PHYSICAL REVIEW B 71, 075119(2005

Leading interactions in the B8-SrV¢O45 compound

Marie-Liesse Doublét and Marie-Bernadette Lepéiit
ILaboratoire de Structure et Dynamique des Systémes Moléculaires et Solides, LSDSMS/UMR 5636, Université Montpellier 2,
Place Eugéne Bataillon, F-34095 Montpellier Cedex 5, France
2Laboratoire de Physique Quantique, IRSAMC/UMR 5626, Université Paul Sabatier, 118 route de Narbonne,
F-31062 Toulouse Cedex 4, France
(Received 13 April 2004; published 28 February 2005

The present study shows that the electronic structure of gh&VzO.5 family of compounds(A
=Sr,Ca,Na..) is based on weakly interacting two-leg ladders, in contrast with the zig-zag chain model one
could expect from their crystal structure. Spin dimer analysis, based on extended Huckel tight-binding calcu-
lations, was performed to determine the structure of the dominant transfer and magnetic interactions in the
room temperaturegs-SrVgO,5 phase. Two different two-legs ladders, associated with different charge/spin
orders are proposed to describe these one-dimens@igbe systems. The antiferromagnetic ladders are
packed in an “IPN” geometry and coupled to each other through weak antiferromagnetic interactions. This
arrangement of the dominant interactions explains the otherwise surprising similarities of the optical conduc-
tivity and Raman spectra for the one-dimensiogdype phases and the two-dimensionatype ones such as
the well-knowna’-NaV,05 system.
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I. INTRODUCTION observed down to 2 K and a spin gap appears ingSpy*°
The B-type phases present crystal structures with a 1D ar-
Vanadium oxides have been known since the 1950s butangement along thie direction—unlike the layered charac-
they have attracted a lot of attention in recent years becauger of thea-type phases. They show six crystallographically
of their exotic behavior. Their remarkable properties are duéndependent vanadium atoms two-by-two distributed over
to the interplay between charge, spin, and lattice degrees dlifferent cationic sites: twoV,; atoms that form zig-zag
freedom. One of the most famous example is thedouble chains composed of edge-sharif@; square-based
a’-NaV,0s phase that undergoes a spin-Peierls trangitionpyramids, two \4 atoms that form two-leg ladders composed
coupled to a spin ordering. This double transition has raisedf V,,05 square-based pyramid sharing a corner withO4
a large controversy in the past five years before its nature angdistorted octahedron, and twos\atoms that form zig-zag
origin could be elucidated, and before the apparent experiedge-sharing double chains, similar to thgsyat first sight.
mental contradictions could be lifted. Indeed, the ordering Some remarks should be made at this point.
associated with the transition was supposed to be a charge First, in the 8-type systems, phases with remarkable si-
ordering of the vanadium unpaired electron, located on eachilitude of their structural arrangements, whether they are
rung of this two-legs ladder systefwvhile vanadium NMR  doped by mono- or divalent cations, exhibit very different
and neutron diffractichexperiments exhibited a large charge magnetic properties. Uedst all® suggested that the differ-
ordering at the transition, optical conductivitgnd resonant ences in the magnetic properties are due to the different na-
x-ray diffractiorf did not show much charge ordering. The ture of the electronically dominant subsystem. The electroni-
controversy was lifted wheab initio calculation$ showed cally dominant subsystem would be the zig-zag chains in the
that (i) the bridging oxygens of the ladder rungs have ang-A'V¢O,s and ladders in3-A%*V 0,5 compounds.
open-shell charactefij) there are three and not one magnetic ~ Second, ther and 8 compounds have very different struc-
electron per ladder rung and thus spin and charge densitig¢gral arrangements—the former is 2D while the latter is
are not compelled to be equdliji) the system presents a 1D—however their spectroscopic properties such as
large spin orderingseen by spin sensitive experimenés-  Raman! and optical conductivity spectrashow remarkable
sociated with a very weak charge orderitap observed in  similitudes.
charge sensitive experiments A simple formal charge analysis givegV > 9" 02 for
Recently, superconductivity has been discovered in anmonovalent cations ané?*v > ™3*0Z; for divalent cations.
other family of vanadium bronzes, renewing the interest init comes a filling of either one or twod3electrons for 6
low-dimensional vanadium oxides. The different phases ofjanadium atoms. Thidow) filling, as well as the strongly
the B-AVeO;5 (A=Li,Na,Ag,Ca,Sr,Cu family, also re- |ocalized character of the first row transition metal &bit-
ferred to asp-Aq33V,0s, exhibit an one-dimensiondllD)  als, justify the use of &-J model on the vanadium sites to
metallic behavior at room temperature and undergo a metajescribe the low energy physics of such vanadates.
to insulator phase transition &,,® associated with a charge  The present paper thus aims at elucidating the structure of
ordering. Systems with monovalent catiofs™) show a the dominant electronic interactions in th&type com-
long-range magnetic order &< Ty, In systems with diva- pounds within the hypothesis of ta] model. For this pur-
lent cations(A%*), no sign of long-range magnetic order is pose, spin dimer analysis was performed using extended-
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FIG. 1. Local environment of vanadium atoms in the Non bonding O(2p) orb. 'ﬂ— —Hj,.: """"" #
B-AVgO;5 phases. Vanadium and oxygen atoms correspond to dark ),r',’,f’

