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Hartree-Fock calculations are presented of a theoretical model describing@ith@a,Ru0, family of
compounds. Both commensurate and incommensurate magnetic states are considered, along with orbital or-
dering and the effect of lattice distortions. The concept of interaction-driven orbital stability is introduced. A
coherent description of the observed phase diagram is obtained involving relatively weak correlations and an
insulating state stabilized by lattice distortions.
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I. INTRODUCTION ics of “interaction-driven orbital stability.” In Sec. IV we
The two dimensional perovskite ruthenate seried?r€sentour calculated phase diagrams, and Sec. V relates the

Cay_,SK,RUO, presents a rich phase diagrarayolving asx ~ results to the behavior of the actual materials. Section Vlis a
is varied from the Fermi-liquid-triplet superconductor conclusion and a discussion of further implications of our

SKLRUQ, to the antiferromagnetitViott) insulator CaRu0Q,.  results.
The origin and indeed the nature of some of the phases re-
mains the subject of controversy. A further element of inter- Il. MODEL AND METHOD
est has been added by surface studiedich indicate that o ) ,
(perhaps contrary to intuitionthe Mott insulating state is V& study a model Hamiltonian derived from a tight-
less stable on the surface than in the bulk. In particular, bullinding approximation to the calculated band structuned
Cay oSty sRUO, exhibits a metal to insulator transition as the sup_plemented by electron-electron and electron-lattice inter-
temperature is decreased below 158 Whereas surface sen- actions:
sitive probes place the transition at125 K2 H = Hpang* Heo + Heotatt + Hiat- (1)
In this paper, we present systematic Hartree-Fock calcu-
lations which shed new light on the physics of The near-Fermi-level states are derived fromtRlsymme-
Ca,_Sr,RuO,. While a prior theoretical literature exists$  try d-stategadmixed with oxygepand are well described by
our analysis involves new features, including the study ofa tight-binding dispersioip,ng=Hyy+Hy,,, With
heretofore unexplored parameter ranges, of incommensurate it
magnetic phases, and of Jahn-Teller coupling to the apical ny:E SkydkoxydktTXY’ (2)
oxygen. We also show that interaction effects, in particular a ko
Hunds coupling, can act to stabilize a system against orbital )
disproportionation. This phenomenon has apparently been Hoo=S (dl sz )(sk . )(dkaxz) 3)
overlooked in the previous literature on orbitally degenerate Xaye 4 koxz"koyz e &)’/ \Oygyz ’
transition metal oxides. We argue that it is important in the
ruthenate materials, explaining among other things why thavhere &=gg’— 2t(cosk+cosk,) —4t; cosk, cosk,, &
“orbitally selective Mott transition” proposed by Ref. 7 ap- =5/~ 2t, cosk,— 2tz cosk,, &, =—4t,sink,sink, and
parently does not occur and why the surface ferromagnetisr“(k, k,) =€k, k). Quantum oscillation measurements
observed in “GGA” calculatiorfsdoes not seem to occur in imply that £}Y=0.62, £§>¥*=0.32,t=0.42,t,=0.17,1,=0.30,
the actual compounds. This physics may be expected to be ¢§=0.03 andt,=0.04(eV).1° These band parameters give
importance in other orbitally degenerate transition metal oxn,,=1.31 andn,,=n,,=1.35, almost 4/3. A crucial question,
ides as well. discussed in more detail later, is how the orbital occupancies
The Hartree-Fock method used here has the advantage ofiange as parameters are varied.
simplicity and flexibility, permitting the study of a wide va- The electron-electron temme_e:znge, is
riety of parameter ranges and physical effects. The method of
course has well-known deficiencies, including a very poorHY =U] g, + (U =3) 2 NiggNipe+ U’ 2 NigiNip,
representation of >0 physics and an inability to capture the a a>b,o a#b

