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LiV 2O4 is one of the most puzzling compounds among transition metal oxides because of its heavy-fermion-
like behavior at low temperatures. In this paper we present results for the orbital state and magnetic properties
of LiV 2O4 obtained from a combination of density functional theory within the local density approximation
and dynamical mean-field theory~DMFT!. The DMFT equations are solved by quantum Monte Carlo simu-
lations. The trigonal crystal field splits the V 3d orbitals such that thea1g andeg

p orbitals cross the Fermi level,
with the former being slightly lower in energy and narrower in bandwidth. In this situation, thed-d Coulomb
interaction leads to an almost localization of one electron per V ion in thea1g orbital, while theeg

p orbitals
form relatively broad bands with 1/8 filling. The theoretical high-temperature paramagnetic susceptibilityx(T)
follows a Curie-Weiss law with an effective paramagnetic momentpeff51.65 in agreement with the experi-
mental results.

DOI: 10.1103/PhysRevB.67.085111 PACS number~s!: 71.27.1a, 71.10.Hf
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I. INTRODUCTION

Heavy-fermion~HF! materials are typically intermetallic
compounds containing Ce, U, or Yb atoms. They are cha
terized by extraordinarily strongly renormalized effecti
massesm* '10021000me ,1–3 as inferred from the elec
tronic specific heat coefficientg(T)[Ce(T)/T at low tem-
perature. They also show an apparent local moment p
magnetic behavior with a strongly enhanced s
susceptibility x at low temperatures. The discovery b
Kondoet al.4 of the HF behavior in LiV2O4 with a Kondo or
spin fluctuation temperatureTK;28 K has significant impor-
tance, because this is the firstd-electron system that show
HF characteristics. Kondoet al. reported a large electroni
specific heat coefficientg'0.42 J/(mol K2) at 1 K, which is
much larger than those of other metallic transition me
compounds such as, e.g., Y12xScxMn2 @g
&0.2 J/(mol K2)#5 and V22yO3 @g&0.07 J/(mol K2)#.6

Also a crossover from the local moment to a renormaliz
Fermi-liquid behavior was observed with decreasing te
perature. Recently Uranoet al.7 reported that the electrica
resistivity r of single crystals exhibits aT2 temperature de-
pendencer5r01AT2 with an enormousA, which as in con-
ventional HF systems scales withg2.8 In the temperature
range 50–1000 K the experimental magnetic susceptib
follows a Curie-Weiss law with a negative Curie-Weiss te
perature, which indicates a weak antiferromagnetic~AF! V-V
spin interaction~see later in the text!. No magnetic ordering
was observed down to 0.02 K.4

These unexpected phenomena entailed numerous ex
ments, which confirmed the HF behavior of LiV2O4 in a
variety of physical quantities: Johnstonet al.9 carried
out specific heat and thermal expansion measureme
Hayakawaet al.10 investigated Metal-Insulator transition i
0163-1829/2003/67~8!/085111~11!/$20.00 67 0851
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LiTi 22xVxO4 at x.1. Kondoet al.11 described the synthe
sis, characterization and magnetic susceptibility versus t
perature. Onodaet al.12 explored spin fluctuations and tran
port in the spinel systems LixMg12xV2O4 and
Li xZn12xV2O4 through measurements of x-ray diffractio
electrical resistivity, thermoelectric power, magnetizatio
and nuclear magnetic resonance~NMR!. The electron-spin
resonance~ESR! and the magnetic susceptibility in pure an
doped LiV2O4 were measured by Lohmannet al.13 Photo-
emission studies of the hole doped Mott insula
Li12xZnxV2O4 were done by Fujimoriet al.14 A series of
7Li-NMR experiments were carried out by Fujiwaraet al.15

for LiV 2O4 and also for Li12xZnxV2O4.16 The Knight shift,
spin susceptibility and relaxation times were determin
from 7Li-NMR experiments by Mahajanet al.17 Krimmel
et al.18 presented results for the magnetic relaxation
LiV 2O4 obtained by means of quasielastic neutron scatter
Trinkl et al.19 investigated spin-glass behavior
Li12xZnxV2O4. Urano et al.7 experimentally observed re
sults for C(T), x(T), resistivity r(T) and Hall coefficient
RH(T) for single crystal samples. Recently, Leeet al.20 per-
formed inelastic neutron scattering measurements and F
waraet al.21 studied the spin dynamics under high pressu
A review of various experiments and theoretical research
collected in the work of Johnston.22

Let us summarize the experimental efforts concerning
measurements of the spin susceptibilityx(T). As mentioned
before, a temperature dependent spin susceptibilityx(T) is
observed in the temperature range from 50 to 1000 K, wh
fits well to the Curie-Weiss law4,7,9–13,15–17,19,20,22–30x(T)
5x01C/(T2u). However, depending on the quality o
samples and experimental techniques, the values of the C
constant C obtained from fitting the experimental data are
the range from 0.329–0.468 cm3K/mol.17,26 More important
and of direct physical importance is the value of the effect
©2003 The American Physical Society11-1
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paramagnetic momentpeff , which is defined via the Curie
constant aspeff

2
ª3CkB /(NAmB

2). The extracted valuepeff

lies in the range between 1.62 and 2.1.20,29 The Curie-Weiss
temperature obtained in those experiments is also slig
different and encompasses the intervalu5220•••260 K,
which indicates a weak antiferromagnetic~AF! V-V spin in-
teraction. If one further assumes that the effective spin va
is S51/2, an experimental estimation of the Lande´ factor
g25peff

2 /@S(S11)# leads to values between 1.87 an
2.23.17,26

From a theoretical point of view, LiV2O4 has been inten-
sively studied by standard band structure calculations
various groups using different implementations of dens
functional theory31 ~DFT! within the local density approxi-
mation ~LDA !.32 Anisimov et al.33 investigated the possibil
ity of localization of thed-states in LiV2O4 within the lin-
earized muffin-tin orbitals~LMTO! basis34 supplemented by
the LDA1U method.35 The electronic structure was furthe
more studied by Eyertet al.36 with the scalar-relativistic aug
mented spherical wave~ASW! basis,37 while Matsuno
et al.38 used a full-potential, scalar-relativisti
implementation39 of the linear augmented plane wav
~LAPW! approach40 for the band structure calculation an
furthermore applied a simple tight-binding~TB! model.41

Singhet al.42 also used the full potential LAPW~Refs. 43–
45! for calculating the band structure and a TB-LMT
method34 to analyze the band symmetry.

