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Band -structure calculations with different spin arrangement for the spin-chain compound\igv®been
performed, and paramagnetic as well as magnetic solutions with ferro- and antiferromagnetically ordered
chains are found, the magnetic solutions being by 0.22 eV per formula unit lower than the paramagnetic one.
The orbital analysis of the narrow band crossing the Fermi level in the paramagnetic solution reveals that the
band has almost pure vanadiurd 8haracter, the lobes of the relevahbrbitals at the neighboring in-chain
sites being directed towards each other, which suggests direct exchange. The tight-binding analysis of the band
confirms the strong exchange transfer between neighboring in-chain V ions. Besides, some additional super-
exchange transfer terms are found, which give rise both to in-plane coupling between the chains and to
frustration, the dominant frustration occurring due to the interchain interac{is0463-18209)51242-3

Spin chains and ladders are of fundamental interest foway depicted in Table | both the tilting and the asymmetry
solid-state physics due to their peculiar propertiés.the  are removed, a center of inversion appears, and the space
last years many spin-chain compounds were found, mostlgroup become8mmb The distortion preserves the Bravais
cuprate$ and vanadates.There one can distinguish be- lattice as well as the number and the crystallographic equiva-
tween the corner-sharing compounds with a 180° transitiofence of the atoms in the primitive unit cell. In particular it
metalT)—ligandL)—T bond[ SL,CuGO; (Refs. 2 and 5 and  means that the lower symmetry of the real structure produces
the edge-sharing compounds with a 90° T-L-T bondno dimerization which would result in some additional gaps
[Li,CuO,, CuGeQ (Ref. 3, and MgVQ, (Ref. 4]. In cu-  in the electronic spectrum. All the following results were
prates the relevard orbitals are directed towards the ligand obtained using the distorted model structure, because this
ions, which results in a strong antiferromagnetic superexsimplification considerably reduces the computational ef-
change interaction for a 180° T-L-T bond and a weaker ferforts, and, as we have checked for the non-spin-polarized
romagnetic coupling for a 90° T-L-T bond according to the
Goodenough-Kanamori-Andersd@KA) rules® Deviations
from the GKA rules are known for CuGegQ@ue to the pres-
ence of side groups.

Recently, the compound MgVOwas proposed as a can-
didate for a model spin-chain system and magnetic suscepti
bility measurements were presenfethe data suggest short
range antiferromagnetic spin correlations with the constant
of the high-temperature Curie-Weiss lafiw= —100 K. The
data were analyzed within a one-dimensiofHD) spin-4
Heisenberg model with the nearest neighbpand the next-
nearest neighbod, exchange couplings, and a frustration
a=J,1J; close to the critical valtfea,=0.24 was found.

Here we present band-structure calculations for this com-
pound and a corresponding orbital and tight-bindii@)
analysis.

The base-centered orthorhombic crystal structure of
MgVO; was determined by Bouloust al® and is shown in
Fig. 1. It consists of edge-sharing Y@hains running along
they direction which are coupled in thedirection by V-O-

O-V bonds. For a convenient presentation of the orbital
analysis the coordinate system is rotated 90° aboux thes /
against the standard offeso that the space group reads as
Bm2;b instead ofCmc2, given in Ref. 9.

One notes a slight tilting of the V{pyramids out of the FIG. 1. Crystal structure of MgVQ The dashed lines depict the
z direction and an asymmetric coordination of V and twoBravais unit cell. The lattice parameters of the cell ae
pairs of the nearest O1 ions. If one distorts the structure in &5.243 A, b=5.293 A, andc=10.028 A.
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TABLE I. The Wyckoff positions of atoms in MgV© 4
SN 2)
Real structure Model structure 24 \,><>>,4.\ —
Atom X y z X y z e |
0 = — c
Mg 0 0 0.4267 0 0 0.4267 Pz &
\% 0 0.011 0.0686 0 0 0.0686
o1 0.2383 0.264 —0.005 0.2383 0.25 0 3 2
02 0 0.025 0.2330 0 0 0.2330 §
G 4 z;&fb _ ﬁ\:j><
San A et |
case, the deviation from the results obtained with the real _s¥=T—gt | T >
crystal structure is negligible. P §-/
. . L Py
The calculation of the band structure was performed using ~_ | ] Al |
. . .. . = —
the full-potential nonorthogonal local-orbital minimum-basis
bandstructure schem@&PLO) within the local spin-density
. . 11 . . -10 L
approximation(LSDA).” The calculation was nonrelativis- s s s s = 2 2 80 Mo, @
s e z = € s s g e

