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Polarized optical reflectance and electronic band structure ofa8-NaV2O5
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We report polarized optical reflectance studies ofa8-NaV2O5 between 0.5 and 6 eV as a function of
temperature~T! and magnetic field (H). The electronic excitations and their polarization dependence are
interpreted according to our extended Hu¨ckel tight-binding polarized band structure calculations. Strong bands
near 1 eV in both chain and rung directions are attributed to Vd→d transitions. Charge transfer excitations are
estimated to begin near 3.3 eV and have significant strength at 4.4 eV and above. The reflectance ratios,
DR(T)5R(T)/R(T54 K), measured atH50 and 28 T, reveal broad polarization-dependent changes
through the low temperature transition,Tc . Integrated intensities ofDR features exhibit a second-order tran-
sition at 36 K in zero field and at 3361 K in high field, consistent with a spin-Peierls aspect to the phase
transition.@S0163-1829~99!06347-X#
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I. INTRODUCTION

After the discovery of a low temperature~T! spin-gapped
phase ina8-NaV2O5,1,2 this compound rapidly attracted in
terest as the second inorganic spin-Peierls~SP! material.
More recently, structural studies3–7 have called into question
the assumed nature of the spin chains and SP dimers,8–10and
the character of the lowT transition is now controversial.9–15

In the room temperature structure ofa8-NaV2O5, vanadium
ions have oxidation state14.5 and form weakly-coupled lad
der chains along theb crystal axis.3–6 V dxy-like orbitals
@confirmed by NMR~Ref. 16!# interact strongly across th
ladder rungs via the shared Opy orbital,3,8,17,18 resulting in
one spin per VOV rung. Since interactions between adjac
spins are much greater within each ladder than between
der chains,3,8,9,17 the ladders behave likeS51/2 Heisenberg
linear chains, as apparent in the magnetic susceptib
above 100 K.1,19 The opening of a spin gap at the pha
transition (Tc'35 K) is accompanied by unit cell doublin
in the a and b directions, and quadrupling in thec
direction.7,20 An NMR study by Ohamaet al.21 showed that
the transition involves charge localization, creating V41 and
V51 on distinct V sites. One candidate for the resulti
charge order is a zig-zag arrangement, which diagon
pairs V41 spins located on neighboring chains.8–10,22–25Such
transverse coupling motivates a classification ofa8-NaV2O5
as an unconventional spin-Peierls material.8,9 According to a
15 K crystal structure study by Lu¨deckeet al.,7 the low T
phase ofa8-NaV2O5 is more complicated, with alternatin
modulated and unmodulated ladder chains along thea-axis.
A bond valence sum analysis of this structure26 suggests a
charge distribution of V4.51 in the unmodulated chains an
PRB 600163-1829/99/60~23!/15721~7!/$15.00
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V41 and V51 in the modulated chains, different from th
aforementioned NMR results.21

Although several optical and electronic structure inves
gations have focused ona8-NaV2O5, disagreements remai
in a number of areas. In the middle infrared~MIR! region, a
broad continuum between'100 and 2000 cm21 ~0.01–0.25
eV! in the rung-polarized direction27–29 is of disputed
origin.6,29 An electronic band near 1 eV27,28 was interpreted
by one set of authors as phonon-assistedd→d transitions
localized on a V41 site27,29 and by others as charge transf
excitations between V41 and V51 on opposite sides of a
rung.28,30 The assignment of a strong 3 eV absorption as
Op→Vd charge transfer band27 was supported by modified
LDA calculations,18,31 but we find evidence for the true ab
sorption edge in higher energy structures. Calculations ba
on the recently redetermined 300 K crystal structure4 show
that the lowest-lying band ofa8-NaV2O5 is half-filled.3,8,17

The insulating nature ofa8-NaV2O5 ~Ref. 32! is produced
by electron localization associated with electron-elect
repulsion.3,17,18,31Estimated values of the insulating gap i
clude Op→Vd charge transfer~CT! at 2.7 eV,18 rung-to-
rung hopping excitations at 0.7 eV,3,17 and ad→d excitation
gap at 0.6 eV.31

