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Results ofab initio embedded-cluster calculations indicate that the doublet ground state of the\AWHihg
originates from a V ﬂiy—ORprl,—V Sdiy configuration. In the high temperature undistorted geometry the
unpaired electron on oxygen is low-spin coupled to tHeeBctrons and spin density is equally distributed over
the vanadium ions. Based on this picture of the electronic ground state we propose a mechanism for the phase
transition at 34 K. We find that a symmetry-broken configuratR(;-Og) <R(V;-Og), leads to Y3d,,—

Ogr2p, spin singlet formation and strongef-@g bonding. We suggest that the onset of the phase transition at
34 K is driven by the shift of the bridging rung oxygen towards one of the V neighbors. The calculations
predict a reduction of the exchange coupling constant of about 25% when distorting the/ M g. At the

same time, structural distortions involving the g oxygens induce alternation of the coupling constant and
therewith spin-gap behavior.
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[. INTRODUCTION are antiferromagnetically coupled along the legs of the lad-
der and form parallel quasi-one-dimensioBat 1/2 Heisen-
The coupling of charge, spin, orbital, and lattice degreederg chains. Such a spin model explains the behavior of the
of freedom is essential in understanding the physics of sevhagnetic susceptibility at temperatures above 206 K.
eral classes of transition-metal materials. Typical examples NMR (Refs. 12 and 1dand XRD(Refs. 15-18measure-
are the perovskite manganese oxides, where such an intdRents show that at least two inequivalent vanadium sites
play is responsible for the complex phase diagrams and urgXist_below 34 K. This inequivalency was associated to a
usual : : . o2 VA4St vAST %t 45t o charge ordering process. Several
physical properties. For Na¥s it is presently be
lieved that correlation of the charge, spin, and lattice degree%harge ordered modﬁés have been proposed for the LT phase,
ffeedmis volvd i the prase ransiionat about 3 k. D220 01 e ISy tgzed | haoe anerng fe
Analysis of _the specific-heat anomaly #t~34 K (Refs. the dielectric functior;® the anomalous x-ray scattering at
2—-6) shows indeed that a large part of the associated entrop

the vanadiumk-edge?®2* and the sound velocity dafd
at least 75% according to Ref. 6, must be due to crystallo, ! . ; oL
graphic distortions and/or charge redistribution within theSeem to support a zigzag pattern as considered in Refs. 20

vanadium-oxygen layers. A smaller fraction, probably Iesszz' The authors of Refs. 18 and 24 also predict competing
than 25%° is connected to the magnetic subsystem. Th stacking arrangements along tbexis, perpendicular to the

: ; s .e{/anadium—oxygen layers.
temperature dependencev% the dielectric function also dis- A more recent interpretation of the electronic structure of
plays an anomalous behaviGrand confirms that at low tem- NaV,Os was derived from results ofb initio quantum

peraturedLT) charge redistribution occurs. chemical embedded-cluster calculatidhsThe analysis of

d'mcefr)::'ts::g?lr:pgrigilllyv '\sla\z{a)?e corr;srri]g(tjss Soé ;rl;?ggtgvol'\la Ref. 26 indicates that the doublet ground sté®S) of the
! ! Y §square pyramids, sep YN8y 0-v rung has actually predominant W3, —0 2pj—

ions. Within these layers the vanadiums are arranged in %Sdiy character. The high temperatu(tT) magnetic struc-

network of two-leg ladders. The basic unit of the electronic ; . . L
ture can still be described by a spin model similar to that

structure of this material is formed by the V-O-V rung. Early i -
x-ray-diffraction (XRD) measurements reported a noncen-pr(.)pOSGd by Horsch and M.a with an effectiveS= 1/ 2
spin on each rung and antiferromagnefF~M) coupling

trosymmetric geometry with 4 3d*-V°*3d° charge sepa- . ;
ration on the rungs of the ladd®However, later XRORefs. along the ladder. In this paper we extend the analysis of Ref.

