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Orbital Ordering in a Two-Dimensional Triangular Lattice
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We discuss the role of orbital ordering in a two-dimensional triangular lattice. Usually, this lattice is
considered as “frustrated.” We show that a peculiar type of orbital ordering can remove this frustration
if we allow for orbital degeneracy. We pay special attention to dhecase, for which we present
mean field calculations for possible orbital orderings and an exact diagonalization study of a three-site
cluster within a degenerate Hubbard model. The results support the possibility of an orbitally ordered
singlet ground state. In particular, it provides new insight to the magnetic phase transition and the low
temperature phase of LiVO [S0031-9007(97)02453-8]

PACS numbers: 71.70.Gm, 71.30.+h, 75.30.Et

Transition metal (TM) compounds are well known for model is relevant for a class af' and d> TM com-
their large diversity and richness in physical phenomengpounds, including LiVQ, NaTiO,, and titanium halides,
The flurry of activity in the field of highf,. supercon- which are often regarded as model systems for the trian-
ductors has as yet not culminated in an understanding afular lattice Heisenberg antiferromagnet. These materi-
their origin, but has opened up a Pandora’s box of nevals contain quasi-two-dimensional hexagonal TM cation
effects in sometimes old “well understood” compounds:layers, the catiol3d states being split into doubly degen-
the colossal magnetoresistance in; L&CaMnO; [1],  eratee, and triply degenerate, levels, due to a ligand
the spiral spin fluctuations in the paramagnetic phase dield of approximateOy symmetry.

V,0; [2], the temperature dependent high energy scale The triangular lattice Heisenberg antiferromagnet is in-
spectral weight transfer in XD; [3], and the peculiar teresting because of the frustration present in this sys-
charge ordering in L#r,_NiO4 [4] and related mate- tem. Especially, it has attracted much attention since
rials. This richness of properties is due to the stronglyAnderson [7] pointed out the possibility of a “resonating
correlated nature of thed states in these systems, oftenvalence bond” (RVB) ground state for the= % case.
rendering them magnetic, and to the strong hybridizatiorThis quantum liquid of randomly distributed spin singlet
with the extended ligand valence states. pairs could be a way to overcome the frustration that

Another very important aspect is the orbital degeneris present in the Néel state of the triangular antiferro-
acy of open3d shells. In a localized system such orbital magnet. For larger spins one could expect some kind of
degeneracy will be lifted at low temperatures in onelong-range magnetic order, e.g., triangular order of the
way or another: this is the well-known Jahn-Teller effectyafet-Kittel type [8]. This occurs in LiCr@ which has
[5]. In concentrated systems it often leads to structurah (1,,)? configuration (i.e., a half-filled level, without or-
phase transitions accompanied by a certain ordering diital degeneracy).
occupied orbitals. Such orbital ordering may be driven However, in case of orbital degeneracy, which is not
by other factors than lattice distortions, e.g., by exchangeonsidered in the Heisenberg model, the situation may be
interactions [6]; of course, the lattice always follows drastically different. An orbital ordering may occur which
to some extent. The strongest effects of this kind argnakes the exchange interaction strongly nonuniform,
observed in TM compounds with a twofole, orbital  thereby invalidating the standard Heisenberg model. We
degeneracy [e.g., those containing Mtw*), Co**(d”),  will illustrate this by considering a hexagonal plane, each
or CU#*(d°) in octahedral coordination]. Some well- site consisting of a threefold degeneratglevel. In this
known examples are the Mh spinels, LaMnQ, particular crystal structure, the exchange interactions are
and KCuFk [6]. mainly due to directr,,-t,, overlap [8]. An estimate

