d
valent Ca by trivalent La, which has only a slightly larg
ionic radius~1.03 Å vs 1.00 Å!. While this approach offers
an advantage in essentially retaining the original latt
structure, and thus the Coulomb interactionU, the slight sub-
stitution of La for Ca is believed to effectively increase t
t2g bandwidthW by lowering the highly distorted Ru-O-R
bond angle~151° for x50),6 and simultaneously filling the
t2g bands with the electron added from the La ion. These
approaches, known as bandwidth control and filling cont
are commonly seen in perovskitelike oxides, but rarely
drastic and distinct as in Ca2RuO4. Here, we report the re
sults of our study on transport and thermodynamic proper
of single crystal (Ca12xLax)2RuO4 along with comparisons
drawn from Ca2RuO4 doped with other impurities~such as
Sr, Y, etc.!.

Single crystals of (Ca12x ,Lax)2RuO4 were grown in Pt
crucibles using a flux technique described elsewhere.2 X-ray
diffraction was performed on powdered single crystals us
a SiemensQ-2Q diffractometer. The La concentration wa
determined by energy dispersion x-ray~EDX! analysis, and
results of x-ray diffraction and EDX indicated that the cry
tals studied were single phase with a uniform La distributi
Resistivity,r(T), was measured with a standard four pro
technique and magnetization,M (T,H), with a commercial
superconducting quantum interference device~SQUID! mag-
netometer. The heat capacities,C(T), were measured in a
low mass heat capacity cryostat using a quasiadiabatic
pulse relaxation technique. All measurements were p
formed on several single crystals for each La concentra
to ensure the reproducibility.

In Fig. 1 we show r(T) in the ab plane of
(Ca12x ,Lax)2RuO4 for 0,x,0.10. Forx50, an abrupt first

FIG. 1. Electrical resistivityr (T) for the basal plane as a function of tem

peratureT for x50, 0.005, 0.01, 0.035, 0.050, 0.055, and 0.10. Inset:r(T) for

Sr-, Y-, and La-doped crystals with comparablex.
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order transition from a low temperature insulating phase t
nearly metallic phase occurs atTMI5357 K, simultaneous
with the orthorhombic to tetragonal transition, as recen
reported.4 The sudden decrease inr(T) by a factor of 3.5 is
unambiguously first order, as the samples sometime su
irreversible structural damage, the volume change be
1.3% between 90 and 400 K.4 Upon La doping, bothr(T)
and TMI decrease dramatically. Forx50.005 ~0.5%!, the
most lightly doped sample,TMI drops from 357 to 280 K,
and r(T) decreases by more than two orders of magnitu
throughout the entire measured temperature range. Wi
further increase in La concentration,r(T) andTMI coating to
decrease, and forx50.10 the metallic phase is retained dow
to at leastT52 K, andr(T) decreases to 1024 V cm, sug-
gesting that the gap is fully closed. For all samples withx
.0, a metallic phase atT.TMI is well established andr(T)
is linear in T over a wide range of temperature. As seen
Fig. 1, r(T) for T.TMI shows clear metallic behavior with
decreasingtemperature, and for any subsequentincreasein
temperature,r(T) is hysteretic at the transition, showin
weaker temperature dependence due to large strains as
ated with the transition.

The behavior of the low temperaturer(T) for x<0.01
and x>0.035 is fundamentally different, reflecting a cle
deviation in the conduction process from the variable-ran
hopping–Efros-Shklovskii mechanism ~ES!, r(T)
5A exp@T0 /T#1/2, to excitation to extended states charact
ized by a much weaker temperature dependence~see Fig. 1!.
The characteristic temperatureT0 , a measure of the localiza
tion length, shows a rapid decrease with increasingx, van-
ishing in the vicinity ofx50.015, indicating a rapid diver
gence of the localization length. Consistently, t
conductivity s('1/r) extrapolated toT50 exhibits an
abrupt rise aroundx50.035, suggesting that electrons start
populate extended states in the upper Hubbard band, an
system accordingly approaches a delocalized state@see also
Fig. 3~a!#. The density of states,N(E), near the Fermi level
EF is substantially enhanced at this crossover, as the e
tronic specific heat coefficient,g, rapidly rises from 16
mJ/mole K2 for x50.01 to 90 mJ/mole K2 for x50.035. This
is further supported by a similar enhancement in the P
susceptibility~see below!. Such a distinct change in low tem
peraturer is rare,9 and unambiguously defines a continuo
transition from a strictly insulating phase to a regime w
low yet finite conductivity s @r(0 K)5180 V cm for x
50.035]. The low conductivity for 0.035<x<0.055 is be-
lieved to be due to disorder or the structural distortion tha
persistent up tox50.055. It is known that under the stron
influence of the metal-insulator transition, electrons can
readily localized by randomness and electron-latt
coupling.9