and light gray spheres, respectively.
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Huckel tight-binding (EHTB) electronic  structure

calculations. SinceB-AV 0,5 unit cells consist inat least
four formula units, i.e., 88 atoms, this approach offers a per- -H- Covalent bonding o (orb:

tinent alternative to prohibitiveab initio calculations. Fur-

thermore, the EHTB method has been shown to provide re- FIG. 2. Qualitative orbital interaction between the vanadiuim 3
liable and expedient means to study the relative strengths @fbitals and thep orbitals of the pyramid oxygens. The apical oxy-
both hopping and spin exchange interactions in a wide varigen lies on the axis, while the four oxygens of the pyramid basal
ety of transition metal oxide’s. Because strongly interacting Plane lie on thex andy axes.

spin exchange paths of a magnetic solid are determined ei-

ther by the overlap between its magnetic orbitals for nonof about —0.5. The experimental signature of such a strong
bridged interactions, or by the overlap between its magnetigultiple bond in the Raman spectra is a sharp peak at rela-
orbitals and the bridging ligand orbitals for bridged interac-tively high energy, corresponding to the bond stretching
tions, a qualitative picture of both the dominant magneticmode. This peak occurs at 969 Thior the o’-NaV,0s,'° at
interactions and their natufantiferromagnetic versus ferro- 932 cm* and 1002 crt for the Ca\,Os and MgV,Os,'’
magnetig is reachable using EHTB, provided the knowledgerespectively. In theg-CaVsO;5' it is seen at 978 ci,

of the crystal structure. In the present work, calculations952 cmi*, and 877 cm for the V5, Vi, and V, vanadyl

were performed using the crystallographic data reported foponds. Note that the softening of the apical bond stretching
the B-SrV¢0,5 compound:* mode for the \J atoms is due to a less marked pyramidal

character of its oxygen first neighbors.
Two consequences arise from the occurrence of such a
Il. STRUCTURE OF THE DOMINANT INTERACTIONS V-Oap muItlpIe bond. First the formal charge of the vana-
dium atom is much smaller than what is usually assumed. It
In the g-type compounds, five of the six vanadium atomsshould be accounted as7s¢ instead of 55 where 7 is the
are surrounded by five nearest-neightN) oxygen atoms  number of magnetic®electrons per vanadium atom agis
forming a distorted squared pyraniidi,, Vi, Vo, Vaa, @nd  the number of vanadium electrons participating to the va-
V3p). A sixth oxygen neighbor is found at a larger distance innadyl bond. Second and much more important, the vanadyl
the position issued from a highly distorted Y©ctahedron bond acts as a local quantification axis for the vanadium
(see Fig. 1 For the sixth vanadium atomyy, a less marked atom. As a consequence, the nature of tbenBagnetic or-
pyramidal structure is observed, with two short, two mediumbital can be deduced from the vanadyl bond orientation: it is
and two long \/—O bonds. the d,, orbital, when local axes are chosen so that col-
Each pyramid may actually be seen as a vanadylinear to the vanadyl bond andandy point toward the basal
V=0, cation lying above a distorted square of‘@nions.  plane first oxygen neighborsee Fig. 2 Indeed, while the
Indeed, the V-, distance is much smallér~1.6 A) than  d,, d,,, andd,, vanadium orbitals form one- and two
the V-0 distances involving either the oxygens contained ircovalent/dative bonds with the apical oxygen, the and
the pyramid basal plang~1.9 A—2.0 A), or the sixth oxy-  d,. > orbitals are split in agreement with the crystal field.
gen(~2.3 A). Let us note that the ¥=0,, cations are not The dy2-y2 orbital is more destabilized than tilg, one due to
rigorously perpendicular to the basal plane of the pyramidsits o-type overlap with the basal plane oxygen atoms which
The existence of an apical oxygen is crucial in these systis larger than ther-type overlap of thel,, orbital. Note that
ems since the short V- distance allows a strong de- the structural difference observed for tkig, local environ-
localization to occur between these two atoms and ament induces a lowering of one of the two antibondimg
multiple vanadium-oxygen covalent bond to take placeorbitals close to the magnetic orbital energy and therefore a
This phenomenon has already been observed in thslightly different orientation of th&/,, magnetic orbital.
a’-NaV,05 compound, in which a triple covalent/dative  Focusing now on the orientation of the vanadium mag-
bond exists between the vanadium and its apical oxygemetic orbitals in the crystal structure, it becomes very simple
This bond is only weakly polarizégwith an oxygen charge to build the structure of the magnetic orbitals once each va-

