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We have studied the electronic properties of the ladder compatiidaV,0s, adopting a joint experimen-
tal and theoretical approach. The momentum-dependent loss function was measured using electron energy-loss
spectroscopy in transmission. The optical conductivity derived from the loss function by a Kramers-Kronig
analysis agrees well with our results from local spin density approximdtiSDA) +U band-structure cal-
culations upon application of an antiferromagnetic alignment of thely| 8pins along the legs and an on-site
Coulomb interactiorlJ between 2 and 3 eV. The decomposition of the calculated optical conductivity into
contributions from transitions between selected energy regions of the density of states reveals the origin of the
observed anisotropy of the optical conductivity. In addition, we have investigated the plasmon excitations
related to transitions between the vanadium states within an effective 16-site vanadium cluster model. Good
agreement between the theoretical and experimental loss functions was obtained using the hopping parameters
derived from the tight-binding fit to the band-structure and moderate Coulomb interactions between the elec-
trons within theab plane.

DOI: 10.1103/PhysRevB.63.165113 PACS nunider71.10.Fd, 71.20:b, 71.27+a, 71.45.Gm

I. INTRODUCTION ture of the correlations between the charges and spins which
In 1996 M. Isobe and Y. Uedapublished magnetic- are the driving force for the observed charge ordering and
susceptibility measurements af-NaV,05 powder samples, Which make the system insulating. .
proposing the existence of linear antiferromagnetic spin-1/2  1he electronic structure of’-NaV,0s has been inten-

chains and a possible spin-Peierls transition at a critical tems-it‘)’ely t,St#sdiedd exfﬁ)erimltt?;lg’:’llllg/ by Irlneanslfh of t'opﬂcal
peratureT.= 34 K. The original picture of the charge order- avbsorption” and retiectivity, as well as theorstica’ly

ing in this mixed valence ladder compound was that of alteryvithin the framework of band-structyre calculatisn’>*
9 < aer comp and exact diagonalization techniqiés?® Nevertheless,
nating legs of V* and \P* ions? However, a recent

L . | there is a controversial discussion about the origin of the
determination of the crystal structure using single-Crystakectronic excitations in this system. For example, concern-

x-ray diffraction at room temperatuté yielded only one jng the absorption peak occurring at about 1 eV in optics,
symmetrically inequivalent vanadium {¥") position. Due  transitions between bonding and antibonding combinations
to the observed one-dimensional character of the spin angf v 3d,y states1"transitions between vanadium states of
charge system at room temperature—which was by that timgifferent symmetry® as well as on-sitel-d transitions be-
also confirmed by inelastic neutron-scattefif@nd angle- tween crystal-field-split vanadiumd3 statest® have been
resolved photoemission experimehtghe picture of linear proposed as the origin of this feature. Furthermore, the infor-
chains of V-O-V rungs containing a singtéelectron in a  mation from the experiments still appears to be insufficient
molecular orbital-like state with antiferromagnetic alignmentto enable the definition of a unique parameter set for the
along the ladders has increasingly won recognition. Belowdescription of the electronic structure @f-NaV,Os. In par-

T. charge ordering has been observed®™ NMR studies® ticular, independent of which theoretical model was used,
but the ordering pattern has not yet been defined. Calculssignificantly different values for the on-site Coulomb repul-
tions of the electronic ground stdt€ have predicted a zig- sion U, the intersite Coulomb repulsiov,, between elec-
zag charge ordering along the ladders and only lately, witfrons on legs of adjacent ladders and the hopping parameter
the support of the most recent experimental Hatd does  txy have been discussed in the literatifer a comparison
the evidence for zigzag order appear to outweigh that foP€€ Table)l Since the charge ordering as well as the charge

more complicated order pattertisNevertheless, there re- Fansport properties strongly depend on the energies de-
cribed by these parameters, a more exact determination of

main a number of important, open questions such as the ng="" .
P pen g %16"’ values could lead to a better understanding of the elec-
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TABLE |I. Literature values for the hopping parameté¢rdhe on-site Coulomb interactiod, and the
intersite Coulomb interactiong, compared with the results of this work.

Ref. t, ty tey U V, Vy, Vyy
Smolinskiet al, Ref. 3 0.38 0.17 0.012 2.8
Horschet al, Ref. 25 0.35 0.15 0.3 4.0
Damascelliet al, Ref. 17 0.3 0.2
Nishimotoet al, Ref. 23 0.3 0.14 0.05 4.0 0.5
Popovicet al. Ref. 19 6.82
Cuocoet al. Ref. 22 0.4 0.2 0.15 4.0 0.8 0.8 0.9
Saet al. Ref. 50 0.38 0.17 0.012 2.8 0.37 0.10 0.43
This work 0.38 0.17 0.012 2.8 0.8 0.6 0.9
tronic properties ofx’-NaV,Os. thickness were cut from the single crystals with a diamond

In this contribution, we present a joint experimental andknife using an ultramicrotome. Because of the good cleavage
theoretical investigation of the electronic excitations andbehavior, the crystallinity remains conserved after cutting
their momentum dependence darf-NaV,0s , measured us- parallel to theab plane. The high quality and orientation of
ing high-resolution electron energy-loss spectroscopy irthe single-crystalline samples were checkedrbgitu elec-
transmission. The comparison of the data with models baseigion diffraction.
both on the local spin density approximatiGQnSDA) +U
formalism, as well as a cluster approach, enable the construc- 2. EELS in transmission

tion of a consistent theoretical description of the electronic  EEL S in transmission with a primary beam energy of 170
structure ofa’-NaV,0s, and result in the determination of a kev was performed on free standing films at room tempera-
double-checked parameter set. The paper is organized as flyre (for experimental details, see Ref.)2The energy and

lows. In Sec. Il the experimental and theoretical methods argyomentum transferq) resolution were chosen to be 110
introduced. Section Il contains the presentation and discus-

sion of the experimental and theoretical results and is split
into subsections dealing with the different aspects of the
data. Last, Sec. IV is a summary.