A relative comparison of LiV2O4 and lithium titanate
(LiTi 2O4) with original HF systems was done by Varma46 to
provide some qualitative understanding of these compou
The two-band Hubbard model in the slave-boson mean-fi
approximation was applied to LiV2O4 by Kusunoseet al.47

to investigate the evolution of bands due to the Coulo
interactions. Hopkinsonet al. presented a simple two-ban
model48 and at-J model with a strong Hund’s coupling fo
thed electrons49 to find evidence for a two-stage screening
LiV 2O4. Fujimoto investigated the Hubbard chains netwo
model on corner-sharing tetrahedra as a possible microsc
model for the HF behavior in LiV2O4.50 The competition
between the Kondo effect and frustrating exchange inte
tions in a Kondo-lattice model within a large-N approach for
the spin liquid together with dynamical mean-field theo
were studied by Burdinet al.51

Despite all this theoretical effort, there does not yet ex
an undisputed microscopic explanation of the HF behavio
LiV 2O4 at low temperatures. It has been attempted to exp
the low-temperature properties of LiV2O4 by a mechanism
analogous to one for systems with local moments on a p
chlor lattice, which are frustrated with respect to the antif
romagnetic interactions. An attempt to provide a microsco
model based on material properties of LiV2O4, which does
not evoke the idea of frustration was suggested by Anisim
et al.33 Their basic idea is a separation of the electrons
partially filled t2g orbitals into localized ones, forming loca
moments, and delocalized ones, producing a partially fi
metallic band. The hybridization between those two subs
of electrons, as inf-electron materials, can give rise to heav
fermion effects. However, in this work the conclusions we
08511
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based on an LDA1U calculation,35 which is essentially a
static mean-field approximation and surely too crude to g
a proper description of LiV2O4.

The present work reports on the investigation of the
bital state and the magnetic properties of LiV2O4 using the
LDA1DMFT~QMC! approach. This material specific theo
extracts informations about the noninteracting band struc
from a DFT/LDA calculation, while treating the local Cou
lomb interactions via the dynamical mean-field theo
~DMFT!, which is a well-established nonperturbative a
proach to study localization effects in strongly correlated m
terials. The resulting DMFT equations are then solved
quantum Monte Carlo simulations. The main goal of th
study is to further explore the idea of a separation of thd
electrons in LiV2O4 into two subsets, localized and itinera
as proposed in Ref. 33. The rest of the paper is divided
two parts: In the first we discuss standard DFT/LDA resu
~Sec. II! and then present our LDA1DMFT~QMC! results in
the second~Sec. III!. A short summary concludes the pape

II. LiV 2O4: DFT ÕLDA RESULTS

A. Crystal structure and d orbital splitting

LiV 2O4 has the fcc normal-spinel structure with nonsym
morphic space groupFd3m and was first synthesized b
Reuter and Jaskowsky in 1960.52 The Li ions are tetrahe-
drally coordinated by oxygens, while the V sites are s
rounded by a slightly distorted edge-shared octahedral a
of oxygens~Fig. 1!. The corresponding unit cell of the face
centered cubic lattice contains two LiV2O4 formula units~14
atoms! with four V atoms, which form a tetrahedron~Fig. 2!.
The LiV2 substructure is the same as theC15 structureAB2,
where the local moments at theB sites are highly
frustrated.53 The observed lattice constant of LiV2O4 is
8.22672 Å at 4 K.54 The eight oxygen atoms in the primitiv
cell are situated at the 32e-type sites, at positions which ar
determined by the internal-position parameterx50.2611 in
units of the lattice constant.

The total space group of the crystal is cubic but the lo
point group symmetry of the V ion crystallographic positio

FIG. 1. The normal-spinel crystal structure of LiV2O4 is formed
by the oxygen edge-shared octahedra with V atoms at the cen
V: large dark spheres; O: small dark spheres.
1-2
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is trigonalD3d . The different trigonal axes of every V atom
in the unit cell are directed towards the center of the tetra
dron ~Fig. 2!. Since the formal oxidation state of V is non
integer V3.51 ~configurationd1.5) and the V ions are crystal
lographically equivalent, LiV2O4 must be metallic as it is
observed.52

The octahedral crystal field at the V sites in the spi
structure splits the V 3d bands into three degenerate a
partially filled t2g bands and two emptyeg

s bands. The Ferm
level lies within thet2g complex, thus the transport prope
ties of LiV2O4 are solely associated with thet2g bands. The
trigonal symmetry of the V ions splits the cubict2g levels
into onea1g and two degenerateeg

p levels~Fig. 3!. However,
this splitting is not large enough to separate thet2g band into
two subbands.38

B. DFTÕLDA band structure

Based on DFT/LDA~Refs. 31,32! within the LMTO
method,34 we performed first-principle calculations of th
electronic structure of LiV2O4. The radii of the muffin-tin
spheres were RLi52.00 a.u., RV52.05 a.u., and RO
51.67 a.u. The resulting densities of states~DOS! are shown
in Figs. 4 and 5. In Fig. 4, there are three well-separated
of bands: completely filled O-2p bands, partially filledt2g

bands, and emptyeg
s bands. The bands in the energy ran

from 28 eV to 23 eV originate mainly from O-2p states

FIG. 2. Tetrahedron formed by four V atoms~large dark
spheres! in the spinel unit cell and the trigonal axes for each
atom.

