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ESR study of the anisotropic exchange in the quasi-one-dimensional antiferromagnet Sr2V3O9
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The chainlike spin-1/2 antiferromagnetic vanadium oxide compound Sr2V3O9 is studied by electron spin
resonance~ESR! with special attention to the space distribution of the Dzyaloshinskii-Moriya~DM! vector
along magnetic chains. The angular variation and the temperature dependence of the ESR linewidth is mea-
sured in two different planes of a single crystal in the temperature range 4.2–500 K. The ESR data interpre-
tation is based on the combined application of the standard ESR theory for low-dimensional systems and an
updated theory using a hidden symmetry in the antiferromagnetic spin-1/2 chain model with the staggered DM
interaction. As a result, a DM interaction with a more general~nonstaggered! spatial distribution of DM vectors
is claimed to be responsible for the magnetic properties of the chainlike system Sr2V3O9.

DOI: 10.1103/PhysRevB.68.064404 PACS number~s!: 75.50.Ee, 75.30.Et, 76.30.2v
n
op
a

-

la
em

re

-

ee

e
le
it
d
e

ilt
in

cto

ce
/2
g

y
an

c
ea
s

b

ural
l

ob-

e
ned

opic

of

by
a-
in

ap-

o
dth
M

ain
-
ine-
n
the
n

to
d in

e
lish
I. INTRODUCTION

Vanadium oxides display complex structural, electric, a
magnetic properties due to the ability of vanadium to ad
several oxidation states and oxygen environment. The
rangement of VOn (n54,5,6) polyhedra is extremely di
verse and results in numerous original structures.1 The vana-
dium oxides forming chain structures are of particu
importance since they are expected to give new spin syst
with pronounced quasi-one-dimensional~quasi-1D! mag-
netic properties.

Recently a quasi-1D magnetic behavior was clearly
vealed in the chainlike compound Sr2V3O9 by means of
magnetic susceptibilityx(T) and the specific heatCp(T)
measurements in polycrystalline samples.2 The data are com
patible with spinS51/2 antiferromagnetic~AFM! Heisen-
berg chain model with nearest-neighbor exchangeJ.82 K
and much weaker interchain coupling that leads to thr
dimensional AFM ordering at the Ne´el temperatureTN
.5 K. In addition, an anomalous Curie-like upturn ofx(T)
was found atT.TN and claimed to be of intrinsic natur
because the effect of paramagnetic impurities was ru
out by the analysis of experimental data. By analogy w
Cu-compounds,3–5 in Ref. 2 the intrachain staggere
Dzyaloshinskii-Moriya~DM! interaction is proposed to b
responsible for the anomalous low-T behavior ofx(T) in
Sr2V3O9. Actually, as explained in Ref. 2, the alternating t
of the VO6 octahedra that form the magnetic chains
Sr2V3O9 suggests a staggered character of the DM ve
and of theg-tensor distribution along magnetic chains.

The theory of a staggered magnetic susceptibility indu
by a uniform magnetic field applied to the AFM spin-1
chain with alternating DM interaction or/and alternatin
g-tensor is well elaborated.5 The theory was successfull
applied3 to pyrimidine Cu dinitrate, which is regarded as
almost ideal AFM chain system. Considering Sr2V3O9, how-
ever, the existing theory of the low-T staggered magneti
susceptibility has to be extended to take into account w
interchain exchange coupling. Moreover, the parameter
the intrachain exchange anisotropy in Sr2V3O9 are not yet
determined. Anisotropic spin-spin interactions have to
0163-1829/2003/68~6!/064404~6!/$20.00 68 0644
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measured and explained in close connection with struct
peculiarities of Sr2V3O9. The ESR method is a powerful too
to solve this problem.

In the present paper we report and discuss ESR data
tained on a single crystal of Sr2V3O9 in a wide range of
temperature, 4.2 K,T,500 K. As the main purpose of th
paper, we show that the single-crystal ESR data obtai
from measurements in the paramagnetic high-T limit allow
us to evaluate the parameters of the dominant anisotr
interaction in the chainlike compound Sr2V3O9.

