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Charge ordering and optical transitions of LiV2O5 and NaV2O5
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We present measurements of the polarized optical spectra of NaV2O5 and LiV2O5. In an energy range from
0.5 to 5.5 eV, we observe similar peaks in theEia spectra of NaV2O5 and LiV2O5, which suggests similar
electronic structures along thea axis in both materials. On the other hand, we find an almost complete
suppression of the peaks insb of LiV 2O5 around 1 and 5 eV. We attribute this suppression to the charge
localization effect originating from the existence of a double-chain charge-ordering pattern in LiV2O5.
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In the past several years, quantum phenomena resu
from the low dimensionality of effective electron interactio
in solids have been investigated with increasing inten
from both experimental and theoretical points of view. T
increase in interest was partially motivated by the discov
of inorganic materials that exhibit quantum effects, such
the Sr-Cu-O system1 or CuGeO3,2 and by a common belie
that these studies will give us a better understanding of e
tron correlations in general.

The vanadate family of AV2O5 oxides have demonstrate
a variety of low-dimensional phenomena which origina
from their peculiar crystal structures.3 These oxides are
quasi- two-dimensional~2D! materials with layers formed by
VO5 square pyramids. TheA atoms are situated betwee
layers as intercalants, but in fact they determine the vale
state of vanadium atoms~acting as charge reservoirs!. If the
A atoms belong to the first column in the periodic table, su
as A5Li and Na, each valence electron is shared betw
two vanadium atoms. As a result the V ions are in a mix
valence state with an average valence of14.5. The common
consequence of mixed valence in these structures is the
pearance of a quasi-1D magnetic interaction, since ch
carrying the spin~made of V41, S51/2) are separated from
each other by nonmagnetic chains (V51). In both LiV2O5
and NaV2O5 the 1D character of the magnetic ordering w
confirmed.4,5 In addition, there is a possibility of the exis
tence of strong valence fluctuations, and eventually cha
ordering~CO! effects.

A very interesting interplay between spin and charge
namics results in the phase transition discovered
NaV2O5.4 Up to now, accumulated experimental data4,6–9

suggested that NaV2O5 exhibits a CO phase transition atT
534 K into a gapped spin-liquid ground state. The arg
ments in favor of CO are mostly based on the insensitivity
the phase-transition effects associated with magnetic fi
~the spin-Peierls phase transition scenario was also
posed!. Subsequently, several theoretical analyses of the
of the electron correlations~intersite Coulomb interaction! in
charge dynamics and/or charge ordering in NaV2O5 were
0163-1829/2001/63~12!/121102~4!/$15.00 63 1211
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presented.10–13 In these studies, various charge-orderi
ground states were proposed for the low-temperature ph
of NaV2O5. These models were tested by comparison w
optical conductivity data14–17with some success, but no con
sistent picture has yet emerged. None of the models p
posed to date have reproduced optical transitions in the 0
5-eV, range and provided an explanation for the origin of
low-frequency electronic excitations~observed in both IR
and Raman spectra!.14,9 In fact, the central issue refers to th
energy scale at which the CO in NaV2O5 should manifest
itself, and what should be a fingerprint of it in the optic
spectra.

In LiV 2O5 the effects caused by the uniform vanadiu
valence are not observed,18 and the structure is assumed
be in a charge-ordered phase~without a spin gap! even at
room temperature.19 We have measured and compared t
optical spectra of LiV2O5 and NaV2O5. On the basis of these
results, we discuss the origin of optical excitations and C
ground states in both compounds, and the nature of the
phase transition in NaV2O5.

Single crystals, with dimensions typically 13330.2 mm3

(NaxV2O5) and 23331 (LiV2O5) along a, b, andc axes,
respectively, prepared as described in Ref. 20, were stud
The measurements were performed on~001! surfaces. Mea-
surements of the polarized infrared reflectivity spectra w
performed on Fourier transform spectrometer Bruker I
113V, in an energy range from 40 to 11000 cm21. An in situ
overcoating technique was used in reflectiv
measurement.21 The reflectivity in the range from 1100 t
3300 cm21 was measured on an Atago Multiviewer spe
trometer with a multichannel detection system combin
with a SPECTRA TECH IR-Plan microscope. A rotatin
analyzer ellipsometer was used to measure the pseudodi
tric function in 1.2–5.5-eV energy range.