XZ

correlations associated with the Mott metal-insulator transi- 35 d"d dl o @)

tion or with low dimensional fluctuations. However, for ma- = iaf=ibTHib| Hlial -

terials in which correlation effects are not too strong it may

be expected to provide a reasonable view of the ground stal®e have written in Eq(4) in the conventional notatidhin

phase diagram, which is the object of study here. which U, U’, J, are the intraorbital Coulomb, interorbital
The rest of this paper is organized as follows. In Sec. [ICoulomb, interorbital exchange interactions, respectively,

we present the Hamiltonian and approximations used. Se@nd we have omitted a pair-transfel’) interaction which

tion 11l explicates, via a simple model calculation, the phys-does not affect the Hartree-Fock results. Eeorbitals, U,
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U’, andJ are functions of only two of independent linear the mean electron occupancy is fixed by the chemical com-
combinations of the fundamental atomic physiBtate)y pa-  position of the material in question. In this case it is more
rameterd~,, F,, F,. One combination involves the multiplet appropriate to compute the interaction energy using a density
averaged interactiok,, along with a small admixture df,  matrix. For comparison to the Hartree-Fock calculations pre-
andF, and is expected to be strongly renormalized by solidsented below, we consider minimizing the interaction energy,
state effectd? the other involves the combination Bf and  Eq. (4), with respect to a density matrix corresponding to a
F, which determines] and is expectéd to be much less mean charge density per orbita] and spin density per or-
influenced by solid state effects. The precise linear combinabital m,. We find (n/my,=2,(n/m),)

tions of F, andF, depend on the strength of the ligand field

and are not important here, but in cubic symmettyU’ E.fn.m.]= U(ng— &) LY ‘532 o
+2J. (In a tetragonal environment small corrections occur, eeT 4 2 S50
neglected here for simplicityWe therefore sety=U'+2J]
and explore a range &f andJ values, which is equivalent to + u-J > mm (6)
changingF, and electronic bandwidth. 2 =50° o

Finally, the electron-lattice coupling and lattice distortion o i )
energy are given by One sees that unlike in the isolated atom casd-thg.e.,U)

parameter contributes to interaction energy differences be-
1 2 tween states with the same average charge and spin density.
He-ta + Hiae = )‘; Qi+ EKzi: Q. ) At fixed total densityn,,; and for a gg:ven nu?’nber of grbitals ’
Norbs the term - pnany, is maximized by the uniform density
Here, 73=nxy—§(nxz+nyz), and Q represents a normal coor- n,=n/Nyp Thus in a paramagnetic state,=0 for all a)
dinate of the Ru@ distortion (apical oxygen displacement for J/U<1/5 an orbitally disproportionated state minimizes
N\ and K are the electron-lattice coupling constant and thethe interaction energy, whereas fbfU>1/5 a state of uni-
spring constant, respectively. The electron-lattice couplingormly occupied orbitals minimizes the interaction energy.
considered here is a Jahn-Teller coupling. For spin polarized states the situation becomes more compli-
We use the Hartree-Fock approximation to determine theated, because the, andn, are not independerim,<n,).
ground state phase diagram of the model. This approxima-or fully spin polarized stateém,=n,), the condition for
tion is useful because it permits the examination of widedisproportionation becomesU >1/3.
parameter ranges. While it is known to provide a very poor These arguments are merely illustrative, because of
account of T>0 phenomena such as magnetic transitioncourse other terms including hybridization and ligand field
temperatures, it provides a reasonable description of the posplittings contribute to energy differences. They indicate,
sible ground state phases, especially of more weakly correhowever, that in a solid state environment interactions may
lated materials. The main qualitatiie=0 deficiency of the sometimes inhibit orbital disproportionations that the phe-
Hartree-Fock approximation is an inability to describe thenomenon has validity beyond the present, Hartree-Fock ap-
physics associated with the Mott metal-insulator transitionproximation(although of course the precise values of Slater/
We will argue below that the ruthenates should be underKanamori parameters at which the interactions change from
stood as relatively weakly correlated materials in the senspromoting to inhibiting disproportionation depend on the ap-
that Mott physics is not the dominant effect over most of theproximation considergdand that the phenomenon is of rel-
phase diagram. evance beyond the present, ruthenate, context to a wide
range of transition metal oxides. As an example of the types
of behavior which may occur in more realistic situations we
lll. ORBITAL STABILITY show in Fig. 1 theU dependence of the orbital occupancies
a%omputed via the Hartree-Fock approximation to the para-