Il. METHODOLOGY

A. Experiment
1. Samples

Single crystals ofx’-NaV,05 were grown from the melt.
The detailed procedure is described elsewfgre.
a’'-NaV,05 crystallizes in an orthorhombic unit cell with
lattice constante=11.318 A ,b=3.611 A , andc=4.797
A.2 The vanadium atoms and their five nearest-neighbor oxy-
gen atoms build slightly distorted pyramids which are
connected by their corners along theirection as well as by
their corners and edges along taalirection, as shown in

Fig. 1(a). The resulting pyramid layers in theb plane are ° -
separated by sodium atoms. The weak interactions between P - s 08 0
the vanadium oxide layers and the sodium layers are the ¢ @ ¢ > 880 o809
reason for the good cleavage behavior of this system along b O—8-6-84 -—8-0 80
the plane perpendicular to tleedirection. The projection of 04 P-4 P
the vanadium and the oxygen atoms of a single pyramid L“a e PO

layer onto theab plane, excluding the oxygen atoms on the

apices of the pyramids, delivers the atomic configuration as g|g. 1. Crystal structure ofe’-NaV,0s. Vanadium atoms are
illustrated in Fig. 1b). This approach emphasizes the laddersnown as black spheres, oxygen atoms as gray spheydsayers
structure in which adjacent ladders are shifted with respect tgf distorted VQ pyramids(upper part separated by sodium ions
each other by half of the lattice parameltén theb direction  (dark gray spheresand the atomic ordering of a single vanadium
[see dashed lines in Fig(k]. oxide layer(lower par}. (b) Projection of a single VO-layer onto

For the measurements using electron energy-loss spethe ab plane, excluding the apex oxygens. The ladder structure is
troscopy(EELS) in transmission, thin films of about 1000 A illustrated by the dashed lines.

165113-2



ONE-DIMENSIONAL DYNAMICS OF THEd ELECTRONS ... PHYSICAL REVIEW B 63 165113

meV and 0.05 A for q<0.4 A1, and 160 meV and 0.06 are constructed in such a way that they diagonalize the

A =1 for g>0.4 A1, in order to compensate for the de- charge density matrimﬁ. Then, the expression for the

crease of the cross section at higher momentum transfer. Orbital-dependent one-electron potential corresponding to
EELS in transmission provides us with the momentumEd. (1) is given by

and energy-dependent loss function[ lil/e(q,w)], from

which, by means of the Kramers-Kronig relations, the real 1

part of the negative inverse dielectric function and thus all v('-TDA+Uzv(LTSDA+E (U—J)(——nig) lioyiol, (3)

the optical properties such as, for example, the optical con- i 2

ductivity o(w) can be calculated. For small momentum

transfer only dipole transitions are allowed, and for the limitwhere|i o')(i o| is the projector onto the localized orbital.

q=0 the transition matrix elements are the same as in optics. The absorptive part of the optical conductivity tensor

For the Kramers-Kronig analysis the loss spectra closest teomponents was computed from the LMTO energy bands

the optical limit @=0.1 A~*) were used in order to derive and eigenvectors on the basis of the linear-response

the optical conductivity spectra. expressions$; 3" whereas the dispersive part was obtained
via the Kramers-Kronig transformation. The finite-lifetime
B. Theory effects and the experimental resolution were simulated by

broadening the calculated dielectric tensor spectra with a
Lorentzian width of 0.2 eV.

The band structure of’-NaV,0O5 was calculated self- As mentioned in the Introductiong’-NaV,0O5 can be
consistently using the scalar-relativistic linear muffi-tin or- considered as composed of linear chains of V-O-V rungs
bital (LMTO) method® in the atomic sphere approximation containing a single electron in a molecular orbital-like state
with the combined correction taken into accou®SA  with antiferromagnetic alignment along the ladders. For the
+CCQ). The von Barth—Hedin parameterizatidrwas used LSDA+U calculations presented here, initially an antiferro-
for the exchange-correlation potential constructed in the lomagnetid AFM) order of each of the V spins along the leg of
cal spin-density approximation. The Brillouin zof®Z) in-  the ladder is assumed. We have also carried out a brief analy-
tegrations in the self-consistency loop were performed usingis of the influence of deviations from this AFM order upon
the improved tetrahedron methdt. the calculated density of staté®OS) and optical conduc-

The experimental lattice parameters and atomic positionsivities by means of spin waves. The band-structure calcula-
as determined for the high-temperature phd®ef. 4 were tions for noncollinear magnetic structures including con-
used in the calculations. The angular momentum expansiostrained moment directions were performed using the
of the basis functions includeld=3 for vanadium and so- formalism developed in the Refs. 38 and 39. The magnetiza-
dium andl =2 for oxygen and the empty sphefésThe O tion direction in the atomic sphere surrounding the site
3d and the V 4 states were included in the basis, as they+R;, wheret is its position in the unit cell and; is a
give a significant contribution to the dipole matrix elementsreal-space lattice vector, is defined by two polar andlgs
of the optical transitions. and ¢,; . If 6,; does not depend oR; and ¢;; is given by

In order to account for the strong electronic correlation at
the V sites, we used the LSDAU method in the band-
structure calculation¥ which has been shown to be very b=t U-R; S
helpful for the description of the electronic structure of
transition-metal oxides, in which thed3orbitals hybridize (¢, determines the relative orientation of the magnetization
quite strongly with the oxygengRorbitals(for a review, see directions for different sublatticgsthe calculations can be
Ref. 33. In this method a Hubbard-like term is added to theperformed without an enlargement of the unit cell for an

1. Band-structure calculations

LSDA total-energy functional: arbitrary vectoru, which defines a spiral magnetic structure
in real space(In the present paper we adopted the notation
ELPATU=ELSDAL EY—Ed (1)  instead of the usually used charactgrto distinguish the

. : _ vector of a spiral structure from the momentum transfer vec-
whereE->P% is th.e LSDA energy funcUonaEL.’ takes_mto tor in the EELS measurement.he details of theJ calcu-
account the on-site Coulomb and exchange interactions, anNdiions for spiral magnetic structures will be given

EYis necessary to avoid the double counting of the average Isewherd® Here we only mention that in this case the ef-

Coulomb and exchange interactions already included "i‘ective orbital dependent potential is still given by E8)

LSDA 34 H H H H
E-""".7" If nonspherical contributions to the on-site S,ou- but with the spin part of a localized orbitalr) centered at a
lomb and exchange integrals andJ are neglected, the given atomic site being defined in the local coordinate sys-

term can be written as tem with thez axis parallel to the magnetization direction in
the corresponding atomic sphere.

1 1
EV=> > (U=d)ni,nj,+35 > unn_,,
oL Fl ol 2. Cluster calculations
wheren;, is the occupancy of thih localized orbital with We have studied the dynamic dielectric response using a

the spin projectiornr. The localized orbitals used in ER)  quarter-filledt-J-V model

165113-3
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FIG. 2. Schematic structure of theb planes ina'-NaV,0s FIG. 3. Electron energy-loss spectra @f-NaV,0s measured
where the circles stand for the vanadium sites. The black sites dggith momentum transfeg=0.1 A~ parallel to the crystallo-
fine the two clusters used in the calculation. graphica (solid line) and the crystallographib direction (dashed

line).