The impact of La doping onr(T) is much stronger than
for other dopants such as Sr or Y. This is illustrated in t
inset of Fig. 1, which showsr(T) for crystals comparably
doped with La, Y, and Sr. The effect of doping on Ca2RuO4
is dramatic in all cases, but with quite dissimilar impacts.
doping ~3.5%! results in the largest decrease inr(T) and
TMI5175 K compared toTMI5280 K for the 4% Sr-doped
sample. The 5% Y-doped sample shows no well-defin
TMI , thoughr(T) is largely reduced. As in other perovskite
like systems, the bandwidthW in this system depends criti
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cally on the Ru-O-Ru bond angle distortion, which can
controlled by varying the tolerance factor through chang
the ionic radiusr of cations, a method known as bandwid
control. W is expected to be broadened as the bond an
increases when the small divalent Ca (r Ca51.00 Å! is par-
tially replaced by the much larger divalent Sr (r Sr51.18 Å!.
It is surprising, however, that the trivalent La doping has
stronger impact than divalent Sr doping, given thatr La
51.03!r Sr. The distinct behavior points out the importan
of the electron added by the La ion, i.e., filling control. O
the other hand, the sizable, yet weaker, response ofr(T) to
the Y dopant (r Y50.90 Å! implies once again a crucial rol
of bandwidth control. It is clear that the transport propert
of Ca2RuO4 are highly sensitive to the combined effect
bandwidth and filling control, which is rare among almost
metal-insulator transition systems known to date.9

Closely associated with the anomalies in resistivity
(Ca12xLax)2RuO4, the magnetic instability (TN5110 K for
x50) undergoes abrupt changes with La doping
Ca2RuO4. Figure 2~a! shows the magnetic susceptibility
x(T), defined asM /H vs temperature for the field applied
H50.5 T, along theab plane.~In all cases, the measurin
field was small enough so thatM /H represents ‘‘zero field’’
susceptibility.! Upon La doping, the systems show an imm
diate transition from clear nonhysteretic antiferromagne
behavior to ferromagnetic behavior. To clarify this, the ma

FIG. 2. ~a! Magnetic susceptibility defined asM /H vs temperatureT at

Hiab plane forx50, 0.01, 0.035, 0.050, 0.055, and 0.10. Inset: magnetizatioM

vs T for x50.005. ~b! MagnetizationM as a function of magnetic fieldH at

Hiab for x50, 0.005, 0.010, and 0.05.
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netization,M (T), of thex50.005~0.5%! sample is shown in
the inset of Fig. 2~a!. Not only is the hysteresis obvious, bu
ferromagnetic behavior is also indicated by the sharpnes
the transition atTc5125 K. The ferromagnetism is eviden
as well in Fig. 2~b! whereM (H) rises rapidly with a sizable
hysteresis atH,2 T, expected for the domain rotation in
ferromagnet. The momentms extrapolated fromM (H) at
higher fields increases with La doping, indicating an incre
in the ferromagnetic coupling. In contrast, the Curie te
peratureTC shows only a weak La concentration dependen
for 0<x<0.055, but eventually vanishes for the fully meta
lic x50.10 composition.

The x(T) for x50 andx50.005 is effectively linear in
temperature for 140,T,360 K—clearly not Curie-Weiss-
like @see inset of Fig. 2~a!#. This anomalous behavior is a
tributed to the unstable lattice structure, and the concomi
change in the band structure, as discussed in Refs. 2 an
However, as the La concentration increases,x(T) for x
.0.005 follows a modified Curie-Weiss law,x(T)5x0
1C/(T2Q). The fitting parameters derived fromx(T)
combined with the results of heat capacityC(T) and r(T)
provide the following important features, summarized in F
3. Figure 3~a! shows T0 and s vs x as discussed above
Shown in Fig. 3~b! is the x dependence ofx0 and g. The
temperature independent termx0 increases by an order o
magnitude asx approachesx50.07, and then decreases
higher concentrations@Fig. 3~b!#. Since the Van Vleck con-

FIG. 3. x dependence ofT0 ~left! and conductivitys ~a!, g ~left! andx0 ~b!,

and the Curie-Weiss temperatureQ ~c!.
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tribution to x0 is expected to be two to three orders of ma
nitude smaller than the measuredx0 , the enhancement inx0
is believed to be due mainly to an increase in the density
states. This point is also supported by the trend ofg. Essen-
tially following x0 , g initially rises, peaks atx50.05, and
then decreases atx.0.05 @Fig. 3~b!#, implying a widenedW
and a lowerN(E) near EF . The peak ofg seen at 0.035
<x<0.05 indicates a large enhancement of the effec
massm* of the charge carriers, which is a generic feature
the filling control in the vicinity of the Mott-Hubbard insu
lating phase.10 It is apparent that the behavior of bothx0 and
g fully reflects the change inr(T).