tic, and the exchange and correlation potential was taker  ,< .
from Ref. 12. The set of valence orbitals was chosen to be A P b)
Mg: 3s3p3d, V: 3s3p4s4p3d and O: Zz2p3d. The inclu- T g
sion of the vanadium $3p states turned out to be unavoid-
able since the V-0O2 distance of about 3g is small enough
to yield a slight overlap of these states. The oxygen and
magnesium d orbitals were taken to increase the basis com- __
pleteness; though being not occupied they contribute to the®
overlap density. The extent4of the basis orbitals, controlledg
by a confining potentialr(ry)”, was optimized with respect “ = Z[S=<
to the total energy. ; == e e
In our calculation the Bloch statkv) is composed of
overlapping atomiclike orbitald_ij) centered at the atomic
sitesj in the unit celli with coordinatesR;; :

|kV>:L2ij CllfrjeikRij“-ij)- 1 -102 : 8 = = g0 10 20

DOS, eV’

(0,1,0)
(0,0,0)
(1,0,0)
(1,1,0)
(0,1,0)
(0,1,1)
(0,0,1)
(0,0,0)

with the normalization conditiogkv|kv)=1. L stands for —

nimo} denoting the main, orbital, magnetic quantum num- g, — =

{ } g g q 21 \/K\y\/
-

bers, and the projection of spin, respectively.

We have performed three kinds of computation: one non-
spin-polarized and two spin-polarized with collinear and an-
ticollinear spin polarization at the neighboring in-chain va- _
nadium ions. In the last case we assumed ferromagnetié
order along thex and z directions. In both spin-polarized

Energy

calculations we have found magnetierro- and antiferro- + Z‘x@ A

magneti¢ solutions with the total energy being about 0.22 :§6/“" N

eV per formula unit lower than that of the paramagnetic so- -s-%f L

lution of the non-spin-polarized calculation. The LSDA ac- \zﬂgj

curacy does not allow us to determine which of the magnetic -Q:%§4>/\ L

states is preferable. The magnetic momémt—n,)ug of

the vanadium ion in both magnetic solutions is close to the _, s

saturated value 4g. The magnetic moments of the other 2 g g 2 228 P e 2
ions are much smaller, the only appreciable one occurs a. T o T '

apex Oxyger(OZ_) having a value of about O'W_:_B and _belng FIG. 2. Band structure and density of states of Mg\Mor the
directed opposite to the moment of the neighboring vanaparamagnetica), ferromagnetiab), and antiferromagnetitc) so-
dium ion. lutions. The symmetry point coordinates of tBebase centered

The results of all three calculations are presented in Figerthorhombic Brillouin zone are given in units(2/a,1/b,2/c). The
2. The paramagnetic solution has metallic character with @ajority- and minority<tinier dots and shaded DQSpin parts are
half-filled conduction band at the Fermi level, whereas theshown.
band splits in two in the magnetic solutions and an insulator
gap opens, being about 0.5 eV and 0.8 eV in ferro- anctorrelation and is considerably larger than the one produced
antiferromagnetic cases, respectively. However, it can be exBy the magnetic ordering. The correlation gap should persist
pected that the real gap is caused mainly by the electroim the paramagnetic case as well.
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FIG. 3. Dispersion(a) and orbital weights of the uppéb) and
lower (c) parts of the band crossing the Fermi level in the paramag
netic solution. The coordinates &fpoints are given in the same
units as in Fig. 2.

a dominant direct exchange process between neighboring va-
hadium ions and a much smaller superexchange hopping to
the second in-chain neighbor in Mg\OLet us note that the
different coordination of the relevant3orbital in vanadates
gnd cuprates with similar crystal structure has to be a rather
gommon feature, because in vanadates the energetically low-
est 3 orbital is half filled in contrast to the highest one in
cuprates.

The coupling between the neighboring chains occurs
mainly in thexy plane via the intermediate O1p2 orbitals.
W‘EJ.V:E |C‘Eivj|2_ (2)  This is manifested by the strong dispersion along the

i (ky,0,0) direction(Fig. 3) of the lower part of the band,
which has a remarkable contribution from the orbital,
whereas the upper part having a contribution only from the
O1: 2p, orbital is almost dispersionless. Figure 4 showing

For a deeper understanding of the electronic structure w
have performed an orbital analysis for the paramagnetic cas
The weightWtj” of the orbital|Lj) in the Bloch statgkv)
(Eqg. 1) was taken as