The Hartree-Fock results to be presented later reveal Magnetic phase of Eqd) at differentJ, assuming a level
apparantly previously unnoticed effect, namely that in appro- nergy difference such that B=0 there is a small dispro-

riate circumstances interactions, which are usually thou Hener .
b y g ortionation,n,,=1.4 andn,,,,=1.3. One sees that for small

to favor orbitally ordered states, can in fact favor orbitallyp the int " lifies the di tionati h f
symmetric states. In this section we present a simple oné]- € interaction ampiines the disproportionation whereas for

atom calculation which reveals the generality of the idea. ‘_?_EU/ ° theit |nteract|t)trthLthpri§ses hthel ddkl)sproport_lon dapon.
In conventional atomic physics one deals with an isolated ese resulls suggest that caution should be exercised in us-

atom for which the relevant states have definite values of'9 cglcu!aﬂo?ns V.Vh'Ch neglect th&™term In the interaction

particle number. Minimization of the atomic energy at a fixed amiltoniar? " to interpret data.

particle number leads to a ground state with the maximal

angular momentum, with excited state energies are deter- IV. PHASE DIAGRAM

mined by the higher Slater parametdgs, F,, i.e., by J. In

other words, in the standard atomic physics ground state, the The ground state phase diagram is calculated by compar-

available particles are typically not distributed evenly overing energies of different phases including paramagnetic

the available orbitals: the state is orbitally disproportionated(PM), a ferromagneti¢FM) state, commensurate antiferro-
For an atom in a metallic environment the electron num-magnetic states witfjc=(7,0) (C-AFM) andqg=(,m) (G-

ber on a given site is not a good quantum number, althougAFM), and incommensurate magnetitCM) states. The
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FIG. 1. Orbital occupancies in PM phase as functions tffor FIG. 2. Phase diagram without electron-phonon coupling for
a band structure,=1.4 andn,,=n,,=1.3 atU=0. band parameters correspondingnig=n,,=n,,=4/3 atU=0. PM:

. " paramagnetic state, FM: ferromagnetic state, C-AFM: C-type anti-
G-AFM state is the one proposed by Nakatsuji and IVlélenoferromagnetic statffc=(,0)], G-AFM: G-type antiferromagnetic

for CRuQ;. A variety of incommensurate states were con-g.. [Go=(m m)], ICM: incommensurate magnetic staféjc
sidered. Within Hartree—fock, the favored ICM states have:(zw/&%/g)]_ 0O: orbital disproportionation Wity # Ny,
wavevector very close tqc=(27/3,2m/3) [the leading in-  oniy the G-AFM state is insulating. Symbols connected by solid
stability is atq* =(0.69m,0.697)]. This wavevector regime |ines indicate phase boundarigst order, except for the ICM/PM

is selected by a susceptibility maximum arising from the neaboundary between the indicated states. Dotted line: second-order
nesting of the quasi-one-dimensiordal,yz bands. Strong phase transition from PM to ICM wit* determined by the sus-
magnetic scattering peaked negirhas been experimentally ceptibility maximum in the linearized Hartree-Fock equation. As
observed in SRuQ,;*® however, for more calcium-rich U/t—o the G-AFMOO-FM phase boundary asymptotesJidJ
compoundgCa,_,Sr,RuQ, with x=0.5 or 0.4 stronger fluc- =1/3 asdiscussed in the text.

