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Site-selected O 2p densities of states in NaV2O5 determined
from angular-dependent x-ray absorption and emission spectra
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We present angular-dependent soft x-ray absorption and emission spectra for the highly anisotropic material
NaV2O5, which contains three inequivalent oxygen sites located around the V atoms. The polarization direc-
tion of the incident photon beam was varied with respect to the crystal axes to obtain strong angular depen-
dence in both the absorption and emission data. Using both energy and angular selection, we obtain local
partial densities of states information for each oxygen site, which are compared directly with theoretical results.
This technique should be very useful in studies of asymmetric materials such as high-Tc superconducting
materials with in-plane and out-of-plane oxygen sites.
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I. INTRODUCTION

Transition-metal oxides have been widely studied with
the past few decades for their fascinating magnetic and e
tronic properties, which include giant magnetoresistance
high-Tc superconductivity. As a further example, NaV2O5

has attracted recent attention primarily because of a
Peirels~SP-!like phase transition below 35 K.1 Subsequent
studies have shown that the phase transition involves ch
and orbital ordering effects as well as SP dimerizatio2

Angle resolved photoemission spectroscopy~ARPES! mea-
sured the experimental binding energy of the lower Hubb
band derived from V-3dxy orbitals.3 The absence of spectra
weight at the Fermi level suggests that the system is a M
insulator, in which strong correlation effects are respons
for its insulating nature. This result has been strongly c
firmed by our recent resonant inelastic scattering meas
ments at the V-L3 edge, which demonstrate that correlati
splits the V-3dxy band that spans the Fermi level.4 The
ARPES measurements on NaV2O5 also show the anisotropi
nature of the O-2p states in the form of band dispersio
Band structure calculations implementing explicit V-O a
V-V hopping integrals provides a useful description of t
dispersion associated with the V-3dxy orbitals.5 The calcula-
tion also demonstrated thatp-d hybridization is an importan
aspect of the charge-ordered phase of NaV2O5, due to its
direct effect on the V41 dxy band dispersion.
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FIG. 1. ~a! The structure of NaV2O5. ~b! The experimental ge-
ometry of the sample relative to the polarization vector.
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NaV2O5 is a highly anisotropic compound, which has
primitive orthorhombic lattice with lattice constantsa
511.316 Å,b53.611 Å, andc54.797 Å in the room tem-
perature phase.6 The structure of NaV2O5 is shown in Fig.
1~a!. V2O5 forms pyramids, with V inside the pyramid and
sites on the four corners of the basal plane and at the a
There are three inequivalent O sites and one equivalen
site. Double chains of pyramids extend along theb axis, with
the double chains located alternately above and below
a-b plane containing the O1 and O2 oxygen sites. O1 ato
bridge V-O-V rungs of the ladder along thea axis. O2 atoms
bridge V atoms along the legs of the ladder and betwee
atoms in the up and down pyramid chains. O3 atoms
located approximately along thec direction from the V sites
and form the apex of the pyramids. The pyramids are sligh
tilted and distorted so that the O2 and O3 atoms are shi
slightly away from theb andc axes. There is one equivalen
vanadium site with nominal V4.51 valency. The Na atom
donates one extra electron to the structure that is shared
tween the two V atoms, partially filling a band derived fro
V dxy orbitals.

There are many advantages of synchrotron based
x-ray emission~SXE! and absorption~SXA! measurements
for the study of anisotropic single crystals of complex co
pounds. Third generation synchrotron radiation provides
necessary high photon flux, high resolution, and high deg
of polarization required for the measurements. Because
the relatively large absorption and emission depths fo
rays, the SXE measurements are not surface sensitive. D
the different binding energies associated with core levels
different elements, SXA and SXE are chemically selecti
Since optical transitions obey dipole selection rules,
spectra are also selective for angular momentum state. T
measurements at the O-K edge provide LPDOS information
on the O-2p states for both the occupied and unoccup
levels.