In order to probe the rich electronic structure
a8-NaV2O5, we have extended previous optic
measurements27–29 to higher energies, and to the low tem
perature and high magnetic field regimes. By combining
measurements with extended Hu¨ckel tight-binding band
structure calculations,33,34 we assign excitation features o
the observed conductivity and provide a framework for u
derstanding the polarization dependence of the optical res
across a wide energy range~0.5–6 eV!. To gain insight into
15 721 ©1999 The American Physical Society
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15 722 PRB 60V. G. LONG et al.
the microscopic nature of the lowT phase, we also examin
changes in the electronic structure ofa8-NaV2O5 across the
phase transition by polarized reflectance ratio@DR(T)# mea-
surements. Finally, since optical electronic structure stud
are a demonstrated means of mapping out theH2T phase
diagram of SP materials,35–37 we made high-field (H
528 T) measurements ofDR(T) to determine the field de
pendence of Tc , a common signature of the S
transition.38,39

II. EXPERIMENTAL METHOD

Two high quality single crystals ofa8-NaV2O5 were
grown by the flux method40 and had dimensions of'832
30.8 mm3, and 432.530.4 mm3 with the long direction
identified as parallel to the chains (b-axis!. Measurements o
power reflectance~R! were performed on a Perkin-Elme
Lambda-900 optical spectrometer, covering the energy ra
0.5–6 eV with resolution between 1 and 3 nm. This syst
was custom retrofit to accommodate a reflectance stage
cryostat, and spectra were collected at'10, 40, and 300 K.
Glan-Thompson and Glan-Taylor polarizers were used to
lect the response parallel to the chain direction (Eib) or rung
direction (Eia). The Kramers-Kronig~KK ! extrapolations
were made as a constant below 0.5 eV and asv22 above 5.7
eV.

Small changes in reflectance in the vicinity of the lowT
phase transition were studied by measuring the reflecta
ratios, DR(T)5R(T)/R(T54 K), at two constant fields
H50 and 28 T. The sample was mounted in an excha
gas cryostat whose tail fit into the bore of a 30 T resist
magnet; the applied field was perpendicular to theab plane
of the crystal. A grating spectrometer, equipped with a C
camera or germanium detector, covered the energy ra
0.75–2.5 eV. A series of polaroid film polarizers was e
ployed.DR(T) was measured in 1 K steps aroundTc in the
CCD detector range and at larger temperature steps in
lower frequency region of the slower Ge scanning detec

Extended Hu¨ckel tight-binding band structure~EHTB!
calculations fora8-NaV2O5 were carried out using the cen
trosymmetric room temperature crystal structure.4 Our calcu-
lations employed double-zeta Slater type orbitals41,42 for the
3d orbitals of vanadium and the 2s/2p orbitals of oxygen, as
described in Ref. 8. The atomic parameters used in our s
are listed in Table I.

TABLE I. Exponents,z i , and valence shell ionization poten
tials, Hii , of Slater-type orbitals,x i , used for extended Hu¨ckel
tight-binding calculations.Hii ’s are the diagonal matrix element
^x i uHe f fux i&, whereHe f f is the effective Hamiltonian. In our cal
culations of the off-diagonal matrix elements,Hi j 5^x i uHe f fux j&,
the weighted formula was used~see Ref. 43!. c1 and c2 are the
contraction coefficients used in the Slater-type orbitals.

Atom x i Hii z i c1 z i 8 c2

V 4s 28.81 1.697 1.0
V 4p 25.52 1.260 1.0
V 3d 211.0 5.052 0.3738 2.173 0.7456
O 2s 232.0 2.688 0.7076 1.675 0.3745
O 2p 214.8 3.694 0.3322 1.659 0.7448
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III. RESULTS AND DISCUSSION