tuations are observed at other wave vectbts(although

incommensurate magnetic order is apparently never obvector g* =(0.69r,0.69m) determined by near nesting of
served. We believe that the qualitative properties we find forthe {xz,yz bands. AsU is further increased a first order
the state we studied are representative of those found fdransition occurs to a phase which is FM or C-AFM depend-

other states. ing on J/U. Note that in computing the energy of the ICM
We also considered the possibility of orbital orderingphase we approximated the ICM vector by
(00, i.e., changing the relative occupancy»yf xzandyz  =(2#/3,27/3). The errors due to this approximation may be

states. Uniform states were found in whioky, #n,,,,, but  estimated from the difference between the dotted and solid
two-sublattice states similar to those reported in Ref. 6 werdines in Fig. 2. At weak coupling the wave vector character-
never found to minimize the energy in the parameter rangeizing the magnetic phase is found to be determined by the
studied here. One possible reason for the difference in resulteaximum in the calculated susceptibility. We note that in
is that the systems studied in Ref. 6 were very sigfpi-  addition to the peak aj* which leads to the order found in
cally 2x 2 with open boundary conditionsand therefore the calculations, the susceptibilty implied by the tight-
perhaps influenced by finite size effects, which would tend tdinding parameters also has a strong peak at a snipder
favor two sublattice states. ~(0.5,0.5, arising from thexy band, so that ICM order at
Figure 2 shows the numerically obtained ground-statehis wave vector is also possible in principle. In the present
phase diagram for the model without electron-phonon couealculation theg* instability always wins. However the en-
pling as a function o/t andJ/U. At large U, two phases ergy differences are small, raising the possibility that
are observed; a ferromagnetic metal with a small degree dfeyond-Hartree-Fock corrections could switch the ordering
orbital disproportionatior{FM) and an insulating antiferro- wave vector tajc,.
magnetic phas€G-AFMOO). In the G-AFMOO state, the We now consider the robustness of these results to
xy-orbital is occupied by two electrons and the other twobeyond-Hartree-Fock physics. Of course the precise loca-
electrons sit on théxz, yz-orbitals forming a half-filled band tions of phase boundaries will change by factors of order
gapped by the AF order. Even in the absence of long rangenity. The important question is the robustness of the quali-
order, the strong correlations and commensurate filling of theative features. The strong coupling phases have a transpar-
{Xz,yz-bands would lead to Mott insulating behavior, al- ent interpretation in terms of minimizing., Eq. (6), and
though this behavior of course cannot be produced by theeem unlikely to change. The smallérphases present ad-
Hartree-Fock approximation considered here. Because it irditional issues. One question is whether beyond-Hartree-
volves orbital disproportionation the G-AF phase is onlyFock effects could eliminate the incommensurate phase alto-
stable for small/U. Turning now to the small regime, we  gether. We note that a dynamical mean field study of a
find that asU/t is increased the first phase transition is of simple one-band model of carriers Hunds-coupled to classi-
second order, and is to an ICM state characterized by a waweal core spins found that at intermediate dopings and small
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values of the Hunds coupling the ground state was an incom- Lo
mensurate magnet with a wave vector given by the Hartree- E ~
Fock estimate, but that as the Hunds coupling increased the osl ™
ferromagnetic phase grew at the expense of the incommen-
surate phas®. Further study, especially of the largéregion

of the phase diagram, using beyond-Hartree-Fock methods
which allow for the possibility of ICM ordering would be
very desirable.