10 and 1} and nuclear magnetic resonarldMR) (Ref. 12 26 to the LT _phase. We also propose a mechanism for_ th_e
experiments showed that at room temperature all V ions ar ha_ise tran5|t|on at 3?4 K. We argue that the gharge red_|str|-
equivalent, presumably in a®v" average valence state. ution which oceurs in th_ab plane at the transition point is

Based on density-functional band-structure calculatfons connected mainly to a zigzag ordering of the V ions and of

5—-6, 4.5+ 6,
and model Hamiltonian studiés® NaV,0s was associated € 0Xygens on the rung, (0 and not to Vo feyeT

to a quarter filled insulating ladder system. In this interpre-€l€ctron localization.

tation thed electron is not attached to a single V ion, but to
a 'V 3d,,—V 3d,, bonding molecular orbital, where ttxeand
y directions are, respectively, along theandb axes of the To determine the character of the GS and of the lowest
Pmmnreference system. The V-V rung molecular clustersexcitations below and abov€; we have carried out elec-

IIl. COMPUTATIONAL INFORMATION
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tronic structure calculations div,0,]°" clusters including Of magnetic interactions in several ionic insulatdts?
two VO pyramids on the same rung. Our analysis is basedDCI calculations are computationally too expensive in
on the complete active space self-consistent i€ldSSCH  NaV,0s, since the[V,0,4]**" cluster needed to extract the
method?” as implemented in thetoLcAs 5 package® The  coupling between spins on adjacent rungs is relatively large,
CASSCF approach involves a partitioning of the occupiecend the reference active space consists of no less than six
orbitals into two sets: inactive orbitals that are doubly occu-orbitals (four V 3d,, and two G:2p,) and six electrons. For
pied, and active orbitals with occupation numbers between this reason we employ the so-called DDCI2 schéfné,
and 2. The cluster wave functions are obtained as linear conwhere pa—ij and pg—cj excitations are excluded also
binations of all the configurations that can be constructed bjrom the ClI expansion. DDCI2 usually yields 50-80 % of
distributing the active electrons, i.e., those that are not in th&he experimental coupling constaitWe show below that
doubly occupied inactive orbital set, among the active orbit€ven at this level valuable information can be obtained about
als. In Na\bOs strong interactions across the \k® rung  the LT spin-gapped phase.
occur through 8,,-2p,-3d,, m overlap. A minimal CAS As described in previous worK,we represent the long-
should consist then of three active orbitals, the two 84,3 range crystalline environment by a set of point charges
plus the bridging @2p, , and three active electrons. Here we which reproduces the Madelung potential in the cluster re-
present results of such minimal CAS calculations. To chargion. The nearest vanadium and sodium neighbors are mod-
acterize and clarify the nature of the phase transition sever&led by total ion potentiaf¥ The cluster orbitals are con-
geometric configurations have been considered. These aféfucted as linear combinations of atomic natural orbital
the PmmnHT crystal structure as determined by MeetsmalANO) Gaussian-type functions. We applied the following
et al,1% the Fmm2 LT configuration proposed by Bernert basis sets! V (21s15p10d6f)/(6s5p4d1f) for vanadium
et al,’® and theA112 lattice system reported by Saeall”  and O (149p4d)/(4s3p1d) for oxygen in the[V,09]°~
Adjacent rungs on the same ladder are antiferromagneti-pyramidal clusters; V (2115p10d)/(5s4p3d) for vana-
cally coupled. In Ref. 26 we estimated the HT exchangedium, O (149p4d)/(4s3p1ld) for O, O (149p)/(4s3p)
coupling constant along thie axis by applying a second- for Og, and O (149p)/(3s2p) for the other oxygens, in the