Studies using linearly polarized x rays have been part
larly important in studies of adsorbed molecules on orde
substrates where the molecular bonds have well defined
rections. Photoemission studies of CO absorbed on
showed that, with the molecular axis orientated perpend
lar to the surface, thep orbitals of the CO were selectivel
excited when the electric field vector of the photon beam w
parallel to the surface.7 The principle behind the selectiv
excitations in CO are well understood. When the polarizat
vector E is along the molecular axis of the CO molecu
only states withs symmetry are excited. Thus, the stat
with p symmetry have zero amplitude. WithE perpendicular
to the molecular axis,p symmetry states are detected.9 Soft
x-ray emission studies of CO on Ni have demonstrated
information on the orientation of molecular orbitals and s
selective density of states information is available by rotat
the emission spectrometer around the exciting photon be8

In general, for noncubic single crystals, it is possible to u
lize linearly polarized light to selectively excite orbitals wi
a particular symmetry.10 For cubic systems, thea, b, andc
crystalline directions are equivalent so that polarization
fects are not detected.

In this paper, and in a companion theoretical paper11 we
16510
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show that important information about bonding angles a
site-selected density of states can be obtained in solids
asymmetric crystals, where the distinct sites are located
different crystalline directions. In particular, we present a
gular dependent SXE and SXA measurements of the hig
anisotropic system NaV2O5, at the O-K (1s) edge using
linearly polarized light. The crystalline axes of the samp
are rotated with respect to the fixed directions of the po
ization direction of the incident light and the direction of th
emitted radiation. We consider both the angular and exc
tion energy dependence of the O sites and determine
p-like density of states for each. To interpret the data,
calculate element and angular momentum resolved local
tial density of states~LPDOS! for the O-2p states at each
site. In addition to the band structure calculations, we use
theoretical calculations of angular dependent absorp
spectra presented in a companion paper11 to aid in the under-
standing of the experimental results. Polarization depend
absorption measurements have been carried out on othe
nadium oxide materials but have not been analyzed to ob
site selected emission spectra.12–14

In NaV2O5, the bonding/antibonding orbitals for each in
equivalent oxygen have fixed orientations with respect to
crystalline axes. By aligningE of our photon beam, we se
lectively excite the different oxygen sites and obtain si
selected, densities of states information for the 2p orbitals.
In the measurements reported here, we varyE in thea(b)-c
plane for angles of 15° to 75° measured from thea(b) axis.
We have also had some success in obtaining not only se
tivity of the oxygen site, but of selected orbitals on a partic
lar site. In particular, the data will show that when we exc
into an unoccupied O1-pp orbital oriented in theb direction
of the crystal, the core hole is refilled from the O1-ps bond-
ing orbitals oriented along thea axis.

II. EXPERIMENTAL PROCESS

The experiments were carried out at beamline 8.0 of
Advanced Light Source at the Lawrence Berkeley Natio
Laboratory. Monochromatized light from the undulator is i
cident on samples placed within a few mm of the entran
slit of an emission spectrometer.15 The emission direction is
90° from the incident beam. Incident light isp polarized with
respect to the optical plane defined by the incident and e
ted photons. To change the angle of incidence of the li
~and the polarization direction!, the sample was rotated s
that its normal was rotated in the optical plane. The emiss
spectrometer is a Rowland circle design whose measu
efficiency is greatly enhanced through use of a phot
counting area detector which images the full spectrum
interest. Resolving powers to 10 000 are provided by
monochromator and to about 3000 by the emission sp
trometer. For the experiments reported here, slits were
justed to 30mm on the monochromator and 50mm on the
spectrometer to provide a resolution of 0.3 eV in the abso
tion spectra and 0.6 eV in the emission spectra at the OK
edge. Experiments were carried out at vacuums better
531029 Torr. A gold-coated screen was used to monitorI 0,
the incident beam intensity. Total electron yields~TEY!,
8-2
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which will be the absorption measurements presented in
work, were measured as the ratio of the electron current f
the sample toI 0. The SXE spectra were normalized to th
O-K fluorescent yields~not presented!. Finally, calibrations
of the monochromator and spectrometer energies were d
using TiO2.