Recently a new theoretical approach to the ESR study
quantum spin chain systems was developed.6,7 The approach
is based on an equivalent description of spin variables
applying a properly defined nonuniform unitary transform
tion ~rotation! in spin space. When interpreting ESR data
Sr2V3O9 we use and develop further basic ideas of this
proach. Since in Sr2V3O9 the staggered componentg(s) of
the alternatingg tensor is rather small~Sec. IV!, a dominant
anisotropy of theintrachain spin interaction is expected t
provide the main source for the observed ESR linewi
broadening. Therefore, we rely our analysis on the AF
spin-1/2 chain Hamiltonian

H5(
,

$JS,S,111D,,,11~S,3S,11!1S,•G,,,11•S,11%,

~1.1!

where the antisymmetric DM interaction term;D,,,11 and
the symmetric exchange anisotropy;G,,,11

ab (a,b5x,y,z)
are involved. In particular, below we argue that in the ch
system~1.1! with a staggeredDM interaction a residual sym
metric exchange anisotropy that dominates the ESR l
width broadening in the high-T regime is much weaker tha
that predicted in Ref. 7. Consequently, we show that
AFM chain model with the staggered DM vector distributio
is incomplete to describe the properties of Sr2V3O9 and a
more general model of DM anisotropy has to be involved
reach a consistent description of the ESR data observe
this chainlike compound.

The outline of the paper is as follows. In Sec. II, w
develop a theoretical analysis, which allows us to estab
©2003 The American Physical Society04-1
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V. A. IVANSHIN et al. PHYSICAL REVIEW B 68, 064404 ~2003!
the relation between lattice properties of Sr2V3O9 and the
distribution of DM vector along magnetic chains. An es
mate for the strongly reduced ESR linewidth expected in
spin chain system~1.1! with the staggered DM interactio
is given there as well. In Sec. III, some experimental det
are discussed shortly. The experimental results of the E
measurements and their interpretation are presented in
IV. The summary and concluding remarks can be found
Sec. V.

II. CRYSTAL STRUCTURE AND PRELIMINARY
ANALYSIS OF THE EXCHANGE ANISOTROPY IN Sr 2V3O9

In monoclinic Sr2V3O9 the structural chains run along th
crystallographicc axis and are formed by corner-sharin
VO6 octahedra~Fig. 1!. Neighboring structural chains ar
connected by VO4 tetrahedra forming VO-layer lying in the
ac plane, while adjacent VO layers are separated alonb
direction by Sr layers. VO6 octahedra contain magnetic V41

ions (d1 state!, while the VO4 tetrahedra with nonmagneti
V51 ions (d0 state! serve as bridging complexes mediatin
superexchange~SE! between spin-1/2 octahedral V ions.
was argued2 that the largest SE interaction with the isotrop
exchange constantJ.82 K is notalong the structural chains
but perpendicularto them. More precisely, a magnetic cha
can be viewed as a sequence of VO6 octahedra joined
through nonmagnetic VO4 complexes running approximatel
along the auxiliary axisa8i~b3c!, whereb andc are orthogo-
nal crystallographic axes in monoclinic Sr2V3O9 ~see Fig. 1!.
The magnetic chains are coupled along thec direction with

FIG. 1. Cutout of the VO layer of Sr2V3O9. The b axis points
perpendicular to the paper plane. The big checked circles are V41,
the small dark gray ones are oxygen, and the light gray ones
V51. Corner sharing VO6 octahedra form chains along thec-axis.
The octahedra are shown with two feasible positions of the m
netic V41 ions. Within each chain the magnetic V41 ions are dis-
placed equally from the octahedron centers. The structure with
in-phase~antiphase! orientation of the V-ion displacements of tw
neighboring chains is referred to as theF(AF) configuration. VO4

tetrahedra contain nonmagnetic V51 ions and mediate the dominan
superexchange interaction between each AB pair of the neighbo
V41 ions. Thus, the magnetic chains are running approxima
along thea8-axis.
06440
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the exchange constantJ' (1022,J' /J,1021), and the
couplingJ8 along theb direction is much weaker,J8!J' .2