order perturbational treatment to the CASSCF referencéarger[V,O56]**" clusters, including two adjacent rungs on
wave functions. This method is referred to as CASPT2. the same ladder. The DDCI2 calculations have been per-
Due to so-called intruder states we used there the level shiformed with thecaspi code?®
technique proposed by Roos and Andergbsince for dif-
ferent level shifts slightly different values are obtained for
the coupling constant, some degree of uncertainty was con- [ll. RESULTS AND DISCUSSION
tained in the results. However, rather good agreement was
found with the experimental estimates from Refs. 1,5 and 6.
In this paper we analyze the spin-gap formation in the LT Table I lists CASSCF results for the ground and first two
phase. It has been suggested that the spin-gap originatéxcited states of &V,0q] bi-pyramidal rung cluster. We
from an alternation of the exchange constaptJ, along  report relative energies, charge Mulliken populatiod®’s),
the quasi-one-dimensional spin ch&hdue to alternation of ~and spin MP’s of the \d,, and G:p, atomic basis functions,
the V-Q -V angles along thé axis® where Q is the bridg-  in three different geometries. In the HPmmn crystal
ing oxygen on the leg of the ladder. An unambiguous evalustructure'’ the point-group symmetry of thgv/,0q] cluster
ation of the alternation parameter is difficult by CASPT2,is C,,. The GS and the lowest excited doublet, which de-
because for adjacent,VplaquettesJ, and J, reach con- fines the optical gap, transform according to theandB,
verged CASPT2 values when using different level shifts. Tarreducible representations, respectively, and can be denoted
avoid intruder state problems and the use of level shifts was 2A, and ?2B,. HT CASSCF results, discussed previously
therefore resort to a variational approach, namely the differin Ref. 26, are given in the first column of Table I. According
ence dedicated configuration interacti@DCI) method®32  to XRD crystal structure determinations, the symmetry of the
The states defining, i.e., the singlet and the triplet corre- rung cluster is lowered beloW,, either toCg,* or to
sponding to low- and high-spin coupling of tBe=1/2 effec-  C,*’ (the actual LT crystal structure still is a source of con-
tive spins on each rung, are expressed in terms of Cl exparroversy. Results obtained in such low-symmetry geometric
sions including single and double excitations from the CASconfigurations are shown in the second and the third col-
reference wave functions. It has been sh\ithat up to  umns. In the second column structural data from Ref. 16 was
second order double excitations from the inactive space tosed, where &mm2 lattice system with alternating modu-
the virtual orbitals equally contribute to the energy eigenvaldated and nonmodulated ladders is considered. In this model,
ues of the singlet and triplet states. Using the labels fronon adjacent ladders, theg®xygens are either at equal dis-
Ref. 31,p, q, ... for the inactive orbitalsa, b, ... for tances from the V ions of the same rung, or shifted towards
the active orbitals, ani, j, ... for the virtuals, such exci- one of them. We analyze here only the rung with unequal
tations are denoted gsq—ij. By excluding these doubly V-Og distances. For simplicity we use for each set of calcu-
excited determinants from the Cl list, the size of the probleniations notations corresponding @, symmetry, even if the
is reduced considerably. This computational scheme predict&ctual symmetry is lower.
spin coupling parameters in excellent agreement with experi- The clearest picture is acquired for the quaft@p: there
mental data and has been successfully applied for the studyre three unpaired electrons, ong2p, and two V 3,y,

