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Sh,0,VO5 as a candidate for an ideal inorganic spin-Peierls compound
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Band-structure calculations in the local spin-density approximation for the vanadium ox0g\&; have
been performed to estimate its hopping and exchange parameters. Comparing it with other one-dimensional
cuprates and vanadates, we find,Gf/O3 to be one of the most ideal inorganic spin-1/2 chain compounds
synthesized so far. In connection with the observed spin gap, our results sugg@stSp to be an ideal
spin-Peierls compound, with a 25 times smaller exchange interchain coupling and a four times smaller frus-
tration than in CuGe@
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It was theoretically predicted that an ideal one-pseudogap could also be observed. To decide whether the
dimensional spin-1/2 chain compound should have a dimermbserved spin gap could be due to the spin-Peierls effect and
ized spin-Peierls ground statdue to the spin-lattice interac- whether ShO,VO; is close to an ideal one-dimensional
tion. That is in close analogy to the instability of a one-compound, a detailed, quantitative knowledge of the inter-
dimensional metal by the Peierls efféctThe first chain couplings is crucial. For that purpose, we analyze here
observations of spin-Peierls transitions were achieved in olits electronic structure by means of band-structure calcula-
ganic material$:* Recently, a major breakthrough in the field tions in the local spin-density approximatiohSDA). As it
was reached by the discovery of the first inorganic spinwas shown already for other one-dimensional
Peierls compound CuGe@® which allowed experiments compound€®9such an analysis allows a reliable determi-
with incomparable accuracy. However, detailed bandnation of the different exchange terms. Our results show
structure calculations reveafetthat CuGeQis far from an  clearly that SBO,VO; is a nearly ideal one-dimensional
ideal one-dimensional compound, having appreciable intereompound, a much better one-dimensional compound than
chain couplings. In fact, the spin-Peierls transition inany other known cuprate or vanadate.

CuGeQ is more driven by the magnetic intrachain frustra-  The crystal structure of $®,VO; was defined by Darriet
tion (the exchangd’ to second neighboyshan by the spin- et al?°and is shown in Fig. 1. The structure is base-centered
lattice interaction. Indeed, it is known that a ratlé/J  monoclinic C2/c. The primitive unit cell contains two for-
(whereJ is the nearest-neighbor exchaigleat exceeds the mula units, and the parameters of the Bravais unit cell are
critical value of 0.241(Ref. 8 already leads to a spin gap a=18.03 A, b=4.800 A, c=5.497 A, andB=94.58°. As in
without any spin-lattice interaction, and CuGg® believed  most vanadates with 47 ions, each vanadium ion is chemi-
to have parameters close to that valde. cally bonded to five oxygen ions forming \{@yramids. The

The absence of a pseudogap above the transition temperur basal oxygen ion€0g) are almost equidistantly remote
ture is another sign that CuGg@oes not behave like a from the vanadium ion and form the almost planar and
classical spin-Peierls systefhlt might be caused by the square base of the pyramid. The fifth apical oxygen(iop)
frustration discussed above, which makes the lattice dimefs sjtuated much closer to the vanadium ion. Thes\f9ra-
ization of secondary importance. Another scenario is baseghids are arranged in edge-sharing yains running along

on hard phonons and a strong spin-phonon coupfihey  the ¢ direction. Along thea direction, the chains are sepa-
bring about that CuGegs in the nonadiabatic limit3 which

means that the order parameter fluctuations are too fast to
lead to a pseudogap.