In this Letter, we discuss the very interesting situ-of the superexchange interactions via oxygen shows that
ation that may exist in systems with partially filleg, ~ these are, for reasonable parameter values, about an order
shells, in which orbital ordering can drive the systemof magnitude smaller than the direct exchange. We
into a spin-singlet state without any long-range magnetiglescribe the system by a degenerate Hubbard model;
order. Specifically, we describe in this Letter a new classinlike the Heisenberg model, it takes into account the
of orbitally ordered systems involving threefold degener-dependence of exchange interactions on the particular
ate orbitals in a triangular two-dimensional lattice. Thisorbital occupation. The Hamiltonian is
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where ¢t and ¢! are the usual creation and annli- (FM) and we assumg = 0. Also for two empty orbitals
hilation operators for an electron on siie in orbital  with o overlap, we havg = 0. Using this nonuniform
a € {dyy,dy.,d.} with sping. U, andU, are Coulomb exchange, we can still apply the Heisenberg model to
integrals for orbitals of equal and unequal spatial sym-calculate the mean field energy.
metry, andJy is the intra—atomic Hund’s rule exchange To account for the correct energy zero, it is convenient
energy. The last (intersite) term Af contains the nearest- to calculate the energies of the FM and AFM spin
neighbor hopping integrals;(«, 8). The constant first orderings for the two orbital orderings of Fig. 1. In the
term of H is defined such that if the hopping term is zero,case of Fig. 1(a), the magnetic couplings are present in
the ground state energy is zero. For simplicity, we willtwo directions only, and the situation is equivalent to a
consider only theo-bonding matrix elements (Fig. 1); square Heisenberg lattice. FoFf sites, the mean field
other @r-bonding) matrix elements are about three timesnergy of the AFM (Néel) state igl(fl):M = —4NJ, while
smaller [9]. Because the exchange interactions are prahe FM state, in which electron hopping is not possible,
portional to#? in lowest order, they are determined pri- js at El(ﬁ\)a = 0. In Fig. 1(b), a three orbital sublattice
marily by the pairs of strongly overlapping orbitals. is formed, and thev/3 triangles are magnetically de-
In a nearest-neighbor Heisenberg model, one woul@oupled. For the given orbital ordering, a single triangle
assume a uniform antiferromagnetic (AFM) exchangecan be described by a three-site Heisenberg Hamiltonian.
leading to a frustrated system. This is a good starting; is straightforward to calculate the energy difference
point for systems with threefold occupieg, levels, like  petween the AFM and FM configurationg(S,,, = 0)-
Cr’* compounds. However, for a twofold occupation anE(S,; = 3) = —6J. However, unlike the situation in
orbital degeneracy is present. The frustration can nowig. 1(a), electrons can still hopetweenclusters in
be removed by an orbital ordering: the two most obviousyoth the FM and AFM states. Taking into account this
possibilities are shown in Fig. 1. We will show now «glectronic” contribution to the total energy, which is
that these two configurations have, to lowest order i“—2¢2/U per site, we obtain agaiEX?FM — —4NJ.
perturbation theory, the lowest possible mean field energy. \we see that the frustration can be removed by differ-
We go only one step beyond the Heisenberg model, stilb orhital orderings. However, we note that #&a x
assuming a large Hund’s rule coupling but now aIIowing\/ga ordering of Fig. 1(b) is particularly favorable be-
different orbital occupations, with occupation dependentgse only bonds within the clusters are doubly occupied.
intersite exchange couplings. Only if two orbitals with Tps tacilitates a further energy lowering due a lattice dis-

o overlap are both occupied, we have, according Qg tion by increasing thel-d hybridization in all doubly
the Goodenough-Kanamori-Anderson (GKA) rules [8], agccupied bonds. Indeed, there is experimental evidence
strong AFM exchange coupling betweeh= 1 spins: o 4 unit cell tripling in LiVO, [10].

J =1*/U. If only one electron participates in the ¢ study the characteristics of such triangles in LiyO
bond, the exchange is much weaker and ferromagnetigng to verify if the orbital ordering as shown in Fig. 1
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FIG. 1. Schematic view of,, orbitals in a hexagonal plane. Only in-plane lobes are drawn. Dashed lines reprebentls.
The filled and open shapes for occupied and unoccupied orbitals depict two different orbital orderings (a) and (b). In (b), a

V3a X /3 a superlattice is formed, spanned by the vectoandb. The energy diagram shows the mean field energies for AFM
and FM spin configurations.
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S = 1 states. However, we do not consider it in Fig. 3
for the following reason. A lattice off = 3 clusters
would be extremely unfavorable because the frustration
between triangles is not removed in this case. The
periodic continuation of thes = 3 state would yield a
FM state, while we have strongly AFM intersite exchange
interactions. Consequently, this state would be pushed up
strongly in energy (outside the energy range of Fig. 3)
if interactions between clusters were taken into account.
Therefore theS = 3 state is not a possible candidate for
the ground state of the full lattice.

It is obvious that the orbital ordered singlet state
FIG. 2. The triangular V ion cluster in a cubic approximation. becomes favorable for large i.e., if the AFM intersite

Only strongly overlapping lobes of, orbitals are drawn. The €xchange/, is much larger than the on-site FM exchange
positions of O ions are also indicated. Ju. However, it is stabilized with respect to the triplet

