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LiV,0, 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,0, obtained from a combination of density functional theory within the local density approximation
and dynamical mean-field theo®MFT). The DMFT equations are solved by quantum Monte Carlo simu-
lations. The trigonal crystal field splits the \d3rbitals such that the, ; ande orbitals cross the Fermi level,
with the former being slightly lower in energy and narrower in bandwidth. In this situatiord-th€oulomb
interaction leads to an almost localization of one electron per V ion iratgeorbital, while theeg orbitals
form relatively broad bands with 1/8 filling. The theoretical high-temperature paramagnetic suscept{Bi)ity
follows a Curie-Weiss law with an effective paramagnetic monmept 1.65 in agreement with the experi-
mental results.
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. INTRODUCTION LiTi,_,V,0O, at x=1. Kondoet al!! described the synthe-
sis, characterization and magnetic susceptibility versus tem-
Heavy-fermion(HF) materials are typically intermetallic perature. Onodat al? explored spin fluctuations and trans-
compounds containing Ce, U, or Yb atoms. They are charagort in the spinel systems J[Mg;_,V,0, and
terized by extraordinarily strongly renormalized effective Li,Zn; _,V,0, through measurements of x-ray diffraction,
massesn* ~100-1000m,,* 2 as inferred from the elec- electrical resistivity, thermoelectric power, magnetization,
tronic specific heat coefficieng(T)=C4(T)/T at low tem- and nuclear magnetic resonan@MR). The electron-spin
perature. They also show an apparent local moment par&€sonancéESR and the magnetic susceptibility in pure and
magnetic behavior with a strongly enhanced spindoped LiV;0, were measured by Lohmaret al** Photo-
susceptibility y at low temperatures. The discovery by €mission studies of the hole doped Mott insulator
Kondoet al* of the HF behavior in LiyO, with a Kondo or ';'l_*xznxv204 were done by Fujimoret al™™ A series l%f
spin fluctuation temperatufB ~ 28 K has significant impor- , L-NMR experiments were carried out by Fujiwaeaal:
tance, because this is the ficselectron system that shows OF HV20, and also for Lj_xZnV,0,. ™ The Knight shift,
HF characteristics. Kondet al. reported a large electronic spin susceptibility and relaxation times were determined

o N -~~~ from “Li-NMR experiments by Mahajaret all’ Krimmel
specific heat coefficient~0.42 J/(mol K) at 1 K, which is et all® presented results for the magnetic relaxation of

much larger than those of other metallic transition metall_iv204 obtained by means of quasielastic neutron scattering.
compounds  such as,  eg. 1%SGMn> [y Tiinki etall® investigated spin-glass behavior in
=0.2 J/(mol K)]> and \,_,0O3 [y=0.07 J/(mol K)1. _ Li;—4ZnV,0,. Urano et al” experimentally observed re-
Also a crossover frpm the local moment to a reno.rmahzedsunS for C(T), x(T), resistivity p(T) and Hall coefficient
Fermi-liquid behavior was og)served with decreasmg' temRH(T) for single crystal samples. Recently, Leeal2° per-
perature. Recently Uranet al." reported that the electrical formed inelastic neutron scattering measurements and Fuii-
resistivity p of single crystals exhibits @* temperature de- waraet al?! studied the spin dynamics under high pressure.
pendence = po+AT? with an enormoug\, which as in con- A review of various experiments and theoretical research is
ventional HF systems scales witff.2 In the temperature collected in the work of JohnstdA.
range 50—1000 K the experimental magnetic susceptibility Let us summarize the experimental efforts concerning the
follows a Curie-Weiss law with a negative Curie-Weiss tem-measurements of the spin susceptibijtyT). As mentioned
perature, which indicates a weak antiferromagn@ti€e) V-V before, a temperature dependent spin susceptibty) is
spin interaction(see later in the text No magnetic ordering observed in the temperature range from 50 to 1000 K, which
was observed down to 0.02 K. fits well to the Curie-Weiss lafy 9-1315-17.192022-3¢ (T
These unexpected phenomena entailed numerous experi-yo+ C/(T—6). However, depending on the quality of
ments, which confirmed the HF behavior of Li®, in a  samples and experimental techniques, the values of the Curie
variety of physical quantities: Johnstomet al® carried constant C obtained from fitting the experimental data are in
out specific heat and thermal expansion measurementthe range from 0.329-0.468 ék/mol.'"?® More important
Hayakawaet al1° investigated Metal-Insulator transition in and of direct physical importance is the value of the effective
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paramagnetic momergd.s, which is defined via the Curie
constant aspZ;:=3Ckg/(Nau3). The extracted valug.q

lies in the range between 1.62 and 2’#° The Curie-Weiss
temperature obtained in those experiments is also slightly
different and encompasses the intergat —20- - - —60 K,
which indicates a weak antiferromagnefi&F) V-V spin in-
teraction. If one further assumes that the effective spin value
is S=1/2, an experimental estimation of the Lanfietor
g’= pgﬁ/[S(S-i- 1)] leads to values between 1.87 and
2.2317%