It is therefore no surprise that there is a great activity to
look for alternative inorganic spin-Peierls compounds, espe-
cially among cuprates or vanadates. However, up to now
these attempts were not successful: the transition in,RgV
turned finally out to be due to charge orderiftgand many
one-dimensional compounds like Mg¥O(Ref. 15 or
CuSiO; (Ref. 16 have an antiferromagnet{&F) instead of |
a dimerized ground state. In that respect, the observation of a
spin gap in SEO,VO5 (Ref. 19 is of great importance, de- FIG. 1. (Color onling Polyhedral representation of the
spite the fact that up to now no lattice dimerization could beSh,0,VO; crystal structure illustrating the chains of ¥@yramids.
seen in the available polycrystalline samples. Indications of &he small circles depict the oxygen ions.
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FIG. 2. (Color onling Schematic view of MgVv@ and E
Sb,0O,VO3; along the chain directioe. Shown are the VQpyra- R .
mids with the central V ior(filled circles. The circled signs for ]
Sh,0,VO3 indicate the direction of shift along theaxis with re- -4 == | -
spect to the centrglab) chain. The absolute value of the shift is e
about 0.72A or 13% of the chain period. The upwards and down- -6 %
wards VG pyramids alternate along the chain direction. The sym- = =
bolsa, ab, andb denote the neighboring chaifwith respect to the -8 E A }
chain in the lower left corngrin (1,0,0), (1/2,1/2,0, and
(0,1,0 crystallographic directions, respectively. -10
T XY T Z AB Z

rated by doubled SbO layers. The chains are similar to those . .
occurring in MgVQ, as illustrated in Fig. 2. Some lattice solEtligﬁ 3. The band structure for the antiferomagnetic
parameters of the two compounds are compared in Table I. '

The distance between the nearest chains igOSBO;, ) ) ) ) ) )
d,=4.80 A, is shorter thard,=5.29 A in MgVO,, which to insulating magnetic solutions with the magnetic moment

would suggest a larger interchain coupling. However, &2f vanadium ion and the insulating gap being about
closer inspection of the interchain arrangemeffiig. 2)  1-02445/0.52 and 0.947%/0.76 eV for FM and AF solu-
shows a substantial difference: while in Mgy@he VO; tions, rgspectlvely. Prqbably, the real gap is enhanced by
pyramids of the nearest chains are connected by chemic§Prrelation effects but it was not yet measured. The total
bonds between the oxygen ions belonging to the base of tHfghergy of the AF solution is 14.2 meV per formula unit
pyramids, in SEO,VO; it is the apical oxygen ion that is Iower than that of the FM one. In the framework of the
directed to the base of a pyramid in the nearest chain. Thd#€isenberg model
apical oxygen ion is strongly bond to the vanadium ion and ~
does not participate in the electronic transfer. This, together H= E IS S,
with the fact that the other interchain distances in(&lyO4 '
are much larger than in MgV results in the much more we compare it with the energy difference between the FM
profound one-dimensional character of the first compound. solution Er=J/4 and the Néel statE,=-J/4 and obtainJ

We have carried out scalar-relativistic calculations in=330 K. The quantum fluctuations lower the energy of the
LSDA for nonmagnetic(NM), ferromagnetic(FM), and  AF state, so that the differendg—-E,=J In 2 (Ref. 22 be-
antiferromagnetic(AF) structures of Si,VO;. The AF  comes larger. There is a great uncertainty how much quan-
structure corresponds to alternating spins along the chaitum fluctuations are included into the LSDA solution, but the
direction. We used the full-potential nonorthogonal local-resulting estimate 00=238 K is in reasonable agreement
orbital minimum-basis scherfie and the basis set was with the experimental valug=250 K’
chosen to be SbsAp4dssbp, V 3s3p3d4sdp, O 2s2p3d. The band structure of all three solutions is qualitatively
Similar to MgVQ;, the spin-polarized calculations give rise similar (besides the band near the Fermi lgyahd we show

TABLE |. Parameters characterizing the Y®hain structure. Distances are givenAn O, and Q
designate apical and basal oxygen ions, respectively. The “Next chain” section represents the distances
between close ions in thdifferentchains.