FIG. 3. Schematic picture of the electronic level distributi
caused by the strongp-d hybridization in the trigonally distorted
octahedral crystal field. The notationst2g andeg

s correspond to the
irreducible representations of the cubicOh group,a1g andeg

p to the
irreducible representations of theD3d group.
08511
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and have only small admixtures from V-3d states. The uppe
two groups of bands, which extend from21.0 to 0.8 eV and
from 2.3 to 3.2 eV, are predominantly derived from the V-3d
states. Although additional small O-2p contributions are ap-
parent in this energy range, thep-d hybridization is much
reduced compared to other early transition metal oxide55

Due to the crystal field of the slightly distorted octahed
coordination of the V atoms by the oxygen atoms, a cl
separation of the 3d t2g andeg

s groups of bands is visible in
Fig. 4. Whereas the former states appear exclusively aro
the Fermi energy, theeg

s states prevail at higher energie
Contributions of the V 3d states to the oxygen-derived ban
originate almost exclusively from theeg

s states, which form
s bonds and experience a strong overlap with the O-p

FIG. 4. DOS of LiV2O4 calculated with the LDA-LMTO
method. Upper figure: V-3d ~full line! and O-2p ~dashed line!
DOS; lower figure: partial V-3d(t2g) ~full line! and V-3d(eg

s)
~dashed line! DOS. The Fermi level corresponds to zero energy

FIG. 5. Partial V-3d(t2g) DOS of LiV2O4 calculated with the
LDA-LMTO method:a1g ~full line! andeg

p ~dashed line! projected
DOS. The center of gravity of thea1g orbital isca1g

50.14 eV; that
of theeg

p orbital isce
g
p50.40 eV. The LDA-calculated occupancie

of thea1g andeg
p orbitals,na1g

50.60 andne
g
p50.45, are nearly the

same. The Fermi level corresponds to zero energy.
1-3
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states. In contrast, thet2g orbitals, which give rise top
bonds, yield only a negligible contribution in this energ
range. In addition top-d bonds, thet2g states experience
strong s-type overlap with thet2g orbitals at neighboring
vanadium sites of the fcc sublattice. Hence, thesed states
take part in two different types of bonding, namely,s-type
V-V and p-type V-O bonding, which leads to two differen
bandwidths fort2g andeg

s states. Since both the metal-met
and metal-oxygen bonds are mediated through the sam
bital, a simple analysis of the partial DOS would not allow
distinguish the different roles played by thet2g orbitals. Ey-
ert et al.36 used a local coordinate system with theZ axis
along the trigonal direction~111! pointing towards the cente
of the tetrahedron formed by V ions~see Fig. 2! and plotted
the V d3z22r 2, dxz1dyz , and dx22y21dxy partial DOS.
While d3z22r 2 orbitals are of puret2g character, the othe
four orbitals comprise a mixture oft2g and eg

s states. We
have calculated the partial DOS fora1g andeg

p orbitals, us-
ing the irreducible representations of theD3d group accord-
ing to Terakuraet al.56 with the following linear combina-
tions of thet2g cubic harmonics: thea1g orbital is given by
(xy1xz1yz)/A3 and the twoeg

p orbitals by (zx2yz)/A2
and (yz1zx22xy)/A6. These three particular linear com
binations are valid if the coordinate axesX, Y, and Z are
directed along V-O bonds. If theZ direction is chosen along
one of the trigonal axes described above, then thea1g orbital
is the 3z22r 2 orbital in the local coordinate system.

The projected partial LDA DOS of thea1g and theeg
p

orbitals are shown in Fig. 5. The bandwidth of thea1g orbital
Wa1g

51.35 eV is almost a factor of 2 smaller than theeg
p

bandwidth We
g
p52.05 eV. Nonetheless, we found withi

LDA for all three t2g derived orbitals nearly the same occ
pancies: na1g

50.60 and ne
g
p50.45. Almost all spectra

weight of thea1g orbital is concentrated around the Ferm
level in the region from20.2 to 0.3 eV. In contrast to thea1g

orbital theeg
p DOS is flat at the Fermi level. The largest pa

of the spectral weight of theeg
p orbitals is situated in the

interval from 0.3 to 0.85 eV. Despite such a different spec
weight thea1g andeg

p bands are not completely separated
energy. However, there is a significant difference in the c
ters of gravity calculated from the corresponding par
DOS, which can be interpreted as a measure for the trigo
splitting of thet2g states.

The trigonal splitting is much smaller than the bandwid
but has a great importance for the understanding of the p
ics of the LiV2O4 system in the presence of strong Coulom
interaction. The value and the sign of the trigonal splitti
will determine the orbital in which the V 3d electrons should
be localized when a strong Coulomb interaction, which
larger than the bandwidth, is taken into account.33 We found
that this trigonal splitting value is very sensitive to the acc
racy of the band structure calculations. In order to incre
the accuracy, the overlap between atomic spheres in
LMTO calculation was set to zero and more empty sphe
were introduced. For the following wedefine the trigonal
splitting of the t2g states as the difference of the centers
gravity of thea1g and theeg

p projected DOS. We find that th
08511
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a1g center of gravity is 0.26 eV lower than that of theeg
p

band (ca1g
50.14 eV, ce

g
p50.40 eV; see Fig. 5!. One can

thus conclude from our LDA calculations that thea1g orbital
is more favorable for the localization of electrons.

The effective massm* is known to be a measure for th
Coulomb correlations and can be obtained from the e
tronic specific heat coefficientg at low temperatures. From
the LDA-calculated electronic specific heat coefficientgLDA,
one can infer the ratio of the effective mass to the band m
m* /mb5g/gLDA. Here, the former is related to the LDA
DOS at the Fermi level viagLDA5p2kB

2NAD(EF)/3, andg
is the experimental value of the electronic specific heat
efficient taken from.4 For LiV2O4 we foundm* /mb'25.8,
which is in good agreement with previous results.38 Such a
huge enhancement of the quasiparticle massm* is a strong
evidence that Coulomb correlations are important in LiV2O4
and have to be taken into account in order to describe
physics of this system.

III. A MICROSCOPIC THEORY FOR LiV 2O4

A. LDA¿DMFT „QMC … scheme

Based on thed5` limit,57 the dynamical mean-field
theory ~DMFT! ~Refs. 58–60! was developed as a nonpe
turbative approach to describe strongly correlated elec
systems. It permits the calculation of electronic spectra
systems with local electronic Coulomb correlations. T
LDA1DMFT approach is a merger of the DFT/LDA and th
DMFT techniques.61,62 It combines the strength of the DFT
LDA, viz describing the weakly correlated part of theab
initio Hamiltonian, i.e., electrons ins andp orbitals and the
long-range part of the Coulomb interaction, with the abil
of the DMFT to treat electronic correlations induced by t
local Coulomb interaction. In this paper we will only briefl
discuss the relevant parts of the LDA1DMFT approach and
refer the reader to a recent report by Heldet al.63 for more
details.