From a theoretical point of view, Li¥O, has been inten-
sively studied by standard band structure calculations by
various groups using different implementations of density
functional theory® (DFT) within the local density approxi-
mation (LD.A)'?Z Anisimov et al** investigated the possibil- k1. 1. The normal-spinel crystal structure of LY, is formed
ity of localization of thed-states in Li\,O, within the lin-  py the oxygen edge-shared octahedra with V atoms at the centers.
earized muffin-tin orbitaliLMTO) basi§4 Supplemented by V: large dark spheres; O: small dark spheres.
the LDA+U method® The electronic structure was further-
more studied by Eyest al*® with the scalar-relativistic aug- based on an LDAU calculation®® which is essentially a
mented spherical wavedASW) basis®’ while Matsuno static mean-field approximation and surely too crude to give
etal® used a full-potential,  scalar-relativistic a proper description of LiYO,.
implementatio®® of the linear augmented plane wave The present work reports on the investigation of the or-
(LAPW) approach’ for the band structure calculation and bital state and the magnetic properties of @4 using the
furthermore applied a simple tight-bindingB) model**  LDA+DMFT(QMC) approach. This material specific theory
Singhet al*? also used the full potential LAPWRefs. 43—  extracts informations about the noninteracting band structure
45) for calculating the band structure and a TB-LMTO from a DFT/LDA calculation, while treating the local Cou-
method” to analyze the band symmetry. lomb interactions via the dynamical mean-field theory

A relative comparison of LiyO, and lithium titanate (DMFT), which is a well-established nonperturbative ap-
(LiTi,0,) with original HF systems was done by Varfito ~ proach to study localization effects in strongly correlated ma-
provide some qualitative understanding of these compoundégrials. The resulting DMFT equations are then solved by
The two-band Hubbard model in the slave-boson mean-fielduantum Monte Carlo simulations. The main goal of this
approximation was applied to Li¥D, by Kusunoseet al?’  study is to further explore the idea of a separation ofdhe
to investigate the evolution of bands due to the Coulomtelectrons in LiV,O, into two subsets, localized and itinerant
interactions. Hopkinsort al. presented a simple two-band as proposed in Ref. 33. The rest of the paper is divided into
modef® and at-J model with a strong Hund’s coupling for two parts: In the first we discuss standard DFT/LDA results
thed electroné’ to find evidence for a two-stage screening in (Sec. 1) and then present our LDADMFT(QMC) results in
LiV ,0,. Fujimoto investigated the Hubbard chains networkthe secondSec. Il). A short summary concludes the paper.
model on corner-sharing tetrahedra as a possible microscopic
model for the HF behavior in LiyO,.%° The competition Il. LiV ,0,: DFT/LDA RESULTS
between the Kondo effect and frustrating exchange interac-
tions in a Kondo-lattice model within a lardé-approach for
the spin liquid together with dynamical mean-field theory LiV,0, has the fcc normal-spinel structure with nonsym-
were studied by Burdirt al>! morphic space grouf-d3m and was first synthesized by

Despite all this theoretical effort, there does not yet existReuter and Jaskowsky in 1980 The Li ions are tetrahe-
an undisputed microscopic explanation of the HF behavior ofirally coordinated by oxygens, while the V sites are sur-
Liv ,0, at low temperatures. It has been attempted to explaimounded by a slightly distorted edge-shared octahedral array
the low-temperature properties of Lj®, by a mechanism of oxygens(Fig. 1). The corresponding unit cell of the face-
analogous to one for systems with local moments on a pyroeentered cubic lattice contains two Lj#J, formula units(14
chlor lattice, which are frustrated with respect to the antifer-atomg with four V atoms, which form a tetrahedrdRig. 2).
romagnetic interactions. An attempt to provide a microscopiclhe LiV, substructure is the same as &5 structureAB,,
model based on material properties of L®,, which does where the local moments at th®& sites are highly
not evoke the idea of frustration was suggested by Anisimovrustratec®® The observed lattice constant of L@, is
et al® Their basic idea is a separation of the electrons 0r8.22672 A at 4 K>* The eight oxygen atoms in the primitive
partially filled t,4 orbitals into localized ones, forming local cell are situated at the 82ype sites, at positions which are
moments, and delocalized ones, producing a partially filledletermined by the internal-position parameter0.2611 in
metallic band. The hybridization between those two subsetanits of the lattice constant.
of electrons, as ifrelectron materials, can give rise to heavy-  The total space group of the crystal is cubic but the local
fermion effects. However, in this work the conclusions werepoint group symmetry of the V ion crystallographic position

A. Crystal structure and d orbital splitting
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in the unit cell are directed towards the center of the tetrahe-
dron (Fig. 2). Since the formal oxidation state of Vis non- s 4. pos of Liv,0, calculated with the LDA-LMTO
integer VA" (configurationd™) and the V ions are crystal- method. Upper figure: V-8 (full line) and O-2 (dashed ling
lographically equivalent, LiYO, must be metallic as it is pos: lower figure: partial V-8(tyg) (full line) and V-3d(eg)

observed. _ o ~ (dashed lingDOS. The Fermi level corresponds to zero energy.
The octahedral crystal field at the V sites in the spinel

structure splits the V @ bands into three degenerate and 5 have only small admixtures from \&3tates. The upper
partially filled toq bands and two emptg; bands. The Fermi 4 groups of bands, which extend from.0 to 0.8 eV and
level lies within thet;y complex, thus the transport proper- from 2.3 to 3.2 eV, are predominantly derived from the ¥-3
ties of LiV,0, are solely associated with thg, bands. The  states. Although additional small Qpzontributions are ap-
trigonal symmetry of the V ions splits the cubligy levels  parent in this energy range, thied hybridization is much
into onea, 4 and two degenerate] levels(Fig. 3. However,  reduced compared to other early transition metal oxides.
this splitting is not large enough to separatetthgband into  pue to the crystal field of the slightly distorted octahedral
two subbands? coordination of the V atoms by the oxygen atoms, a clear
separation of the @ t,; andeg groups of bands is visible in
B. DFT/LDA band structure Fig. 4. Whereas the former states appear exclusively around