Covalent anti-bonding o orb.

Oap Oap
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FIG. 3. Structural arrangement
of the vanadium magnetic orbitals
as derived both from the vanadyl
bond orientation on each vana-
dium atom and from extended
Huckel calculations. The crystal
structure is represented within the
(a,c) plane. The gray circles rep-
resent the counterions, the ,V
pyramids are hatched, thez\are
represented in white, and the;V
in gray.

nadyl bond is located. Figure 3 reports this structure for theplane. The bridging-oxygep, orbitals, along the ladder legs,
B-SrVeOy5 system. The existence of two sets of vanadiumand p, orbitals along the ladder rungs strongly overlap with
atoms can be clearly seen: on one hand, theaM \; cen-  the neighboring Y magnetic orbitals. They will thus mediate
ters for which the magnetic orbitals are roughly in tleeb) both transfer and magnetic interactions. This qualitative de-
plane and, on the other hand, the ®enters for which the scription is confirmed by spin dimer EHTB calculations
magnetic orbitals are nearly orthogonal to the previous onesince the largest spin exchange paties., the largest effec-
in the approximatéa+c,b) plane. tive transfer integrajsoccur between the ¥magnetic cen-
Let us now analyze separately each type of crystalloters, as stacked in the two-leg ladder shown in Fig. 4. Due to
graphic chain or ladder. Figure 4 reports the relative positiorsignificant local distortions of the )centered pyramids,
of the magnetic orbitals for the Madder. transfer integrals are larger along the ladder rungs
Let us note that vanadyl bonds are nearly orthogonal t4¢~0.31 €V} than along the ladder leg0.17 eV and
the figure, pointing alternatively above and below the figure0.21 e\}. Nevertheless, both effective integrals are large
enough to expect antiferromagnetic interactions between the
V, atoms. Indeed, the effective transfer mediated through the
appropriatep orbital of the bridging oxygen, can be ex-

pressed as
t== ﬁ—d (1)
Ay
and thus the bridged superexchange mechanism comes as
tpa tha

J=

4 -8 2
(AD2Ug  (AD%A, @

2t
=—4—-8— 3

TR )
with A1:5_Up+ Ud_Vpd and A2:25_Up+ 2Ud—4Vpd. ) iS
the orbital energy difference between the vanadium magnetic
orbital and the bridging oxygep orbital, t,, is the transfer
integral between then), and Uy are the on-site Coulomb
repulsions, an&/, is the bielectronic repulsion between the
V and O orbitals.