For a given material, one can extract a LDA Hamiltoni
ĤLDA

0 and supplement the local Coulomb interactions

Ĥ5ĤLDA
0 1U(

m
(

i
n̂im↑n̂im↓

1(
i

(
mÞm8

(
ss8

~U82dss8J!n̂imsn̂im8s8 . ~1!

Here, the indexi enumerates the V sites,m denotes the indi-
vidual t2g orbitals, ands the spin.HLDA

0 is a one-particle
Hamiltonian generated from the LDA band structure with
averaged Coulomb interaction subtracted to avoid a dou
counting of the Coulomnb interaction.61 U is the local in-
traorbital Coulomb repulsion andJ the exchange interaction
The local interorbital Coulomb repulsionU8 is then fixed by
rotational invariance:U85U22J. The actual values forU
andU8 can be obtained from an averaged Coulomb para
eterŪ and Hund’s exchangeJ, which can be calculated with
LDA. The quantityŪ is related to the Coulomb paramete
U andU8 via
1-4
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Ū5
U1~Norb21!U81~Norb21!~U82J!

2Norb21
, ~2!

whereNorb is the number of interacting orbitals (Norb53 in
our case!. SinceU andU8 are not independent, the two va
ues Ū and J are sufficient to determineU from this
relation.63,69

The DMFT maps the lattice problem~1! onto an effective,
self-consistent impurity problem. A reliable method to sol
this ~multiband! quantum impurity problem is provided b
quantum Monte Carlo~QMC! simulations,64 which are com-
bined with the maximum entropy method65 for the calcula-
tion of spectral functions from the imaginary time QM
data. This technique has been applied to calculate prope
of several transition metal oxides.66,68,70

A computationally important simplification is due to th
fact that in cubic spinel thet2g states do not mix with theeg

s

states. In this particular case the self-energy matrixSms(z)
is diagonal with respect to the orbital and spin indices. Un
this condition the Green functionsGms(z) of the lattice
problem can be expressed in the DMFT as Hilbert transfo
of the noninteracting DOSNm

0 (e),

Gms~z!5E de
Nm

0 ~e!

z2mBBs2Sms~z!2e
. ~3!

This procedure avoids the rather cumbersome and prob
atic k integration over the Brillouin zone by the analytic
tetrahedron method.71 The LDA DOS Nm

(0)(e) for different
orbitals ~different m) of the 3d t2g states in LiV2O4 is dis-
played in Fig. 5.

A particularly interesting quantity for LiV2O4 is the mag-
netic susceptibilityx(T). In order to calculatex(T) we use
the definition x(T)5 limB→0M (T)/B, where M (T) is the
magnetization due to the applied magnetic fieldB. Obvi-
ously,M (T) can be obtained directly from the QMC data v

M ~T!5mB (
m51

Norb

~^nm↑&2^nm↓&! ~4!

and

^nms&5Gms~t501!. ~5!

Since QMC results are subject to both statistical and syst
atic errors, a direct evaluation ofM (T)/B for small B will
inevitably lead to unpredictable scattering of the results
x(T). To avoid these problems, we perform calculations
M (T,B) for a series of small fieldsB and extractx(T) from
a least-squares fit as the slope ofM (T,B) asB→0.

B. Single-particle properties

The DMFT calculations are based on the DFT/LDA-DO
Nm

0 (e) for the a1g and eg
p orbitals presented in Fig. 5. Th

total number of electrons in these three orbitals was fixed
n51.5, in accordance with the13.5 valency of V ions in
LiV 2O4. The d-d Coulomb interaction parameterŪ
53.0 eV and exchange Coulomb interaction parameteJ
50.8 eV were calculated33 by the constrained LDA
08511
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method.72 The temperature used in our QMC simulatio
was approximately 750 K. While the scheme in princip
poses no restrictions on the temperature values, the Q
code used presently limits our calculations to these ra
high temperatures because of computing power limitation66

The partial DOS ofa1g andeg
p orbitals obtained from the

analytical continuation of the QMC results are shown in F
6. In comparison with the non-interacting case~see Fig. 7!, a
considerable transfer of spectral weight has taken place
pecially thea1g orbital appears to be strongly renormalize
by Coulomb interactions. Furthermore, in contrast to
LDA results, where the occupation of thea1g andeg

p orbitals
is roughly the same, the DMFT yieldsna1g

'0.9 andne
g
p

FIG. 6. Partiala1g and eg
p DOS for LiV2O4 calculated with

LDA1DMFT~QMC! for Ū53.0 eV andJ50.8 eV. The noninter-
acting DOSNm

0 (e) used in the LDA1DMFT calculations are pre-
sented in Fig. 5. The LDA1DMFT~QMC! occupancies of thea1g

andeg
p orbitals arena1g

50.88 andne
g
p50.31. The Fermi level cor-

responds to zero energy.

FIG. 7. LDA1DMFT~QMC! calculated DOS for LiV2O4 ~solid

line; Ū53.0 eV andJ50.8 eV) in comparison with noninteractin
LDA a1g and eg

p DOS ~dashed line!. Please note that for a mor
convenient comparison the LDA1DMFT~QMC! DOS were magni-
fied in intensity by a factor of 5. The Fermi level corresponds
zero energy.
1-5



tr

to
d

c-
at
C

th

o

o

th

F
ion
o
in
rg

ig
il-
ic
c
ei
-

w

f

b

-
gu-
ad-
e

n-
ly

his
.,
ber

e
her
ent

a-

n

u-

il-

l
one

I. A. NEKRASOV et al. PHYSICAL REVIEW B 67, 085111 ~2003!
'0.3. These numbers clearly demonstrate that one elec
is nearly localized in thea1g orbital, while theeg

p states
remain weakly correlated and metallic with a filling close
1/8. Nevertheless, theeg

p orbitals are remarkably broadene
by Coulomb interactions in comparison with the LDA pi
ture ~Fig. 7!. Slight differences between the two degener
eg

p orbitals originate from the statistical nature of the QM
method and the following analytical continuation wi
MEM.