Based on DFT/LDA(Refs. 31,32 within the LMTO the Fermi energy, theg states prevail at higher energies.
method® we performed first-principle calculations of the Contributions of the V 8 states to the oxygen-derived bands
electronic structure of LiYO,. The radii of the muffin-tin ~ originate almost exclusively from thef states, which form
spheres were R;;=2.00 a.u.,, Ry=2.05a.u., and Ry o bonds and experience a strong overlap with the pg>-2
=1.67 a.u. The resulting densities of staP©S) are shown
in Figs. 4 and 5. In Fig. 4, there are three well-separated sets TrrTT T T

of bands: completely filled O{2 bands, partially filledt,, 8 _ V—3d(alg) Ca1g= 0.14eV
bands, and emptgg bands. The bands in the energy range —- V-3d(e™) C .=040eV 5
from —8 eV to —3 eV originate mainly from O-f@ states ok g i

&
I
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FIG. 5. Partial V-3i(t,;) DOS of LiV,0, calculated with the
LDA-LMTO method: a4 (full line) andeg (dashed lingprojected

caused by the strong-d hybridization in the trigonally distorted DOS. T7I:e cgntgr of gravity of theyq orbital 'Scalg:0'14 ev; tha?
octahedral crystal field. The notatiotig ande{ correspond to the of theeg orbital IS Cef =0.40 eV. The LDA-calculated occupancies
irreducible representations of the culi group,a;q andej to the  Of thea,q andeg orbitals,n,, =0.60 anchx=0.45, are nearly the
irreducible representations of ti®;4 group. same. The Fermi level corresponds to zero energy.

FIG. 3. Schematic picture of the electronic level distribution
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states. In contrast, thg,, orbitals, which give rise tor a4 center of gravity is 0.26 eV lower than that of tle§
bonds, yield only a negligible contribution in this energy band (Calg:0'14 eV, c.7=0.40 eV; see Fig. b One can

range. In addition top-d bonds, thet,, states experience thys conclude from our LDA calculations that the, orbital
strong o-type overlap with thet,q orbitals at neighboring s more favorable for the localization of electrons.

vanadium sites of the fcc sublattice. Hence, thdsstates The effective mass* is known to be a measure for the
take part in two different types of bonding, namedytype  Coulomb correlations and can be obtained from the elec-
V-V and 7-type V-O bonding, which leads to two different tronic specific heat coefficient at low temperatures. From
bandwidths fort,; andeg states. Since both the metal-metal the LDA-calculated electronic specific heat coefficight”,

and metal-oxygen bonds are mediated through the same ophe can infer the ratio of the effective mass to the band mass
bital, a simple analysis of the partial DOS would not allow to m*/m,= /2. Here, the former is related to the LDA
distinguish the different roles played by thg orbitals. Ey-  DOS at the Fermi level vig'® = 72kZNAD(Eg)/3, andy

ert et al3® used a local coordinate system with tdeaxis is the experimental value of the electronic specific heat co-
along the trigonal directiof111) pointing towards the center efficient taken fronf. For LiV,0, we foundm*/m,~25.8,

of the tetrahedron formed by V iorisee Fig. 2 and plotted  which is in good agreement with previous resdftSuch a

the V ds2 2, dy,+dy,, and d,2_,2+d,, partial DOS. huge enhancement of the quasiparticle massis a strong
While d3,2_,2 orbitals are of purd,, character, the other evidence that Coulomb correlations are important in Oy

four orbitals comprise a mixture dby and eg states. We and have to be taken into account in order to describe the
have calculated the partial DOS fagy andej orbitals, us-  physics of this system.

ing the irreducible representations of thgy group accord-

ing to Terakuraet al®® with the following linear combina- Ill. A MICROSCOPIC THEORY FOR LiV ,0,

tions of thet,y cubic harmonics: tha, 4 orbital is given by
(xy+xz+y2z)/\/3 and the twoe] orbitals by gx—y2)/\2
and (yz+zx—2xy)/ /6. These three particular linear com-  Based on thed=cc limit,%" the dynamical mean-field
binations are valid if the coordinate ax¥s Y, andZ are  theory (DMFT) (Refs. 58—-6D was developed as a nonper-
directed along V-O bonds. If th2 direction is chosen along turbative approach to describe strongly correlated electron

one of the trigona| axes described above' thera%mrbna] SyStemS. It permitS the calculation of electronic SpeCtra for
is the &z_rz orbital in the local coordinate System_ SyStemS with local electronic Coulomb correlations. The

The projected partial LDA DOS of tha;, and theeg LDA +DMFT approach is a merger of the DFT/LDA and the

orbitals are shown in Fig. 5. The bandwidth of thg orbital DMFT t.echniqu.eﬁ_".l'ez It combines the strength of the DFT/
W, =135 eV is almost a factor of 2 smaller than ta@ LDA, viz describing the weakly correlated part of tlad
1

9 . > . initio Hamiltonian, i.e., electrons ia andp orbitals and the
bandwidth We§_2'05 eV. Nonetheless, we found within long-range part of the Coulomb interaction, with the ability

LDA for all threet,q derived orbitals nearly the same occu- of the DMFT to treat electronic correlations induced by the
pancies: n, =0.60 and ne~=0.45. Almost all spectral |ocal Coulomb interaction. In this paper we will only briefly

[¢] .
weight of thea,, orbital is concentrated around the Fermi discuss the relevant parts of the LBAMFT a%groach and
level in the region from-0.2 to 0.3 eV. In contrast to they, ~ refer the reader to a recent report by Heldal.> for more
orbital theeg DOS is flat at the Fermi level. The largest part details. _ o
of the spectral weight of thej orbitals is situated in the OFor a given material, one can extract a LDA Hgm”toman
interval from 0.3 to 0.85 eV. Despite such a different spectraHLpa and supplement the local Coulomb interactions
weight thea, 4 andej bands are not completely separated in
energy. However, there is a significant difference in the cen- A=A% +UY, > Rim1Nim|
ters of gravity calculated from the corresponding partial m i
DOS, which can be interpreted as a measure for the trigonal
splitting of thet,y states. +2 D D (U =8, DNimeNimrgr - (1)