The single crystals of NaV2O5 were prepared at the Oa
Ridge National Laboratory. NaVO3 was first prepared by
heating Na2CO3 ~0.99997! and V2O5 ~0.99995! in a plati-
num crucible for 2 h at 800 °C.Further VO2 ~0.99! was
added and the sample was further annealed and subsequ
cooled in a sealed silica ampoule to form samples
NaV2O5 in a flux of NaVO3. After dissolving the flux with
hot water, elongate platelets of approximate dimensions
1 mm35 mm30.5 mm were obtained. The samples we
characterized by x-ray diffraction, specific heat and magn
susceptibility measurements. The samples were ea
cleaved along thec direction to provide clean and flat@001#
surfaces containing thea and b axes. It was found that the
long dimension was along theb direction and the shorte
dimension along thea direction.

III. RESULTS AND DISCUSSIONS

SXA spectra at the O-K edge, as measured by TEY dat
are shown in Fig. 2. The spectra are derived from Os
→O 2p transitions. SXA spectra were measured at 7.5°
tervals forE vectors in thea-c ~upper panel! andb-c ~lower
panel! planes. For this report, we present the data take
15°, 45°, and 75°, for both crystal orientations with quot
angles measured from thea(b) axis @see Fig. 1~b!#. Each
spectrum was taken at 0.2 eV intervals with a collection ti
of about four seconds per interval. We also note that the a
for the p symmetries in this work refer to the localx, y, and
z basis set. For NaV2O5, these symmetries are in the dire
tion of the crystallinea, b, andc axes respectively. In addi
tion, when excitations are such that the polarization vectoE
is at an angle of 15° with respect to thea(b) axis in the

FIG. 2. SXA ~TEY! experimental spectra at different angles
incidence. The upper panel scans thea-c plane, while the lower
panel scans theb-c plane. Dashed lines locate major spectral fe
tures.
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a(b)-c plane, we denote this as thea-15°-E (b-15°-E) con-
figuration. The same notation applies to other angles as w

In Fig. 2, we see a strong change in the absorption spe
whenE is rotated froma or b→c. Both sets of spectra show
a very strong initial peak for small angles, which drops d
matically as the angle increases. Careful examination
veals, however, that the threshold forb-15°-E is almost 1 eV
lower than the threshold fora-15°-E. Similarly, the initial
peak forb-15°-E is centered at 530.6, while the initial pea
for a-15°-E is at 531.2 eV.

Figure 3 displays calculated site-selected absorp
curves excited at 15° from the a (a-15°-E) andb (b-15°-E)
axes respectively.11 The energy scale is set by setting th
peak for the O3 curve in theb-c plane at 530.5 eV. A com-
parison of the experimental and theoretical curves clea
shows that the lower threshold forb-15°-E is associated with
excitation into the O1 site which makes no contribution
the a-15°-E curve. A comparison of experimental and the
retical curves permits us to select angle and excitation e
gies that will selectively excite a single oxygen site. T
spectrum characterizing O1 is taken withb-15°-E at 529.0
eV, O2 with b-15°-E at 533.5 eV and O3 withb-15°-E at
530.5 eV and witha-15°-E at 529.9 eV. These excitatio
conditions are further discussed later~see Fig. 6!.