The crucial feature of the no-phonon Hartree-Fock phase I
diagram is that the G-AFM phase exists only at relatively o2t PM
small Hunds coupling and is separated from the paramag- I
netic metal phase describing,BuQ, by a sequence of in- 00 .
termediate phases. The G-AFM phase is, as first proposed by 0 1 2 3 4 5
Nakatsuji and Maend,likely to be the phase observed in Ut
CaRuQy. As we shall discuss below, there is evidence that 10 T T T T v
is not small in the actual materials. Further, the predicted -""/’";“ (b)
intermediate phases are not observed. These observations O'S'PMOO§ G-AFMOO

(a) -

o6 G-AFMOO il

2Kt

04

suggest that the no-phonons model is an incomplete descrip-
tion of the Ca_,Sr,RuQ, system, and that an additional cou-
pling which favors orbital disproportionation is present in the
materials. A very natural possibility is a Jahn-Teller coupling
to a “Qs-type” lattice distortion(a volume-preserving in-
crease in the Ru-apical-oxygen distance and a decrease in the
Ru-planer-oxygen distange 02}
Figure 3 shows results obtained keeping the electron- I :
lattice coupling equation5) for J=0.1U [panel ()], J 00 L .
=0.2U [panel(b)], and J=0.28J [panel(c)]. In each case 0 1 2
increasing the Jahn—Teller coupling increases the range over
which the G-AFM phase is found. For sufficiently strong ~
electron-phonon coupling and sufficiently weak correlations 10 -‘_\\—‘ :

0.6 |

04

2Kt

PM : ICM

G-AFMOO (€)

an additional orbitally ordered phageM-0OO) is found. This F
phase is essentially the G-AFM phase, but with only partial 08
orbital polarization and without magnetic order. We also note

that for strong enough electron-phonon coupling, direct tran- 06|
sitions either from a paramagnetic state to the G-AFM or
from the ICM state to the G-AFM state are possible.

2Kt

04

V. RELATION TO DATA 02

In this section we discuss the relation between the 00
Hartree-Fock calculation and experiments in, Car,RuO,,
beginning with S§RuQ,. This material is a paramagnetic Ut
metal and at very low temperatures is believed to become a . .

: : - : FIG. 3. Phase diagram as a function 0t and \?/Kt for
trlpl_et superconductdr. The high purity and Iar_ge size of 3/U=0.1 [panel (a] J/%=O.2[panel(b)] 3/U=0.25 [panel (0)].
an\lIab_Ie sartnpfle:js thaT allovt\(edl the acc:JmuIathlT t(.)f a Ver)éolid lines: first-order phase transitions. Dotted line: second-order
extensive set of data. In particular, quantum oscilialion Meag., ,qiion from PM to ICM. Broken line: transition to quadrupole

surementiTabIe 6 'T Ref. 19 have.dnlrectly_dete_rmmed the ordering with 3>0; weakly first-order because cubic terms are
Fermi surface, the “thermodynamic” quasiparticle mass enzjowed in the free energy.

hancement, the spin polarization as a function of the applied

field, and(with perhaps less certaintyhe dynamical mass Galilean-invariant limit. One expects the mass associated
enhancemengtthe renormalization of cyclotron frequency with current fluctuations to be renormalized by the on-site
All of the masses are enhanced over the predictions of banffuctuations associated with proximity to a Mott transition.
theory, suggesting the importance of correlations, but the deFhe Fermi sheet independen@be enhancement is about a
gree of mass enhancement exhibits a revealing dependenfaetor of two on all sheejds consistent with this interpreta-

on the type of mass and the Fermi surface sheet. The cycldion. The relative weakness of this contribution to the mass
tron mass pertains to the low frequency current-current corenhancement suggests that these correlations, while clearly
relation function. In a Galilean-invariant compound it would present, are not dominant. The thermodynamic and suscepti-
not be renormalized at &fibut of course the narrod-bands  bility mass enhancements are larger and more strongly sheet
important in transition metal oxides are very far from thedependent: the ratio of the thermodynamic mass to the cy-
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clotron mass is about 1.5-1 on theg sheets and 3-1 on the expected as a quantum ferromagnetic transition is ap-
v sheet, and the ratio of the susceptibility mass to the cycloproached. This strongly suggests that main effect of Ca sub-
tron mass is about 2-1 on the 8 sheets and 5-1 on the  stitution is to drive the system very close to a Stof@r
sheet. These data strongly suggest that much of the observggherant electron ferromagnetic transition, by reducing the
mass enhancements come from long wavelength fluctuationsandwidth and thereby increasing the relative strength of the
which do not affect the current and hence the cyclotron masgteractions. The estimate of the interaction strength given in
very much, and that the important long wavelength fluctuaype previous paragraph implies that-a10% decrease in(a
tions are ferromagnetic and due mainly to fluctuations on th%hange of the magnitude expected when Sr is replaced by