Earlier, correlation effectcs in the electronic structure
LiV 2O4 were taken into account by the LDA1U method.33

The main result of this calculation was the localization
one V 3d electron per V ion in thea1g orbital (na1g

50.84). Since this calculation33 was based on the LDA1U
method, i.e., a static Hartree theory, the localization of
a1g orbital could only be achieved by imposing anartificial
antiferromagnetic order. It is obvious, that our present DM
calculation substantially improves on this former calculat
in that it is correctly done in the paramagnetic state and d
not require any further manipulations. The magnetic order
and static mean-field approximation lead to the larger ene
splitting of thea1g and eg

p peaks in partial DOSes~Fig. 8!
and, hence, stronger localization of thea1g orbital compared
with paramagnetic DMFT calculations~Fig. 6!.

To discuss the origin of the structures in the DOS of F
6, it is helpful to look at the spectrum of the atomic Ham
tonian and the corresponding positions of the one-part
excitations. The states corresponding to atomic occupan
up to two electrons are listed in Table I together with th
energies. Since the HubbardU is large and we have to ac
commodate 1.5 electrons, with one electron in thea1g or-
bital, the ground state has to be a suitable mixture of t
states, which both have a singly occupieda1g orbital, but
differ in the occupancy of theeg

p orbitals. The inspection o
all possibilities in Table I leaves onlyus&u0&u0&, us&us&u0&
and us&u0&us& as candidates. In order for these three to
~nearly! degenerate,ea1g

1De1U82J50 or ea1g
52U8

1J2De. Inserting the numbers forU8 andJ and the LDA

FIG. 8. LDA1U results~Ref. 67! for spin-resolved partiala1g

and eg
p DOS for LiV2O4 (Ū53.0 eV and J50.8 eV). The

LDA1U occupancies of thea1g andeg
p orbitals arena1g

50.84 and
ne

g
p50.33. The Fermi level corresponds to zero energy.
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value for De leads toea1g
'23.1 eV. The possible one

particle excitations with respect to this ground state confi
ration and their energies can now be constructed easily, le
ing to the results in Table II. It is important to note that th
single-particle excitations of thea1g orbital with v0,0 have
two distinct contributions, namely one of the usual type ‘‘si
gly occupied→ unoccupied,’’ and a second that actual
involves a doubly occupied state build of a mixture ofa1g

and eg
p states, i.e., a mixed-valent state. The energy of t

latter excitation is given directly by the trigonal splitting, i.e
this feature can also serve as a means to extract this num
from photoemission experiments.

That the excitations listed in Table II directly map to th
peaks in the DOS Fig. 6 can be shown by using anot
technique to solve the DMFT equations, namely resolv
perturbation theory and NCA~see, e.g., Ref. 69!. This ap-
proach allows for a direct identification of different excit
tion channels~i.e., different initial particle numbers! and a
distinction betweena1g andeg

p states. The result is shown i
Fig. 9, where the black lines denotea1g and the gray oneseg

p

single-particle excitations. Full lines stand for a singly occ

TABLE I. Eigenstates and eigenenergies of the atomic Ham
tonian for total occupations less or equal to 2.ea1g

denotes the one
particle energy of thea1g orbital and De'0.26 eV the trigonal
splitting betweena1g andeg

p orbitals.

a1g eg
1 eg

2 Energy

u0& u0& u0& 0
us& u0& u0& ea1g

u0& us& u0& ea1g
1De

u0& u0& us& ea1g
1De

u2& u0& u0& 2ea1g
1U

us& us8& u0& 2ea1g
1De1U82Jdss8

us& u0& us8& 2ea1g
1De1U82Jdss8

u0& u2& u0& 2ea1g
12De1U

u0& u0& u2& 2ea1g
12De1U

u0& us& us8& 2ea1g
12De1U82Jdss8

TABLE II. Single-particle excitations for the atomic mode
filled with 1.5 electrons. For spin-degenerate processes only
representative is listed.

a1g orbital
Excitation process Excitation energyv0

us&u0&u0&→u0&u0&u0& ea1g

us&us&u0&→u0&us&u0& 2De
us&u0&u0&→u2&u0&u0& ea1g

1U

eg
p orbitals

Excitation process Excitation energyv0

us&u0&u0&→us&us&u0& 0
us&us&u0&→us&u0&u0& 0

us̄&u0&u0&→us̄&us&u0& J
1-6
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ORBITAL STATE AND MAGNETIC PROPERTIES OF LiV2O4 PHYSICAL REVIEW B 67, 085111 ~2003!
pied initial state, dashed lines for a doubly occupied init
state and dot-dashed lines for triply occupied initial sta
Each of the dominant peaks correspond to one of the tra
tions listed in Table II. For clarity, the different excitatio
energies are marked by dotted vertical lines. Apparently,
peaks in Fig. 6 have their counterparts in Fig. 9, explain
them assimply due to the atomic multiplet structure. The
shifts are typical renormalizations occurring in quantum i
purity models. Especially the sharp peak atv'20.25 eV in
the a1g DOS is part of the lower Hubbard band, i.e., t
Fermi energy is located at the upper edge of the lower H
bard band, leading to the observed filling close to 1. Th
explanations show thatno Kondo resonances are seen in t
LDA1DMFT~QMC! spectra at these elevated temperatur
consistent with experiment. Note also that the structure
the eg

p band aroundv'21.5 eV are related to correspond
ing features in the LDAeg

p band located roughly 1.5 eV
below the main structure at 0.75 eV~see Fig. 6!. The double
peak structure atv.0, on the other hand, consists of tw
different processes with excitation energiesv050 and v0
5J, respectively. Finally, the peak aroundv54 eV in the
eg

p DOS can be identified as an excitation into a triply occ
pied stateus&us&s& with energyU23J.