At room temperatures thea8-NaV2O5 and g-LiV 2O5
have orthorhombic unit cells6,22 ~described by the spac
groupsPmmn and Pnma, respectively!, and crystal struc-
tures consisting of layers of VO5 square pyramids which ar
mutually connected via common edges and corners ma
©2001 The American Physical Society02-1
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characteristic ‘‘zigzag’’ chains of V atoms along theb axis.
Parametersa andb are similar in both compounds.6,22 The c
axis of LiV2O5 is approximately twice as large, since th
LiV 2O5 unit cell comprises four formula units~two in
NaV2O5). In NaV2O5 all vanadium atoms are in the sam
valence state at room temperatures~an average valence o
14.5!, and thus indistinguishable in the unit cell.

Conversely, the structure of LiV2O5 is characterized by
two kinds of vanadium chains along theb axis. One is mag-
netic, V41 (S51/2), and the other nonmagnetic, V51 (S
50); see Fig. 1. Another important difference in crys
structures comes from the different sizes of Li and Na io
Li atoms are smaller, and consequently the VO layers
LiV 2O5 are more corrugated; see Fig. 1. An alternative
scription of the VO5 layer is that it consists of V-O-V rung
coupled together in a ladder fashion through the oxyg
bonds along theb axis. These ladders are mutually connec
to each other via a direct overlap of vanadiumd orbitals
along the VR

1-VL
2-VR

1 ‘‘zigzag’’ chain; see Fig. 1.
The optical conductivity of NaV2O5 and LiV2O5 is pre-

sented in Fig. 2. The optical conductivity was calculat
from the reflectivity data using Kramer-Kronig relations. T
pseudodieletric functions of NaV2O5 and LiV2O5 are shown
in Fig. 3 The 1.5–5.5-eV energy range is computed using
ellipsometric equations for the isotropic case. Consequen
e (s) represents a complicated average of the projection
the dielectric tensor on the sample surface. We present
spectra of the~001! surface taken with thea axis ~thin line!
and theb axis ~thick line! in the plane of incidence. Follow
ing Aspnes’s prescription,23 we attribute these components
the dielectric tensor componentseaa

2 (sa) andebb
2 (sb), re-

spectively.
Bands with energies at 0.9, 1.2, 3.22, 4.23, and 5 eV

sa and 1.1, 1.58, 3.73, and 5 eV forsb are found in
NaV2O5; Fig. 2. The same structures were observed in p
vious studies14–17 as well. In LiV2O5 we find bands with
energies centered at 0.85, 3.03, 4.20, and 4.95 eV forsa and
at 3.42 eV forsb . It is important to note that whilesa in
LiV 2O5 closely resemblessa in NaV2O5, sb in LiV 2O5 is
almost completely suppressed except for the 3.42-eV mo

FIG. 1. Schematic representation of the~a! LiV 2O5 and ~b!
NaV2O5 crystal structures.
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We first focus on excitations around 1 eV in the NaV2O5
spectra, and discuss the results in light of the electronic b
structure of NaV2O5 obtained from density-functional calcu
lations ~DFC’s!25 and a t-j -V model.10–13 According to
DFC’s, the vanadiumd-level degeneracy is removed due
anisotropy of the crystal field,25 and the lowest occupied
3dxy states are separated by 1–5 eV from remaining
states. This energy scale provoked the assignment of

FIG. 2. Room temperature optical conductivity of NaV2O5 and
LiV 2O5.

FIG. 3. Imaginary part of the pseudodielectric function
NaV2O5 and LiV2O5.
2-2
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0.9-eV peak in the optical spectra~Fig. 2! to a transition
betweend-d crystal-field levels of vanadium ions.15 How-
ever, recent work on Ca-doped NaV2O5 showed 0.9-eV de-
creases in intensity with increasing Ca.26 This result seems to
be inconsistent with thed-d transition picture~the d-d tran-
sition intensity should be proportional to the number of V41

ions!. On the other hand, in thet-J-V model, the combined
effects of the short-range Coulomb interaction and vale
fluctuations of the V ions determines the peak energies in
optical conductivity spectra, e.g., the anisotropy of the int
band transitions in thea andb directions. In order to repro
duce experimental observations, basically allt-J-V calcula-
tions rely on ~or predict! the existence of strong charg
discomensuration, which is not in accordance with effe
related to the uniform valence in NaV2O5.