The trigonal splitting is much smaller than the bandwidth i m#m’ oo’ e

but has a great importance for the understanding of the phys- . i . -
ics of the LiV,0, system in the presence of strong Coulomb?_'ere’ the index enumerates the V sites) denotes the indi-

. . . O . .
interaction. The value and the sign of the trigonal splitting¥1du@l tzg Orbitals, ando the spin.Hp, is a one-particle
will determine the orbital in which the VBelectrons should  Hamiltonian generated from the LDA band structure with an

be localized when a strong Coulomb interaction, which isaveraged Coulomb interaction subtracted to avoid a double

larger than the bandwidth, is taken into accotintve found counting of the Coulomnb interactih.U is the local in-

that this trigonal splitting value is very sensitive to the accu-traorbltal Coulomb repulsion antithe exchange interaction.

racy of the band structure calculations. In order to increasd N local interorbital Coulomb repulsids’ is then fixed by
the accuracy, the overlap between atomic spheres in oJPtat'O,nal invariancel’ =U—2J. The actual values fod
LMTO calculation was set to zero and more empty sphere@ndU’ can be obtained from an averaged Coulomb param-
were introduced. For the following weefinethe trigonal ~ eterU and Hund's exchang& which can be calculated with
splitting of thet, states as the difference of the centers ofLDA. The quantityU is related to the Coulomb parameters
gravity of thea,; 4 and theeJ projected DOS. We find that the U andU’ via

A. LDA +DMFT (QMC) scheme
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U""(Norb_ 1)U,+(Norb_ 1)(U,_J)

U= 2Ny — 1 '

)

whereN,,, is the number of interacting orbitalNg,,=3 in
our cas¢ SinceU andU’ are not independent, the two val-

ues U and J are sufficient to determindJ from this
relation®%6°

The DMFT maps the lattice probleftt) onto an effective,
self-consistent impurity problem. A reliable method to solve
this (multiband quantum impurity problem is provided by
quantum Monte CarléQMC) simulations* which are com-
bined with the maximum entropy metHSdor the calcula-

tion of spectral functions from the imaginary time QMC

data. This technique has been applied to calculate properties

of several transition metal oxid8&°8°

A computationally important simplification is due to the
fact that in cubic spinel thi,y states do not mix with theg
states. In this particular case the self-energy mairjx.(z)
is diagonal with respect to the orbital and spin indices. Unde
this condition the Green function&,,(z) of the lattice

PHYSICAL REVIEW B 67, 085111 (2003
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FIG. 6. Partiala;y and e5 DOS for LiV,0, calculated with
LDA +DMFT(QMC) for U=23.0 eV and]J=0.8 eV. The noninter-
acting DOSN?n(e) used in the LDA-DMFT calculations are pre-
pented in Fig. 5. The LDADMFT(QMC) occupancies of the,,
andeg orbitals arenalg:0.88 andneg:0.31. The Fermi level cor-

problem can be expressed in the DMFT as Hilbert transforntesponds to zero energy.

of the noninteracting DOSI%(¢),

Np(€)
Z—pugBor—3 po(2)— €

atic k integration over the Brillouin zone by the analytical
tetrahedron methot. The LDA DOS Nﬁ?)(e) for different
orbitals (differentm) of the 3d t,4 states in Li,O, is dis-
played in Fig. 5.

A particularly interesting quantity for Li¥O, is the mag-
netic susceptibilityy(T). In order to calculatg/(T) we use
the definition x(T)=Ilimg_ oM (T)/B, where M(T) is the
magnetization due to the applied magnetic fi@d Obvi-
ously,M(T) can be obtained directly from the QMC data via

Norb
M(T)=pe 2, (M)~ (Mmy)) (4)
and
<nma>:Gma(T:0+)- (5

Since QMC results are subject to both statistical and system-

atic errors, a direct evaluation & (T)/B for small B will

inevitably lead to unpredictable scattering of the results for
x(T). To avoid these problems, we perform calculations for

M(T,B) for a series of small fieldB and extracty(T) from
a least-squares fit as the slopeM{T,B) asB—0.

B. Single-particle properties

The DMFT calculations are based on the DFT/LDA-DOS
Nom(e) for the a;4 andeg orbitals presented in Fig. 5. The
total number of electrons in these three orbitals was fixed t
n=1.5, in accordance with the-3.5 valency of V ions in
LiV,0,. The d-d Coulomb interaction parametet)
=3.0 eV and exchange Coulomb interaction paraméter
=0.8 eV were calculatéd by the constrained LDA

method’? The temperature used in our QMC simulations
was approximately 750 K. While the scheme in principle
poses no restrictions on the temperature values, the QMC
code used presently limits our calculations to these rather

nPfigh temperatures because of computing power limitatiéns.