The orbital occupation, which confirms the earlier conje
ture based on the LDA1U approach,33 can be readily under
stood from the previous analysis of the LDA band structu
There we found that the center of mass of thea1g orbital is
0.26 eV lower than the corresponding value for theeg

p orbit-
als. In the absence of Coulomb correlations the bandwidt
significantly larger than this energy difference, i.e., this sp
ting does not have any significant effect. However, with
Coulomb interaction Ū53.0 eV, which is significantly
larger than the kinetic energy term~bandwidthW'2 eV),
this small difference in connection with the smaller ban
width of thea1g orbitals will favor a localization of the elec
trons in thea1g orbital for energetic reasons.

FIG. 9. One-particle DOS separated into different contributio
Black ~thick! lines denotea1g (eg

p) single-particle excitations. Ful
~dashed! lines stand for a singly occupied~doubly occupied! initial
state, dot-dashed lines for a triply occupied initial state. The do
vertical lines show the positions of the excitations listed in Table
08511
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C. Paramagnetic susceptibility: Competition of two exchange
processes

The LDA1DMFT~QMC! result that roughly one electro
is localized in thea1g orbital has several immediate cons
quences, which can be tested with experimental findings
rather direct consequence is that the electron localized on
a1g orbital leads to a local moment corresponding toS
51/2 per vanadium atom and thus a Curie-like susceptibil
consistent with experiment. The remaining 0.5 electrons
V ion in the metalliceg band will lead to a small and tem
perature independent Pauli contribution to the susceptibi

From an experimental point of view, the magnetic pro
erties of LiV2O4 pose several puzzles. LiV2O4 exhibits a
paramagnetic Curie-Weiss susceptibility4,7,9–13,15–17,19,20,22–30

x(T)5C/(T2u)1x0 in the temperature range 50–1000 K
The best fit to the experimental data is obtained under
assumption that the magnetic susceptibilityx(T) is the sum
of a Curie-Weiss and aT-independent partx0, which con-
tains Pauli paramagnetic, core diamagnetic and orbital
Vleck contributions to the total susceptibility.17 If all V-3 d
electrons~1.5 per V ion! would equally contribute to the
formation of a local moment, one would expect a mixture
S51 andS51/2 vanadium ions and consequently an effe
tive paramagnetic moment 2.34. If only one localized el
tron in thea1g orbital contributes to the Curie constant th
effective paramagnetic moment is 1.73. However, the exp
mentally observed values of the Curie constants, as discu
above, in general are close to the latter value of the effec
paramagnetic moment or slightly larger. Under the assum
tion that the local spin S is exactly 1/2 one gets a sligh
enhancedg factor from experiment. Whereas the negati
Curie-Weiss temperature in the rangeu5220•••260 K in-
dicates antiferromagnetic interactions between localS51/2
moments, the largeg value points towards ferromagnetic in
teractions between local moments and conduct
electrons.22,30

A similar ambiguity is revealed by the results of7Li
NMR measurements. The spin-lattice relaxation rate 1/T1(T)
shows a broad maximum around 30–50 K and becomes
most temperature independent above 400 K. The high t
perature data (T>50 K) have been interpreted either as
indication of localized magnetic moments17 or, on the con-
trary, as characteristics of an itinerant electron system c
to a ferromagnetic instability.15

The debate on the relevant magnetic interactions was c
tinued after the spin fluctuation spectrum of LiV2O4 was
determined by means of quasielastic neutron scatterin18

These neutron data showed a transition from ferromagn
correlations at elevated temperatures (T>40 K) to antiferro-
magnetic spin fluctuations with a wave vectorq'0.7 Å21 at
low temperatures (T<40 K), as shown in Fig. 10. However
a subsequent inelastic neutron scattering study on LiV2O4
reported the continuous evolution of antiferromagnetic flu
tuations out of a high-temperature paramagnetic state w
out indications of ferromagnetic interactions at eleva
temperatures.20

In order to clarify these inconsistencies, most recently
polarized neutron scattering study on a set of LiV2O4

.

d
.
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samples has been performed.76 Full three-directional polar-
ization analysis allows for an unambiguous separation of
nuclear, magnetic and spin incoherent cross section, res
tively. The measured magnetic cross section has been fi
and the corresponding real-space spin correlations extra
by employing the reverse Monte Carlo method. The d
show a temperature induced cross-over from purely fe
magnetic next nearest neighbor spin correlations at high t
peratures (T>40 K) to a coexistence of ferromagnetic~near-
est neighbor! and antiferromagnetic ~second neares
neighbor! correlations at low temperatures. The correspo
ing oscillatory behavior of the real-space spin correlation
low temperature can be described purely phenomenol
cally assuming a Ruderman–Kittel–Kasuya–Yosid
~RKKY- ! type interaction with S(S11)50.2 and kF
50.45 Å21 for a simple parabolic band.76 It has to be no-
ticed that a value of 0.2 forS(S11) is much less than ex
pected. This is due to the fact that these measurements
performed in a restricted energy transfer range ofhw,4
meV. In turn, it can be concluded that a significant part of
spectral weight is beyond 4 meV. Due to the limited acc
sible energy transfer range so far, the spin correlations
determined on the basis of reverse Monte Carlo simulati
definitively overemphasize the ferromagnetic contribution
low temperatures. In fact, there are indications of two diff
ent magnetic components corresponding to a ferromagn
and an antiferromagnetic contribution, respectively. Th
specific temperature dependencies give rise to a change
predominantly ferromagnetic correlations at high tempe
tures to predominantly antiferromagnetic correlations at l
temperature. Let us estimate the band fillingper vanadium
ion that this particular value forkF corresponds to. For a
parabolic band we have

FIG. 10. Q dependence of the energy-integrated quasiela
scattering intensity of LiV2O4 at 4, 15, and 80 K. For comparison
the inset shows theQ dependence according to the square of
neutron magnetic form factor of the two vanadium configuratio
possible in LiV2O4. At elevated temperatures, the much strong
reduction of the scattering intensity upon increasingQ points to-
wards ferromagnetic spin correlations. The maximum aroundQ
50.7 Å21 at 4 K indicates antiferromagnetic fluctuations. Dash
or dotted lines are guides to the eye only~taken from Ref. 18!.
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5n5

1

Nsites
(

k,kF ,s
52S a

2p D 3 4pkF
3

3
,

where a58.227 Å is the lattice constant. ForkF
50.45 Å21 we obtainn'1.714 per cubic unit cell, i.e., a
conduction band filling of 0.43 per vanadium ion, since the
are four Vanadium ions per unit cell. Note that this val
perfectly coincides with the filling of theeg

p band as obtained
within our LDA/DMFT calculation, thus giving further ex
perimental confirmation of our proposed picture of a sepa
tion of the vanadiumd states into a strongly correlateda1g

orbital with one localized electron and weakly localizedeg
p

orbitals which form a metallic band filled with'0.5 elec-
trons.