A. The electronic ground state
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TABLE I. Relative energies, charge MP’s, and spin MP’s for the depends on the temperature, with a blue shift of approxi-

2A, GS and the lowest two excited staté®, and *A,, in high-

mately 0.03 eV from 300 to 4 K. This suggests that the

and low-temperature geometric configurations. CASSCF results fothange in the valence state of the V ions at the phase transi-
a[V,0q] cluster with three electrons and three orbitals in the activetjgn is very small. Our estimates for the 1R,-?B, splitting

space. The spin MP’s are for maximumyM

are in reasonable agreement with these experimental find-
ings. Thus the first absorption peak shifts to higher energy by

Crystal Pmmn Fmra Al12 0.15 eV in the geometric configuration reported by Bernert
structure et al,'®and 0.06 eV in the configuration of Sawhal'’ The
Rel. en.(eV): GS total Mulliken charges of the gfgn and Vief; centers
2p, (GS) 0 0 0 differ by about 0.02 in the Fmm?2 crystal structure and by
2B, 0.69 0.84 0.75 less than 0.04in A112. By performing DDCI2 calculations
“p, 0.99 1.08 0.99 with a CAS reference mcludlr_lg the tvx_/o W3, orbitals and
the Q:2py, Suaud and Lepeft found in theFmm2 struc-
2A _MP's: @ ture a charge disproportionation of 0.@45
>-MP's: ; . .
b The results in Table | were obtained by using for each set
VrightOsy 0.9, 0.6 0.9,0.8 0.9,0.8 T ;
V.o 0.9. 0.6 08 03 0.9 03 of calculations identical embedding charges3.0e for the V
OLE“ Y 1.01-0.3 1'0’_0'2 1'0’_0'2 ions, —1.0e for the rung and apex oxygensz@nd Q,,
RPy g R R —2.0e for the other ligands, ane1.0e for Na?® We men-
2B MP's: & tion, however, that the character and ordering of the lowest
2"MIS: states are unchanged when a so-called zigzag charge ordered
Virighixy 09,00 09,01 0.9,00 structure, with zigzag V-V charge disproportionation, is used
Vierxy 0.9, 00 09,01 09,01 for the embedding array.
OrPy 0.9,1.0 0.9,09 0.9,09 States arising from configurations with a doubly occupied
. . Ogr2py, orbital are calculated at 5.5-6.5 eV. Our calculations
Ay-MP’s: overestimate their relative energy, due to the partial neglect
VRightdxy 0.9,0.9 0.9,0.9 0.9,0.9 of dynamical electron correlation and of electronic relaxation
Viendxy 0.9,0.9 0.9,0.9 0.9, 0.9 effects in the crystal as response to the d43-Og2p,
OrPy 0.9,1.0 09,10 0.9,1.0 charge-transfer proce$$.The Oy2p? states can be repre-

3 or each atomic orbital, the first number is the charge MP, and th

second is the spin MP.
bVLeft'OR<VRight'oR :

coupled to maximum spin. We list the d4, and Qip,

charge and spin populations of this state for comparison wit
those of the doublets. This comparison clearly indicates th
also the GS and the lowest excited doublet arise from th

same V 3i;,—Og 2p;—V 3dj, electronic configuration.

e

sented as’B, (p%d') and 2A, (pzdi), whered_ andd.

are essentially the symmetric and antisymmetric combina-
tions of the two V 3l,, orbitals and transform according to
the B, and A, irreducible representations, respectively,
whereasp has mostly @2p, character and belongs ®,.
When distorting the[V,0q] cluster,d_ and d, become

rf’ight- and left-oriented linear combination®, (p%d*) can
aéxplain the nature of the peak at 3.3 eV of theolarized
%bsorption spectrurtf. We also assign the features above 3.5

eV in both x andy polarizations to @2p—V 3d charge-

As illustrated in Table I, the low-energy electronic statesyansfer excitations. We note, however, that we cannot pro-

have GQi2py

character in all geometries. The major differ-

vide a simple explanation for the shoulder at 1.4 eV in the

ence between the HT structure and the distorted configurge nojarized spectrum and thepolarized low-intensity exci-

tions concerns the GS spin coupling scheme. AbbyéA,
corresponds to a state where thelectrons are coupled to a

tations at 1-2 eV.
The present study evidences that both above and bElow

triplet, and the spin on the bridging oxygen is doubletihe doublet ground state of the VR rung has oxygen
coupled to it. The spin density is equally distributed over theZp-hole character. By distorting the rung, a spin singlet is
two vanadiums. In the low temperature crystal structures thgyrmed on the side with the shortest \k@istance. Com-

V-Og distances are unequal. In Table | we chosg{¥Og
<VRighrOr - As a consequence, the;@p, electron and the

nearest V 8, couple to a singlet, and spin density is local-

ized on the distant vanadium ion.

Transitions from the ground state to thB, state may be
induced byx-polarized light. We assign théB, doublet to
the peak observed at 0.9 eV in thepolarized optical
absorptiorr>#° This state implies a low-spin coupling of the

pared to the undistorted HT crystal structure, analysis of the
cluster wave function indicates stronged,3-2p, bonding

for this V-O pair. In the following paragraphs we argue that

the onset of the phase transition at 34 K is related to the
formation of such a spin singlet when the bridging rung oxy-

gen is shifted towards one of the V neighbors.