y sheet. C&) would be enough to drive a transition into an ordered
We therefore suggest that the cyclotron mass enhancg—tate_

ment be interpreted as arising from a lo¢ahd orbita) in-
dependent self energy, in the spirit of the dynamical mea
field or Brinkman-Rice approximation and leading to an in-

termediate energy Fermi liquid state characterized by a fact . ) .
of two reductior?){n bandv&idth. The remaining corrglationssurface nesting, and that this should be followed by a first

are proposed to arise from spin fluctuations. A widely usedrder transition to a C-AFM phase. Indeed Hartree-Fock in-
measure of the strength of ferromagnetic correlations is thgicates that the instability to an ICM phase occurtl &< 2,
Wilson ratio of the susceptibility to the specific heat. Thisi-€-, Where the Stoner factor is less than the value 4 appar-
measure can be misleading in quasi-two dimensional materntly implied by the quantum oscillations measurement. The
als with strong ferromagnetic enhancements. If the degree gibsence of the ICM phase is perhaps not surprising: as noted
ferromagnetic enhancement! is defined as the ratio of the above, beyond-Hartree-Fock corrections are expected to shift
uniform susceptibility to the average gfq) over the Bril-  the ICM phase boundary substantially, both because we are
louin zone, then in an electronically two dimensional mate-dealing with low dimensional magnetism, on which quantum
rial the contribution of ferromagnetic spin fluctuations to thefluctuations have a substantial effect, and because inelastic
specific heat is-r"1/2, and in a three dimensional material as Scattering will weaken the susceptibility peaks, with the
In(1/r) so the Wilson ratio diverges more slowly than the Weakening being much more severe at laydban atq=0. A
susceptibility. We therefore suggest that that the increase d¢ferhaps more serious discrepancy is that no sign is found of
the susceptibility mass over the cyclotron mass be interthe C-AFM phase found in wide regions of the phase dia-
preted as the “Stoner factor” of the usual theory of itinerantdram. Because this phase occurs via a first-order phase tran-
electron magnetism, which can be used to positigRGD,  Sition ar_1d has a large gmphtude O(dered moment, it $hould
on the phase diagram calculated above. The quantum osclee relatively stable agalnst_fluctpatlon effects. That it is not
lation measurements then reveajand Stoner factor of 4 observed suggests that eithéris very small or thatJ
or so. Within the Hartree-Fock approximation this corre-=0-23J, so that the materials are in a region of the phase
sponds to an effective interaction with<dJyq/tz<2.3  diagram in which the C-AF phase is absent. The apparent
(weakly dependent od/U), i.e., to aU/t~0.8 of the critical ~ Persistence of théapproximately symmetric orbital occu-
value for a ferromagnetic instability. Within Hartree-Fock we Pancy argues for the largdrvalues. .
also find that the three dimensional model has a second order In the actual materials, the doping=0.5, while clearly
PM-FM transition atU+2J=2.5 and for U+2J=3t, m  Very close to a ferromagnetic instability, marks the onset of a
~ 1ug consistent with observatio.To summarize, we be- lattice distortiod" which distinguishes th¢1,1] and[1,1]
lieve that the quantum oscillations data show unambiguouslgirections of the @ lattice. While band calculations suggest
that SpRUO, is a material with moderate correlations, not that this distortion has a negligible effect on the electronic
close to a Mott transition but with very substantial “Stoner” structure’ it apparently moves the system farther from the
ferromagnetic enhancements. The low energy theory foferromagnetic instability, reducing asis decreased both the
Sr,RuQ;, is characterized by a moderate effective interactionuniform susceptibility and the specific heat coefficient.
e.g.,U=2t J=0.8, provides a good description of the Sr- Within the Hartree-Fock phase diagram, a natural interpreta-
ruthenates. tion would be the onset of an incommensurate magnetic
We next turn to the behavior as Sr is replaced by Caphase, but magnetism is apparently not observed. Rather the
focusing first on Ca,Sr,RuG, in the rangex>0.5. The subtle effects of the structural distortion apparently act to
main effect of the substitution is to buckle the Ru-O-Rureduce the Fermi surface density of states in a manner which
bonds, thereby reducing the bandwidths. In addition, changesvercompensates the continuing bandwidth narrowing due to
occur in the ratio of the Rgapical oxygen distance to the Ca doping, thereby weakening the ferromagnetic fluctuations
Ru<in plane oxygedistance, changing the relative energiesand reducing both the susceptibility and the magnetic contri-
of the xy andxz,yz levels. However, very interesting recent bution to the specific heat.
photoemission daté strongly suggest that at=0.5 one still An alternative interpretatidif is that some of the elec-
has n,,=n,,=n,,=4/3, suggesting that the material is in tronic degrees of freedom become localized, leading among
theJ>U/5 regime where interaction effects suppress orbitabther things to the emergence of an antiferromagnetic ex-
disproportionation. The main observed effect on the elecehange which reduces the ferromagnetic tendency. The ap-
tronic properties is a dramatic increase in the magnetic sugroximately Curie behavior, with a large effective moment,
ceptibility and a less rapid increase in the specific heat coefef the temperature dependent susceptibility is argued to sup-
ficient, at least qualitatively consistent with behavior port this interpretation. However, we note that the results of