_ ot o 1 )
" <i;),o t'J(Ci'“C"”+H'C')+<iE,j> ‘]"’(S'SJ 2 "in; mentum transfer parallel ta andb direction, as denoted in
Fig. 2 by the filled circles. In the direction we chose an
+ 2 V. nn. (5) array of double rungs extending over four adjacent ladders,
) whereas in thé direction the cluster consisted of a single
t t ) ~ladder with eight rungs. The separation into these two clus-
Whereci,g:Ci,a(lA— Qi,—a) are constrained electron creation ters js justified by the small value of the interladder hopping
operatorsnizEUciT'Uci'o_ is the occupation-number operator, amplitudet,,=0.012 eV(details will be given elsewhetd.
and S denotes the spig-operator at sité. The expression This value ofty, has also been found by previous LDA
(i,j) denotes the summation over all pairs of nearest neighealculations’ as well as from a tight-binding fit to our own
bors. The hopping parametes, intersite Coulomb interac- local-density approximatiofLDA) results** Additional evi-
tionsV;;, and exchange interactiods are defined in Fig. 2. dence for a smalt,, follows from the weak magnetic dis-
The loss function measured in EELS experiments is dipersion along thea direction as observed in neutron-
rectly proportional to the dynamic density-density correla-scattering experimenfs.
tion function?! By including the long-range Coulomb inter- For the calculation of the loss function we chose open
action in the model within a random-phase approximatiorboundary conditions, and for momentum transfer parallel to

(RPA) one finds for the loss function the a direction we used renormalized intersite Coulomb in-
teractionsV,=V,+Vy and V,=2V,,. These values follow

L(w.q)=Im -1 ©) from a straightforward analysis of the influence of adjacent
4 1+UqX2(qu) ' rungs of the same ladder on the electronic st&tégirther-

more, in the case of open boundary conditions one has to
where make sure that electrons on the edges of the cluster are still
- embedded in the local Coulomb potential that results from a
Xg(w,Q)ng dt(0|[ pg(t),p_ql|0)e!* (7) ~ zigzag charge ordered state. Thus sites on the edge of the
0 cluster for momentum transfer parallel to taelirection are

gssigned an additional on-site eneiMy,. By analogy, sites

on the edges of the cluster fgrparallel to theb direction

need an additional on-site enerlyy, if they are not occu-

pied in a zigzag charge ordered state.

is the response function at zero temperature for the shor
range interaction model described by E5). Xg depends on
the energy lossw and momentum transfeq. |0) is the
ground statep, denotes the Fourier transform of, and
ve=e’N/(ege,vq?) is the long-range Coulomb potential
with unit-cell volumev. FurthermoreN is the number of lll. RESULTS AND DISCUSSION
electrons per unit cellgg is the permittivity, ande, is the
real part of the dielectric function.

We evaluated Eq6) by direct diagonalization using the We have measured the energy-dependent loss functions
standard Lanczos algorithfA.As this method is limited to for different momentum transfexs parallel to the crystallo-
small clusters, the maximum cluster size in our calculationgraphica andb direction in an energy range between 0.5 and
was restricted to 16 vanadium sites. However, calculationg0 eV. Due to the contribution of the elastic line and surface
for a cluster consisting of two adjacent ladders, each contairlosses it is not possible to measure at zero momentum trans-
ing four rungs, showed strong finite-size effects. We havder but close to the optical limitg=0.1 A ~1). In Fig. 3 the
solved this problem by using two different clusters for mo-loss functions with momentum transfee 0.1 A ~* parallel

A. Loss function with small momentum transfer

165113-4
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to the a (solid line and theb direction (dashed ling are  order to study the electronic structure and the optical prop-
shown. Both spectra are dominated by a broad feature airties of the high-temperature phasedadftNaV,Os. Since,
around 23 eV which represents the volume plasmon—a colaccording to the experimental data, there is no charge order-
lective excitation of the valence electrons. While the featurqng aboveT, and all V sites are equivale?}tvve have as-

at 50 eV results from local excitations between thefV&#d  sumed that the effective one electron potential at each V site
the V 3d states, the features emerging below the volumgs the same and equal to the average of the LSMApo-
plasmon energy can be assigned to transitions of the valenggntials for \/* and \P* ions. In other words, the orbital-

electrons into the conduction band. As Fig. 3 shows, an angependent potential is calculated using the occupation num-
isotropic behavior is only visible in the low-energy regime p . .o averaged formally over the?V and \B* orbital

(22 eV). ion numbers. On applicationdf th iall -
In order to compare the spectra with results derived fromOCCUpatO umbers. On application'df the partially occu