Using angular spectra, we can not only excite a particu
O site, but also excite orbitals of a particular symmetry. Co
sidering the results from theoretical absorption curves
DOS calculations resolved along the crystalline axes~see
Fig. 7!, we can say that the low energy ofb-15°-E is derived
mostly from O1-2py (p* ) orbitals, which are strongly an
tibonding with V-dxy orbitals of the V-O1-V rung~see peak
A in Fig. 7!. In fact, the V-dxy /O1-2py coupling strength is
due to the tilt of thedxy orbitals around theb-axis and indi-
cates coupling of thepd p type.6 Thus, the O1-2py unoccu-
pied orbitals are emphasized when excitations are along tb
axis, perpendicular to both thea andc axes. The remainde
of the low energy peak forb-15°-E is derived from mainly
O3-2py orbitals, which are emphasized due to the polari
tion aligned in the plane of the pyramid. As the case with
O1-2py orbitals, they do not contribute to the spectra wh

-

FIG. 3. Theoretical absorption spectra at 15° with respect to
polarization vector of both thea andb crystal axes in thea-c and
b-c planes.
8-3
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E is rotated out of the plane, at which point we see
evolution of the resonance at position 532.3 eV~for both
crystal orientations!. This resonance is derived from all thre
O sites.11

Fluorescence spectra were taken at 15°, 45°, and 75
excitation energies from 529 to 540 eV. In Figs. 4~a! and
4~b!, we present fluorescence spectra in the threshold re
for the a-15°-E and b-15°-E excitation conditions, respec
tively. For theb-15°-E excitation, two peaks are observed,

FIG. 4. Experimental emission spectra, as a function of incid
photon energy obtained from the absorption curves~see Fig. 2!,
with the polarization vectorE at 15° with respect to the~a! b axis
and ~b! a axis.
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broad low energy peak centered at 522 eV and a structu
higher energy peak with a maximum at 524.3 eV. Above
excitation energy of 529 eV, the 524.3 eV peak increa
rapidly with energy, reaching a maximum at an excitati
energy of 530.5 eV, the maximum of the absorption sp
trum. Using the theoretical calculation of Fig. 3 as a guid
we take the spectrum excited at 530.5 eV to be representa
of fluorescence from the O3 site. Since the O1 site is
excited at low excitation energies in thea-15°-E configura-
tion, another measure of the O3 fluorescence spectra is
vided by excitation at 529.9 eV in this configuration.

For the b-15°-E excitation condition, the very strong

t

FIG. 5. Emission spectra obtained with excitation energ
above the O1 and O3 thresholds. The spectrum taken at an ex
tion of 533.5 eV represents the LPDOS of the O222p.

FIG. 6. Experimental~solid! and theoretical~dotted! emission
spectra representing the LPDOS of each O site.
8-4
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SITE-SELECTED O 2p DENSITIES OF STATES IN . . . PHYSICAL REVIEW B 65 165108
emission from the O3 site, identified from the 524.3 eV pe
decreases at low excitation energies and disappears en
for an excitation energy of 529 eV. We take the spectr
excited at 529 eV as representative of the O1 spectrum,
the O3 spectrum eliminated. Similar representative O1 sp
tra may be obtained by scaling and subtracting the 530.5
spectrum~representing O3! from the composite O1 plus O
spectra taken at 529.5 or 530 eV. A close study of the 529
spectrum indicates that its maximum is displaced by ab
0.5 eV below the comparable peak in the normal fluor
cence spectra excited at higher energies. This shift is cha
teristic of resonant inelastic x-ray spectra that are exc
below the normal threshold.15–17

In Fig. 5, we present spectra taken in theb-15°-E con-
figuration for excitation energies in the region where exc
tion shifts from the O3 to the O2 site. There are cle
changes in the shape, structure and position of the spe
features as excitation changes from 530.5 eV where pri
rily O3 is excited to 533.5 eV, where O2 is primarily excite
We take the 533.5 eV spectrum as representative of ne
pure O2 excitation.

