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Anomalous x-ray-diffraction studies show that the charge ordering’'#iNaV,Os is of zigzag type in all
vanadium ladders. We have found that there are two models of the stacking of layers alodigcton, each
consisting of two degenerated patterns, and that the experimental data are well reproduced if the two patterns
appear simultaneously. We believe that the low-temperature structure contains stacking faults separating re-
gions corresponding to the four possible patterns.
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In recent yearsa’-NaV,0Os has raised a great deal of Later, de Boer and co-workers arrived at an identical conclu-
interest as being the second inorganic compound, aftesion by performing a conventional structure refinement on
CuGeQ, where a quantum antiferromagnetic state ismany measured reflectiofs.
achieved at the expense of a lattice distorfioAt T¢ a'-NaV205 can be seen as a set of layers of two-leg
=34 K, it exhibits a structurdlas well as a magnetic phase vanadium ladders running along tte direction with the
transition that lifts the magnetic degeneracy, opening an erfings along thea direction. V are located inside oxygen
ergy gap A=9.8 meV) between the ground state, a non-Squared-base pyramids whose corners shared with neighbor-
magnetic spin singlet, and the lowest magnetic spin triplet.iNg Pyramids. The cations Naare located between the lay-
NMR experiments have reported one V site abovee ers. The LT distortions, as determined bydegckeet al,
(V45 but two inequivalent sets of V sites belol, indi- concern the pyramids belonging to half of the ladders, indeed
cating a charge disproportionation of ¥/(3d?, S=1), v5* modulated and nonmodulated ladders alternate alopga_the
(3d°, S=0). These observations suggest that a charge c)rded_lrectlon. The displacement highly concerns the “bridge
) ! e . . (r)xygen," at the center of the rung, that is shifted towards one
ing (CO) is actually related to the magnetic ordering of

T4t g f he lattice di ) h V of the rung, and alternatively to the other V in the next
VET-VT dimers as well as to the lattice distortion, charac-ngs of the ladder. These latter distortions suggest an alter-

terized by the wave vectorq=(3,3,3). Therefore, nated localization of the charge on one side of the fung
a’-NaV,05 cannot be considered as a conventional spinalong the modulated ladder, whereas nonmodulated ladders
Peierls compound. To date, the mechanism of the spin-gaggmain \*°*, as in the high-temperature phase.

formation and the nature of the CO phase transition are not The above structure determination has been questioned by
understood, and much effort has been provided to the detegXxperimental results issued from a wide variety of tech-
mination of the magnetic ordering, the crystallographichiques. The®V NMR study" has determined only two va-
structure, and the charge ordering. lence states; Raman spectros&n_mpasures a number of Ra-

It is now well accepted that the high-temperature structurén@ modes not consistent with the number of possible
space group i®mmn® It describes a centrosymmetric crys- Modes in themeZ3 structure. One ofllthe most compelling
tal structure of lattice parameter@=11.325 A, b  resultsis probably*Na NMR studies™* reporting eight in-
~3.611 A, andc=4.806 A, where the only V site in the equivalent Na sites, again in complete disagreement with

unit cell has a mixed-valence state or a static average char%{gyxr_?gnesrzaeggrmgurtéggl Q?&S;'g ;c;ttggﬁgn:ttzpnorglz}]
state VV°'. Below 34 K, a set of weak diffraction peaks y gzag p 9

appears at {/2k/2)/4) Bragg positions with an intensity all the V ladders, but only a single-layer model was consid-

hyv 16 i ker th h K h ered in their calculations. It is interesting to note that these
roughly 1G times weaker than the Bragg peaks of they,q siryctural methods have converged to a similar solution

Pmmnphase. The refinement of the low-temperatr®)  \yithout using conventional crystallography methods,
crystal structurkhas been greatly hindered by the large Siz&yhereapurely crystallographic refinements are certainly im-
of the supercell, 2X2bX4c, including 16 unit cells, and peded by the inherent complexity of the COdf-NaV,Ox.
therefore, by the large number of atoms to consider. Thign this work we present the full charge disproportionation on
problem has been circumvented by using a superspacgl the ladders and the stacking sequence along: ttieec-
approacH, which allows to place some constraints betweention in a'-NaV,0s by means of anomalous x-ray diffraction.
specific atomic parameters, and finally the LT reflections can Anomalous diffraction is a powerful tool in the investiga-
be reasonablyrefined in Fmm2, a subgroup ofPmmn  tion of charge ordering since the x-ray resonant scattering
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ST B R T if the resonant atoms do not undergo any shift from their

(152172 1/4), . " : . .