The partial DOS of,4 andey orbitals obtained from the
analytical continuation of the QMC results are shown in Fig.
6. In comparison with the non-interacting cdsee Fig. 7, a
considerable transfer of spectral weight has taken place, es-
pecially thea, 4 orbital appears to be strongly renormalized
by Coulomb interactions. Furthermore, in contrast to the
LDA results, where the occupation of thgy andeg orbitals
is roughly the same, the DMFT yield$alg~0.9 andneg

a

1g — LDA+DMFT(QMC)
@ —- LDA
: |
b=t i
S f N
b5 - f 2 \ f 1 A~ T
g€ LDA+DMFT(QMC
g —Fipa MO
2
a
2 I
= I I
A
IA—A\/;}'XZE
-4 -2 0 2 4

Energy (eV)

FIG. 7. LDA+DMFT(QMC) calculated DOS for Li¥O, (solid

(Pme; U=3.0 eV and]=0.8 eV) in comparison with noninteracting

LDA a4 and eg DOS (dashed ling Please note that for a more
convenient comparison the LDADMFT(QMC) DOS were magni-
fied in intensity by a factor of 5. The Fermi level corresponds to
zero energy.
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’; 2 D B L B TABLE |. Eigenstates and eigenenergies of the atomic Hamil-
g I spin-up V-3d@a, ) 1 tonian for total occupations less or equal tOSgl.g denotes the one
8 1+ — Ig” | particle energy of thea,y orbital and Ae~0.26 eV the trigonal
S —- V-3d(e") | splitting betweera;, ande] orbitals.
= g g g
fg 0 ——— 1 2 E
) i a € € nergy
5 n, =084 - 0 °
S I 1 1 o 0) l0) 0
5 | B =033 1 o) o o) o
Z 50 ] N 1g
> 0) ) l0) €a tAe
L Gaoev] 19 0) o) oy, T A€
= " U=30eve g 0) 10) 26, +U
3 I . spm: own . | J= 9.8 ev o) lo') |0) 2€q, FAe+U =08,
A 4 1 0 1 ) 3 4 5 |o) |0) ) 26a1g+Ae+U’—J5Wr
Energy (eV) |0) 12) |0) 2¢€,, +20e+U
|0) |0) |2) 2€, +2AetU
FIG. 8. LDA+U results(Ref. 67 for spin-resolved partiah, |0) |o) la) 2€alg+ ZgAe+U’—J5,m,

and e DOS for LiV,0, (U=3.0 eV and J=0.8eV). The
LDA+U occupancies of tha,y ande orbitals arenalg=0.84 and

neg:O.33. The Fermi level corresponds to zero energy. value for Ae leads toe, ~—3.1eV. The possible one-
19

~0.3. These numbers clearly demonstrate that one electrguarticle excitations with respect to this ground state configu-
is nearly localized in thea,q orbital, while theej states ration and their energies can now be constructed easily, lead-
remain weakly correlated and metallic with a filling close toing to the results in Table Il. It is important to note that the
1/8. Nevertheless, the] orbitals are remarkably broadened Single-particle excitations of the, 4 orbital with wo<<0 have
by Coulomb interactions in comparison with the LDA pic- two distinct contributions, namely one of the usual type “sin-
ture (Fig. 7). Slight differences between the two degeneratedly occupied— unoccupied,” and a second that actually
e orbitals originate from the statistical nature of the QMCinvolves a doubly occupied state build of a mixtureagf,
method and the following analytical continuation with andeg states, i.e., a mixed-valent state. The energy of this
MEM. latter excitation is given directly by the trigonal splitting, i.e.,
Earlier, correlation effectcs in the electronic structure ofthis feature can also serve as a means to extract this number
LiV ,0, were taken into account by the LDAU method®®  from photoemission experiments.
The main result of this calculation was the localization of ~ That the excitations listed in Table Il directly map to the
one V 3 electron per V ion in thea;q orbital (n,, peaks in the DOS Fig. 6 can be shown by using another
—0.84). Since this calculatidhwas based on the LDAU technlque to solve the DMFT equations, namely'resolvent
method, i.e., a static Hartree theory, the localization of theperturbatlon theory and N.C,Qseg,_ €.9., Ref. .69Th|s ap-
a,4 orbital could only be achieved by imposing artificial proach allows_ for a_d|rect |_de_r_1t|f|cathn of different excita-
antiferromagnetic order. It is obvious, that our present DMFTHON channels(i.e., different 7|Tn|t|al particle numbeysand a
calculation substantially improves on this former calculationdiStinction betweem,; andeg states. The result is shown in
in that it is correctly done in the paramagnetic state and doe5ig- 9, where the black lines denatg, and the gray onesy
not require any further manipulations. The magnetic orderingingle-particle excitations. Full lines stand for a singly occu-
and static mean-field approximation lead to the larger energy

splitting of thea;; andey peaks in partial DOSegFig. 8) TABLE Il. Single-particle excitations for the atomic model
and, hence, stronger localization of thg, orbital compared filled with 1.5 electrons. For spin-degenerate processes only one
with paramagnetic DMFT calculatior(&ig. 6). representative is listed.
To discuss the origin of the structures in the DOS of Fig.

6, it is helpful to look at the spectrum of the atomic Hamil- a4 orbital
tonian and the corresponding positions of the one-particle Excitation process Excitation energy,
excitations. The states corresponding to atomic occupanci §'>|0>|0>H|0>|0>|0> .
up to two electrons are listed in Table | together with their 41
enerai : : _ |o)|0)[0)—[0)|0)[0) —Ae

gies. Since the Hubbaltd is large and we have to ac |0)[0)] 0y 2)|0)]0) e +U
commodate 1.5 electrons, with one electron in &g or- a1g
bital, the ground state has to be a suitable mixture of two R
states, which both have a singly occupiag, orbital, but o &g orbitals o
differ in the occupancy of thej orbitals. The inspection of Excitation process Excitation energy,
all possibilities in Table | leaves onlyr)|0)|0), [o)|)|0)  |5)|0)0)—|o)|o)|0) 0
and|0)|0)|o) as candidates. In order for these three to bgq)|o)|0)—|a)|0)|0) 0
(nearly degenerate,eangrAeJrU’—J=O or €, =—U’ 5(0)|0)— [0 )|0) J

g
+J—Ae. Inserting the numbers fdd’ andJ and the LDA
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€ Ae T g +U U-3J C. Paramagnetic susceptibility: Competition of two exchange
0S————T—T T T T T T T processes