Remarkably, the Curie-Weiss temperature,Q, shows a
general trend from negative to positive and then back
negative with a peak atx50.07 asx increases@see Fig. 3~c!#.
This signals an increase in ferromagnetic coupling forx
,0.07 and an evolution from a nearly ferromagnetic state
x50.07 to a paramagnetic ground state atx50.10. Further-
more, thex dependence ofx0 on the La concentration trace
that of Q, confirming a robust crossover of the magne
ground state. The disappearance of the magnetic orderin
x50.10 is not unexpected, given the appearance of the
tallic ground state.

We note thatM (H) displayed in Fig. 2~b! shows a pro-
nounced field dependence atH.2 T, seemingly indicating a
possible coexistence of both ferromagnetic and antife
magnetic order.M (T) at H.2 T can be described byM
5M01xAH, whereM0 increases withx, but xA is essen-
tially the same for all samples withx,0.07, implying the
antiferromagnetic background. The phenomenon appea
be somewhat similar to that observed in Gd12xvxS4 where
the existence of randomly placed vacancies,V, leads to the
formation of ferromagnetic polarons as evidenced by lo
ferromagnetic alignment in an antiferromagnetic ba
ground and large magnetoresistivity.11 However, in
(Ca12xLax)2RuO4 for all x, measurements ofr performed at
H up to 12 T yield no significant magnetoresistivity. W
have also found that slight substitutions~,2%! by other
trivalent dopants, such as Y, Ce~mixed-valent!, and Pr, all
uniformly result in ferromagnetic coupling withTC varying
from 120 to 200 K,12 suggesting that the electron added
the trivalent ions tends to ferromagnetically align Ru spi
In contrast, slight divalent Sr doping does not precipitat
ferromagnetic phase as rapidly as the trivalent ion doping
fact, the antiferromagnetic phase persists to at least 4%
doping.2

It seems apparant that there exist some common trend
oxides, notably competition between ferromagnetic and a
ferromagnetic states, which may lead to phase segreg
regions, as observed in mangnites, for example. Recent c
puter simulations have shown that the spins-canted sta
unstable, and the ground state, with extended Coulomb in
actions, is found to have small islands of one phase emb
ded in the other.13 This point may also be valid for the com
pound discussed here and other ruthenates where mag
inhomogeneities are suggested.8 This issue is to be thor
oughly pursued in our studies of the ruthenates.

All results presented above lead to the following conc
sions:

~i! The system forx,0.07 undergoes a strong first ord
transition from a paramagnetic metallic state to aparamag-
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netic insulating state atTMI , which is then followed by a
magnetic transition to amagneticinsulating state atTN ~for
x50) or TC ~for x.0). The system finally becomes a par
magnetic metal atx50.10. Figure 4 summarizes these pha
transitions. The shaded area represents a regime that is
well defined due to limited availability of crystals.~ii ! TMI is
primarily structurally driven. ThatTMi.TC further confirms
that TMI is not influenced by the magnetic ordering instab
ity. ~iii ! The dramatic suppression of bothr(T) andTMI due
to dilute La doping suggests an unstable electronic struc
that is unusually sensitive to thecombinedeffect of the band-
width and band filling control.~iv! The slight La doping
largely enhancesN(E) nearEF , resulting in strongly corre-
lated electrons. This enhancement is intimately accompa
by a striking change in the conduction process atT!TMI ,
i.e., the system evolves from a Mott insulator to a disorde
metal and finally to a fully metallic ground state.~v! The
magnetic ordering in Ca2RuO4 is highly unstable due to the
strong competition between antiferromagnetic and ferrom
netic coupling. This observation is consistent withsomere-
sults of a recent theoretical study using local density appro
mation calculations. The results of the calculations indic
that the antiferromagnetic ordering induced by a nesting
fect is degenerate with a ferromagnetic ordering in Ca2RuO4
and that the magnetic instability depends onN(E), or the
Stoner criterion,IN(E), whereI is the exchange interactio
between two parallel-spin electrons. Based on the calc
tions, IN(EF).1 favors an antiferromagnetic solutio
whereasIN(E).1 favors a ferromagnetic one.14 Indeed, al-
most all layered ruthenates possess an unstable ground
characterized by pronounced changes in physical prope
due to small perturbations.15 But Ca2RuO4, given its low
dimensionality and unusual ground-state instability, is a r
model system for investigating questions of metal-insula
transitions in particular and the interplay of charge, spin, a
orbital degrees of freedom in transition metal oxides in g
eral.
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FIG. 4. Neél/Curie temperatureTN /TC and metal-insulator transitionTMI
vs x.
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