L original positions in the high-temperature phase. Finally
FocAc-[f4T(E)—f°>"(E)]=Ac-[f>T(E+ 6E)—f°1(E)]
~Ac-(9f5T/9E) - SE. 1315

Experiments were performed at the 1D20 beamline lo-
cated at the European Synchrotron Radiation Facility
(Grenoble, Frande An as-growna’-NaV,Os high-quality
single crystal was mounted on the cold finger of a closed
cycle He refrigerator and data collection was carried out at
the base temperature, 13 K. An undulator provided a highly
, 4 o-polarized photon flux, and the monochromatization was
..... ] . ' performed by a $111) double crystal with an energy reso-
) A o S lution of less than 0.8 eV. Measurement of the polarization
&50 5460 5470 5480 5490 5500 5450 5460 5470 5480 5490 5500 ComponentS Of the diffracted beam was performed by USing

Energy (eV) . . .
the (004) reflection of a pyrolytic graphite crystal.

A total of 20 different diffraction peaks of the low-
temperature phase have been measured as a function of the
polarization alongb (left pane) and alongc (right pane). The mmdent photon energy and under different photon polariza-
curves have been rescaled for clarity. Left panel: the reflection i£ioN conditions. The energy step for all the scans was 0.5 eV.
compared withgf"/JE (solid line). Right panel: the reflection is [N the following we shall use the notatioi k,l) () (Ref.
comparedsolid line) with one of the two possible charge ordering 16) to indicate that thel{,k,|) Bragg intensity has been mea-
models(model 2, Fig. 3. The differences between both polarization sured with the incident polarization along théc) direction.
states exclusively come from the anisotropy of the vanadium in itéVe have found that peaks having a strong anomalous contri-
pyramidal site(insed. a, b, andc axes of the pyramid correspond to pution are €,3,2),, (3.3.2)s. (3.3.9). (3.3.2).
the direction of the crystallographic axis. (g 11

normalized Intensity

FIG. 1. (3.,3,3) reflection @) and fluorescence spectfdot-
dashed ling taken around the vanadiuk edge with the photon

23,5, and &,3,3),. Energy spectra with the polariza-
H H 511 1 1
amplitude is specifically related to the density of occupiedtIon ?Iongc for refllectlons €.2.0)c, (7.08)c, _(7’1’2)C_’
and unoccupied electronic states at the resonant t@e.  (6.0:2)c. and (6,13); were also measured. Finally high-
sides, the anomalous scattering factor’s line shape reflect§mperature phase reflections,@,0). with p=1,3,5,7 were
the charge localization together with the lattice distortion thatecorded in bothr-o and o-m geometries.
serves to stabilize the static charge distribution. In  The (32,3,5). peak has a huge anomaly at 5466 @¢e
a'-NaV,0;s the observed spin-singlet ordering lead us$e  Fig. 1, right panel as Nakaoet al® have also found, in
sumetwo defined charge states!Vand \V** (no effort has ., nirast with g2 1 1), , where this feature has nearly disap-
beedn_mar(]lle to quantify thﬁ actua:jpharge transfe_r, yletrib- eared(Fig. 1, left panel. (p,0,0). peaks are extinct in the
ihe local atomic configuration remains neary unchanged bfjdT-iemperaiure phase because of thgide plane, and
the charge orderin@lh% resulting anomalousyscattering faC_¥herefore one expects an anomalous signal inothe chan-

