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We present measurements of the polarized optical spectra of®{gdhd LiV,Os. In an energy range from
0.5 to 5.5 eV, we observe similar peaks in B spectra of NayOs and LiV,0s, which suggests similar
electronic structures along thee axis in both materials. On the other hand, we find an almost complete
suppression of the peaks i, of LiV,05 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,i@sLiV
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In the past several years, quantum phenomena resultimgresented®*® In these studies, various charge-ordering
from the low dimensionality of effective electron interactions ground states were proposed for the low-temperature phase
in solids have been investigated with increasing intensityof NaV,0Os. These models were tested by comparison with
from both experimental and theoretical points of view. Theoptical conductivity dat4~"with some success, but no con-
increase in interest was partially motivated by the discovensistent picture has yet emerged. None of the models pro-
of inorganic materials that exhibit quantum effects, such aposed to date have reproduced optical transitions in the 0.8—
the Sr-Cu-O systefnor CuGeQ,? and by a common belief 5-eV, range and provided an explanation for the origin of the
that these studies will give us a better understanding of eledew-frequency electronic excitation®bserved in both IR
tron correlations in general. and Raman spectrd*® In fact, the central issue refers to the

The vanadate family of AYOs; oxides have demonstrated energy scale at which the CO in Ng@s should manifest
a variety of low-dimensional phenomena which originateitself, and what should be a fingerprint of it in the optical
from their peculiar crystal structurésThese oxides are spectra.
guasi- two-dimensiondPlD) materials with layers formed by In LiV,0O5 the effects caused by the uniform vanadium
VOs square pyramids. Thé atoms are situated between valence are not observéfiand the structure is assumed to
layers as intercalants, but in fact they determine the valenclee in a charge-ordered pha&githout a spin gapeven at
state of vanadium ator®cting as charge reservoirsf the ~ room temperatur&® We have measured and compared the
A atoms belong to the first column in the periodic table, suctoptical spectra of LiYyOs; and Na\,Os. On the basis of these
asA=Li and Na, each valence electron is shared betweernesults, we discuss the origin of optical excitations and CO
two vanadium atoms. As a result the V ions are in a mixedground states in both compounds, and the nature of the CO
valence state with an average valencetdf.5. The common phase transition in Na)0s.
consequence of mixed valence in these structures is the ap- Single crystals, with dimensions typically<13x 0.2 mn?
pearance of a quasi-1D magnetic interaction, since chainNaV,0s) and 2<3x1 (LiV,0s) alonga, b, andc axes,
carrying the spirimade of \V*, S=1/2) are separated from respectively, prepared as described in Ref. 20, were studied.
each other by nonmagnetic chains®(y. In both LiV,05;  The measurements were performed(681) surfaces. Mea-
and Na\,LOg the 1D character of the magnetic ordering wassurements of the polarized infrared reflectivity spectra were
confirmed*® In addition, there is a possibility of the exis- performed on Fourier transform spectrometer Bruker IFS
tence of strong valence fluctuations, and eventually charg&13V, in an energy range from 40 to 11000 ¢imAn in situ
ordering(CO) effects. overcoating technique was used in reflectivity

A very interesting interplay between spin and charge dy-measuremerft The reflectivity in the range from 1100 to
namics results in the phase transition discovered ir8300 cm! was measured on an Atago Multiviewer spec-
NaV,0s.* Up to now, accumulated experimental d€t2 trometer with a multichannel detection system combined
suggested that Ng\@s exhibits a CO phase transition &t with a SPECTRA TECH IR-Plan microscope. A rotating-
=34 K into a gapped spin-liquid ground state. The argu-analyzer ellipsometer was used to measure the pseudodielec-
ments in favor of CO are mostly based on the insensitivity oftric function in 1.2—-5.5-eV energy range.
the phase-transition effects associated with magnetic fields At room temperatures the'-NaV,0O5 and y-LiV 5,05
(the spin-Peierls phase transition scenario was also prdiave orthorhombic unit cefi€? (described by the space
posed. Subsequently, several theoretical analyses of the rolgroupsPmmnand Pnma, respectively, and crystal struc-
of the electron correlation@ntersite Coulomb interactionn  tures consisting of layers of ViGsquare pyramids which are
charge dynamics and/or charge ordering in DAy were  mutually connected via common edges and corners making
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FIG. 1. Schematic representation of tf@ LiV,0s and (b) -
NaV,Os crystal structures.
characteristic “zigzag” chains of V atoms along theaxis. g

Parameters andb are similar in both compounds? Thec
axis of LiV,0;5 is approximately twice as large, since the
LiV,0O5 unit cell comprises four formula unitgtwo in
NaV,0s). In NaV,0Os5 all vanadium atoms are in the same
valence state at room temperatufes average valence of
+4.5), and thus indistinguishable in the unit cell.
Conversely, the structure of LiDs is characterized by
two kinds of vanadium chains along theaxis. One is mag-
netic, V** (S=1/2), and the other nonmagnetic®V (S
=0); see Fig. 1. Another important difference in crystal
structures comes from the different sizes of Li and Na ion
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FIG. 2. Room temperature optical conductivity of N&% and