In fact, the quarter-filled nature of the V-O-V rung25~0.5
electrons per vanadium site! suggests that the band states a
a superposition of thedxy molecular orbitals of bonding an
antibonding types. Then it can be argued that the 0.9
structure corresponds to the bonding-antibonding transi
within the V-O-V rung.14 The energy separation of th
bonding-antibondingdxy orbitals, according to the Hubbar
model of the isolated rung, isDEBA;2ta . A reasonable
value ofta50.45 eV reproduces the energy band at 0.9 eV
Eia spectra. Such an analysis predicts the existence
similar structure along theb direction as indeed observed
the 1.2-eV peak insb .

The temperature dependence of the optical conducti
raises even more questions. All the features insa increase in
intensity, but without a change of energy at the CO ph
transition temperature,Tc534 K.16,27According to thet-j -V
model, the energy shift of the 0.9-eV structure is expec
across the phase-transition temperature, since the dri
mechanism for the CO is short-range Coulomb interact
~which induces a nonzero in-rung charge disproport
potential.11,14! Switched on atTc , this interaction naturally
produces zigzag charge order. Thus one may either conc
that the change of charge disproportion below the phase t
sition is very small27 @this contrasts with the strong splittin
of V NMR lines observed belowTc ~Ref. 7!# or that CO does
not manifest itself through a change in energy of 0.9-
peak.

With this in mind, let us now discuss the optical condu
tivity of LiV 2O5. If we assume the bonding-antibondin
transition~with and/or without the charge disproportion p
tential D) to be responsible for the 0.9-eV optical excitatio
in sa spectra of NaV2O5, the existence of a similar structur
~0.85 eV! in LiV 2O5 at first seems to be completely une
pected. The reason for this is the existence of plane corru
tion and strong double chain charge ordering in LiV2O5.
However, despite corrugation, the 3dxy-2p-3dxy bonds of
the rungs in these two compounds are similar. According
the crystal structures, the V-O-V bond angles differ in the
two structures by 10° –20° (120° in LiV2O5 and 140° in
NaV2O5); see Fig. 1. Such a structural difference wou
eventually cause a somewhat smallerta hopping in LiV2O5.
If we discardD, we find ta;0.42 eV in LiV2O5. On the
other hand, the double-chain charge order in LiV2O5 should
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give a completely differentD then in NaV2O5, which in turn
should produce a large difference in the optical conductiv
which is not observed. So, whether or not the difference
charge disproportion between these compounds manifes
self in theEia peak energies is still an open question.

Intensity estimates are much more difficult to obtain.
the simplest approach, changes in the intensity are produ
by different hoppings. In NaV2O5 the Eia peak is around
three times more intense than theEib peak. Thus, according
to thet-J-V model,13 the hopping energytb is expected to be
at least two times smaller,tb;0.2 eV. From the LiV2O5

optical spectra we learned that the major plausible effec
charge localization involves changes in peak intensities.
we already discussed, the LiV2O5 is at room temperature in
a charge-ordered state, i.e., a double-chain charge orderin
electrons along theb axis; see Fig. 1. In this case the ele
tronic transitions that involve double-site occupancies alo
the b axis should be almost completely suppressed. This
fect is caused by a reduced probability for the electrons
hop to sites along theb axis or in thexy direction that are
already occupied. This is consistent with the vanishing of
structures around 1 eV in thesb spectra of LiV2O5.

The Eia bonding-antibonding transition is not influence
by the double-chain charge-ordering pattern in LiV2O5 as
much as the processes described above, and we still find
peak at 0.85 eV. Its intensity is approximately two tim
smaller than the 0.9-eV peak in NaV2O5, indicating that
charge localization might also affect this process in so
way. If so, suppression of the 0.9-eV peak in NaV2O5 is
expected below the phase transition and indeed observe
Ref. 27.