state already at a moderatevalue, for which thelocal
_ ~ spin squared([Si.c|?), as shown in Fig. 3) is still close
is also favorable on a local scale, we have carrieqqg the free ion value of 2. To understand this, we
out an exact diagonalization df for three sites. For cajculate the singlet and triplet energigs and Er in
Vo" we estimatel/, ~ 5-12 eV, U, =~ 3.6 eV,and/y =  second order degenerate perturbation theory.inBy
—0.8 eV, by fitting V (4°) atomic term energies [11], ysing a basis set of six-electron spin eigenfunctions,
and assuming af, Slater integral of 4 eV [12,13]. The and considering exchange interactions between individual
calculation for this cluster, as depicted in Fig. 2, involvedg|ectrons instead of betweefi = 1 entities, we can
7056 basis states. We treat the magnitude of the largegcount for the finite Hund's rule coupling and a possible
hopping integrals as a parametganging from 0t0 1 V.  owering of the local spin moment. Assuming a uniform
From this study we determined the energy, type of orbitatooylomb interactionU, we have an AFM (pairwise)
ordering, and spin configuration for the lowest energyaxchange constant, = 4s2/(U — Jy). We can now
states as a function of The energies of these states (With ggtimaters = —37,/2 + (3J3)/(4Jy). TheJ3 term (of
total spins of 0, 1, and 2) are shown in Fig. 3. __order r*) is due to mixing with anothesS,,, = 0 state
We find that the lowest singlet state has the orbitakhat js only27, higher in energy. This mixing becomes
ordering as (_j|§qussed _before, ie., Wlth all electrons ipparent in Fig. 3 by the slight lowering of the local
strongly hybridizing orbitals. The ordering of the other \oment. Note that fafy — = we obtain the Heisenberg
states of Fig. 3 is quite different. The lowest= 1 state  gound state energy. For the lowest triplet state one
has one “spectator” electron that does not participate igoypling is ferromagnetic, yieldingey = —(5/4)J4 —
f[he bondlng. One of the strongly hybrldllzmg orbitals 2/(U + Jy). Here ar* term is absent because the lowest
is unoccupied now, leading tofarromagneticexchange {riplet state does not couple ., = 1 states with higher
for the corresponding bond. The frustration in this bondy,_sjte exchange energy. Therefor, decreases more
is now removed and the triplet is therefore more stablgyickly with ¢ than E7, and eventually becomes smaller.
than the singlet for smalr. The lowestS =2 and e can roughly estimate the value forin undistorted
§ =3 states have two and three spectator electrong,iyo, at 0.5 eV [9], which is somewhat smaller than
respectively. Forr <1 eV, the energy of the lowest he ; value for whichEs < Er. However, we should
§ = 3 state is comparable to that of the lowsst= 0 and  pear in mind that for all values of < 7., the energy
difference between singlet and triplet is very small. As
noticed before, a lattice distortion accompanying trimer

—04 M P formation increases, thereby stabilizing the singlet. We
=~-08 | *»*‘*‘*\*3 1 « conclude that the orbital ordering of the singlet state is
3—0.8 - 00 ] g not unfavorable on a local scale, and compatible with the
2 -1 aean, 1,2 ordering in Fig. 1(b). _ _

& _12F 05008 Bgoopg § The scenario described above explains the main proper-
) 14 E b, | 2 ties of LiVO,, which exhibits a first order phase transition
Tr - [14,15] ataround’, = 500 K. The most peculiar property
-16 om0 is a change from a high temperature paramagnetic phase
t (V) with a Curie-Weiss susceptibility « (7 + 0)~! (with

FIG. 3. Properties of the V triangle as a function of el a very large ”eg‘f"“"@ = —1800 K, corresponding to a

hybridization: energies of the lowesto = 0 (A), Sw = | large AFM coupling), toa low temperature nonmagnetic
(), and S, = 2 (o) states, and expectation value of the local System without any sign of long-range order [10]. The
spin squared+). high temperature susceptibility is consistent with a local
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moment ofS = 1, as expected for &> configuration in  occur in other cases, if some form of frustration is
the presence of a strong on-site Coulomb interaction. Represent. Our results explain quite naturally the main
cent x-ray absorption experiments [16] confirmed this obproperties of LiVQ which undergoes a phase transition
servation, and also suggested there is little, if any, changi@to a spin-singlet phase at low temperature, while the
in the local electronic structure on going through the phasécal spin configuration of each V ion remains essentially
transition and a retention of the local moment belBw unchanged. It would be interesting to investigate also

Goodenough [8,17] interpreted the phase transitiorother systems having a similar orbital and crystal structure
in terms of the formation of trimers below,. In (Ti dihalides, NaTiQ) or materials with other types
this model, the nonmagnetic behavior is attributed toof orbital degeneracy. Another interesting issue is the
molecular orbital formation in the basal plane, whichcharacter of elementary excitations in such systems.
would quench the local spin moment. The trimerizationOrbital degrees of freedom may either give rise to
model is supported by x-ray diffraction [10] and extendednew collective modes (orbital waves—"orbitons”) or
x-ray-absorption fine structure [18]. Furthermoféy  may strongly renormalize other elementary excitations
NMR experiments [19] revealed the development of ajphonons, magnons).
large and asymmetric electric field gradient at the V site This investigation was supported by the Netherlands
below T;, which was also explained qualitatively by a Foundation for Chemical Research and the Netherlands
symmetry lowering. However, the molecular orbital limit Foundation for Fundamental Research on Matter, with
is definitely not consistent with the retention of a localfinancial support from the Netherlands Organization for
S = 1 state found experimentally [16]. the Advancement of Pure Research.
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