If one is interested in the anisotropy of the spin interact
in Sr2V3O9, two structural features deserve special attenti
namely, an alternating tilt of VO6 octahedra forming a mag
netic chain and a 2D spatial pattern of the off-center d
placement of magnetic V-ions in the VO6 octahedra. In close
relation to the discussion in Ref. 2, we distinguish for
particular layer two possible ground-state configurations
the V ion off-center static displacements, which we re
below for brevity to as intralayerF and AF configurations.
In the intralayerF/AF configuration the orientation of the
V-ion off-center displacements of two neighboring structu
chains are in phase/antiphase as explained also in Fig. 1.
not clear yet2 which of these two configurations dominate
the real ground-state structure of Sr2V3O9. In the remaining
part of this section, we develop a theoretical analysis to p
dict the DM vector distribution along a magnetic chain f
both hypothetical space patterns of the off-center V-ion d
placements. The analysis shows rather different distributi
of DM vectors in structuralF andAF configurations. These
distributions can be measured by ESR.

For each V ion shifted from the octahedral center the lo
symmetry environment splitsd orbitals to give a nondegen
erate singly occupied ground-state orbitalu0& at the energy
E0 and excited um& orbitals at higher energiesEm (m
51, . . . ,4). Weassume the limit of a weak spin-orbit cou
pling, (Em2E0)5Dm@l, since for V41 ion the spin-orbit
coupling constantl is rather small,l.0.03 eV.8 This limit is
also compatible with a weak deviation of theg factor from
the free electron value, which is measured in Sr2V3O9 by
ESR ~Sec. IV!. Note also that a quantitative description
the V41 ion d-orbital splitting in a closely related compoun
Ba2V3O9 is given in Ref. 9.

For a pair VA-VB of neighboring V ions in a magnetic
chain, we define effective transfer integralstAm,Bm8 , describ-
ing an electron hopping between theumB8 & orbital of VB-
ion and theumA& orbital of VA ion. These transfer integral
are real and obey the relationtAm,Bm85tBm8,Am . In this
notation, the exchange constantJ5JAB of an (AB) pair in
the ground-state orbital configuration is given by the famil
expressionJAB54tA0,B0

2 /U, whereU is the on-site Coulomb
repulsion ~Hubbard energy! for the d shell of V ion. The
spin-orbit coupling mixesd-orbital states on each V ion
and thus produces intermediatesingly excited electron con-
figurations of a VA-VB pair. Within the standard SE theory
the exchange couplingsJB0,Am and JA0,Bm between the
ground state and different singly excited intermediate c
figurations are estimated asJB0,Am52tA0,B0tB0,Am /U and
JA0,Bm52tA0,B0tA0,Bm /U. The lowest-order expression fo
the DM vectorDAB can now be written as10,11

DAB522i (
mÞ0

F l

Dm
A ^mAuLAu0A&JB0,Am

2
l

Dm
B ^mBuLBu0B&JA0,BmG . ~2.1!
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ESR STUDY OF THE ANISOTROPIC EXCHANGE IN . . . PHYSICAL REVIEW B68, 064404 ~2003!
Here^mA/BuLA/Bu0A/B& denotes matrix element of the orbit
angular momentum operator. In the further discussion,
adopt local coordinate systems attached to@VO6#A and
@VO6#B octahedra when calculating matrix elements ofLA
and LB , respectively. To connect the properties of the D
vector with the structural peculiarities of Sr2V3O9, it is con-
venient to rearrange slightly expression~2.1! in the following
way. In general, by noting thattB0,AmÞtA0,Bm , we introduce
the quantityI AB

(m)5tA0,B0(tA0,Bm2tB0,Am)/U as a measure o
the SE path asymmetry in themth channel together with the
average JAB

(m)5tA0,B0(tA0,Bm1tB0,Am)/U. Then expression
~2.1! can now be decomposed asDAB5DAB8 1DAB9 , with

DAB8 522i (
mÞ0

S l

Dm
D @^mAuLAu0A&2^mBuLBu0B&#JAB

(m) ,

~2.2!

