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From Mott insulator to ferromagnetic metal: A pressure study of Ca,RuO,
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We show that the pressure-temperature phase diagram of the Mott insulag®Ru@afeatures a metal-
insulator transition at 0.5 GPa: at 300 K from paramagnetic insulator to paramagnetic quasi-two-dimensional
metal, and atT<12 K from antiferromagnetic insulator to ferromagnetic, highly anisotropic, three-
dimensional metal. We compare the metallic state to that of the structurally redatedte superconductor
SrLRuQy,, and discuss the importance of structural distortions, which are expected to couple strongly to pres-
sure.
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The Mott transition from the metallic to the insulating of Ca,_,Sr,RUO, shows a series of structural transitions that
state, driven by a Coulomb interaction, is one of the moskre intimately related to changes in the electronic state.
dramatic and fundamental many-body effects in condensed- Second, although the cuprates show superconductivity in
matter physics. In recent years there has been a resurgencegibse proximity to a Mott insulating state, a clear connection
interest in the Mott transition due on the one hand to thebetween the metal-insulator transition and superconductivity
discovery of materials such as the higp-cuprates and the has not been made experimentally, and there are many unre-
manganites in which the metal-insulator transition plays arsolved issues associated with the physics of the cuprates near
essential rolé,and on the other to insights gained from the- the Mott insulating state. As a quasi-two-dimensiof@2D)
oretical developments such as the dynamical mean-fiel@ystem bridging the gap between a Mott insulator and an
theory’ and the recognition of the importance of orbital or- unconventional superconductor, the ,Cg8r,Ru0, system
dering at the metal-insulator transitién. promises to shed light on this question.

The system Ca ,Sr,RuUO, has recently been investigated  Finally, detailed understanding of hopwave supercon-
in detail and shown to have a metal-insulator transition at gluctivity arises in SiRu0, is lacking.p-wave superconduc-

K at x~0.23 This is a layered perovskite system, isostruc-tivity is assumed to b_e medlated by_ magnetic quctuatlons_ at
tural to the cuprate La Sr,CuQ;, with one end member, low g, normally associated with proximity to a ferromagnetic

SK,RUO,, being a highly anisotropic metal with an uncon- (FM) state at 0 K(i.e., to a FM quantum critical poiptbut

. : : Sr,RuQ, does not itself appear to be close to FM order. The
Li?réotnhﬂ(%:?]Z?bg;ﬁgve)issl;pne;?tﬂgfgxgggr:gﬁ Cnfgtffé’ doped system, however, at-0.5 is on the verge of FM
' & : : "~ order at 0 K/ although long-range FM order does not de-
sulator for T<113 K, a paramagneti¢PM) insulator for 19 g-rang

) ] 3¢  Velop for any value ok.
113 K<T<360 K, and a “bad metal” forT>360 K: Pressure is generally to be preferred to chemical doping to

This system is of great interest for the following reasons. -y ne the properties of materials because pressure does not

First, the overwhelming majority of work on the metal- introduce disorder. Disorder can be extremely hostile to un-
insulator transition has been done od &ansition-metal conventional superconducting stdtemd it also introduces
compoundgmainly oxides such as ¥O5.' 3d orbitals are  enormous complications in studying the Mott transition. In
comparatively compact and close to the ionic core, givingthis paper we show that application of very modest pressures
rise naturally to small bandwidthg/, and large Coulomb to pure CaRuQ, transforms it from an insulator to a highly
repulsionU between 8 electrons on the same site. In con- anisotropic metal with a FM metallic ground state, and we
trast, 41 metal-insulator systems are rare, but they shouldollow the evolution of this ground state as a function of
offer a different viewpoint because the more extended 4 pressure. Our results shed light on the nature of ferromag-
orbitals will tend to have larger effective correlation energynetism in the layered ruthenates, and open uplasystem
U/W, but greater susceptibility to orbital ordering via struc- for the study of the metal-insulator transition in the absence
tural distortions around thed4site. Indeed the phase diagram of disorder.
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FIG. 1. Pressure variation gf,, andp. at 300 K. The insulator- 0 100 200 300
metal transition occurs at 0.5 GPa, wherg, and p. fall by ap- Temperature (K)

proximately four and two orders of magnitude, respectively. o )
FIG. 2. Temperature variation @f,, andp,. at fixed pressur®.