our LSDA+U calculations, we have calculated the optical ple(_j vy orb|ta|§ are thg most affecte_d. The average occu-
conductivity o by performing a Kramers-Kronig analysis pat!on of the maj_o.rlty-splrd)sy orbitals is close to 0.5 and
(KKA). The comparison with the optical conductivity of the theirenergy position remains u_nch_angeq as qompared ©
structurally related YOs (d® configuration obtained with DA whereas the unoccupied minority-spdj, orbitals are
the same methotf shows that above-5 eV the spectra of Shifted upwards byU/2. As a result, an insulating
both compounds look very similanot shown. In Ref. 45,  behavior—with the magnetic moment of Q4 per V atom,
the anisotropy of the loss function and of the optical conduc®" 1 #g per rung—is immediately obtained, which is inde-
tivity of V,05 are discussed in detail. As a result, the fea-Pendent of the kind of magnetic order which is assumed
tures above 5 eV can be assigned to transitions from occi@long theb axis. One can say that the on-site Coulomb re-
pied bands with mainly oxygen character into unoccupiecpulsion effectively suppresses the occupation ofdhgor-
bands which are dominated by the \d 3tates. From the bitals with the opposite spin at each rung.
resemblance of the spectra and the related crystal structures The effect of the absence, in reality, of long-range AFM
of both compounds we conclude that the same holds foprder in the high-temperature phase @f-NaV,0s on the
a’-NaV,0s. Thus in this work we focus on the energy rangeelectronic structure and optical properties was modelled by
below 5 eV where the loss functions and, consequently, thperforming calculations for spin waves defined by a vector
optical conductivities ofa’-NaV,Os differ strongly from  u=(0,uy,0) with u, varying from 0.5 (corresponding to
those of \LOs. AFM order of V magnetic moments along thalirection), to
0 at which all V magnetic moments are ferromagnetically
aligned. In these calculations @l were set to zero, whereas
B. DOS the ¢, were chosen in such a way that the V ions situated at
In comparison to YOs, which has a similar network of the same rung had the same magnetization direction. We
linked VO5 pyramids, the Na atom ia’-NaV,0Os donates found that the relative orientation of the magnetization at V
an additional electron to the valence band. Since i@Mhe  sites of neighboring ladders, which is also determineapy
bands formed by the OR2states are essentially completely has only minor effect on the calculated band structure.
filled and the energetically lowest lying unoccupied bands The calculations were iterated to self-consistencyupr
are formed by the V 8,, state<'® the additional electron in =0.5 and then one iteration was performed for spin waves
a'-NaV,05 goes into the rather localized Vd3, states. with other values ofi,. The comparison of the band ener-
These states determine, to a great extent, the fascinatirgies confirmed that the ground state of the system is antifer-
properties of this compound. Due to the localized nature ofomagnetic, in accordance with previous estimates for the
the V 3d electrons, the Coulomb correlations between thengxchange coupling constants between V spins irbtheec-
are rather strong and, as a consequence, convention&n.
L(S)DA calculations fail to describe properly the electronic ~ The densities of the V@ and O 2 states, calculated for
structure ofa’-NaV,0s. In the unit cell corresponding to Uez=3 €V and an AFM order of the V magnetic moments
the centrosymmetric Pmmn structure of the high- along theb direction, are shown in Fig. 4. In Fig(l4), the
temperature phase, a nonmagnetic metallic solution is obdensity of V 3 states calculated far,= 0.3 (dashed lines
tained, in contradiction to the experimental data. One way tds also shown. Here, and in the following, we assume that the
overcome this discrepancy is to introduce an antiferromagmagnetic moments of the V ions situated at the same rung
netic (AFM) order of V magnetic moments along thedi- are ferromagnetically ordered. The overall structure of the
rection. This leads to a doubling of the unit cell and theDOS is similar to that of YOs.*®> The states in the energy
opening of an energy gap in the LSDA band structure. How+ange from—6.5 to —2 eV are formed mainly by the O
ever, the value of the energy gap is still strongly underestistatedFig. 4@] with a bonding hybridization with the V8
mated. It should, however, be borne in mind there is ncstates. The W,,, states dominate in the 1.8-3-eV range,
experimental evidence for the existence of AFM order inwhile the states with W3,2_,2 and Vd,2_,2 character are
a’-NaV,05 even at low temperatures. shifted to higher energies due to the comparatively strong
An efficient way to take the strong correlations in the V hybridization with O 2 states and form the upper part
3d shell into account is to use the LSBAU approach. (>3 eV) of the conduction band, shown in Fig(bd. The
However, this method is usually applied to ordered com-main differences in the structure of the DOS as compared to
pounds and thus an additional assumption has to be made ¥hOs are caused by the additional electrons occupying the V

165113-5
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(b) qllb

Optical conductivity (108 Q-1 cm-1)

)
L
=
o } t t } t }
(7] 5 B
g (b)
LIJ/
W
8 Energy (eV) Energy (eV)
MA FIG. 5. The optical conductivity of’-NaV,O0s. (a) oy, and(b)
0 ™"~ o,y from the EELS experimentc) and(d) show the same quanti-
ties from the LSDA and LSDA-U band-structure calculations with
V3d Uer=0 (dotted ling, 2 (solid line), and 3 eV(dashed ling The
=0.5 theoretical curves are broadened with a Lorentzian of width 0.2 eV.
uy
"""" u,=0.3 The vertical dotted lines illustrate the correspondence of the peak
1 positions.
ST t t t t t
6 4 2 0 2 4 calculated with the LMTO methotf,which were found to be
Energy (eV) very close to the hopping parameters determined in Ref. 3.

The minority spind,,, states of bonding character are shifted
to higher energy by the effective Coulomb repulsion and lie

calculated forU.=3 eV and an AFM order of V magnetic mo- above_ the am'bondlngTXV peak. While the energy of the
ments along thé direction. For comparison, the densities of the V Iatter IS govgrned by, a”O,' thgs doe_s not depend Ry, the

3d states calculated with a vector describing the spiral spin struct€lative position of the minority spid , states does depend
ture ofu,=0.3 are also shown by dashed lines(in. All energies 0N the exact value ob. Finally, the peak at-2.5 eV

are given relative to the valence-band maximum. In the majority-2rising from the antibonding ,, states is almost lost in the
spin V 3d DOS the two peaks just below the Fermi level and at 1contributions from the other states of the conduction band,
eV originate from a bonding and antibonding combination of themainly formed by the remaining V@states hybridized with
3d,y orbitals of the two V atoms on the same rung, respectively.O 2p states.

The corresponding combinations of the minority-sgig states are It should be noted that for both spin directions the width
shifted to 1.5 and 2.5 eV by the effective Coulomb repulsion. of the bondingd,, peaks in the LSDA U calculations is
much smaller than 0.7 eV, the value obtained from LDA
; ; ; calculations, because the relatively strong hybridization
dxy bands which are empty in the case ofQ4. Since the along theb direction governed by,=0.17 eV is suppressed

change in the occupation of the ¥, states s the main due to the AFM order. However, ag—which defines the
source of the differences between the optical spectra ani% . Y
agnetic structure along thb direction—decreases, the

pther phys,lcal properties O.f these Compounds.’ n the fOIIOWi/vidth of the peaks increases and reaches the LDA value
ing we will focus our attention on the states originating from

the V dy, orbitals. when the V magnetic moments are ordered ferromagneti-

. . . . cally. As for the antibondingl,, states, the dispersion of the
B o . Coesponing bands long - irecton iz much
; VELrIg. g weaker already in LDA? and the width of their DOS does
tion of the 3, orbitals of the two V atoms on the same rung
Y not depend om, .

which is orthogonal to the 2, orbital of the G atom in the
center of the rung. The corresponding antibonding d/,3-
Og 2p, states are responsible for the DOS peak at 1 eV. In
terms of the effective V-V hopping these two peaks result In order to verify our theoretical results we turn our atten-
from the bonding and antibonding combination of the® 3  tion to the optical data. In Fig. 5, the optical conductivity,
states, respectively, and the energy separation between thatarived by means of a Kramers-Kronig analysis of the EELS
is determined byt,=0.38 eV acting across the rung. Here, spectra measured at low momentum transfge0.1 A),

for the effective V-V hopping terms we use the values ob-aligned either parallel to the crystallographior b direction
tained from a tight binding fit to the LDA band structure [Figs. a) and (b)] is shown, together withr,, and o,

FIG. 4. Spin projected densities @) the 2p states of the three
inequivalent oxygen atoms arft) the V 3d states ina’-NaV,Og

C. Optical conductivity
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calculated foru,=0.5 using the LSDA {¢s=0) and Oxx O