B. The phase transition

two d electrons, resulting in spin density localized on the O
oxygen. CASSCEF calculations with three electrons and three The XRD dat show that at low temperatures the
orbitals in the active space predict?®,-2B, splitting of ~ major crystalline distortions take place along theand z
about 0.7 eV in the HT crystal structure. The authors of Refdirections, and mainly involve displacements of the vana-
41 pointed out that the position of the 0.9-eV peak hardlydium ions, the bridging @ and the apex ligands. Projected

é5—17,43
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! 7 7 TABLE II. Relative energies, charge MP’s, and spin MP’s for

800 - . . Nav O ’ ] the 2A, GS and the lowest excited doubl&, when the bridging
o CaV205 rung oxygen is shifted along theaxis (see text CASSCF results
600 f SR 4 for a[V,0q] cluster with three electrons and three orbitals in the
. " active space. The spin MP’s are for maximiuty .
x W ’
400 | B .
5 ox? 1% 3% 5%
@ -
o 200} . s . Rel. en.(eV):
- g 2A, (GS) 0 0 0
of - 2B, 0.70 0.76 0.88
000 L1 . L N 1 . 1 N 1 N 1 . L 2A2-MP’S: b
-6 4 2 0 2 4 6 VrightOxy 0.9, 0.7 0.9, 0.8 0.9, 0.8
3x (%) Ve 0.9, 0.5 0.9, 0.4 0.9, 0.3
OrPy 1.0,-0.3 1.0,-0.3 1.0,-0.2

FIG. 1. The ground-state energy of ®,04] cluster when the
Og oxygen is shifted along the V-V rung, in Na@s; and Ca\,Os

2 /la-b
(see text. The energy of the undistorted cluster is taken as refer- Bo-MP’s:
ence. Vrightxy 0.9, 0.0 0.9, 0.0 0.9, 0.1
Vierlyy 0.9, 0.1 0.9,0.1 0.9,0.1
on thex axis, the \kignrOg (Vi erOr) distance increases OrPy 0.9,0.9 0.9,09 0.9,09

(decreasesby about 3%*°~1"We analyze in this section the
effect of shifting the rung oxygen along theaxis on the EVLE”'OR<VR‘9'."'OR ’ . .
. For each atomic orbital, the first number is the charge MP, and the
cluster GS energy. Starting from the HT crystal structure we : .
. . . second is the spin MP.
gradually change thg coordinate of this ion relative to the

adjzg:enthv Sm??’ by %oﬁ 20(:” -, and .5%' Vée d? not zigzagarrangement of the rung oxygens on the same ladder.
modify the positions of the other atoms in 1f¥€,0o] Clus- . The other atoms in the crystal subsequently adjust to the new

ter, ne|ther_ the_ embedding. The effect of such distartions 'Tonformation, giving rise to the complex crystal structure
illustrated in Fig. 1. We take as reference the energy of th%bserved at low temperatures

;Jr]dIS(;OI’tﬁd ctlkl]JstIert.t.The doubI?-weII depeg_c:_er:jce .gﬁzy" 90~ An Og-Or zigzag conformation is consistent with the ex-
amned when (he 1atlice parameters are modihed wi 9-  perimental findings of Smirnoet al.” and Poirieret al® The

Remarkably, the cluster GS energy displays a ShalloV\Gielectric anomalies observed near the transition pdint

doqble-wel(l) shape, reaching a minimum of 42 K for a dis'show that belowT . an antiferroelectrically ordered structure
tortion of 3%. These results suggest that a symmetry—brokeg formed in theab plane. The experimental data also indi-

gg?\ggvl\]/irtitlggé Vc\;t?héh\?agggi%Pngn%)i(yﬁsgrloggmg Sesérnoenrggicate that the largest charge displacements occur along the

cally favored. For comparison Wegplot ir; Fig. 1 the sa?neaxis. To .explain the antiferroelectriOAF'E) order?ng, the

q d .GS 6% | V-0 : luster | chgrge d_lspla_cement§ should develop in opposite senses at
ependency, energy verss, for a[V,0,] cluster in neighboring sites. A zigzag arrangement of the rung oxygens

Cavz0s. thsoma_trehrlalvlz|3(_)structurgl Wf']th \t/he hlgh_(tjem- fulfills these requirements. It has been actually determined
perature NayOs. The V-O distances in the Opyramids a4 ot jow temperatures theg@xygens form indeed a zig-
are very similar in the two compounds. However, the rung

. s ) Y% ag, either on every second ladd&t®or on all ladders! In
GS wave function has Ve ~Or2p°®-V 3d;, character in addition, according to Refs. 15-17, also the V ions are dis-