We used single-crystal GRUO, with an essentially sto- For P>0.5 GPa, p,y(T) is metallic while p,(T) above T*
ichiometric oxygen conterit.Resistivity under pressur®  ~25 K exhibits nonmetallic temperature dependence.
was measured by a standard four-probe method, with a ring
contact geometry for the-axis resistivityp. . The electrodes scribed by a tunneling mechanism as in the higls.
were made by a silver evaporation technique. The typical As the temperature falls below 25 K, p.(T) peaks and
sample size was 0.250.5x0.04 mnd for in-plane resistiv-  then decreases rapidly, indicating a change from two-
ity pap, and 0.35<0.35x0.04 mn? for p.. Pressures up to dimensional to three-dimensional metallic conduction. At the
8 GPa were generated in a cubic anvil device with an equaemperatureT* corresponding to the kink in the(T)
volume mixture of Fluorinert FC70 and FCA13M Com-  curves,p,,(T) also exhibits an abrupt change in slope, fall-
pany, St. Paul, MN as a pressure-transmitting medium. In ing rapidly to a residual resistivity of 3 ©{ cm. This is a
this device quasihydrostaticity can be generated by isotropigery low resistivity for an oxide metal, indicating that our
movement of six anvil tops even after the fluid medium vit- samples are of high quality, but still somewhat higher than
rifies at low temperature and high pressure. required to observe superconductivity in,BuQ,.2 The be-
Figure 1 showsp,, and p. at 300 K as a function of havior near 25 K is reminiscent of a phase transition. In order
pressure up to 8 GPa. Bogh,, andp. drop discontinuously to clarify this point, the fieldH) and temperaturél) depen-
at 0.5 GPa, indicating an insulator-metal transition. The disdence of the magnetization have thus been measured under
continuity indicates that the transition is of first order and ispressures of 0.1 MPa, 0.2, 0.5, 0.7, and 0.8 GPa using a
thus most likely accompanied by a structural chahge. piston-cylinder Be-Cu clamp cell with a commercial super-
In the insulating state both,, and p. decrease isotropi- conducting quantum interference device magnetometer
cally and monotonically with increasing pressure. Following(Quantum Design, model MPM$! We have used several
the discontinuous drop at 0.5 GPa, however, whilg con-  rectangular pieces of sample with total masses of 12.5 mg for
tinues to fall, p. begins toincrease The anisotropy ratio, H,.and 6 mg forH .
pc!pap~2 in the insulating phase, jumps to about 100 in the Figure 3 shows magnetizatiofM) curves & 2 K with
metallic phase. Thus, the Q2D nature of the metallic state i$l, .. FM ordering is indicated by the hysteresis in tfieH
comparable with high, systems or SRuG,. curves at 0.7 GPa, a pressure at which the system is metallic
Figure 2 shows,, andp. as a function of temperature at in the corresponding resistivity measurements. In contrast,
several fixed pressures. At ambient pressure, pgftandp. no hysteresis is observed in tMe-H curves at 0.1 MPa and
show an activation-type increase. In contrast, above 0.5 GR&2 GPa where GRuG, is in the AF insulating phase. The
CaRuQ, shows a Q2D metallic nature for temperaturesremnant magnetization is 0.08g at 0.7 GPa, growing to
above ~25 K. That is, pap(T) shows metallic (d,,/dT  0.125 ug at 0.8 GPd? while the coercive force oH,
>0) conduction whereag. has a negative slope indicating ~50 mT, which is defined as the field necessary to restore
nonmetallic conduction. The anisotropy ratio risesth000  zero magnetization, increases only weakly.
at 25 K. The nonmetallic behavior @f, down to 25 K in The volume fraction of the AF insulating phase ought to
pressurized GaRuQy is in sharp contrast with the metallic ~ decrease with pressure above 0.5 GPa, so the remnant mag-
seen below 130 K in SRuQy. The rise inp, with increasing  netization originates from the metallic phase. Moreover the
pressure at 300 K also contrasts with simple ideas of metallismall moment compared with the saturated momeng &f
conduction, in which the bandwidth would increase witha localized R&™ ion implies itinerant magnetism. The shape
pressure, but the same effect is seen inRBO,at T  of the hysteresis curve, which indicates a typical soft ferro-
>130 K!° so this seems to be a signature of incoherentmagnet, is different from that for the canted AF case seen,
c-axis transport in the ruthenates. We infer that above 25 Kor example, in the AF insulating phase of BaiQ, with
the c-axis conduction in metallic GRuQ,is mainly de- excess oxygeh.We have also observed a similar shape of
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FIG. 3. Magnetization curves foP=0.7 GPa and 0.1 MPa,
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From ~360 to 113 K the 0.5-GPa transition is from a PM
insulator to a PM-Q2D metal. The PM insulating phase with
thermally activated conductivity is important because it
shows that CERuQ, is a many-body insulator, as opposed to
being a band insulator with fully opened gaps on the Fermi
surface due to AF order. It is also instructive to contrast the
PM metallic state with the metallic phase of the manganites,
which are always FM and can only be reached by doping.
This reflects the difference in on-site repulsidrin 3d and
4d systems. Mn has a larde, so the Mn ion in the manga-
nites is in a high-spin configuration, and the strong Hund’s
rule coupling requires that the spin of a conduction electron
in an ey orbital must be parallel to the localized, spins
both on the ion from which it is hopping and the one to
which it is hopping(so-called “double exchangé In the

measured at 2 K. Hysteresis indicating FM ordering is observed atuthenates, in contrast, lowerproduces a low-spin configu-

0.7 GPa, but not at 0.1 MPa. The remndhtis 0.0z at 0.7 GPa
while the coercive force igtgH,~50 mT.

hysteresis loop witl . at 0.8 GPa where the remnant mag-

netization is 0.08g and the coercive force oH. is
~50 mT. Comparing the hysteresis measureH jp, we do

not find anisotropy typical of antiferromagnetism. We there-

fore deduce that GRuGO, in the pressure-induced metallic
phase is an itinerant ferromagnet at ldwalthough neutron
scattering should be done to confirm this.