DAB9 52i (
mÞ0

S l

Dm
D @^mAuLAu0A&1^mBuLBu0B&#I AB

(m) .

~2.3!

Since we expect thatDm
A.Dm

B5Dm is fulfilled with a good
accuracy, this approximation is used in Eqs.~2.2! and ~2.3!.

With this preliminaries we are now able to predict t
spatial pattern of DM vector distribution along magne
chains in theAF andF structural configurations of Sr2V3O9.
Let us denoteAB as the line fragment connecting the cente
of neighboring@VO6#A and@VO6#B octahedra and define a
auxiliary local axisb8, which is parallel tob and passes
through the midpoint of AB. Then a rotation byp angle
aboutb8 interchange@VO6#A and@VO6#B octahedra, includ-
ing the ionic positions of VA and VB , if the AF type of the V
ion off-center displacement is realized. This means thatb8 is
a twofold rotation axis for each VA-VB neighbors in the case
of AF structural configuration, while this local symmet
operation is lost inF configuration. Further, inAF configu-
ration the symmetry requires for the transfer integrals
propertytB0,Am5tA0,Bm , leading toI AB

(m)50 for all m, which
meansDAB9 50 and, hence,DAB is specified by Eq.~2.2!. By
noting that for a givenm, two vectors ^mAuLAu0A& and
^mBuLBu0B& are transformed to each other by ap rotation
aboutb8ib, Eq.~2.2! shows that the vectorDAB is confined to
the ac plane, which is in accordance with Moriya’s symm
try rules.10 Moreover, the alternating tilt of the VO6 octahe-
dra along a magnetic chain provides a staggered variatio
DM vectors, D,,,115(21),D(s), where , denotes the V
sites along a magnetic chain.

In the low symmetryF-configuration, one expectsI AB
(m)

Þ0 and, therefore,DAB acquires an additional compone
DAB9 ~Þ0! specified by Eq.~2.3!. By using similar arguments
as above, we obtain, first, thatDAB9 ib and, second, thatDAB9
is a uniform ~non-staggered! component along a magnet
chain. Thus, in theF-configuration we predict the following
variation of the DM vector along a magnetic chain:D,,,11
5(21),D(s)1D(u), with the staggered componentD(s) be-
ing confined to theac-plane and the uniform componen
D(u)ib.
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An equivalent description of the AFM spin-1/2 chain sy
tem, Eq. ~1.1!, with staggered DM vector,D,,,115
(21),D(s), is based on the use of a nonuniform unita
transformation~rotation R̂,) in the spin space,S,85R̂,S, .
Alternating rotation by anglew,5(21),arctan(D(s)/2J)
about d axis (d5D(s)/D (s)) eliminates the staggered DM
interaction and leads to a renormalized isotropic excha
J→ J̄5J@11(D (s))2/2J2# and a reduced symmetric aniso
ropy Gab→Ḡab5Gab2@(D (s))2/2J#dadb. With this result,
the authors of Ref. 6 claim that the DM term contribution
the ESR linewidth is of the same level as that of symme
anisotropy. If one neglects in Eq.~1.1! the original symmet-
ric anisotropy,Gab50, thenḠ;(D (s))2/J and the resulting
ESR linewidthh̄ in the high-T low-field limit is estimated to
be h̄;Ḡ2/J;(D (s))4/J3, as discussed in Ref. 7. Assumin
the standard estimateD (s);(Dg/g)J, one obtains alsoh̄
;(Dg/g)4J. Below we argue, however, that in the AFM
chain system with staggered DM interaction the resid
symmetric anisotropy and the expected resulting ESR li
width are much smaller than the valueh̄ predicted in Ref. 7.