At this stage a difficulty arises: over a wide range of the
rE)hase diagram, the Hartree-Fock approximation indicates
at the first instability is to an ICM state driven by Fermi
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Ref. 20 suggest that orbital disproportionation does not occuand that an electron-lattice interaction is likely to be impor-
at x=0.5, and that measurements onRBKL0,,%? a clearly tant in stabilizing the observed G-AFM state. Our approach
itinerant-electron system on the verge of ferromagnetisnis most similar to that of Nomura and Yamatiayho per-
also reveal a Curie-Weiss susceptibility with a large effectiveformed Hartree-Fock studies of essentially the same model
moment. studied here, but with band parameters corresponding to
A further increase of Ca concentration leads to a first-Slightly broader @ bands and)’/U=0.5,J/U=0.25("orbit-
order transition to a strongly insulating state, believiedbe ~ ally stable’). These authors considered only G-AFM and FM
the G-AF state discussed above. The apparent direct trangrdered phases and did not include electron-lattice coupling,

tion from a paramagnetic to a G-AF state is in the presenFUt did investigate effects of changes in relative energy level.
calculations found only for relatively large electron-phononbn a d(ftlﬁse'y rel?rt]e(é V\{[OFK, Fa?g ?ntlj:h;eraléuga Al\JFSI\(ild g{_’DA
couplings, and only for relatively largé. We take this as and theory metnods to investigate and - slates.

Their results, in particular their prediction of a direct PM-FM

evidence for the importance of electron-lattice coupling. Furc—; nsition as the bandwidth is reduced, correspond reason
ther consequences of our calculation, namely the associati Fﬁ . )
g y ly well to the Hartree-Fock results witlhyU=0.3, the

of the transition with a lattice distortion and a hardening of% . . . .
the phonon frequency, have been observed experime?ﬁ%lly.lCM phase omitted and no lattice distortion. Very receftly,