LSDA+U with U.4=2 and 3 eV[Figs. 5c) and 5d)]. Our
experimental spectra agree well with the previous results de-
rived from reflectivity"*8and absorptiot? measurements of
a’-NaV,0s. Comparingo,, with the gl|a experimental data
[Figs. 5a) and(c)], one can see that for this polarization the
theoretical spectra are only weakly affected byand thus
that the LSDA curve agrees well with the experimental one.
The calculated position of the low-energy peakoip, cen-
tered at 1 eV does not depend b and coincides almost
perfectly with the position of the corresponding experimental
maximum. However, the calculations overestimate the mag-
nitude of the peak and fail to reproduce accurately its asym- __ el
metric shape. The peak corresponding to the experimental 012 3 4012 3
feature at 3.4 eV lies at slightly lower energy in the LSDA
calculations and shifts upwards t63.7 eV with increasing
uU. FIG. 6. Decomposition of the optical conductivity of
For o, [Figs. §b) and d)], the situation is quite differ- a'-NaV,05 derived from the LSDA&L.J caIc‘uIations. ir.1t.o contrib.u-
ent. In this case the LSDA calculations result in an opticaltions arising from transitions involving different initial and final
gap of 0.2 eV, which is significantly smaller than the experi-States. In each case panéts and (c) show o, and (b) and (d),
mental valug0.7 eV). In contrast tao,,, the position of the ~ %yy- The thin solid Ilnes'lndl_cat_e the t_ota_l optical conductlvme_s. In
low-energy peak inr, is sensitive toU, and gets close to @ anQ(b) the gray shading |nd|catgs initial states correspon.dlng to
the experimental value fdd .4=3 eV. A less strong but still occupied V 3, bands. In(c) and(d) light gray (dark gray shading

. . indi i i ing V final . Th
noticeable dependence du can be found in the energy indicates antibonding V &, (bonding V 31,,) final states. The

. . hatched area shows the contribution from interband transitions into
range between 2.5 and 4 eV. Comparing the theoretical Speﬁ?gher lying empty V @ states

tra calculated with different values tfg to the experimen-
tal ones, one can conclude that the best overall agreemedark gray, andiii) the hatched areas show the contributions
between the theory and the experiment is achievedJigr  from interband transitions into higher lying Vd3states.
lying in the range between 2 and 3 eV. This range Uk On comparing the top and bottom panels of Fig. 6 we can
derived from the LSDA-U calculations gives an important therefore conclude the following about the transitions giving
guideline for theU value taken in the cluster model calcula- rise to the optical conductivity. First, the 1-eV peakdig, is
tions which will be presented later in the paper. due to a transition between bonding and antibonding hybrids
The observed correspondence between the calculated ainbolving the V dy, levels of equal spin direction. As was
the experimental spectra allows us to draw additional informentioned above, the bonding-antibonding splittingdgf
mation from the detailed analysis of the theoretical spectrastates is determined only by the hybridization within a rung
In order to understand better the origins of the features of thand is thusnot affected byU.
optical conductivity and the reasons for their different depen- Second, for momentum transfer parallel to théirection,
dence on the value &, we analyzed the contributions to the the matrix elements for the bonding-antibonding transitions
optical conductivity originating from the interband transi- are zero. In this case, transitions between bonding,y
tions between the initial and final states of 4,3 character.  |evels with opposite spin become active. The energy position
In Fig. 6 we show the results of a decompositiorogf, and  of these transitions is sensitive to the strength of the on-site
ayy, calculated withU =3 eV. In each case, the thin solid Coulomb interaction, which naturally explains the strong de-
line marks the sum of all the contributions, i.e., the totalpendence of the position of the low energy peaksi on
optical conductivity. Figures(@) and Gc) show the calcula- the value ofU observed in Fig. 5. In the language of a many-
tions for o, and Figs. @) and &d) for o, . body approach, thd;,,—d, transitions can be thought of
Starting with the top two pane[Figs. Ga) and @b)], the  as excitations which lead to the creation of doubly occupied
areas shaded gray indicate spectral weight connected wittungs?*®
transitions starting from the occupied \d3, bands. Thus it Having dealt with the low-lying features of the optical
is clear that the lowest lying peaks in batfy, and oy, are  conductivity, we now turn our attention to the energy range
derived from transitions involving V &, initial states. The between 3 and 4 eV. In this context, the lack of gray shaded
higher lying spectral weight, however, involves transitionsweight in Figs. 6a) and Gb) illustrates that the initial states
starting from O 2 states(i.e., the majority of the totad- at  of the transitions responsible for in this energy range have
higher energy is unshaded O 2p character. Consideration of Figdcpand Gd) reveals
We turn now to an analysis of the final states involvedthat the peak inr,y at 3.7 eV and the small hump i, at
[see Figs. &) and &d)]. In the lower panels of the figure we the same energy are dominated by transitions intodthe
code the various final state characters with different shadingsands (dark gray shaded spectral weighThe initial and
(i) the antibonding V &,, final states are depicted as light final states of the transitions giving risedq, between 3 and
gray; (i) the bonding V 3 ,, final states are depicted as 4 eV are, in fact, of the same character as those which de-
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TABLE Il. Energy positions and character of the electronic tran- O« Oy

sitions contributing to the optical conductivities,, and o, of 4

a’-NaV,0Os in the low-energy range. —_ 0.5 (b)
( y= ..

E (eV) o oy 5 eI
| 4 °

1.1 V 3dey—>V 3dey 9

15 V 3d;,y—V 3d 2

3.1 O 2p—V 3d,y, o

3.7 O p—V 3d,y O 2p—V 3d,,y . .

2-3 V 3diyy—V 3dyzy, V 3dy—V 3dy,, 0 1 2 3 4 0 1 2 3 a4

Energy (eV) Energy (eV)

FIG. 7. Optical conductivity ofxr’-NaV,Os calculated forJ o
=3 eV and different values ofi,, which defines the magnetic
structure along thé direction (for details see text