FIG. 4. Vanadium magnetic orbitals of aVadder andp orbit- Figure 5 reports the relative position of the magnetic or-
als of the bridging oxygen atoms mediating the interactions bebital for the V; zig-zag chains.
tween the former. Note that orbital signs do not have any meaning One sees immediately that the hopping between the mag-
here. The locak, y andz axes are defined as such: thexis is in  netic orbitals of two nearest neighbdf$N) V, atoms is not
the V,, vanadyl bond direction, th& axis is in the ladder rungs bridged by any oxygen orbital that could mediate the inter-
direction, and they axis along theb crystallographic direction. action, and is thus restricted to its direct contribution. This
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FIG. 6. Magnetic orbitals of the ¥and V; chains along thd®
direction andp orbitals of the bridging oxygen atoms. Note that the
orbitals represented here are atomic orbitals and that the relative

FIG. 5. Magnetic orbitals of the )zig-zag chains and orbitals ~ phases between them do not have any meaning. Pyramids associ-
of the bridging oxygen atoms involved in the mediation of the V ated with the \{ and V; atoms are represented in gray and white,
magnetic orbitals interaction. Note that the orbitals represented her@spectively. Locak, y, andz axes are defined as suchis in the
are atomic orbitals and that the relative phases between them do nganadyl bonds direction which is orthogonal to the figure plans,
have any meaning. Local y, andz axes are defined as sudhs in along theb crystallographic direction, ang is orthogonal to the
the vanadyl bonds directioy,is along theb crystallographic direc-  former.
tion, andx is orthogonal to the former.

arrangements, the contribution of the bridging-oxygeor-
direct contribution is itself expected to be very small, due tobitals is destructive and that the interactions between the va-
both the large distance between adjacen{ ¥Wtoms nadium magnetic orbitals are restricted to the direct transfer
(~3.3 A) and thes character of the overlap. EHTB calcula- and exchange integrals. These interactions are thus weak due
tions confirm these remarks since the transfer integral beto the large distance between two NN vanadium atoms
tween NN \; magnetic orbitals is found to be negligible. As (~3.0 A). Indeed, EHTB calculations yield effective trans-
far as the magnetic exchange is concerned, no superexchaniges between nearest-neighbor; \dtoms of the order of
mechanism can take place between the NNawvms, for the =0.05 eV (see Table | for the exact values of the four crys-
same reasons. Therefore, the effective magnetic interaction igllographically different \¢-V 3 transfer integrals As far as
reduced to the direct exchange between the two vanadiuiifie effective exchange is concerned, one can expect it to be
atoms. It can thus be predicted to be very weak and ferroboth weak(of the order of a few tenth of meV or smaller
magnetic. One can clearly consider that the NNawoms do ~ and ferromagnetic—the direct exchange is always ferromag-
not interact. Let us now examine the coupling between secd€tic in nature. Let us now examine the second neighbor
ond neighbor \ atoms. One sees on Fig. 5 that the associ3-V3 interactions. The assomate_d pyramids share a corner
ated pyramids share a corner in theirection and that thp, ~ 2/ong theb direction and thep, orbital of the oxygen atom

orbital of the bridging oxygen presents a large overlap With(not shown on Fig. bcan efficiently mediate the interactions

the vanadium magnetic orbitals. It can thus mediate effiP€Ween two vanadium atoms. EHTB calculations yield

ciently the interaction between second neighbaratoms. transfer integrals of 0.14 eV. Through-bridge superexchange

. . : ; mechanism takes place via the oxygensorbitals and the
EHTB calculations yield effective transfer integrals of effective exchange between second neighboks atoms

0.17eV and 0.15eV. Through-bridge superexchangep . id th v | f ]
mechanism should take place and the effective exchange b%feorlrjoc:n;;r?egg reasonably largaundreds of meyand an

tween second neighbor,\atoms can thus be expected to byt js clear from Fig. 6 that there is another type of large
reasonably large and antiferromagnetic. _ vanadium-vanadium interactions that is not considered in the

Figure 6 reports the relative position of the magnetic orjterature, that is the Y-V interaction. Indeed, the NN v
bitals of both the \ and V; chains. and V3 magnetic orbitals are bridged bypg oxygen orbital