CaV,0s. We used for this set of calculations the crystallo-yihyted in a zigzag manner, along each leg of these ladders.
graphic data reported by Onoda and Nishigdétin contrast Since the two vanadiums and the; @xygen of the same

to NaV;0s, the potential-energy curve displays a steep parapng are displaced along theaxis in opposite sensé;’
bolic behavior, with a minimal value fafx=0. We reiterate e AFE ordering in theb plane can be naturally explained

that the orbital occupation numbers and theithout invoking VA5~ %_\/45 % charge disproportionation.
ordering of the low-energy states are unchanged when dis-

torting the V-GQy-V rung. For Na\LOg we illustrate this in

Table II C. Exchange interactions belowT
The results in Fig. 1 are rather qualitative. A detailed CASSCF and iterative DDCI2(IDDCI2) intraladder
analysis would require a preliminary geometry optimization,Heisenberg coupling constants are listed in Table Ill. It is

as well as a study of basis set effects. To explain the value aiell known that CASSCF calculations based on an active

the transition temperature, the coupling between crystallospace that contains the magnetic orbitals correctly reproduce
graphic distortions and lattice vibrations should be also taketthe sign of the magnetic interaction, but the magnitude of the

into account. Nevertheless, the shape of the potential-energyoupling parameter is severely underestimated. The
curve in Fig. 1 strongly suggests that the phase transition iIEASSCF accounts for the direct exchange plus the superex-
driven by such distortions of the rung oxygens. Moreover, inchange contribution of the Anderson mo8Effects that go

this scenario the ROk Coulomb repulsion should produce a beyond the CASSCF approximation, discussed by de Loth
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TABLE IIl. Intraladder magnetic coupling constants in high-
and low-temperature geometric configurations. CASSCF and ID- —
DCI2 results fof V,046] clusters including two adjacent rungs. The T —
reference CAS contains six electrons and six orbitals. =0
— D — ®
Crystal Pmmn Fmn2 Al12
structure e o ° 0li
CASSCF : [ S )
Jq (K) -90 -99 -69 S — — i
J, (K) -90 -82 -58 R
IDDCI2 : (a) (b)
J1 (K) -398 -426 -299
35 (K) -398 -376 264 FIG. 2. Adjacent \, plaquettes on alternating-exchange ladders
5 0.06 0.06 in the Fmm2 (a) andA112 (b) crystal structures. Black, grey, and
white spheres represent vanadium, leg oxygen énd rung oxy-
35=(3;—J3,)/(I;+3»). gen & sites, respectively.

etal. in Ref. 46, can be incorporated by the DDCI of the exchange coupling constant. To separate the effect of
techniquée®® In the DDCI scheme the results are dependenshifting the rung oxygens from the effect of other distortions,
on the orbitals. In the iterative DDCI the orbitals are ob-we performed additional calculations in[&,0,¢] cluster
tained in a self-consistent proceddfeThe authors of Ref. where, except the rung oxygens, all the other ions are at
32 proposed to construct orbitals by diagonalizing thecrystallographic positions corresponding to the room tem-
singlet-triplet average DDCI density matrix; with this orbital perature structure. The twogQons are shifted along the
set, a new DDCI calculation is performed. The optimal or-axis, as in the previous subsection, wiflx==*3%. The
bitals for the property of interest are obtained by repeatingesulting coupling parameter is about 25% smaller than the
the procedure until self-consistency. value in the high-symmetry cluster,66 K by CASSCF and

For theA112 LT crystal structur€ the calculated intral- —306 K by IDDCI2. Compared with the alternating-
adder magnetic coupling constants are not equal on adjaceskchange ladder of thEmm2 crystal structure, the reduc-
V, plaquettegsee the third column of Table )lIThis result  tion of the average magnetic coupling constaht (J;
supports the alternating-exchange chain model proposed by J,)/2, in theA112 system is approximately 30%.
Mostovoy et al?! to explain the spin-gap formation at low As mentioned above, DDCI2 usually yields 50—-80% of
temperatures. A major difference between the conclusions ahe experimental (see Ref. 35 and references theyeirable
Ref. 21 and our study is that we find no significant V-V |II shows that IDDCI2 reproduces 70% of the value de-
charge disproportionation. duced from magnetic susceptibility data for the HT phase,