Therefore, the intensities of the peaks along theb axis in
the optical conductivity of NaV2O5 should be strongly tem-
perature dependent if the CO belowTc is of ‘‘in-line’’ type.
This is not observed in the experiment, firmly establishi
the zigzag CO scenario in NaV2O5.10

Keeping in mind the complete disappearance of the 1
and 1.6-eV peaks in thesb spectra of LiV2O5, we propose
that these two structures in NaV2O5 originate from electronic
transitions which involve double-electron occupation of t
rungs created in neighboring ladders or the same ladder
spectively; see Fig. 1. That is, theEib experimental configu-
ration allows both intraladder and interladder transitio
while the Eia configuration allows only interladder trans
tions. Thus the interladder transitions could correspond to
1.1-eV peak~Fig. 2!, which has a similar intensity in bothsa
and sb spectra. Different energies for the intraladder a
interladder transitions could be related to the Coulomb
tential difference in the following way: Let us assume th
double-electron occupancy costs an effective energyV for
the isolated rung. Then the total potential difference betw
these two cases is~taking Vxy;A2V) DE5(2V12Vxy)
2(3V1Vxy)5;0.4V. Taking V51 eV, we obtainDE
;0.4 eV. Since experiment gives an energy difference
about ;0.5 eV, the additional energy difference of abo
;0.1 eV could be due to the difference in hopping. If so, t
first consequence is that interladder hoppingtxy;0.1 eV is
just a factor of 2 or 3 smaller thantb50.23 eV (Jb54tb

2/U
2-3



us
r-

es
i

to

o
y
.5

,

m

tate
a-

nd
aser

RAPID COMMUNICATIONS
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;560 K!.5 Such a conclusion is consistent with a previo
estimate28 and with arguments involving magnetic dimer fo
mation along thexy direction, which follows from the zigzag
charge ordered ground state.10

The structures around 3–4 eV are quite similar in th
two compounds. According to the angle-resolved photoem
sions spectroscopy,24 we assign 3.22- and 3.73-eV peaks
O2p-V3d transitions within the same V-O-V rungs.

In conclusion, we studied the electronic properties
NaV2O5 and LiV2O5 by measuring the optical reflectivit
and dielectric functions of these two compounds in the 0
r,

P

n

T
e
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5.5-eV energy range. Whilesa is similar in both compounds
sb is strongly suppressed around 1 and 5 eV in LiV2O5. We
attribute this effect to charge localization originating fro
the double in-line charge-ordering pattern in LiV2O5. Our
results thus support the zigzag charge-ordering ground s
proposed for NaV2O5 below the phase-transition temper
ture.
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18Z. V. Popović, R. Gajić, M. J. Konstantinovic´, R. Provoost, V. V.
Moshchalkov, A. N. Vasil’ev, M. Isobe, and Y. Ueda, Phys.
Rev. B61, 11 454~2000!.

19Y. Takeo, T. Yosihama, M. Nisji, K. Nakajima, K. Kakurai, M.
Isobe, and Y. Ueda, J. Phys. Chem. Solids60, 1145~1999!.

20M. Isobe and Y. Ueda, J. Alloys Compd.262, 180 ~1997!.
21C. C. Homes, M. Reedyk, D. A. Crandles, and T. Timusk, Appl.

Opt. 32, 2976~1993!.
22D. N. Anderson and R. D. Willett, Acta Crystallogr., Sect. B:

Struct. Crystallogr. Cryst. Chem.27, 1476~1971!.
23D. E. Aspnes, J. Opt. Soc. Am.70, 1275~1980!.
24K. Kobayashi, T. Mizokawa, A. Fujimori, M. Isobe, and Y. Ueda,

Phys. Rev. Lett.80, 3121~1998!.
25H. Smolinski, C. Gros, W. Weber, U. Peuchert, G. Roth, M.

Weiden, and C. Geibel, Phys. Rev. Lett.80, 5164~1998!.
26C. Presura, D. van der Marel, M. Dischner, C. Geibel, and R. K.

Kremer, cond-mat/0005536~unpublished!.
27C. Presura, D. van der Marel, A. Damascelli, and R. K. Kremer,

Phys. Rev. B61, 15 762~2000!.
28V. A. Ivanov, Z. V. Popovic´, O. P. Khvong, and V. V. Mosh-

chalkov, cond-mat/9909046~unpublished!.
2-4