. . nel alone. The lack of anomalous signal in #her channel
tors (the correction to the Thomson scattepirgg both spe- ) ) N ) )
cies, f4* and 5", are slightly shifted towards lower (V) below T in the (p,0,0), and in the {,k,3). reflections is a
or higher (V%) energies with no significant change in the key feature that we shall use below. o
near-edge structur@irst 50 eV above the edyeThis overall Fluorescence spectra with the |nC|d_ent photon po[anzatmn
energy shift, amounting a few eV, is known as tiemical along theb andc dlrect|or_15 were obtained by removing the
shift Mathematically speaking, the above sentence implie§nalyzer crystal and turning the sample off the Bragg reflec-
that >+ (E+ 6E) ~ f4* (E) ~ {45 (E+ SE/2). tion by 1° (Fig. 1). The two spectra evidence a strong an-

The imaginary part of (E), f"(E) is proportional to the 1SOtropy with the polarization direction due to the anisotropy
absorption cross section and typically shows a discontinuitff the V site. They were used to extréct and the real part
in a steplike form as a function of energyot-dashed line in  ©f the anomalous correctiorf,’, is calculated through the
Fig. 1. As a consequence, the chemical shift may reveaKramers-Kronig transformation df'.**
dramatic anomalies if the anomalous factors of the two va- The reflection &,3,%) (in all measured polarizationss
lence states are subtracted, as occurs in x-ray-diffraction exf very special importance since the energy dependence of
periments for some given, often very weak, reflections. Thehe scattered intensity clearly suggestsierivative effect
vanadium anomalous structure factor can be written agFig. 1), with |c,.+cC5.|—0. The remainder of
Focy, f4 +cCs, 2 =3(Car +C54) (F¥"+1°F)+3(cay  (n/2Kk/2)/4) Bragg peaks also manifests an analogdes
—Cs)(f*7 = f°%), where we have dropped t@ depen- rivative effect although hidden by a largks, , +cs, | factor.
dence ofcy (5.)= =" ") Qi and theE dependence of Charge attribution is performed by inspecting the phase fac-
f47(5%)_ For such specifically chosen reflections one can eagor €' of each atomic position;;. An atom located at
ily show thatc,, andcs, are close to beingr out of phase (X,y,z) has a phase factor of opposite sign with respect to
and hencgc,, +cs,|<|Cs; —Cs,|. Indeed,c,, +c5, =0  atoms at x+1y,2), (x,y+12), (x,y,z+2), and &+1y
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FIG. 3. Possible models of CO resulting from the extinction
condition of (p,0,0), p odd reflections. Each different layer has
%een labeledA, B, . ..) and we willrefer to a particular model by
writing the stacking sequence. Top panel is model 1, BDAC, where
each layer has a different arrangement, and appears coupled to the
complementary, DBCA(not shown. Bottom: Model 2, DDCC,
which, as in model 1, has to come in with its complementary,
BBAA (not shown.

FIG. 2. Schematic representation of vanadium atoms in th
three-dimensional structure ai’-NaV,Os. Charge attribution is
based on the use of thderivative concept for the 6/2,k/2/4)
reflections(top panel and of the extinction rule found in reflections
such as (6,3), (bottom panel Black (open circles are V*(V5+)
and gray circles represent yet unassigned valences.

+1z+2), therefore, we assign different charge states taentered ak=1 have to be modulated as thosexats. By
them to initiate thederivative effect. Moreover, the charge applying the above-mentioned conditiondgrivative in
transfer .between.rungs ghould be ze(tbps implying a (1,1 1y and the absence of intensity in the (6)), peak, to
charge d|§proport|onat|on in the same “‘_'"gordef o en- e jadders atx=1, one gets the patterns in Fig. 3.
sure the msglatmg :_state be'o.“’c- _Th's first step of the V-extinction considerations in the above set of Bragg reflec-
valence distribution is shown in Fig. @pper panel The

; . CEEST tions yield CO in all ladders and therefore rule out the
simple rule found in our spectra readily implies that the V-, -5 space group. Note that no fit has been needed so far.