The LDA+DMFT(QMC) result that roughly one electron
is localized in thea,4 orbital has several immediate conse-
quences, which can be tested with experimental findings. A
rather direct consequence is that the electron localized on the
a,q orbital leads to a local moment corresponding So
=1/2 per vanadium atom and thus a Curie-like susceptibility,
consistent with experiment. The remaining 0.5 electrons per
Vion in the metallicey band will lead to a small and tem-
perature independent Pauli contribution to the susceptibility.
From an experimental point of view, the magnetic prop-
erties of LiV,O, pose several puzzles. Ly®@, exhibits a
paramagnetic Curie-Weiss susceptibflify—13:15-17.1920,22-30
® x(T)=C/(T—0)+ xq in the temperature range 50—1000 K.
The best fit to the experimental data is obtained under the
FIG. 9 Oqe-particle DOS separ.ated into .differen.t C(?ntrib“tions-assumption that the magnetic susceptibijT) is the sum
Black (thl_ck) lines denoteal_g (eg) smgl_e-partlcle excnta}tlong._Full of a Curie-Weiss and d-independent par,, which con-
(dashedl lines stand for a singly occupigdoubly occupiedlinitial  4ins Pauli paramagnetic, core diamagnetic and orbital Van
stat_e, dqt-dashed lines for'a_l triply occupie_d ipitial s_tate._The dOtted\/Ieck contributions to the total Susceptibili]tylf all V-3d
vertical lines show the positions of the excitations listed in Table “'electrons(l.S per V ion would equally contribute to the
pied initial state, dashed lines for a doubly occupied initiaIfOrmatlon of a local moment, one would expect a mixture of
! S=1 andS=1/2 vanadium ions and consequently an effec-

state and dot-dashed lines for triply occupied initial state ve paramaanetic moment 2.34. If onlv one localized elec-
Each of the dominant peaks correspond to one of the trans[— P 9 - y

tions listed in Table Il. For clarity, the different excitation ron in thea,, orbital contributes to the Curie constant the

energies are marked by dotted vertical lines. Apparently, aIFfLenCtg\llle gz;ir::/ae%n\?;'ligog;fﬁ; I(?,ulr'ig?’c.o'-rllcs)\t/;i\gr;sh?jigt):(le:;; d
peaks in Fig. 6 have their counterparts in Fig. 9, explainin y ’

them assimply due to the atomic multiplet structurghe bove, in general are close to the latter value of the effective
shifts are typical renormalizations occurring in quantum im_paramagnetlc moment or slightly larger. Under the assump-

: . _ . tion that the local spin S is exactly 1/2 one gets a slightly
Fhu;gllgng%eés.ifsp%erflgp){[rgzelgcvzrrpkﬁ)jk?klfﬁj b(;wz(;s ?.\e/.mthe enhancedy factor from experiment. Whereas the negative

Fermi energy is located at the upper edge of the lower Hu Curie-Weiss temperature in the range — 20- - - ~60 K in-

bard band, leading to the observed filling close to 1. Thesgmates antiferromagnetic interactions between I&all/2

explanations show thato Kondo resonances are seen in thetrggg»ﬁg;sé thﬁ;g;geger\]/alulgcg?mtrsngor‘év:rzgss fe;:%maggﬁgﬁég;m
LDA +DMFT(QMC) spectra at these elevated temperatures lectron2%
consistent with experiment. Note also that the structures ir? .

the eg band aroundo~ —1.5 eV are related to correspond- NMARSr'nrgﬁLrinr:]t:g;'tY”:Se sre;/ri?zli?ceb?elrxeatirgr?urg %;
ing features in the LDAeg band located roughly 1.5 eV : P 4

. ) shows a broad maximum around 30-50 K and becomes al-
below the main structure at 0.75 €%¥ee Fig. 6. The double

) most temperature independent above 400 K. The high tem-
pgak structure atu>0,' on th? o.ther handl, consists of two perature dataT=50 K) have been interpreted either as an
different processes with excitation energieg=0 andwo  jpgication of localized magnetic momehtsr, on the con-
:w‘]' respectively. Finally, the peak aroung=4 eV in the a1 a9 characteristics of an itinerant electron system close
eq DOS can be identified as an excitation into a triply occu-;q 4 ferromagnetic instabilit®
pied stateo)| o) o) with energyU —3J. The debate on the relevant magnetic interactions was con-

The orbital occupation, which confirms the earlier conjec-tinyed after the spin fluctuation spectrum of LY, was
ture based on the LDAU approgcrﬁe’ can be readily under-  getermined by means of quasielastic neutron scattéfing.
stood from the previous analysis of the LDA band structurethese neutron data showed a transition from ferromagnetic
There we found that the center of mass of &g orbital is  corelations at elevated temperatur@s{40 K) to antiferro-
0.26 eV lower than the Corl‘esponding value for ﬁgeorblt- magnetic Spin fluctuations with a wave Vecmp 0.7 A71 at
als. In the absence of Coulomb correlations the bandwidth igyw temperaturesT<40 K), as shown in Fig. 10. However,
Significantly Iarger than this energy difference, i.e., this Split'a Subsequent inelastic neutron Scattering Study Onz(DJ;V
ting does not have any significant effect. However, with areported the continuous evolution of antiferromagnetic fluc-
Coulomb interactionU=3.0 eV, which is significantly tuations out of a high-temperature paramagnetic state with-
larger than the kinetic energy terfbandwidthW~2 eV),  out indications of ferromagnetic interactions at elevated
this small difference in connection with the smaller band-temperature&’
width of thea, 4 orbitals will favor a localization of the elec- In order to clarify these inconsistencies, most recently, a
trons in thea, 4 orbital for energetic reasons. polarized neutron scattering study on a set of 1Oy
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151 4k 120 1 0sev '
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= l{ EZ- P =1.30 e Experimental data 7
.‘2 15 K . o B 9= '450K ‘ 1
5 3
. g [J=0.8¢eV
2 10} e lp.=
5 0 %1_ Py =1.65
- 6 _ 6=640K
g 80K — '=
5
05 - . b L e
Liv,0O, E -1000 -500 O 500 1000 1500 2000
0 1 2 FIG. 11. Inverse Curie-Weiss spin susceptibiligy *(T) for
a (A LivV,0, obtained by LDA+DMFT(QMC) calculation at U