termine the shape of the,, spectrum in \yOs just above the

absorption thresholtf. The dipole transitions from the Op2
valence-band states into the antibondihg, states are com-
pletely suppressed for a polarization parallel &0o(oy,), strength of such effects can be estimated by performing cal-
while for o, they play an important role in the formation of culations for a spin-wave structure along thexis.
the shoulder in this energy ran@ghaded light gray in Fig. The optical conductivity spectra calculated fog;=3 eV
6(d)]. and for different values of the vector describing the spiral
Finally, we mention that transitions from the occupeg magnetic structure in real spaggare shown in Fig. 7. Since
bands to that part of the conduction band originating fromthe change of the magnetic structure affects the bands
the V d,,, states give rise to the nonvanishing intensity informed from the Vd,, bonding states most stronglyee Fig.
the calculated spectra in the energy range between the madl), the spectral features originating from the transitions in
features(i.e., between 1.5 and 3 @VThe experimentab’s  which these bands are involved demonstrate the strongest
[see Figs. &) and §b)] confirm the accuracy of the theo- dependence om, . In particular, the change in shape and
retically predicted optical conductivity in this regard. intensity of the peak at 1 eV i, [Fig. 7(@)] is the most
In order to summarize the detailed information won innoticeable result of including spiral spin structures along the
this section as regards the character of the states involved maxis. As can be seen from the figure, .gsdecreases, the
the transitions giving rise to bothr,, and oy, in a concise peak becomes less intensive and its maximum shifts to
form, Table Il shows a breakdown including the respectivehigher energy. Since the final states for the corresponding
initial and final states “behind” each spectral feature. transitions(i.e., the antibonding \,, state$ remain very
The level to which the detailed breakdown of the calcu-narrow independent of the nature of the magnetic order along
lated optical conductivity has been carried out in Fig. 6 isthe b direction, the increase in the width of the peak reflects
justified by the fact that the theoretical curvésr example  the change of the density of the occupiedly, states(i.e.,
the solid ling in Fig. 5 are able not only to reproduce the the initial states The shape of the low energy peakdr,
main features ir,, ando, quite well, but also the weaker, [Fig. 7(b)] does not change with increasing but its inten-
double peak structure iory, in the 3—4 eV range in our sity rapidly decreases as, decreases, and vanishes com-
experimental datgsee Fig. 8)]. We note that the spectra pletely for u,=0 at which point the V magnetic moments
derived from optical measurements did not resolve thiorder ferromagnetically. The drop of intensity of the low-
double-peak featur¥. lying feature inoy, is caused by the decrease of the weight
Despite the quite good agreement between the calculatesf majority-spin states in the final-state wave functions. For
and measured optical conductivity on the qualitative levelu, =0 the initial and final states are formed by pure majority-
the absolute magnitude and strongly asymmetric shape of thend minority-spin states, respectively, and the corresponding
low-energy peaks imr,, and o, are not accurately repro- transitions are forbiddefsince the relativistic effects were
duced by the calculationtsee Fig. 5 We point out two not included in the calculationsThe spectral features in the
possible sources for these discrepandigsin oversimplified  energy range between 3 and 4 eV are also influencad|, by
treatment of the charge fluctuations in the high-temperatureut the changes are less pronounced than for the low-lying
phase using an averaged one-electron potential(@nthe  features.
assumption that the V magnetic moments are antiferromag- The comparison of the calculated optical conductivity
netically aligned along thb direction. Dealing first with the  with inclusion of the spin spiral structuréBig. 7) with the
issue of the charge fluctuations, we note that a more rigorousxperimental spectrgFigs. 5a) and Jb)] indicates that an
treatment of the charge disorder on the V sublattice oimproved agreement between the theoretical and experimen-
a'-NaV,0s is beyond the capabilities of the LSDAU ap-  tal magnitude of the low-energy peaksayf, ando, can be
proach in its present formulation. We therefore return to thisachieved if deviations from pure AFM order along thexis
question later in the paper in the context of the cluster calare taken into account. However, even including spin-waves,
culations which will be described in detail in the next but onethe LSDA+U results are unable to fully account for the
subsection. As regards the influence of deviations from longasymmetric shape of the low-energy peaks in the experimen-
range AFM order on the optical spectra, we point out that theal optical conductivities.
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To try to overcome this weakness, we have also calcu- ' ' ' ' ‘
lated the optical conductivity for different relative orienta- sA7) Il @ [dA7) ) ®)
tions of the magnetization at neighboring ladddrsot
showrn). The changes of the calculated spectra were found tc
be very small, which is in keeping with the size of the inter-
ladder hopping termt(,=0.012 eV} which couples V ions
belonging to neighboring ladders.

To bring this section on the data from band-structure cal-
culations to a close, the LSDAU results regarding the op-
tical properties ofa’-NaV,05; can be summarized as fol-
lows.

(i) The optical conductivities,, and o, calculated with
U In the range between 2 and 3 eV are able to reproduce =
the main features of the experimental spectra, as well as th-£
observed optical anisotropy quite well. This fact indicates theij/
relevance and accuracy of the parameters determined bot23 |qa(A-Y)| b © [ |b @
from the fit to the band structurghe transfer integrals, or
t’s) or from the comparison with the experimeni).

(ii) The analysis of the contributions ® coming from
interband transitions with different initial and final states al-

nits)

Loss funct
¢ o
z
o
f

ON 08 "\
lows us to determine the electronic states responsible for the ON
formation of the peaks in the experimental optical conduc-
tivity. Table Il summarizes this information for each spectral ONW
feature ino, and oy, . N
(i) However, the remaining discrepancy between the
theory and the experiment as regards the shape of the low oi/\/\‘k
energy peakseven despite going beyond the AFM approxi-
mation for the spin order alonl) indicates that the subtle 01 /\/4 01 l| |
details of the electronic structure of the high-temperature o3 5 3 4 ‘ ' '
phase ofa’-NaV,Os are beyond the approximations inher- Energy loss (eV)
ent to the LDA, and thus are most likely sensitive to effects
more suitably treated within the framework of models in FIG. 8. Panels(a and (c) show the loss function of
which electronic correlation is dealt with at a more funda-«'-NaV,0s measured using EELS with momentum transfer
mental level. aligned along the andb directions, respectively. Pandls) and(c)
Before going on to the-J-V model cluster calculations §how the correspondi_ng calculated loss functions_from a qua_rter
presented in the last sub-section of the results and discussi@fied t-3-V model, which have been b[()lade“ed with a Gaussian
part of the paper, the next subsection deals with the firsjnction of width 0.3 eV. For thg=0.1 A" calculated spectra, an
EELS spectra ofe’-NaV,0s recorded beyond the optical unbroadened version has also been plotted to enable indentification
limit. Here we exploit the strength of EELS in transmission qf the individual plasmons. For the parameters used in the calcula-
. . . tion, see text.
as a measure of the bulk optical propertigs this case of

a'-NaV,0s) for finite momenta, thus giving additional in- are responsible for the peaks at around 1 and 3.5 eV in the
sight into the nature of the two-particle excitations in thisoptical conductivities whose origin was discussed in detail
complex system. above. In the following, we concentrate our attention on the
fine structure of the low-energy peaks, as well as on the
dependence of the shape and position of the peaks on the
increasing momentum transfer.