We first focus on excitations around 1 eV in the N&¢
spectra, and discuss the results in light of the electronic band
structure of NayOs obtained from density-functional calcu-
lations (DFC'9)?® and at-j-V model'®~* According to
sDFC’s, the vanadiun-level degeneracy is removed due to

Li atoms are smaller, and consequently the VO layers ifnisotropy of the crystal fieltf, and the lowest occupied

LiV,Os5 are more corrugated; see Fig. 1. An alternative de-
scription of the V@ layer is that it consists of V-O-V rungs
coupled together in a ladder fashion through the oxygen

3d,, states are separated by 1-5 eV from remaining 3d
states. This energy scale provoked the assignment of the

bonds along thé axis. These ladders are mutually connected
to each other via a direct overlap of vanadiwhorbitals
along the \k-VZ-VR “zigzag” chain; see Fig. 1.

The optical conductivity of Na¥Os and LiV,0Os is pre-
sented in Fig. 2. The optical conductivity was calculated €
from the reflectivity data using Kramer-Kronig relations. The
pseudodieletric functions of Ng\@s and LiV,05 are shown
in Fig. 3 The 1.5-5.5-eV energy range is computed using the
ellipsometric equations for the isotropic case. Consequently,
€ (o) represents a complicated average of the projections of
the dielectric tensor on the sample surface. We present the
spectra of th€001) surface taken with tha axis (thin line)
and theb axis (thick line) in the plane of incidence. Follow-
ing Aspnes’s prescriptioff we attribute these components to
the dielectric tensor component$, (o,) and €3, (ay), re-
spectively.

Bands with energies at 0.9, 1.2, 3.22, 4.23, and 5 eV for
o, and 1.1, 1.58, 3.73, and 5 eV far, are found in