) ) .=3.0 eV, J=0 (diamond$ and J=0.8 eV (triangles, in compari-

FIG. 10. Q dependence of the energy-integrated quasielastiGon 1o experimental dat®ef. 17 (circles. For (i) J=0 the Curie-
scattering intensity of LiyO, at 4, 15, and 80 K. For comparison, \weiss constant ig9~ —450 K and the effective paramagnetic mo-
the inset shows th€ dependence according to the square of the, ant is per=1.30; for (i) J=0.8 eV we obtaind~640 K and
neutron magnetic form factor of the two vanadium configurations «=1.65. Solid lines are least squares fits to the LDA
possible in Li\,O,. At elevated temperatures, the much 5tr°n93r+DMFT(QMC) data.
reduction of the scattering intensity upon increas@goints to-
wards ferromagnetic spin correlations. The maximum aro@nd
=0.7 A"t at 4 K indicates antiferromagnetic fluctuations. Dashed & =n= 1
or dotted lines are guides to the eye oftigken from Ref. 18 Nsites Nsitesk<kg .o

347'rk,§
3 ’

a

2

. o where a=8.227 A is the lattice constant. Fokeg
samples has been perform@drull three-directional polar- —g 45 A-1 we obtainn~1.714 per cubic unit cell, i.e., a

ization analysis allows for an unambiguous separation of th@onduction band filling of 0.43 per vanadium ion, since there
nuclear, magnetic and spin incoherent cross section, respegre four Vanadium ions per unit cell. Note that this value
tively. The measured magnetic cross section has been fittggbrfectly coincides with the filling of the] band as obtained
and the corresponding real-space spin correlations extract&gthin our LDA/DMFT calculation, thus giving further ex-
by employing the reverse Monte Carlo method. The datgerimental confirmation of our proposed picture of a separa-
show a temperature induced cross-over from purely ferrotion of the vanadiund states into a strongly correlated,
magnetic next nearest neighbor spin correlations at high temprbital with one localized electron and weakly localizefi
peratures T=40 K) to a coexistence of ferromagnetitear-  orbitals which form a metallic band filled witk-0.5 elec-

est neighbor and antiferromagnetic (second nearest trons.

neighboj correlations at low temperatures. The correspond- The evolution of antiferromagnetic spin correlations with
ing oscillatory behavior of the real-space spin correlations atj~0.7 A~* at low temperatures is now experimentally well
low temperature can be described purely phenomenologiestablished. However, the temperature-induced cross-over
cally assuming a Ruderman-Kittel-Kasuya—Yosida-from ferromagnetic to RKKY-like spin correlations is still
(RKKY-) type interaction with S(S+1)=0.2 and kg unclear at present.

=0.45 A* for a simple parabolic banf.It has to be no- We performed LDA-DMFT(QMC) calculations of the
ticed that a value of 0.2 foB(S+ 1) is much less than ex- high-temperature magnetic susceptibility for a set of differ-
pected. This is due to the fact that these measurements weget inverse temperaturgs=>5, 7, 9, 10, 11, 12, 13 eV and
performed in a restricted energy transfer rangehaf<4 magnetic fieldsB=0.005, 0.01, 0.02 eV. The results are
meV. In turn, it can be concluded that a significant part of theshown as triangles and diamonds for a Hund’s exchange cou-
spectral weight is beyond 4 meV. Due to the limited accespling J=0.8 eV andJ=0, correspondingly, in Fig. 11 to-
sible energy transfer range so far, the spin correlations agether with a fit to a Curie-Weiss Id#’*

determined on the basis of reverse Monte Carlo simulations

definitively overemphasize the ferromagnetic contribution at ,uépéﬁ

low temperatures. In fact, there are indications of two differ- x(T)= NAW-

ent magnetic components corresponding to a ferromagnetic

and an antiferromagnetic contribution, respectively. TheirThe resulting value of the Curie-Weiss temperaturedis
specific temperature dependencies give rise to a change from640 K for J=0.8 eV, the fitted Curie-Weiss consta@t
predominantly ferromagnetic correlations at high temperagives an effective magnetic momermﬁﬁ= 9°S(S+1)
tures to predominantly antiferromagnetic correlations at low=2.71, which corresponds to an effective paramagnetic mo-
temperature. Let us estimate the band fillipgr vanadium  mentpgs=1.65. The deviation fronp.4=1.73 for a spinS

ion that this particular value fokg corresponds to. For a =1/2 can be accounted for if one recalls that the occupancy
parabolic band we have of the a,4 orbital is not exactly 1 but 0.88. Such a reduced