In the left panels of Fig. 8, we show the EELS loss func-  First, we focus on the features below 2 eV. The intensities
tion of a'-NaV,Og recorded for different values af, either  in the a direction are about two times larger than those with
parallel to the crystallographia [Fig. 8@] or b [Fig. 8c)]  the same momentum transfer in thelirection. Forg|/a, the
direction. The spectra are normalized at higher enécgy7  maximum lies at 1.55 eV compared with 1.45 eV ffjb. At
eV) where the shape of the spectra does not change eitheigh momentum transfers the fine structure of the feature
with the absolute value or with the direction of the momen-around 1.5 eV in thea direction indicates the presence of
tum transfer(see also Fig. B For clarity the spectra are transitions into more than a single final state. One can dis-
incrementally offset in the direction. tinguish between essentially three features, whereby the in-

For g parallel to both thea andb directions the spectra tensity of the component with its maximum at 1.55 eV de-
show strong intensity between the spectral onset at 0.7 eV ugreases more rapidly with than the features at 1.2 and 1.7
to 2 eV, as well as additional weaker features located beeV, the latter pair being visible as weak shoulders only for
tween 3 and 4.5 eV. For smajlthe corresponding plasmon high-momentum transfers. In thedirection the low energy
excitations are related to the same dipole transitions whicleature is also composed of more than one component—at

T 2z 8 4
Energy loss (eV)

D. Momentum-dependent loss functions
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least at highq. The energetically lowest lying featut@t  ordering, as described by Cuoebal ? The interladder Cou-
~0.9 eV—which can be seen as a shoulder @ 0.4  |omb interactionV,,=0.9 eV has been adjusted within the
A ~*—loses intensity only slowly with increasing. The  model to obtain the correct peak positions with respect to the
second component, which one can relate to the main intensyperimental loss functions. To allow a direct comparison
sity maximum(ca. 1.3 eV decreas_els more strongly in inten- ity experiment, the calculated data were broadened with a
sity at higherg. Last, forq=0.5 A, a third component is  gayssian function of 0.3-eV width. The unbroadened spectra
visible at higher energyca. 1.7 eV. for g=0.1 A are also shown as vertical lines in Fig$b)8

Flnglly, we turn to the. feature; in the loss function atand 8d). As the cluster model contains only V sites, we only
energies above 3 eV, which, as in the data recorded at thg, : oo
oo attempt to simulate the loss function in the low-energy range

low-q limit, are clearly separated from the lower energy fea-

tures by a strong drop of spectral weight between 2 and 3 e\;."e" fpr <3 ev). At higher energies—as we know from our
In the a direction a steep increase of spectral weight occurézomb'ne_d_ f_;maly5|s of the expe_rlm_ental and theoretical optical
at 3 eV, which evolves into a maximum at 3.5 ev. With conductivities(Sec. Ill O—excitations from O p to V 3d
increasing momentum transfer the peak position of this fea®rPitals play a role. Thus this spectral weight cannot be de-
ture does not change and the intensity decreases slowly. #cribed within the present cluster model.

peak at the same energy position with a similar shape was We find a good agreement between theory and experiment
observed for the as well as for theb direction in the loss for the low-energy part of the loss function falfa, in par-
functions of \LOx, and is assigned to transitions from the O ticular for the data recorded at highef{see Figs. &) and

2p states into the lowest unoccupied \d,3 states® How-  8(b)]. Specifically, the intensity reduction and increasing
ever, in the EELS spectra af’-NaV,Os, the shape of the width of the experimentally observed structure between 1
corresponding feature in the direction differs by the pres- and 2 eV forq>0.5 A~ is well reproduced in the cluster
ence of a double-peaked structure with maxima at 3.5 andalculation, a characteristic which eluded our best efforts
5.1 eV. The two peaks merge together with increasing mowithin the LSDA+U approach. For the calculated loss func-
mentum transfer, and faq=0.7 A ! a further feature be- tjon with qllb [Fig. 8d)], the experimentati-dependent re-
comes visible at~3.8 eV. Since in electron energy-loss duction in intensity is also well reproduced. However, in this
spectroscopy the cross section for dipole transitions decase the simulation fails to reproduce accurately the large

creases and that for dipole forbidden transitions increasegigth of the low-energy feature—a shortcoming which be-
with increasing momentum transfer, the latter 3.8-eV featurg,,mes increasingly apparent for higher

is most likely related to monopole or quadrupole transitions. |, order to enable a discussion of the origin of the indi-

Hgvmg described the expenmgntal loss functions as idual features underlying the calculated spectra, one should

i i e s s V"ot i sincac' NaV,0, s lse 10 a charge rde
' transition?? one can describe the nature of the excitations
using a zigzag ordered ground state. In this context, we men-

E. Calculated loss functions tion that excitations with momentum transfer parallel todhe

In Fig. 8 the results of our cluster calculatiofsee Sec. _direction Ieaq to a disturbance of the chgrge ordering as they
Il B2) are compared with the experimental speéfr&uch involve hopping of glectrons from one side qf a rung to the
cluster calculations require, naturally, input parameter®ther. Note that this process can also be interpreted as a
which in turn describe the essentials of the physics of thdransition from a bonding to an antibonding state of a singly
system in question. In this case, for the transfer integrals w@ccupied rung, in agreement with the results from recent
take the values,=0.38 eV, t,=0.17 eV, t,,=0.012 eV calculations using the Heitler-London mod&sSince the net
from our tight-binding fit to the band-structure calculationsinterladder Coulomb interactiovi,, remains unchanged after
mentioned earlier. These values are identical to those of Refhie hopping on the rung in the charge ordered state, the ex-
3. A further, vital parameter is the on-site Coulomb repul-citation energy is dominated by, . In addition to the one
sion, U. Here we take a value of 2.8 eV—a choice which iselectron hopping discussed above, there are also collective
guided by the range dfi .= 2—-3 eV which came out of the processes that involve two or three neighboring rungs on
LSDA+U calculations presented and discussed above.  different ladders.

At this stage we can have faith in these parameters for As the unbroadened theoretical results presented in Fig.
two reasons. First, it is well known that LDA does a good8(h) show, the theoretical spectra consist of three main fea-
job in describing the charge distribution, and hence thaures, each of which can be attributed to a density oscillation
hybridization/transfer integrals, even in systems with strongplasmon with energies between 1 and 2 eV. Faja, the
electronic correlation. Second, the good basic agreement bepectral weight shifts from the plasmon at 1.6 eV to the one
tween the optical conductivity calculated within LSBAJ at 1.7 eV with increasing), which makes it appear as if the
with experimenisee Sec. lll ¢not only lends support to the low-lying feature as a whole disperses to higher energy,
t’s, but underpins the chosé value. which is not, in fact, the case. The three excitations differ in