Actually, model~1.1! is the 1D realization of the genera
spin-1/2 Hamiltonian derived by Moriya10 in the effective
second-order perturbation calculation of the SE theory. Th
as argued in Ref. 12, if the DM vector is staggered, Ham
tonian ~1.1! possesses a hidden symmetry. This means, a
applying the nonuniform rotation in spin space, an exact c
cellation,Ḡab50, i.e., the residual anisotropic exchange d
appear in the Moriya’s second-order perturbation SE the
A finite residual anisotropic exchangedG is obtained if one
includes higher-order corrections.10 Close inspection allows
us to predict the order of magnitude ofdG as

dG;S Dg

g D 2

JS JH

U D , ~2.4!

whereJH is the Hund’s coupling constant of a magnetic io
under consideration. Therefore, in the high-T limit the re-
sidual ESR linewidth is expected to be

h res;S Dg

g D 4

JS JH

U D 2

. ~2.5!

In a typical situation,JH /U is in the range 0.1–0.3, so tha
the corresponding linewidthh res is at least by an order o
magnitude smaller than the value,h̄;(Dg/g)4J, suggested
in Ref. 7. In an applied magnetic fieldH, the widthh res has
to be compared with that coming from the transverse st
gered field,7 h;DH/J, to decide which contribution domi
nates the ESR linewidth in the high-T regime,T@J.

It is worth to specially emphasize that a strongly reduc
ESR linewidth~2.5! is a manifestation of a hidden symmet
of the underlying model~1.1! with a staggeredDM vector
distribution. This symmetry disappears in the AFM cha
system with a more general DM vector distribution. T
standard Kubo and Tomita approach13 predicts a more
stronger line broadening with a width ofhDM;D2/J
;(Dg/g)2J.
4-3
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III. EXPERIMENTAL PROCEDURE AND RESULTS

Sr2V3O9 single crystals were obtained by a Traveling S
lidification Zone method in which the melt~in a stationary
crucible! was subjected to a strong vertical gradient of te
perature. The crystal growth was performed in a vertical tu
furnace, using platinum crucibles and a static Argon 6.0
mosphere. The starting composition of the melt was not
ichiometric. It was composed by a mixture of pure Sr2V3O9,
VO2, and V2O5. This was necessary because our differen
thermal analysis~DTA! measurements showed that pu
Sr2V3O9 does not melt congruently but decomposes perit
tically into Sr2V2O7 plus liquid. Thus, the first compound t
solidify is Sr2V2O7. Adding a mixture of VO2 and V2O5
inhibits the formation of Sr2V2O7 and reduces the liquidu
temperature. The Sr2V3O9 crystals ~with typical sizes of
about 53432 mm3) were easily cut from the batch. The
orientation and single crystallinity was determined by t
Laue method and polarized light.

The ESR measurements were performed with a Bru
Elexsys E500 spectrometer at X-band frequencies~9.4 GHz!.
The temperature was controlled between 4 K and 500 K by
continuous flow cryostats using helium gas or nitrogen g
The samples were placed into quartz tubes and fixed w
either paraffin ~at low temperatures 4 K<T<300 K) or
NaCl ~at 300 K<T<500 K). A single ESR absorption line
has been observed within the whole paramagnetic region
can be ascribed to V41 ions. Figure 2 presents representati
ESR spectra and their anisotropic behavior for three differ
crystallographic directions. Within the whole temperatu
range the spectra are well fitted with a Lorentzian line sh
~solid lines in Fig. 2!.