To illustrate our conclusions, we present a LPDOS p
both experimental and theoretical, for each O site in Fig
In addition, the O-2p DOS’s for each site are presented
Fig. 7. Calculations were performed utilizing theWIEN97

computer code.18 The exchange correlation part of the pote
tial was approximated by the GGA method.19 The calculation
was converged to the total energy with 512k points in the
irreducible wedge. Good agreement is reached with calc
tions performed using the linearized muffin tin approxim
tion ~LMTO! ~Ref. 5! and that of the linear combination o
atomic orbitals~LCAO!.20 Both of these works implemente
on-site Coulomb repulsion corrections. However, in bo
cases, due to the fact that the 2p electrons are much les
correlated, the O-2p DOS was unaffected.

In Fig. 6, we compare the spectra identified in the prec
ing paragraphs as representative of O1, O2, and O3 ex
tion with the theoretical site-selected O-K emission spectra
calculated with theWIEN97 code. Very good agreement
obtained between experimental and theoretical curves of

FIG. 7. Projected DOS of the different 2p symmetries.
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O2 and O3 sites. There is excellent agreement of the loca
of structural features and moderately good agreement in
relative magnitude of experimental and calculated structu
features.

The agreement for the O1 spectrum is much less satis
tory. Only the low energy peak centered at about 522 eV
the theoretical spectrum is observed as a distinct featur
the experimental spectrum. The strong peak located at a
525 eV in the calculated spectrum is observed only a
featureless sloping shoulder in the experimental spectrum

The implications of this result can be better understood
considering the projections of the O-p density of states of the
different p symmetries presented in Fig. 7. The theoreti
emission curves in Fig. 6 are calculated as normal fluor
cence spectra, which do not consider the polarization of
exciting photons, and give equal weight to thepx , py , and
pz components of the density of states. As noted above,
gives good agreement for the O2 and O3 sites, but not
O1. Figure 6 makes clear that excitation of the O1 site
threshold occurs when the polarization vector of the excit
photons is aligned with O1-pp antibonding orbital (py pro-
jection! directed along theb axis of the crystal. In the emis
sion spectra, the low energy peak, which dominates the s
trum, is associated with the O1-ps bond orbital (px
projection! between the bridging oxygen and the adjace
vanadium atoms~peak B in Fig. 7!. The contributions of the
py andpz are strongly suppressed in the experimental sp
tra.

Though this result is not yet fully understood theore
cally, we believe that it is a result of below threshold exci
tions via the RIXS process, in which electronic excitatio
between orbitals of different spatial symmetry are su
pressed. In hexagonal boron nitride~BN!, for example, en-
ergy loss top-p* transitions is suppressed in the RIX
spectrum, but de-excitations for thep states are readily ob
served in normal fluorescence spectra.15

Referring to O2, the very bottom of the band is deriv
from O222pz /V-4s bonding orbitals, while the top of the
band is derived from mainly 2px,y orbitals. In addition, to the
high energy side of the main O-2p band is a small spectra
feature, which is seen at low excitation energies, especi
along theb-15°-E configuration. This spectral feature is d
rived from the weakly bonding V-3d/O222py orbitals,
which is due to the slight tilt of the VO5 pyramids. The
spectral intensity is seen tracking somewhat with the exc
tion energy, which is in part due to the correlation effec
(d-d transitions! within the V 3d electrons. However, the
weak hybridization allows for one to disregard the V-O i
teractions when accounting for correlation effects of t
V-3d electrons.4 Finally, for the O3 spectra, the theoretic
and experimental curves are in agreement with contributi
from all threep symmetries. The O3-2px orbitals, as is the
case with O1-2px , are bonded with V-3dx22y2 orbitals.5,20

In summary, we have shown that angular dependent S
and SXE is an invaluable technique to study the electro
structure of anisotropic systems. We have demonstrated
plicitly the effects ofp-d hybridization on the O sites, spe
cifically that of the O1-2py antibonding orbitals. By scan
ning the polarization vector in both thea-c andb-c planes,
8-5
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we were able to measure, to a very good approximation,
LPDOS of the 2p orbitals of each inequivalent O site. Goo
agreement was reached between the band structure ca
tions and experimental results.
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