The magnetic orbitals of theazig-zag chains are similar that mediates the interactions between them. EHTB calcula-
to the magnetic orbitals of the,\atoms since the apical axes tions confirm the present remarks with an evaluation of the
of both sets of atoms are along the same direction. The Vtransfer integral of 0.20 eV and 0.23 eV. Of course thjs
pyramids share an edge and the interaction between jhe \bxygen orbital will mediate a superexchange mechanism so
magnetic orbitals is bridged by two oxygen atoms withthat the magnetic interaction can be expected to be large and
nearly 90° \4-O-V; angles. It is well known that in such 90° antiferromagnetic.
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TABLE |. EHTB values of the hopping and vanadium magnetic

o

orbital energiegeV). £
V-V3 ladder
Rungs Legs % %
Atoms t Ae Atoms t Ae \ \
Vip-Vg, —0.203  0.050 Va-Vip -0.173 0.00 \ \
VieVan —0.237 0113 VoV, 0145  0.00 ¢
VaVsy, —-0.148  —0.038 v
V3a'V3b+b -0.140 -0.040 % % V2
Vi
V.-V, ladder \ \ \vz
Rungs Legs \ \ \
Atoms t Ae Atoms t Ae va
Voe-Va,  —0.313  -0.184 V-V, -0.147  -0.173
VoaVasp  ~0.135 0.215 FIG. 7. Structure of the dominant interactions in the

B-AV 015 compounds. Strong intraladder interactions are in dark

Interladder intra-IPN > . . . O
gray, while interladder interactions are pictured in light gray.

Atoms t Ae Atoms t Ae

Vo-Via  0.070 0.135 V-Vi,  —-0.024 -0.022 (i) the V; and V, magnetic orbitals andi) the V; and \,
V-V,  0.094  -0.046  V-Va, 0.054  0.093 magnetic orbitals. This is due to the fact that, unlike the
. classical case, the Mnagnetic orbitals are orthogonal to the
Interladder inter-IPN (V1,0,V,) and (V3,0,V,) planes. Indeed, EHTB calcula-
Atoms t Azg Atoms t Ae tions yield V;-V, and V,-V, transfer integrals of the order of
VaVay 0023 0002 Vg 0053 —0.038 70 meV and 25 meV. As far as the magnetic exchange is
concerned, the, orbital is able to mediate superexchange
VarVey 0059 0.006  ¥yVsap 0053 0038 \ocnanism. Thus the effective exchange between the
V-V3 and W,-V, ladders(i) goes though the local WV,

Summarizing the above results, one sees that the structuead V5-V, interactionsii) can be expected to be weak but
of the dominant interactions, both transfer and magneticmuch larger than the exchange between tweW ladders,
does not follow the crystallographic zig-zag chains structureand (iii ) is antiferromagnetic in character.

Actually, the dominant interactions are arranged in two types In conclusion one can see thAV 0,5 compounds as
of two-leg ladders, namely the W, ladders and the composed of two types of orthogonal two-legs ladders
V1-V3 ladders which are crystallographically orthogonal topacked in an “IPN” geometrysee Fig. 7 and coupled
each other. The average filling of these ladders is of onehrough antiferromagnetic exchange interactions.

electron for 3 sites in systems doped with divalent cations

and of one electron for 6 sites in systems doped with

monovalent cations..AII magnetiq interactions within these Ill. ON SITE ENERGIES

ladders show an antiferromagnetic character.

Let us now analyze the interactions between these lad- In the 8-AV¢O,5 compounds, the ladder rungs are built on
ders. The coupling between two, W 5 ladders could go ei- two crystallographically different vanadium atoms. This is
ther through \{-V; NN interactions which we have seen to obviously the case for the W ; ladders and often for the
be totally negligible, both in terms of electron transfer andV,-V, ladders. For instance, even in the high temperature
magnetic interactions, or through the-V; NN interactions. phase, the Sr and Ca compounds present a dimerization
The latter are somewhat larger than the NNW, interac-  along theb direction so that the ¥V, ladder rungs are
tions but still quite weak and ferromagnetic in character. composed of Y, and V,, crystallographically different at-

Are there other types of interladder interactions? Goingoms. These crystallographic differences, which are system
back to Fig. 3, one sees that thg,W,, and V5 pyramids and phase specific, are due to different chemical parameters
share a corner. such as the size of th&™ cation, its locatior(in the 8 or g’

Let us note the local axes in the following manngfor  site9, or the electronic instabilities toward spin-Peierls type
the b direction, x and z in such a way that the ¥and V;  of distortion. The consequence of these characteristics is
magnetic orbitals ard,, and the \4 magnetic orbitals ard,,  that the energies of the two vanadium magnetic orbitals
in nature. in one ladder rung are different. EHTB calculations show