085111-8



ORBITAL STATE AND MAGNETIC PROPERTIES OF LiyO, PHYSICAL REVIEW B 67, 085111 (2003

occupancy should ideally lead to a decreaspgffrom 1.73  antiferromagnetic Kondo coupling betweem and ey

to 1.52. The slightly largetcalculatedl value ps=1.65 is  orbitals and its value was estimated to Bhe=—630 K.>®

due to contributions from they states. For the calculation Thus, in LiV,0, there are possibly three important exchange

with =0, wherea,, and e, orbitals do not couple via a interactions present between thg, ande; electrons of the

local exchange interaction the value of the effective paray 3d shell: ferromagnetic double exchange 1090 K), an-

magnetiC moment is 13, which agrees with the expeCtationﬁferromagnetic direct exchang@(_ 450 K) and antiferro-

if one takes into account that fdr=0 the occupancy of the magnetic Kondo exchande~ — 630 K (Ref. 33 not taken

aig orbital is 0.75, and hences=1.73<0.75=1.3. into account in our calculatignAll these interactions effec-
While our value ofpe is in good agreement with known  tjvely cancel, eventually leading to a small Curie-Weiss tem-

experimental data, the large ferromagnetic Curie-Weiss temperature of the orderfd® K in accordance with experiment.

perature of about 640 K is in contrast with experiment. AFma”y’ one puzz|e remains, name|y’ that the data from neu-

similar result was obtained by Anisimost al,** where a  tron scattering experiments show ferromagnetic spin fluctua-

rather strong effective ferromagnetic intersite exchange paions at high temperaturé&’®

rameterdge,= 530 K (which is the sum of direct and double  The competing exchange terms described above may also

exchangeswas obtained. A ferromagnetic exchange cou-gxpjain the change from antiferromagnetic to ferromagnetic

pling between local moments in LD, can be readily un-  gpin flyctuations aT~40 K found in neutron scattering ex-

derstood in the double exchange picture. The presence of t"‘f?eriments. This is about the same energy scale as the coher-

types ofd electrons, localized ones forming local momentsg o temperature of the Kondo lattf%Thus, one might
and delocalized ones producing a partially filled, relat|velyargue that, while below .., the combined antiferromagnetic

broad band, is a necessary ingredient for the double exs.
: AR . direct and Kondo exchanges are stronger than the ferromag-
change mechanism, resulting in a strong ferromagnetic cou-

pling between local moments. This requirement is fulfilled ingitr']%c?%l;g; T)):acchoar:g:’i;r(]alfsfe?::\?ggizcib?rgft] \t,\flwr(]aeltgrrtgria
the case of LiYO, with one electron localized in the ' 9

orbital and a 1/8 filled broa€ band. netic exchange prevails.

A second important condition for the double exchange
mechanism is Hund’s intra-atomic exchange, i.e., the ferro-
magnetic exchange interaction between electrons within the IV. CONCLUSION
tyq states. If one switches off this intra-atomic exchange in-
teraction, the double exchange mechanism will be switched We investigated the effect of Coulomb correlations on the
off, too. This becomes apparent from the result of our calcuelectronic structure, orbital state and magnetic properties of
lations for y~1(T) with Hund’s exchangel equal to zero LiV,0,. The analysis of the noninteracting partial densities
(see Fig. 11, diamongisAgain, we obtain a Curie-Weiss-like of state obtained by standard LDA calculations shows that,
behavior with anpez=1.3. This time, however, the Curie- while the trigonal splitting of the,, states intoa;4 and eg
Weiss temperaturéy,~ —450 K isnegativei.e., pointing to  orbitals is not strong enough to produce separate bands, it
an effective antiferromagnetic exchange. In the absence @fads to a significant difference in the effective bandwidths
intra-atomic exchange and,4-ej hybridization, the only and average energy of the trigonal orbitals. The LDA
contribution to an exchange coupling can arise from the di-- pMFT(QMC) calculations gave orbital occupancies and
rect hybridization between thee,, electrons. Obviously, this  gpectra which indicate a nearly complete localization of one
will result in the observed antiferromagnetic exchange coUgjectron out of 1.5 & electrons per V ion in they, orbital,

pling. while the e[ orbitals form a relatively broad ially filled
. — g y partially fille
b _Jhe?e resultshcle?rly shovtv thatbgeglectmgti_rll@ € hy metallic band. The calculated temperature dependence of the
bgtvilzeilr?gﬁt%g?roriz Onggggi(;eitsgxcﬁacr?mep?elsll?lgr:nznfrxom paramagnetic susceptibility corresponds to the experimen-
h hvbridi 9N df g€ d blg tally observed Curie-Weiss law and gives an effective para-
::h?;\r?lg-?rlgm %hge,lfz,t,loﬁ t?r?dizzzirgrr?ag%?/tilgus?u f?)r et)r(1-e magnetic momenps= 1.65 in agreement with experimental
g g-€ MY ' Y. data. The experimentally observed small value of the Curie-

present set of Coulomb parameters the ferromagnetic Contr{I'Veiss temperature, formerly a puzzle, is supposed to be the

bution wins in our DMFT calculations. Note, that this result o ; -
is a direct consequence of the valueJafised in our calcu- result of a competition between three different contributions

lations. There are also available experimental results froni® the effective exchange interaction betwesy and eg
high-energy spectroscopy, which lead one to expect a valu@lectrons in the V8 shell: ferromagnetic double exchange,
of J=0.65 - -0.7 eV (Ref. 75 instead 0f]J=0.8 eV used in  antiferromagnetic direct exchange and antiferromagnetic
our calculation. We found that such a smaller valud dbes  Kondo exchange described in Ref. 33. The present calcula-
not change our results significantly. tions show a dominance of the first two exchanges. We sup-

There is, however, an important part missing in ourpose that including the hybridization betweeg, and ej
present calculation. Since we use the LDA DOS and not thénext step of our researgitan lead to an almost cancellation
full Hamiltonian in the DMFT caclulations, thalg-e’gT hy-  of all three exchanges and the experimentally observed small
bridizationis neglected completely. As has been pointed outesidual antiferromagnetic Curie-Weiss temperature might
by Anisimov et al,* this hybridization can give rise to an become possible.
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