VOs5 pyramid Chain
V-Op V-Op Op-Og Og-Og V-V V-V-V
MgVO4 1.63 1.95 2.95 2.53/2.62 2.96 124.5°
Sh,0O,VO4 1.59 1.91/2.04 2.78/3.00 2.57/2.77 3.01 132.2°
Interchain Next chain
da dap dy Og-Og Oa-Og Oa-On
MgVOs5 5.29 5.67 10.03 2.76
SbO,VO3 18.03 9.33 4.80 3.12/3.28 2.78
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04 rection of the transfer process is the chain directionand
the prime signs two steps mdirection:
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yielding the parameters which are collected in Table II.

The deviations between fit and band structure are smaller
for the FM solution, probably due to larger hybridization
with higher lying states in the NM case. In other respects, the
in Fig. 3 that one corresponding to the AF ground statedifferences are small, proving the reliability of our approach.
According to our orbital analysis, the 30 bands between -9 _andt! are the in-chain hopping parameters to the nearest
and -3 eV are mainly built up of O2states. The band and next-nearest neighbor, from now on denoted aydt’,
Complex ConSiSting of the hlghest OCCUpied band and theespective|y, andl is the |argest out-of-chain hopp|ng pa-
conduction bands up to 7 efltogether 22 bandsre built  rameter. These TB parameters for,OVO5 are compared
up of the V 31 and the Sb @ states. To perform the orbital in Table Il with similar fits for some other one-dimensional
analysis, we set the quantization axialong theb direction compounds with spin-Peierl€uGeQ) or AF ground-state
(the direction of the bond between vanadium and apical oxymgyvo,, Sr,CuO;). Adding the Coulomb correlatiod, one
gen ions and the axiy along the chain direction. can estimate the exchange couplings from the TB parameters

AS in MgVO; the lowest V @ state appears to be of py 3=4t?/U. Thus, the ratios of exchange parameters are
mostly d,z-2 character and well separated from the rest ofroughly proportional to the square of the ratios of hopping
the electronic system. That situation, characteristic for vanagajues. One sees that/t is 5 times smaller in SID,VO,
dates with \#* ions, is different from the case of cuprates, in than in CuGeQ suggesting a 25 times smaller interchain
which the upped,, (Ref. 23 band is relevant. Consequently, exchange coupling, whereass roughly the same, in agree-
the transition metal ion is bound to basal oxygensdpyr  ment with the similarity of the experimental values for the
bonds in vanadates, in contrast to ther bonds in cuprates. jn_chain exchange couplings)=21 and 14 meV for

In the NM metallic solution, a band with a width of about s5p,0,v0; (Ref. 17 and CuGe@?2* respectively. In contrast,
0.7 eV crosses the Fermi level. The corresponding band Q{igvO, shows such a large interchain coupling that it is
the FM solution is similar, only shifted below the Fermi petter regarded as an anisotropic two-dimensional system.
level. Both bands are shown in Fig. 4 together with the corfyrthermoret’/t is two times smaller in SiD,VO; than in
responding tight-bindingTB) fits. The relevant band is split cuGeQ which indicates a four times smaller frustration. It is
in the AF case, due to the alternation of on-site energie§own that magnetic frustration can lead to a spin §aamd
which makes a TB fit more involved but does not providecan therefore be regarded as the second driving force to-
principally new information. One can see in Fig. 4 that theyards the spin-Peierls transition besides the electron-lattice
band has much smaller dispersion in the direction connectingyteraction. Taking into account the interchain couplings as
the nearest chaind'Y) than that of MgVQ,*® especially for  third interaction one finds a competition between the AF and
the lower part of the band, revealing more profound onethe spin-Peierls state. Large interchain couplings usually pre-
dimensional character than the latter compound. fer the AF state, as can be seen in M) Therefore, the

To quantify the result, a TB analysis has been performegemarkable interchain couplings in CuGgl@ad us to con-
for the relevant band of the NM and the FM solutions. Hop-

ping processes to the neighbors in the nearest chains, and t01ag g 111 The TB parameters(in meV) for four one-
the nearest gnd the next-nearest nei_ghbors in.chain directi%ensionm compounds.
were taken into account. The lower index designates the di-

FIG. 4. (Color onling The bands crossing the Fermi level in the
NM and the FM LSDA solutions and their TB fits.