The py orbitals of the \{-V,-V; bridging oxygen mediates that these energy differences are not negligible, even in
the V;-V; interaction. One should notice that despite thethe high temperature phases, since they can reach values
nearly 90° \{-O-V, and V;-O-V, angles, the oxygep, or-  as large as 0.18 eV on the,\, ladders. Surprisingly the
bital can efficiently mediate the transfer interaction betweerV -V ladders are much more symmetric with an orbital
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energy difference between the nd V; magnetic orbitals between two pyramids around 440 ¢mFinally, one re-

of 0.05 eV only. trieves in both compounds the broad feature in the 550tcm
The first consequence is that there should be a charge/spia 700 cm?! range that was attributed in the-NaV,Os to

order, even in the high temperature phases. The second onetiee electron-phonon couplitt'® responsible for the spin-

that the average fillingsy,3 and #»,,, of the two types of Peierls transition.

ladders have no reason to be equal and that a charge transferThe optical conductivity spectra for both theAV¢O;g

degree of freedom between the two ladders should be takeand thea’-NaV,05 compounds also present strong simili-

into account. tudes, such as the famous 1 eV peak. This peak was attrib-
uted in thea’-NaV,05 system to the first doublet-doublet
IV. THE LOW TEMPERATURE PHASE excitation energy on the ladder rung. It is also present in the

B-type compounds, which are ladder systems, as well. In the
Similar EHTB calculations as those detailed in the Pre-srv,0;5, this peak is doublf0.85 eV and 1.2 e\(Ref. 12].
ceding sections were done on the low temperature phasg the assumption that this peak can also be attributed to the
(LTPh). Structural data at 90 K were taken from Ref. 14. Infirst doublet-doublet excitation energy of the ladder rungs,
the low temperature phase the unit cell is tripled along thehe doubling would be in total agreement with the electronic
ladder axisb. Sellier et al. attributed this 3< b Superce” to structure proposed in this Work, name'y two_|eg ladders of
small displacements of the,\atoms within the  ladders o different types.
rungs. The occurrence of this peak in thetype compounds
As eXpeCted, the I’esults in the LTPh eXh|b|t On-Site Orbitalraises Severa| more general questions on 1D Vanadium OX-
energies and transfer integral modulations compared to thiges.
high temperature phaséiTPh), however the main conclu-  The first one is whether the existence of this 1 eV feature
sions remain unchanged. Indeed, as in the HTPh, the domis the signature of a ladder arrangement of the dominant
nant interactions are arranged in antiferromagnetic laddergyteractions in the vanadium oxides.
and these ladders are then antiferromagnetically coupled ac- |t has been shown in the’-NaV,05 compound that the
cording to an IPN geometry. The main difference betweenadder rung should not be seen as supporting one electron
the two phases is that while in the HTPh the transfer betWeeaekjcanzed on the two vanadium magnetic Orbita|5, but
IPNs is always very small, in the LTPh some of the-V3  rather three magnetic electrons, since the bridging oxygen
transfers are of the same order of magnitude as the intra-IPAhows a strong open-shell character and the local wave func-
ones. Another point to be noticed is that the variation ranggjgn is multiconfigurational:5
of the on-site orbital energies along the ladders is larger in  The second question is thus whether this magnetic char-
the LTPh than in the HTPh. These differences can thus bacter Of the rung br|dg|ng oxygen iS a genera' feature Of the
expected to induce a greater electron localization in the ladganadium oxides with a two-leg ladders electronic structure.
der direction(in agreement with the observed metal to insu-  The third question is whether the 1 eV peak is the signa-
lator transition and a somewhat lesser 1D character in theyre of this magnetic character of the rung oxygens. One of
LTPh. us is actually runningb initio calculations in order to check
these questions in the compounds. The preliminary results
V. DISCUSSION AND CONCLUSION confirm these hypotheses.
Finally let us remember that the sodium phase of the
-AV 0,5 family presents a super-conducing phase. Put into
. erspective with the present results yielding a ladder struc-
different from that of thea’-NaV,05 system, they present Fure E‘)or the dominantpinteractions, onye cangwonder whether

very similar features, both in the optical_ conducti\{ity andthis compound could be a realization of the predicted super-
Raman spectra. The present study partially explains thes@onductivity in doped ladder systers
similarities. Indeed, the electronic structures of the two com- '

pounds are based on similar units, despite thgdriori dif- ACKNOWLEDGMENTS
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