A. Polarized optical conductivity and band structure

The top panels of Fig. 1 display the room temperature a
'10 K reflectance ofa8-NaV2O5 in both polarizations. The
frequency-dependent conductivity,s1(v), and dielectric
constant,e1(v), determined by KK analysis, are shown
the lower panels. Both are characteristic of a highly ani
tropic insulating material. In general, the lossy and disp
sive features for the polarization along the rung direct
(Eia) are more intense, better defined, and occur at slig
lower energies than those polarized in the chain direct
(Eib). In s1(v), we find strong low-energy electronic ex
citations centered around 1 eV~0.86 eV inEia and 1.1 eV in
Eib), in good agreement with others1(v) results28 and
with transmittance and ellipsometry data at 300 K.27,44,45Fol-
lowing a reduced conductivity region in both polarization
there occur well-defined excitations centered at 3.2 and
eV in Eia and Eib, respectively. These are succeeded
broader overlapping bands centered at 4.4 and 5.0 eV inEia
and by a band at 5.0 eV inEib. The positive slope ofs1(v)
above 5 eV implies the existence of additional higher ene
excitations beyond the range of our measurements.

To analyze the observed room temperature conducti
of a8-NaV2O5, we examine its electronic band structure c

FIG. 1. Frequency-dependent reflectance~upper panels!, con-
ductivity ~middle panels!, and dielectric constant~lower panels! of
a8-NaV2O5 in the Eia and Eib polarizations. The frequency is
given in units of eV. The dotted line spectra were taken at'300 K
and the solid line spectra at'10 K.
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PRB 60 15 723POLARIZED OPTICAL REFLECTANCE AND . . .
culated by the EHTB method. Figure 2~a! shows the total
density of states~DOS! as a solid line and the projecte
density of states~PDOS! for the V d orbitals as a dotted line
For simplicity, only the region ofd-block bands is shown
the Op block is centered near217 eV. The PDOS plots for
the individual Vd orbitals, shown in Fig. 2~b!, reveal that the

FIG. 2. ~a! Density of states plots for the room temperatu
structure ofa8-NaV2O5. The solid line refers to the total DOS an
the dotted line to the PDOS for the Vd orbitals. ~b! PDOS plots
calculated for the Vdxy , dxz , dyz , dz2, anddx22y2 orbitals. Each
interval of the PDOS axis corresponds to 25 electrons per unit
d-block bands increase in energy asdxy,dxz,dyz,dz2

,dx22y2. This sequence is the same as for the isolated V5
square pyramid, the building block of the V-O lattice
a8-NaV2O5.8 Overall features of thed-block bands are in
good agreement with recent first principles calculations.3,18,31

The dxy bands are split in two because V4.51 ions interact
strongly across each rung,8 and as a result, the lowerdxy
band becomes half-filled. The Fermi level~dashed line! of
Figs. 2 and 3 was determined under the assumption
a8-NaV2O5 is a metal. The actual magnetic insulating sta
of a8-NaV2O5 ~one spin per VOV rung! is represented by
the electron configuration in whichdxy-band energy levels
are singly occupied.46,47 Thus, the Fermi level appropriat
for this system is at the top of the lowerdxy band, as indi-
cated by arrows in Figs. 2 and 3. Optical excitations betw
the various states can be divided into two main classes: th
at energies.'4.4 eV, which are Op-block→V d-block
transitions, and those,'4.4 eV, which are transitions
within the V d-block bands. Within the Vd block, excita-
tions can occur from the lowerdxy band~henceforth, denoted
dxy

1 ) to the upperdxy band (dxy
2 ) and fromdxy

1 to each of the
higher energy Vd orbitals.

In polarized reflectance measurements, the optical abs
tion involves occupied and unoccupied energy levels hav
the same wave vector aligned along the polarizat
direction.48,49 To understand the polarization dependence

ll.