The evolution of antiferromagnetic spin correlations w
q'0.7 Å21 at low temperatures is now experimentally we
established. However, the temperature-induced cross-
from ferromagnetic to RKKY-like spin correlations is sti
unclear at present.

We performed LDA1DMFT~QMC! calculations of the
high-temperature magnetic susceptibility for a set of diff
ent inverse temperaturesb55, 7, 9, 10, 11, 12, 13 eV21 and
magnetic fieldsB50.005, 0.01, 0.02 eV. The results a
shown as triangles and diamonds for a Hund’s exchange
pling J50.8 eV andJ50, correspondingly, in Fig. 11 to
gether with a fit to a Curie-Weiss law73,74

x~T!5NA

mB
2peff

2

3kB~T2u!
.

The resulting value of the Curie-Weiss temperature isu
'640 K for J50.8 eV, the fitted Curie-Weiss constantC
gives an effective magnetic momentpeff

2 5g2S(S11)
52.71, which corresponds to an effective paramagnetic m
ment peff51.65. The deviation frompeff51.73 for a spinS
51/2 can be accounted for if one recalls that the occupa
of the a1g orbital is not exactly 1 but 0.88. Such a reduc

ic

e
s
r

FIG. 11. Inverse Curie-Weiss spin susceptibilityx21(T) for

LiV 2O4 obtained by LDA1DMFT~QMC! calculation at Ū
53.0 eV, J50 ~diamonds! andJ50.8 eV ~triangles!, in compari-
son to experimental data~Ref. 17! ~circles!. For ~i! J50 the Curie-
Weiss constant isu'2450 K and the effective paramagnetic m
ment is peff51.30; for ~ii ! J50.8 eV we obtainu'640 K and
peff51.65. Solid lines are least squares fits to the LD
1DMFT~QMC! data.
1-8
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ORBITAL STATE AND MAGNETIC PROPERTIES OF LiV2O4 PHYSICAL REVIEW B 67, 085111 ~2003!
occupancy should ideally lead to a decrease ofpeff from 1.73
to 1.52. The slightly larger~calculated! value peff51.65 is
due to contributions from theeg states. For the calculatio
with J50, wherea1g and eg orbitals do not couple via a
local exchange interaction the value of the effective pa
magnetic moment is 1.3, which agrees with the expectat
if one takes into account that forJ50 the occupancy of the
a1g orbital is 0.75, and hencepeff51.7330.7551.3.

While our value ofpeff is in good agreement with know
experimental data, the large ferromagnetic Curie-Weiss t
perature of about 640 K is in contrast with experiment.
similar result was obtained by Anisimovet al.,33 where a
rather strong effective ferromagnetic intersite exchange
rameterJdex5530 K ~which is the sum of direct and doubl
exchanges! was obtained. A ferromagnetic exchange co
pling between local moments in LiV2O4 can be readily un-
derstood in the double exchange picture. The presence of
types ofd electrons, localized ones forming local momen
and delocalized ones producing a partially filled, relative
broad band, is a necessary ingredient for the double
change mechanism, resulting in a strong ferromagnetic c
pling between local moments. This requirement is fulfilled
the case of LiV2O4 with one electron localized in thea1g

orbital and a 1/8 filled broadeg
p band.

A second important condition for the double exchan
mechanism is Hund’s intra-atomic exchange, i.e., the fe
magnetic exchange interaction between electrons within
t2g states. If one switches off this intra-atomic exchange
teraction, the double exchange mechanism will be switc
off, too. This becomes apparent from the result of our cal
lations for x21(T) with Hund’s exchangeJ equal to zero
~see Fig. 11, diamonds!. Again, we obtain a Curie-Weiss-lik
behavior with anpeff51.3. This time, however, the Curie
Weiss temperatureudir'2450 K isnegative, i.e., pointing to
an effective antiferromagnetic exchange. In the absenc
intra-atomic exchange anda1g-eg

p hybridization, the only
contribution to an exchange coupling can arise from the
rect hybridization between thea1g electrons. Obviously, this
will result in the observed antiferromagnetic exchange c
pling.

These results clearly show that, neglecting thea1g-eg
p hy-

bridization, one has to expect a subtle competition in LiV2O4
betweenantiferromagneticdirect exchange resulting from
the a1g-a1g hybridization and ferromagnetic double ex-
change from theeg

p-eg
p hybridization. Obviously, for the

present set of Coulomb parameters the ferromagnetic co
bution wins in our DMFT calculations. Note, that this res
is a direct consequence of the value ofJ used in our calcu-
lations. There are also available experimental results fr
high-energy spectroscopy, which lead one to expect a v
of J50.65•••0.7 eV ~Ref. 75! instead ofJ50.8 eV used in
our calculation. We found that such a smaller value ofJ does
not change our results significantly.

There is, however, an important part missing in o
present calculation. Since we use the LDA DOS and not
full Hamiltonian in the DMFT caclulations, thea1g-eg

p hy-
bridization is neglected completely. As has been pointed
by Anisimov et al.,33 this hybridization can give rise to a
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antiferromagnetic Kondo coupling betweena1g and eg
p

orbitals and its value was estimated to beJK52630 K.33

Thus, in LiV2O4 there are possibly three important exchan
interactions present between thea1g andeg

p electrons of the
V 3d shell: ferromagnetic double exchange ('1090 K), an-
tiferromagnetic direct exchange ('2450 K) and antiferro-
magnetic Kondo exchange@'2630 K ~Ref. 33! not taken
into account in our calculation#. All these interactions effec-
tively cancel, eventually leading to a small Curie-Weiss te
perature of the order of 0 K in accordance with experimen
Finally, one puzzle remains, namely, that the data from n
tron scattering experiments show ferromagnetic spin fluct
tions at high temperatures.18,76

The competing exchange terms described above may
explain the change from antiferromagnetic to ferromagne
spin fluctuations atT'40 K found in neutron scattering ex
periments. This is about the same energy scale as the co
ence temperature of the Kondo lattice.33 Thus, one might
argue that, while belowTcoh the combined antiferromagneti
direct and Kondo exchanges are stronger than the ferrom
netic double exchange, this changes aboveTcoh where the
Kondo effect becomes ineffective, such that the ferrom
netic exchange prevails.