The sum of all Weight§LjW‘EjV is approximately unity, with
some deviation due to the nonorthogonality of the basis or
bitals. Actually the orbital weights were normalized with re- the relevant orbitals at thE point illustrates the interchain

spect to the sum. coupling viao bonds of neighboring O1: 2, orbitals
According to the.analysis, the vgler!ce bands consist of a T% q%antify the result a gl'B ana%/sis .h%s been berformed
lower oxygen -orbital complex which is separated by 3 eV for the relevant band of the paramagnetic solution. The hop-

from upper vanadium @ orbitals (Fig. 2. The 3 orbitals .
are split according to the standard crystal-field rules. A_Iqliwcghg{r?cense?geﬁggr;he;Sea\:vegylaindtvtvr;e Ez);tp?r?; rTosrtoszsses

(0,1,0 their energy rises in the orded,z_yz dy,, dyx, (tx,txy) to the next chain and one,(,) possible coupling in
dg;2_r2, yy. Only the lowest 82,2 orbital is partially o'/ girection were taken into account:
occupied, being half filled with two electrons per two vana-

dium atoms in the primitive unit cell. The corresponding b
band(Fig. 3 is very narrow having a_width of only 0.8 eV. Eo—Ex=2ty, coskyz +2t,, coskyb
The weight of the V: 8l,2_,2 orbital in the band is larger

than 70%, but there are considerable contributions up to 20% b
from the O1: D, and the V: 3, orbitals, as well as smaller +2t, cosk,a+ 4t,, cosk,a COSkyE
contributions from some other orbitals.

Comparing the situation with that in cuprates having the a b C
edge-sharing CuQchains (L,CuO, or CuGeQ) one ob- + 81y, COSKy 5 COSky 7 COSK5

serves an important distinction: in the cuprates the relevant

Cu: 3d orbital is directed towards the oxygen ions, whereasyielding the following parameterén meV): t,, =125, t,,

in the present case it is directed towards the neighboring=20 ... 26,t,=50, t,,=20, and a tiny value of 3 foty, .
vanadium ions. It implies an indirect superexchange mechafhe data confirm that the rati, /t,,, a measure for the
nism via the intermediate ligand in the cuprates but probablyrustration in the chain direction, is much smaller than the
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corresponding value for CuGg@nd L,L,CuQ,.2***It should ~ Ref. 4 may result from an overestimate bf, in the one-
be noted that the parametgy, is much larger than the cor- band Hubbard model or from an inadequacy of the one-
responding interladder hopping in Ng9; given in Ref. 15, dimensional analysis of the experimental results performed
probably due to a mutual compensation of different transfein Ref. 4.
paths in the ladder compound. Thus, we have found that the \\@hains of MgVQ have

An estimate of the corresponding exchange integrals oindeed a spirg structure with the relevantdBorbitals of the
the effective Heisenberg Hamiltonian neighboring in-chain vanadium ions directed towards each
other. It suggests a direct antiferromagnetic exchange pro-
cess between the neighboring in-chain spins. A similar pro-
cess was proposed for the interladder exchange coupling in
MgV,0s.2® The importance of the direct vanadiuod
"Yransfer was also anticipated in Ref. 17 for G&d, a com-
pound with V-V distance slightly large3.00 A) than in
MgVO; (2.96 A), where a value of 80 meV for the transfer
was reported. Besides the direct exchange we have found
Some additional superexchange terms which give rise to the

L1
H=3 >SS,
0

can be performed in the one-band Hubbard descriptio
which gives an antiferromagnetic exchange of roughly

=4t]-2/U with a value ofU still to be determined. Using the
experimental value o,,~10 meV given in Ref. 4 one gets
U=6.25 eV which seems to be slightly overestimated. Mos
probably, additional ferromagnetic processpsssibly via coupling between the chains in thedirection and to the

fche 3y, orb_ital or indirect processes via oxygdnr:_lve to be frustration. The dominant frustration occurs between the
included to improve the estimate. Our TB analysis suggests Aeighboring chains in contrast to the naive picture of the

rather large value fod, . It gives two-dimensional antiferro- - ¢,qiration due to the next-nearest in-chain neighbor super-

magnetic order with the frustration ternds, andJ,y (Fig.  gychange. It suggests that the experimental data require an
4). Thought,, andt,, are of nearly the same value, due t0 5na\ysis in the framework of a two- rather than a one-
the larger coordination numbed,, dominates. In a simple imensional Heisenberg model.

mean-field approach one can define an effective frustration

exchangelgn=2J,,+J,, yielding an effective frustration We thank Christoph Geibel for useful discussions. I.C.
Jer/J1y Of roughly 0.1 which is a very preliminary analysis, and R.H. acknowledge the financial support of the Max
however. The discrepancy with the value of 0.24 given inPlanck Society and the INTAS-RFB@rant No. 97-11066
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