FIG. 3. Dispersion relations~left! calculated for thed-block
bands ofa8-NaV2O5 along the six wave vector lines~right! parallel
to thea* axis in~a! and parallel to theb* axis in~b!. In units ofa*
andb* , the symbols representing the positions of the Brillouin zo
are defined asG5(0,0), X5(a* /2,0), M5(a* /2,b* /2), and Y
5(0,b* /2).
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15 724 PRB 60V. G. LONG et al.
s1(v), we compare optical transitions polarized along tha
axis (b axis! ~Fig. 1! with the energy levels ofd-block bands
along wave vector lines parallel to thea* ( b*) direction
~Fig. 3!. In general, DOS values increase with the flatness
the band, so electronic excitations are expected to be m
intense in the rung than in the chain polarization, in go
agreement with our conductivity data below'4 eV. The
d-block bands are noticeably more dispersive in the ch
direction@Fig. 3~b!# than in the rung direction@Fig. 3~a!# due
to linear oxygen-vanadium linkages all along the chains
theEib polarization, the character ofs1(v) between 1 and 4
eV is reminiscent of a one-dimensional~1D! band,50 consis-
tent with the greater band dispersion in this direction.

We assign electronic excitations ins1(v) based on the
DOS and band dispersion relations shown in Figs. 2 an
Within the V d block, we expect to see fairly sharp featur
due to the localized nature of such excitations. The inte
features near 1 eV are assigned asdxy

1 →dxz and dxy
1 →dyz

transitions. The weak sidebands of the'1 eV features are
expected due to fine structure in the density of states.
calculateddxy

1 →dxy
2 transition is centered near 0.5 eV wit

an onset of'0.2 eV. As pointed out by Popovaet al.,29 this
excitation will be polarized in the rung direction, accordin
to a symmetry analysis of the idealized VOV rung within t
C2v point group.51 In theEia conductivity, the features clos
est in energy to the calculated transition are the MIR el
tronic band27,28 and a low energy shoulder~0.64 eV! of the
dxy

1 →dxz anddxy
1 →dyz band. Since each of these has min

mal overlap with the predicted range, we cannot positiv
identify the dxy

1 →dxy
2 excitations in s1(v). The second

strong conductivity band at 3.2 eV in thea direction~Fig. 1!
is assigned as adxy

1 →dx22y2 excitation. The 3.9 eV feature
along b may also be related to thedxy

1 →dx22y2 excitation,
since the dispersion of thedx22y2-block band is 1D-like and
the DOS should therefore be high at the top of this band.
PDOS of thedz2 band is wide and reduced in magnitud
compared to the rest of the Vd block, which explains the
lower s1(v) between'1.6 and 2.3~2.6! eV in Eia (Eib).

Charge transfer transitions from the top of the Op block
to the bottom of the Vd block constitute the main energ
gap in a8-NaV2O5, and a series of broad overlapping fe
tures is observed in both polarizations ofs1(v) above
'4 eV. First maxima in the CT excitations occur at 4.4 a
5.0 eV alonga andb, respectively. Using a linear extrapola
tion of the steepest leading edge of the absorption, we as
the optical gap to be'3.3 ~3.5! eV in the rung~chain! po-
larization, in reasonable agreement with the EHTB calcu
tions ~4.4 eV!, assuming normal broadening of the gap52

This gap value should be distinguished from a previous 3
gap assignment,27 which referred to bands that we identif
~based on a wider spectral range! as Vdxy→dx22y2, a totally
different type of excitation. The polarized band structures
not account for the fact thatEib CT transitions have greate
intensity than theEia transitions and in fact, predict th
reverse. Calculation of transition moments might help
plain this discrepancy.

The temperature dependence ofs1(v) between room
temperature and 10 K is shown in the middle panels of F
1. In both polarizations, thed→d bands become slightly
sharper and more intense with decreasingT, nearly all of the
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change occurring aboveTc @at the scale shown,s1(v) at 10
K looks virtually identical tos1(v) at 40 K#. This contrasts
markedly with the reduced oscillator strength of Cu21 d
→d transitions in CuGeO3 at low T,35 which is due to the
phonon-assisted nature of those transitions.53,54 On the other
hand, there appears to be a decrease in intensity of the o
lapping CT bands with decreasingT ~although the proximity
of these features to the KK extrapolation makes this conc
sion less reliable!. The resulting shift of spectral weight t
the lower energy localized excitations is consistent with
approach of a charge ordering transition, producing an
creased localization of charge on vanadium sites.