IV. CONCLUSION

We investigated the effect of Coulomb correlations on
electronic structure, orbital state and magnetic propertie
LiV 2O4. The analysis of the noninteracting partial densit
of state obtained by standard LDA calculations shows th
while the trigonal splitting of thet2g states intoa1g andeg

p

orbitals is not strong enough to produce separate band
leads to a significant difference in the effective bandwid
and average energy of the trigonal orbitals. The LD
1DMFT~QMC! calculations gave orbital occupancies a
spectra which indicate a nearly complete localization of o
electron out of 1.5 3d electrons per V ion in thea1g orbital,
while the eg

p orbitals form a relatively broad partially filled
metallic band. The calculated temperature dependence o
paramagnetic susceptibility corresponds to the experim
tally observed Curie-Weiss law and gives an effective pa
magnetic momentpeff51.65 in agreement with experimenta
data. The experimentally observed small value of the Cu
Weiss temperature, formerly a puzzle, is supposed to be
result of a competition between three different contributio
to the effective exchange interaction betweena1g and eg

p

electrons in the V3d shell: ferromagnetic double exchang
antiferromagnetic direct exchange and antiferromagn
Kondo exchange described in Ref. 33. The present calc
tions show a dominance of the first two exchanges. We s
pose that including the hybridization betweena1g and eg

p

~next step of our research!, can lead to an almost cancellatio
of all three exchanges and the experimentally observed s
residual antiferromagnetic Curie-Weiss temperature mi
become possible.
1-9
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37A.R. Williams, J. Kübler, and C.D. Gellat, Jr., Phys. Rev. B19,
6094 ~1979!.

38J. Matsuno, A. Fujimori, and L.F. Mattheiss, Phys. Rev. B60,
1607 ~1999!.

39L.F. Mattheiss and D.R. Hamann, Phys. Rev. B33, 823 ~1986!.
40O.K. Andersen, Phys. Rev. B12, 3060~1975!.
41L.F. Mattheiss and W. Weber, Phys. Rev. B25, 2248~1982!.
42D.J. Singh, P. Blaha, K. Schwarz, and I.I. Mazin, Phys. Rev. B60,

16 359~1999!.
43D.J. Singh,Planewaves, Pseudopotentials and the LAPW Meth

~Kluwer Academic, Boston, 1994!.
44P. Blaha, K. Schwartz, and J. Luitz, Vienna University of Tec

nology, 1997@Improved and updated Unix version of the WIE
code, published by P. Blaha, K. Schwartz, P. Sorantin, and S
Trickey, Comput. Phys. Commun.59, 399 ~1990!#.

45S.H. Wei and H. Krakauer, Phys. Rev. Lett.55, 1200~1985!; D.
Singh, Phys. Rev. B43, 6388~1991!.

46C.M. Varma, Phys. Rev. B60, R6973~1999!.
1-10



st

ev

y
a-
-

.

and

,

-

Phys.

i-

rie-

of
ry

-

S.

sion

o-

ORBITAL STATE AND MAGNETIC PROPERTIES OF LiV2O4 PHYSICAL REVIEW B 67, 085111 ~2003!
47H. Kusunose, S. Yotsuhashi, and K. Miyake, Phys. Rev. B62,
4403 ~2000!.

48J. Hopkinson and P. Coleman, Phys. Rev. Lett.89, 267201
~2002!.

49J. Hopkinson and P. Coleman, Physica B312, 711 ~2002!.
50S. Fujimoto, Phys. Rev. B65, 155108~2002!.
51S. Burdin, D.R. Grempel, and A. Georges, Phys. Rev. B66,

045111~2002!.
52B. Reuter and J. Jaskowsky, Angew. Chem.72, 209 ~1960!.
53H. Wada, M. Shiga, and Y. Nakamura, Physica B161, 197~1989!.
54O. Chmaissem and J.D. Jorgensen, S. Kondo, and D.C. John

Phys. Rev. Lett.79, 4866~1997!.
55V. Eyert and K.-H. Ho¨ck, Phys. Rev. B57, 12 727~1998!.
56K. Terakura, T. Oguchi, A.R. Williams, and J. Ku¨bler, Phys. Rev.

B 30, 4734~1984!.
57W. Metzner and D. Vollhardt, Phys. Rev. Lett.62, 324 ~1989!.
58D. Vollhardt, inCorrelated Electron Systems, edited by V. J. Em-

ery ~World Scientific, Singapore, 1993!, p. 57.
59Th. Pruschke, M. Jarrell, and J. K. Freericks, Adv. Phys.44, 187

~1995!.
60A. Georges, G. Kotliar, W. Krauth, and M. J. Rozenberg, R

Mod. Phys.68, 13 ~1996!.
61V. I. Anisimov, A. I. Poteryaev, M. A. Korotin, A. O. Anokhin,

and G. Kotliar, J. Phys.: Condens. Matter9, 7359~1997!.
62A. Lichtenstein and M. I. Katsnelson, Phys. Rev. B57, 6884

~1998!.
63K. Held, I.A. Nekrasov, N. Blu¨mer, V.I. Anisimov, and D. Voll-

hardt, Int. J. Mod. Phys. B15, 2611~2001!; K. Held, I.A. Nekra-
sov, G. Keller, V. Eyert, N. Blu¨mer, A.K. McMahan, R.T. Scal-
ettar, T. Pruschke, V.I. Anisimov, and D. Vollhardt, inQuantum
Simulations of Complex Many-Body Systems: From Theor
Algorithms, edited by J. Grotendorst, D. Marks, and A. Mur
matsu, NIC Series Volume 10~NIC Directors, Forschunszen
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