Figure 4 summarizes the pressure dependendg,aind
T obtained from ouM(T) curves, and of* obtained from
resistivity. Ty is almost independent of pressure up to
GPa, where it abruptly vanishes and is replaced by FM ord
below ~12 K. The FMT¢ then rises with increasing pres-
sure, becoming comparable T near 1 GPa. Thus, the
remarkable drop ip(T) at T* is most probably due to re-
duced magnetic scattering at a FM ordering transitibh.
continues to rise, reaching 25 K at5 GPa, then it de-
creases gradually. Extrapolation of tfi& vs P curve sug-
gests that the FM order may be completely suppressed
~15 GPa.
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FIG. 4. The characteristic temperaturEg (AF ordering, T¢
(FM ordering, andT* (cusp in the resistivityplotted against pres-
sure. The phases are labeled PNphramagnetic insulatrAF-|
(antiferromagnetic insulatprPM-Q2DM (paramagnetic quasi-two-
dimensional meta) and FM-M (ferromagnetic metal Solid and
dotted lines are guides to the eye.
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ration, and there is no constraint on the spin direction of the
hopping electron in the metallic state.

It is tempting to interpret the phase diagram ohRa0,
as a classic Mott transition to a metal with a FM ground
state’®!* But this might be too simple. Analogy with
Ca_,Sr,RuQ, shows that the physics is not simply driven
by changes inJ/W, but also the orbital degeneracy of the
Ru‘”tzg levels may abruptly change due to structural transi-
tions. These have been well characterized by neutron and
x-ray scattering:'° Pure SsRuQyis tetragonal, but at the Ca-
rich end the structure is distorted by rotations of the oxygen

0 5octahedra about the axis, tilts about an in-plane axis, and

I|arge variations in the degree of “flattening” of the octahedra
along thec axis. In pure CgRuQ, the T>360 K metallic
phase id_-Pbcg with a smaller volume and weaker tilt and
flattening distortions than th€ <360 K insulatingS-Pbca
phase. Pressure should stabilize the low volume phase, so we
expect the structural transition associated with the first-order
insulator-metal transition to be frorh-Pbca to S-Pbca’

g ng and Terakut&have performed electronic structure cal-
Culations that take account of the distortions. They find that
flattening, which lowers thd, orbital relative to thel,, and

dy, orbitals, favors an insulating AF ground state; the tilt
stabilizes AF correlations in the metallic state, while rota-
tions favor ferromagnetism. Thus the insulator-metal transi-
tion and AF order may couple separately to pressure, the
former caused by suppression of flattening, the latter by re-
duced tilting.

We now turn to a discussion of the FM metallic state
above the insulator-metal transition. According to band-
structure calculations FM order in layered ruthenates is a
reflection of rotational distortion€;*” which develop FM
coupling by enlarging the density of states at the Fermi en-
ergy via band narrowing. This idea is supported by the large
FM correlations in Ca_,Sr,RuQ, with x=0.5, in which the
octahedra are rotated but not tilt¥tMore generally° ruth-
enates show a tendency to ferromagnetism due to an unusu-
ally large admixture at the Fermi surface of the oxygen
orbitals, which can gain exchange energy from FM order. It
will be very interesting to have electronic structure calcula-
tions on metallic CgRuQ,, once the crystal structure is
known accurately in the high-pressure phase. It will also be
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interesting to compare the properties of the itinerant-FMmetal with a FM ground state. The-T phase diagram of
Q2D metal with theoretical predictiofs. this system is unique and quite different from that of the
Finally, the large range of temperatures for which pressurdoped systerit*® Furthermore, our results suggest the exis-
ized CaRu0Q, exhibits a nonmetalligp,, is of interest. In tence of a FM quantum crlltlcal point at pressures abovg 10
Ca, St RUOQ,, for 0.5<x<1.5 where the octahedra are ro- GPa. We thus have strong interest in measurements at higher
tated but not tilted, nonmetallip,(T) is also seen over a pressures as a crucial test of the connection between the

wide temperature range, while &uQ,, having nonrotated PWave ?uperclclj_nductlwty of $RuQ,, and the ferromag-

octahedra, exhibits metallig, below 130 K. We therefore netism of metallic CzRuG.
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