We point out that the Vd→d transitions described in the
present work are on-rung excitations, chiefly localized with
the VO5 square pyramid. Furthermore, in the relevantC2v
symmetry of the idealized rung,29 the A2→B1 and A2→B2

transitions, which characterize the'1 eV dxy
1 →dxz and

dxy
1 →dyz excitations, are both symmetry allowed.51,55 Thus,

our model of on-rung excitations should be differentiat
from previous interpretations of the'1 eV bands, such as
rung-to-rung hopping,3 across-the-rung hopping,28 and
phonon-assistedd→d transitions on a V41 site.27,29On-rung
excitations tend to have higher overlap amplitudes, and p
vide a better explanation for the strong spectral intensity t
the aforementioned hopping or phonon-assisted transitio

B. Electronic structure changes at the transition

Figure 4 displays the zero-field reflectance ratios (DR)
determined fora8-NaV2O5 in both a and b polarizations.
These look nearly identical to the high-field~28 T! reflec-
tance ratios~not shown!. Consistent with the power reflec
tance of a8-NaV2O5, DR is strongly polarization-
dependent. Changes inDR occur in wide energy band
centered at different energies in rung and chain directio
This behavior is distinct from that of CuGeO3, in which DR
features are narrower and appear near the same ener
both polarizations.35 These differences indicate stronger on
dimensionality and a greater modification of the electro
structure ofa8-NaV2O5 at the phase transition, in accor
with the charge ordering aspect of that transition, compa
to weaker changes associated with the magneto-elastic
sition in CuGeO3. The insets to Fig. 4 show that integrate
intensities of theDR bands yield a similarT dependence in
both polarizations, the gradual nature of which is typical o
second-order transition. This second-order behavior is c
sistent with either a spin-Peierls transition56 or an order-
disorder transition, such as may occur due to cha
fluctuations.57 The similar appearances of zero-field a
high-field integrated intensities confirm that the second-or
character of the transition is unchanged up to 28 T. To
knowledge, this magnitude of magnetic field is higher th
any previously investigated in this compound.58

An important signature of the SP phase transition is
magnetic field~H! dependence ofTc ,38,39which is known to
follow a quadratic behavior inH below a critical field,Hc .
The usual mean-field relation,56 Hc'1.5kBTc /gmB , yields
Hc'40 T, well above the field applied in these expe
ments. Here,g51.938 forHic axis.59 Tc , determined from
the ‘‘knee’’ of the integrated intensity versusT ~insets to Fig.
4!, is reduced from'36 K at zero field to'3361 K at
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H528 T. According to standard theory, the transition te
perature of a SP system obeysTc(H)/Tc(0)51
2a@gmBH/2kBTc(0)#2, with the prefactor,a, equal to 0.44
or 0.364.38,39 We find 0.22,a,0.42, which overlaps wel
with the expected range and allows for a possible quadr
field dependence ofTc , in contrast with previous determina
tions of a which were as much as an order of magnitu
smaller than expected.15,60 In sum, our DR results for
a8-NaV2O5 are consistent with a conventional SP transitio
as manifest in the second-order character and field de
dence of Tc . The fact that in many other regard
a8-NaV2O5 does not conform to current understanding of
ordinary spin-Peierls system8,15,21,32,59,61,62clearly motivates
further high-field studies of this complex material.

To gain additional insight into the electronic structu
changes occurring atTc , we have calculateds1(v) at T
540 K for comparison withs1(v) at 10 K, as shown in
Fig. 5. For this purpose, we combined our 10 K power
flectance spectrum with the reflectance ratioDR(40 K)
5R(40 K)/R(4 K) and made a KK analysis of the resu
ing spectrum.63 Although the minute changes ins1(v) ~inset
to Fig. 5! might be suspect if derived from the difference
the power reflectance, their origin in the reproducible tren
of the reflectance ratios assures that they are real.
a8-NaV2O5 moves into the lowT phase, the low-energy