Sh,0,VO, CuGeQ? MgVOg° SKLCUOL®

TABLE Il. The TB parametergin meV) corresponding to the

NM and the FM band structure of 8b,VOs. t 154 175 160 550
t’ 26 51 20 100
te te ty the  the tap tac  tane t, 7 34 40 30

NM 1527 258 09 06 68 -60 -56 3.8 SeeRef 7.

FM 1541 27.8 -14 24 48 -74 -34 22 ‘SeeRef 18
¢See Ref. 19.
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clude that its spin-Peierls transition is dominated by the magtion and rather different approaches up to quantum chemical
netic frustration. On the other hand, due to the much smallemethod$® give comparable values. The superexchadge
frustration in ShO,VO,, its spin-Peierls effect should be =4t?/U of these Wannier orbitals contains implicitly all the
more driven by magnetoelastic effects. To have a first ideagifferent exchange paths via intermediate oxygen orbitals.
one can compare the \Qibbons in SBO,VO3; with the  That explains why such an oversimplified expression may
CuGO, ribbons in CuGe@ that are plane in the high- reproduce the correct chemical tendency betwee@8D;
temperature phase. There, the spin-Peierls distortion leads &md CaCuQ,.2° Possible corrections are due to ring ex-
nonplanar ribbons and to two crystallographic different oxy-change process&sor due to the direct FM exchang®.
gen positions! One might speculate that the nonplanar rib-Whereas the former processes are usually very small, the
bon geometry in S{,VO; facilitates the spin-Peierls tran- |atter should be discussed more in detail. The magnitude of
sition leading to two different oxygen positions as in the direct FM exchange is small for the interchain couplings,
CuGeQ. The presence of nonadiabatic effects and of gyt it could be important if the AF superexchange is sup-
strong frustration in CuGeQand its absence in $0,VO0; pressed, as shown recently for ,B&,Cu,0,, with t
suggests also a crucial role of the frustration for the nonadia=_ 3 ye\/30 There, the sign of the exchange coupling

baticity. On the contrary, $,VO; can be expected to be @ changed, but the order of magnitude remained correct. The

much b_etter model spin-Pe_ierIs system in the classical sensgysolute value of direct exchange might be larger for the
The ratios oft, /t and t'/t in Sb,0O,VO; are of the same  pegrest-neighbor exchangewhich reduces the nearest-
order than in the edge-sharing cuprate chayC80; being  pejghhor exchange. In any case, the expressidtshould
presently the pesg model compound for 1D spin-1/2pe considered as a rough estimate, which provides, however,
antiferromagnetisn However, the absolute values bre  he correct order of magnitude and the correct chemical
very different, leading to a one-order of magnitude differenceangs.
for J. That might be the reason for the different ground states 14 conclude. we estimated the interchain couplings by
in both compounds since_ the energy gain due to dimerizatioBand-structure calculations and found,SBVO; to be one
can be expected to t:_)e similar, whereas the magnetic order i the most ideal, inorganic, spin-1/2 chain compounds syn-
much more favored in SCuUQ;. _ thesized so far, more ideal than CuGe@he reason is a
Let us brlefly discuss the reliability of our estlma_ted €X-smaller interchain exchange couplittyy roughly a factor of
change couplings. If the relevant band at the Fermi level i$5) ang a smaller frustration. Further experimental studies in
well isolated from other band complexezee Fig. 3, which  5qgition to the sole demonstration of a spin gamould be

is also the case for all other compounds of Tablgitd TB  highly encouraged to investigate the spin-Peierls transition in
parametergsee Table Il correspond to the hopping between jis classical sense.

Wannier orbitals that are constructed of & @&bital and its
hybridizations to the neighboring oxygen orbitals. These We thank A. Stepanov and S.-L. Drechsler for useful dis-
hopping terms are less influenced by the Coulomb correlacussions.
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