In the Fmm2 configuration’>'® alternation of the 560-580 K-*®Although we cannot calculate coupling con-
V-O_-V angles and V-V distances in the direction, and stants quantitatively, the data in Table IlI still allow us to
consequently alternation of the exchange coupling, occurgredict the evolution of the intraladder exchange coupling
only on every second laddésee Fig. 2 The results in the around the phase transition. Thus we found that distorting the
second column of Table Il correspond to such anv-Og-V rungs, the exchange coupling parameter decreases
alternating-exchange ladd&r.However, by symmetry, the by 25—-30 %. At the same time, structural distortions involv-
spin moments on the remaining ladders should behave as afg the Q leg oxygens induce alternation of the exchange
AFM uniform chain, which is inconsistent with the observed coupling parameter and therewith spin-gap behavior. We
spin-gap. Even if &mm2 lattice system apparently cannot note that Gros and Valéfifiexplained the magnon dispersion
explain the spin-gapped state below 34 K, dhealues given  observed in neutron-scattering measurements by assuming
in the second column of Table Il are illustrative for the pelow T, a reduction of the intraladder average exchange
effect of various crystallographic distortions on the strengthconstant of 20—25 %. They also predict an exchange alterna-
of the magnetic coupling. In agreement with previoustion parameters=(J;—J,)/(J1+J;)=0.034, smaller than
estimates? our calculations indicate that the coupling pa- our estimates. Similar values for the alternation parameter,
rameter is more sensitive to the displacement of the bridging=0.028—0.040, have been determined by Johnstoed
O, oxygens along tha axis, than to the V-V dimerization from fits of the magnetic susceptibility. However, they as-
alongb. Thus, on adjacent Mplaquettes, the alternating cou- sumed an effective exchange consta(it) which is either
pling parameters of-426 and—376 K are mainly due to constant or increases with decreasihglue to spin-phonon

alternating Q-O, distances of 3.956 and 4.024 A. coupling.
Within the alternating-exchange ladders of tRenm2
system the @ oxygens lie at the middle of the V-V rungs. In IV. CONCLUSIONS
contrast, in theA112 structure each rung oxygen is shifted
towards one of the two vanadiums. The results in Table 1l NaV,Og was previously described either in terms of alter-

suggest that such a distortion leads to a significant decreasating V**(3d') and \P*(3d°) parallel chaink® or as a

035117-5



L. HOZOI et al. PHYSICAL REVIEW B 67, 035117 (2003

system of quarter filled V 8°° ladders* Both models as- the onset of the phase transition at 34 K. This model does

sume a fully ionic picture of the material, with valence statesnvolve charge redistribution, but not via significant V-V

of 2— for the oxygen ions. In contraséb initio quantum  charge disproportionation.

chemical calculatiorf§*° indicate that the bridging oxygen  Our results are able to explain the main features of the

on the rung of the ladder, {3 and the apical ligand ©  optical absorption and the AFM interaction along thexis.

should be considered as Gons, rather than ©'. The cal- e attribute the peak at 0.9 eV to a state characterized by a

culations show also that states arising from a configurationyifferent spin coupling scheme among the valence 4,3

with & hole in the @2p shell are the lowest in energ. and Qi2p, electrons; the features above 3 eV are assigned to
YVe f'qd thf‘t the ground state of the V&' rung has / 34_.02p and Q.2p—V 3d charge-transfer excitations.

3dy,—2py—3d, character. In the high temperature undis-\ye predict a reduction of the exchange coupling constant of

torted geometry the unpaired elect_ron on oxygen is |°W'§p'%\bout 25% when distorting the V{0V rung. At the same

coupled to the 8@ electrons and spin density is equally dis- {ine  structural distortions involving the, Geg oxygens in-

tributed over the vanadium 0nS. A pr?hmlnarly analysis of g,ce alternation of the coupling constant and therewith spin-

the effect of distorting the V &, —Og2p;—V 3dj, rung on gap behavior.

the ground state energy reveals that a symmetry-broken con-

figuration, {-Og<<V;-Og, with V;3d,,~Og 2p, spin singlet

formation and stronger MOg bonding, can be energetically ACKNOWLEDGMENTS

preferred. The energy gain calculated for this displacement is
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pected to further stabilize the symmetry-broken configuraComputer Facilities FoundatiotNCF). We thank G. Maris,
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