FIG. 4. Temperature dependence of zero-field reflectance ra
DR, for the ~a! Eia and~b! Eib polarizations. At the center of the
spectra, the temperatures are, from top to bottom:T54, 10, 20, 30,
35, 40, 45 K; at the low energy end, from bottom to top:T54, 20,
30, 40, 45 K. The inset for each polarization shows the integra
intensities of theDR features versus temperature, with the integ
tion region shown by arrows in the main figure. Empty circles re
to the zero-field data and solid diamonds to the data taken aH
528 T ~not shown!.
-

ic

,
n-

-

s
s

bands of both polarizations show a decrease in spec
weight below'1.06 eV and an increase in weight in th
high-energy tails of the same bands. We deduce that
dxy

1 →dxz and dxy
1 →dyz excitations shift to slightly higher

energy in the low-temperature phase. A challenge for fut
band structure calculations of the low temperature struc
of a8-NaV2O5 will be to reproduce and explain the blu
shifts of these excitations.

IV. CONCLUSION

In summary, we report polarized optical reflectance st
ies of a8-NaV2O5 between 0.5 and 6 eV as a function
temperature and magnetic field. Electronic excitations de
mined by EHTB electronic band structure calculations are
good overall agreement with the observed zero-field opt
conductivity. Greater oscillator strength in the rung co
pared to the chain polarization is consistent withd-block
bands that are less dispersive along the rung direction.
strong frequency-dependent conductivity bands near 1
are associated with on-rungdxy

1 →dxz and dxy
1 →dyz transi-

tions. Op→Vd charge transfer excitations are calculated
begin at'4.4 eV, in reasonable agreement with the expe
mental optical gap, which is estimated at'3.3 (3.5) eV in
the rung ~chain! direction, and with above-gap transition
gaining significant strength near 4.4~5.0! eV. Reflectance
ratios, DR, measured in chain and rung directions, rev
broad polarization-dependent changes through the 36
phase transition. Integrated intensities of theDR features as a
function of T show a second-order type phase transition
both zero field and high field, and a'3 K reduction inTc at
28 T, consistent with a possible quadratic field depende
of Tc .

ACKNOWLEDGMENTS

Work at the State University of New York at Binghamto
and at North Carolina State University was supported by
Division of Materials Science, Basic Energy Sciences at

s,

d
-
r

FIG. 5. Frequency-dependent conductivity atT'10 K ~solid
line! and '40 K ~dotted line! in both polarizations. Inset show
magnification of region where the two temperature spectra cros



02
m
i
i

R-
sh-
nu-

15 726 PRB 60V. G. LONG et al.
U.S. Department of Energy under Grants Nos. DE-FG
99ER45741 and DE-FG05-86ER45259, respectively. So
of these measurements were performed at the National H
Magnetic Field Laboratory in Tallahassee, Florida, which
, P

M

-

t-

J
C

.

C

Jp

.

.
.

ys
-
e

gh
s

supported by NSF Cooperative Agreement No. DM
9527035 and by the State of Florida. We thank Andrei Su
kov and Andrea Damascelli for careful readings of the ma
script.
.

.

.

R

site

nd

.

ne,

.

s-

J.
Z.

ce

her
rys-
1M. Isobe and Y. Ueda, J. Phys. Soc. Jpn.65, 1178~1996!.
2M. Weiden, R. Hauptmann, C. Geibel, F. Steglich, M. Fischer

Lemmens, and G. Gu¨ntherodt, Z. Phys. B103, 1 ~1997!.
3H. Smolinski, C. Gros, W. Weber, U. Peuchert, G. Roth,

Weiden, and C. Geibel, Phys. Rev. Lett.80, 5164~1998!.
4H. G. von Schnering, Y. Grin, M. Kaupp, M. Somer, R. K. Kre

mer, O. Jepsen, T. Chatterji, and M. Weiden, Z. Kristallogr.213,
246 ~1998!.

5T. Chatterji, K. D. Liss, G. J. McIntyre, M. Weiden, R. Haup
mann, and C. Geibel, Solid State Commun.108, 23 ~1998!.

6A. Meetsma, J. L. de Boer, A. Damascelli, T. T. M. Palstra,
Jegoudez, and A. Revcolevschi, Acta Crystallogr., Sect.
Cryst. Struct. Commun.C54, 1558~1998!.
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