atoms of dif{ere4n+t valences have to be arranged in zigzag and ¢ his stage of our deductions, we are confronted with

excludes \/*-v**-- .. chains along thé direction. four models originating from the four different ways that the
For the (6,07). peak, no anomalous signal has been dezigzag pattern on one ladder can be shifted alongbtid

tected, and therefore all V contributions to the structure facrection with respect to the neighboring offéig. 3). Only

tor have to cancel out. Atoms in the sanglf) plane have ladders centered at=0 and aix=1 (and equally the ladders

an identical phase factor, whereas atoms located-dthave  atx=3 andx=32) are related to ensure thierivativeeffect.

a phase factor of opposite sign. Therefore, we infer that thén order to proceed further we have performed a detailed

second layer along the direction should exhibit the same analysis of the line shape of different superlattice reflections

CO pattern as the first one, and identically between layers @ith all four possible models.

and 4, as is shown in Fig. @ower panel. Diffracted intensities as a function of energy have been
Finally, an atom a has a phase difference equal 4o calculated from the structure factor of the LT unit cell using

with respect to atoms at+ 3 for (p,0,0) p oddpeaks. Ex- standard tabulated scattering factofsonresonant and

tinction for these reflections immediately implies that laddersanomalous scattering factors of the V atoms for the two po-
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3x10* prevrrro T e rerr s I s LA LDl s rerr The same occurs for the DDCC and BBAA patterns of model
L (9/2,172,3) 4)y 1 -(9/2’1/2’5/4)y‘ ‘ 1 2 (not shown. In order to obtain better values of the phases,

i 4 V-atom displacements alorayandc have been introduced in
|. ] the fit, consistently with the charge modulation. Indeed the

T
|
l
210 - 1 r |
|

L LY L
] Oh"_"%%aAC 4 1 e il i sum of patterns BDAC an@the complementajyDBCA of
et o i [ ‘l".” | model 1 and, equally, the sum of patterns DDCC and AABB

of model 2 perfectly account for the energy dependence of
all measured reflections. In order to accommodate these find-
ings, the actual low-temperature structure @f-NaV,Og
should contain either domains, related to the stabilization of
a monoclinic structure, or stacking faults of model 1 or
model 2 or of both together. The first solution implies the
presence of split Bragg reflections, which have been ob-
served neither in our experiments nor in van Smaalen’s
450 5500 5460 5470 work.}” The second solution implies a degenerated ground
Energy (eV) state which should give rise to very complicated phase dia-
. . . rams. The x-ray-diffraction results under presgared tem-
FIG. 4. Diffracted intensity versus photon energy data of peak erature by Ohwyadaet al18 nicely show thepdevglopment of
(3,3.1/4)y, with 1=3 (left) andI =5 (right) and results of simula- 3 series of modulation wave vectors along tfedirection.
tions with model 1. Simulations with model 2 yield identical quality This sequence, qualitatively understood within the frame-
results. Whereas the pattern BDAC reproduces well th8 peak,  work of devil's-staircase-type phase transitions, reflects the
it is the DBCA pattern that better reproduces the line shape for th%resence of competing arrangements alongf nearly de-
|=5 peak. The best result for both reflections is achieved Whe’generate units, as those proposed in this paper.
both degenerate patterns are sumrtaashed ling To conclude, our x-ray anomalous diffraction data have
allowed to solve a very controversial and standing problem,
larization directions. Appropriate anomalous scattering facthe charge ordering pattern i’-NaV,0Os. We have found
tors for VA* and \P* have been obtained by shiftirgf f[hat all vanadium ladders are r_nodulate_d, gind different stack-
SE=+0.9 eV (Ref. 13] f' and f” obtained as described ing sequences along tleedirection coexist in the structure.

above. The simulation of reflection$,;,3), and ¢,3,%)p It is a pleasure to thank J-P. Boucher, T. Chatterji, O.
shows that none of the BDAC or DBCA patterns of model 1Cepas, and T. Ziman for helpful discussions, and S. Blan-
alone can reproduce both reflections, as is shown in Fig. £hard and F. Yakhou for technical help.
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