The exchange interactions were parametrized Jgs their degree of delocalization. The excitation at 1.3 eV is
=4tfj/U and the values of the intersite Coulomb interactionsrelated to rather delocalized transitions involving more than
V,=0.8 eV andV,=0.6 eV fulfill the condition for the sys- one electron in the cluster. The higher lying plasmons, how-
tem to be close to a quantum critical point caused by chargever, result from more localized processes.
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For momentum transfer parallel to the direction, the are of similar size is consistent with the two-dimensional
excitations contributing to the low lying spectral weidlhee  nature of the charge ordering occurring at low temperatures
Fig. 8(d)] can be interpreted as transitions from a state inin this system.
which two rungs are singly occupied to one in which one
rung is empty and the other doubly occupied. Due to the
finite hopping amplitude,=0.17 eV, the unoccupied and IV. SUMMARY
the occupied rung are able to move along the ladder inde-
pendently from each other. Thus many more final states are In conclusion, we have presented a joint experimental and
available in theb direction than in thea direction. The en- theoretical investigation of the optical properties and collec-
ergies of the transitions into these final states depend on tH#&ve excitations of @’-NaV,0s. From measurements by
distance between the unoccupied and the doubly occupid@eans of high-resolution EELS in transmission, we have de-
rung. However, since we can observe only localized excitarived o, ando, in the optical limit and have also presented
tions by the direct diagonalization of small clusters, we arethe momentum dependence of the loss function with momen-
unable to capture fully the dynamics of these excitations an@um transfers parallel to the crystallograplai@ndb direc-
thus we miss some spectral weigdin the form of spectral tions. The densities of states and optical conductivities were
breadth in the theoretical spectfé&ig. 8d)] compared to the calculated within an LSDA U framework, with the spin
experimental datéFig. 8c)]. This explanation is supported order at the V sites either described in terms of an antiferro-
by a further reduction of spectral weight in the cluster calcumagnetic or spin-wave-like arrangement, whereas the
lation when we adopt a four-rung ladder, in place of the eighmomentum-dependent loss functions were simulated using a
rung cluster from which the results are presented here. quarter-filledt-J-V model based upon a cluster of 16 vana-

Thus, in contrast to the good description of the stronglydium sites.
localized excitations in tha direction described earlier, for For q parallel to both thea and b directions, the low
gllb we find that the theory significantly underestimates theenergy features of the spectra are essentially dispersionless—
spectral weight, due to finite-size effects in the cluster calcuwhich is in keeping with the small bandwidth of the unoccu-
lation. That these differences also persist in the higle-  pied states directly above the chemical potential predicted in
gime illustrates that the cluster size imposes limitations evetthe LSDA+ U calculations. The comparison between the ex-
in the case where the excitations have shorter wavelengtiperimentalo’s (measured in the optical limitnd those de-
Nevertheless, it should be pointed out that the cluster calcuived from the LSDA+U calculations yielded a good agree-
lations do provide a qualitative description of both positionment upon adoption of an on-site Coulomb interactldn
and theg-dependent decrease of intensity of the experimen=2-3 eV and an antiferromagnetic ordering of the spins at
tal features. the V sites in the ladders. However, the LDA-based calcula-

The optical conductivity can also be calculated using theions were not able to reproduce the width of the experimen-
same, cluster-based method. With the same model parartally observed structures.
eters we obtain a qualitative agreement with the optical con- Based upon the LSDAU results, the differences be-
ductivity, either as derived from EELS or optical tween oy, and oy, could be analyzed in detail and each
measurementé (not shown. However—as was the case for feature could be characterized according to the nature of the
the LSDA+U data—the asymmetric line shape éncould initial and final states involved in the underlying optical tran-
not be fully reproduced in the cluster calculation. We ascribesitions. For example, it could be shown that the optical con-
this to the delocalized character of some of the final stategjuctivity between 0.5 and 1.7 eV is dominated by transitions
which atg=0 (i.e., at infinite wavelengththerefore elude from the highest occupied barfdonding combination of V
our calculations based upon a finite cluster. We note her8d,, states into the lowest unoccupied bardntibonding V
that a S|m|Iar type of calculation has been carried out3d,,-Og 2p, states. While for o, such an excitation occurs
recently?? and a good agreement between theory and then a single rung, inry, the same transition can be consid-
(q=0) optical conductivity was found, albeit with a rather ered as a hopping process to one of the adjacent rungs. The
high value of the interladder hopping integtg)=0.15 eV.  higher lying features in the optical conductivighove 3 ey
The momentum-dependent EELS data presented here alloweaie shown to be related to transitions originating in thepO 2
further test of the theoretical parameters beyond the opticalalence band manifold.
limit. We have found that adoptintg,=0.15 eV in ourt-J-V Taking the transfer integrals and value from our
model calculations yields a significantly worse agreementSDA+U data (the accuracy of which is checked by the
with the experimental data than does the valuetgf comparison with the experimentat’s), the t-J-V cluster
=0.012 eV, which also comes out of the tight-binding fit to model was successful in describing thelependence of the
the band structure. Consequently, it appears as if a largatensity and, in particular the observed width of the lowest
value of the interladder hopping is not a requirement for arenergy feature at high for glla. As the highg data probe
accurate description of the charge excitations inshorter wavelengths, it is clear that the cluster extension in
a'-NaV,0s. the a direction is sufficient to describe these localized exci-

To summarize, one can say that while the small interladtations. The situation is different for the data wifb. Here
der hopping gives a rationale for the quasi-one-dimensionahe cluster calculation manages to reproduce ghdepen-
character of the dynamics of the \dZlectrons; the fact that dence of the intensity well, but still fails to correctly account
all three intersite Coulomb interaction¥{, V,, andV,,) for the width of the experimentally observed feature at high
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g, thus signalling the impact of finite-size effects, even in ainteractions then drive the electronic system close to a quan-

16 site cluster. tum critical point between a unordered state at room tem-
The analysis of the momentum dependence of the losperature and a zigzag ordered stambserved at low tem-
function allows a more precise determination of the values operatures.
the model parameters. The best agreement is achieved with
transfer integrals which mirror those derived from the band-
stucture calculation. In particular, the interladder hopping,
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46In order to avoid misunderstanding, we note here that due to th&’The broadened theoretical curves fp=0.1 A ! in Figs. gb)
AFM order imposed along the direction, the states with both and &d) have been scaled to match the intensity of the experi-
spin projections contribute to the Bloch wave functions and thus  mental data. The intensity development of the cluster results as a
the bands are labeled as majority and minority spin only for  function ofq, however, is left unadjusted and is therefore a valid
convenience according to the dominating contribution ofdfe result of the calculations.
states at a chosen V site. In view of this remark the term*c presura, D. van der Marel, A. Damascelli, and R. K. Kremer,
“dixy—dxy, transition” does not imply that the transition oc- Phys. Rev. B52, 16 522(2000.

curs between the states with opposite spins, which would bess), Vojta, R. E. Hetzel, and R. M. Noack, Phys. Rev6@ R8417
come possible if the relativistic effects were taken into account, (1999.

but simply specifies the initial and final bands involved in the 50D Sa and C. Gros. Eur Phys. J.1B, 421 (2000
transition. : : ) . - JAB, .
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