NaV,Og; Fig. 2. The same structures were observed in pre-

— 5

vious studie¥'" as well. In LiV,05 we find bands with 1

energies centered at 0.85, 3.03, 4.20, and 4.95 eV fand
at 3.42 eV forgy,. It is important to note that whiler, in
LiV ,O5 closely resembles, in NaV,0s, oy, in LiV 5,05 is
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FIG. 3. Imaginary part of the pseudodielectric function of
almost completely suppressed except for the 3.42-eV moda&NaV,0s and LiV,Os.
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0.9-eV peak in the optical spectf&ig. 2) to a transition  give a completely differena then in Na\,Os, which in turn
betweend-d crystal-field levels of vanadium ioriS.How-  should produce a large difference in the optical conductivity,
ever, recent work on Ca-doped Nz% showed 0.9-eV de- hich is not observed. So, whether or not the difference in
creases in intensity with increasing &aThis result seems 1o charge disproportion between these compounds manifests it-
be inconsistent with the-d transition picture(the d-d tran-  ge|f in theE||a peak energies is still an open question.
sition intensity should be proportional to the number 6fV  |ntensity estimates are much more difficult to obtain. In
ions). On the other hand, in thieJ-V model, the combined  the simplest approach, changes in the intensity are produced
effects of the short-range Coulomb interaction and valencgy different hoppings. In NayOs the E||a peak is around
fluctuations of the V ions determines the peak energies in thghree times more intense than tb peak. Thus, according
optical conductivity spectra, e.g., the anisotropy of the inter{g thet-J-v model!® the hopping energg, is expected to be
band transmons in tha and b_dlrectlon_s. In order to repro- gt |east two times smallet,~0.2 eV. From the Li\Os
duce experimental observations, basicallytaltV calcula-  gptical spectra we learned that the major plausible effect of
tions rely on (or predicy the existence of strong charge charge localization involves changes in peak intensities. As
d|scomensurat|op, which is nqt in accordance with effectsye already discussed, the Li@s is at room temperature in
related to the uniform valence in NaWs. a charge-ordered state, i.e., a double-chain charge ordering of
In fact, the quarter-filled nature of the V-O-V rifiD.5  electrons along the axis; see Fig. 1. In this case the elec-
electrons per vanadium sjtsuggests that the band states aretronic transitions that involve double-site occupancies along
a superposition of thd,, molecular orbitals of bonding and the b axis should be almost completely suppressed. This ef-
antibonding types. Then it can be argued that the 0.9-eVect is caused by a reduced probability for the electrons to
structure corresponds to the bonding-antibonding transitioimop to sites along thé axis or in thexy direction that are
within the V-O-V rung'* The energy separation of the already occupied. This is consistent with the vanishing of the
bonding-antibonding,, orbitals, according to the Hubbard structures around 1 eV in the, spectra of Li\,Os.
model of the isolated rung, IAEg,~2t,. A reasonable The E||]a bonding-antibonding transition is not influenced
value oft,=0.45 eV reproduces the energy band at 0.9 eV irby the double-chain charge-ordering pattern in JO¢4 as
Ella spectra. Such an analysis predicts the existence of @uch as the processes described above, and we still find the
similar structure along thb direction as indeed observed in peak at 0.85 eV. Its intensity is approximately two times
the 1.2-eV peak inr,. smaller than the 0.9-eV peak in NgWs, indicating that
The temperature dependence of the optical conductivitgharge localization might also affect this process in some
raises even more questions. All the featuresjrincrease in ~ way. If so, suppression of the 0.9-eV peak in N& is
intensity, but without a change of energy at the CO phasé€xpected below the phase transition and indeed observed in
transition temperaturd,.= 34 K.1®?" According to thet-j-v ~ Ref. 27.
model, the energy shift of the 0.9-eV structure is expected Therefore, the intensities of the peaks along lirexis in
across the phase-transition temperature, since the drivindge optical conductivity of Na¥Os should be strongly tem-
mechanism for the CO is short-range Coulomb interactiorperature dependent if the CO beldw is of “in-line” type.
(which induces a nonzero in-rung charge disproportionThis is not observed in the experiment, firmly establishing
potential’>'¥ Switched on aff., this interaction naturally the zigzag CO scenario in Na@s."
produces zigzag charge order. Thus one may either conclude Keeping in mind the complete disappearance of the 1.1-
that the change of charge disproportion below the phase tramnd 1.6-eV peaks in they, spectra of LiV,Os, we propose
sition is very smafl’ [this contrasts with the strong splitting that these two structures in Na®s originate from electronic
of V NMR lines observed below, (Ref. 7] or that CO does transitions which involve double-electron occupation of the
not manifest itself through a change in energy of 0.9-evrungs created in neighboring ladders or the same ladder, re-
peak. spectively; see Fig. 1. That is, tidb experimental configu-
With this in mind, let us now discuss the optical conduc-ration allows both intraladder and interladder transitions,
tivity of LiV ,0s. If we assume the bonding-antibonding while the E[|a configuration allows only interladder transi-
transition (with and/or without the charge disproportion po- tions. Thus the interladder transitions could correspond to the
tential A) to be responsible for the 0.9-eV optical excitation 1.1-eV peak(Fig. 2), which has a similar intensity in both,
in o, spectra of NayOs, the existence of a similar structure and o}, spectra. Different energies for the intraladder and
(0.85 eV in LiV,05 at first seems to be completely unex- interladder transitions could be related to the Coulomb po-
pected. The reason for this is the existence of plane corrugdential difference in the following way: Let us assume that
tion and strong double chain charge ordering in J@¢.  double-electron occupancy costs an effective enardpr
However, despite corrugation, thed,3-2p-3d,, bonds of the isolated rung. Then the total potential difference between
the rungs in these two compounds are similar. According tdhese two cases igtaking V,,~ J2V) AE=(2V+ 2Vyy)
the crystal structures, the V-O-V bond angles differ in these- (3V+V,,)=~0.4V. Taking V=1 eV, we obtainAE
two structures by 10°-20° (120° in Li®s and 140° in ~0.4 eV. Since experiment gives an energy difference of
NaV,0s); see Fig. 1. Such a structural difference wouldabout~0.5 eV, the additional energy difference of about
eventually cause a somewhat smatlehopping in LiV,Os. ~0.1 eV could be due to the difference in hopping. If so, the
If we discardA, we findt,~0.42 eV in LiV,0s. On the first consequence is that interladder hopping~0.1 eV is
other hand, the double-chain charge order inJ@¥ should just a factor of 2 or 3 smaller thap=0.23 eV (Jb=4t§/U
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~560 K).° Such a conclusion is consistent with a previous5.5-eV energy range. While, is similar in both compounds,
estimaté® and with arguments involving magnetic dimer for- ¢, is strongly suppressed around 1 and 5 eV in J@Y. We
mation along thexy direction, which follows from the zigzag attribute this effect to charge localization originating from
charge ordered ground stafe. the double in-line charge-ordering pattern in L®. Our

The structures around 3—4 eV are quite similar in thesgesults thus support the zigzag charge-ordering ground state

two compounds. According to the angle-resolved photoemisproposed for NayOs below the phase-transition tempera-
sions spectroscopy,we assign 3.22- and 3.73-eV peaks t0 e,

O,p-V3q transitions within the same V-O-V rungs.
In conclusion, we studied the electronic properties of This work was supported by the Natural Sciences and

NaV,Ogs and LiV,0O5 by measuring the optical reflectivity Engineering Research Council of Canada, and Simon Fraser
and dielectric functions of these two compounds in the 0.5-University.
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