Pressure experiments on fBaiO, observe a transformation tgelgalgulaltlon Wa_?hretzneg to(;ntc;llude a LDAHreaér_nen: Ofth
to a metallic phase with a small FM moment. Pressure in- &rut), along wi € ban eory corresponding to the

creaseg andK, corresponding to diagonal motion in Fig. 3 experimental lattice structure, and results for optical absorp-

but our FM phase is fully polarized in contrast to that foundON Was presented. Our resultg Iegd us to wpnder if adding a
in Ref. 24. U but not aJ to the LDA energies is appropriate. Hotta and

Our results suggest a possible interpretation of the puzpagottcf’ studied the model'via a combination of mean-field
Zling surface experiments by Moo al. who find that the results and numerical studies of small systems and showed

surface of CagSt, ;RUO, remains metallic down to a lower the importance of coupling to the shape changes of thegRuO

temperaturg¢125 K) than does the bulk materiél50 K) and ogtahedron_. However,_ their phase dia_grams feature phases
that both on the surface and in bulk the metal-insulator tran\_/vnh.c_:ompllc_ated spaﬂal structures W.h'Ch we are unable to
sition is accompanied by @s-type distortion of magnitude stabilize. It is possible that the spatlal structures found in
~0.02. However, the surface phonon frequency correspon(ﬁef' 6 .Slre due to bﬁungary_ effects olln small ;'Ze sdystems
ing to apical oxygen motion is larger than the bulk phonon?(;:cess'. el numer:c(_:aldy,/,. nIrS]II’T(;OV an dco-wor e[;sel: a
frequency, implying that the stiffneds§ is larger so that as ynamical mean-field” method to study k20 model. At

seen in Fig. 3 the insulating phase is more difficult to accesslf”lrgeu they found an insulating(2," phase which is es-

However, many issues remain unresolved. The distance bégantlally the same as the G-AFMOO phase we find. At

tween the Ru and the surface layer apical oxygen is found tglightly _Iesser correlation_strengths, Anisimev al. find_ an
be much less than the bulk Ru-apical oxygen distance. Unl_nterestmg (3’.1)” phase_m Wh.'Ch 3 electro_ns are in the
less compensated by a change in the Ru-first subsurface aé%(_z,y_z} bands na MOtt insulating state,_ Wh”.e thy b.and.

cal oxygen distance, this would imply large frozen@g and remalns.meta_lllc. Llebsé‘r_\argues t.hat this is impossible in
Qo type distortions, which would be expected to change théncljthIhS n V:Q'Ch mlagneélc order |st.(;1£§]tlfcted, but E[h?ﬁe re-
surface layer properties substantially. Further, the bulk metaZU'ts Nave nemseives been quest any event, the

insulator transition involves a 2% increase in the in-planeHartree'FOCl.( an_alogan antlfe_\rromagnet W'Fh one electron
the xy orbital) is not found in our calculations.

bond length, and elementary elastic compatibility argument To summarize. we have shown that moderate interactions
suggests that the surface in-plane bond should follow the u 1€, W v w ! lons,

bulk. Why this does not drive a metal-insulator transition is& reasonable)/U and eIectron—IatUpe Interactions can ac-
unclear. count for the Ca,Sr,RUuO, phase diagram. We argued that

the materials are in the regime in which disproportionation is
suppressed by interactions. Determining the susceptibility to
VI. SUMMARY AND CONCLUSION orbital disproportionation in other compounds and other mul-
. iplet structures is an important open issue. An investigation,
We have performed Hartree-Fock calculations of a mode Zing dynamical mean fipeld methF())ds, of the G-AFM b%und-
believed to be r_elevant to the still mysterious phy3|cs_ Ofary is an important direction for future research.
Ca_,Sr,RUO, series of compounds. Two key results, which
seem likely to have validity beyond the Hartree-Fock ap- We thank Y. Maeno, J. Zhang, H. Ding, and E. W. Plum-
proximation, are that a correct treatment of the multiplet in-mer for stimulating discussions and sharing unpublished

teraction parameter@specially thel) is crucial, becausd  data. This research was supported by NSF DMR-0338376
can stabilize the system against orbital disproportionationgA.J.M.) and JSP3S.0).
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