The observed ESRg factor ~determined by the resonanc
field! is temperature independent. Along the crystallograp
axes (a,a8,b,c) the values arega51.95760.001,ga8
51.95260.001,gb51.94860.001, andgc51.93160.001.
The deviationDg from the free electron valueg is rather
small,Dg/g.0.03, which is typical for vanadates bearing
weak spin-orbit coupling. The observedg factors result from
an averaging of the individualg tensors of two inequivalen
VO6 octahedra that alternate along a magnetic chain.
cause of this alternation, the individualg tensors acquire also

FIG. 2. ESR spectra (dP/dH, P: absorbed power! with the ex-
ternal magnetic fieldH applied along three different crystallo
graphic directionsa8,b,c at T5120 K. The solid lines fit the spec
tra with Lorentzian lines.
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a staggered componentg(s), like in Cu-compounds with an
alternatingg tensor.3–5 The resulting anisotropic Zeeman in
teraction contributes to the ESR linewidth broadening. A d
tailed analysis shows, however, that in Sr2V3O9 the weak
g-tensor anisotropy and the small tilt angle of VO6 octahedra
lead to a small staggered component,g(s)'0.01, and the
corresponding contribution to the ESR linewidth is'1% of
the observed width. Therefore, we neglect this contribut
in our further analysis.

The experimental ESR linewidthDH results as a fit pa-
rameter of a Lorentzian line shape and is measured as
half width at half maximum of the nonderived ESR line.DH
is related to the notationh used in Sec. II ash5gmBDH,
whereg andmB are the averageg factor and the Bohr mag
neton, respectively. The temperature dependence of the
linewidth DHb,c is shown in Fig. 3 for two different orien-
tations of the external magnetic field applied either along
crystallographicb axis or along thec axis. The almost par-
allel temperature characteristics ofDHb,c demonstrate a pre
dominantly temperature-independent anisotropy ofDH.

A drastic ESR line broadening below 100 K can be attr
uted to the rapid development of the intrachain spin corre
tions with a subsequent growth of critical 3D correlatio
due to the vicinity of Ne´el’s temperature. When the temper
ture is lowered towards the critical temperatureTcrit5TN
55 K a power law DHcrit}(T2Tcrit)

2a approximately
describes the linewidth witha51. This value reflects the
low-dimensional character of the ESR line when it is co
pared with the critical behavior ofDH of typical antiferro-
magnets in the one-dimensional case,15 such as CuCl2
•2NC5H5 ~a50.5!, or in the three-dimensional case,16 such
as GdB6 ~a51.5!. Furthermore, it was shown in the exper
mental review by Taylor and Coles14 that in low-dimensional
spin systems an essential broadening of the ESR line
occur in a rather broad temperature range of about 1.5TN
,T,10TN . Again, very similar ESR behavior nearTN was
observed in different low-dimensional antiferromagnets su
as CuCl2•2NC5H5,15 CsNiCl3,17 and LiCuVO4.18

For temperatures above 100 K the ESR linewidth ent
the paramagnetic region where the spin-spin relaxa
reaches an asymptotic valueDH(J/kT→0). Spin-lattice re-
laxation processes become dominant at temperatures a

FIG. 3. Temperature dependence of the ESR linewidthDH mea-
sured for the magnetic field applied parallel to the crystallograp
b andc axes.
4-4
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270 K. Both the exact mechanism of the relaxation abo
270 K and the type of critical broadening below 100 K a
beyond the scope of the present paper. We treat the da
the range 100 K,T,270 K as the asymptotic high-T values
and concentrate the further discussion solely on the data
tained atT5120 K as representative values.

The angular dependencies of the ESR linewidthDH ob-
served when rotating the external fieldH in thea8c anda8b
planes are shown in Fig. 4 together with theoretical fittin
according to Sec. IV. We recall that the auxiliarya8 axis
lying in the ac plane is perpendicular to theb and c axes.
Within the a8c plane a stronger anisotropy ofDH is seen
and a particular direction close to thec axis is indicated by a
maximum of the linewidth.

IV. LINEWIDTH ANALYSIS

The linewidth DH of a Lorentzian-shaped ESR absor
tion is determined by the second momentM2(J/kT) of the
local magnetic fields due to anisotropic interactions as13

DH5
M2~J/kT!

gmB\vex
, ~4.1!

where vex'J/\ is the exchange frequency. In th
asymptotic regime the temperature independent second
ment M2(J/kT→0) can be expressed via the microscop
spin-Hamiltonian parameters and a particular angular dep
dence ofM2(J/kT→0) is caused mainly by the form of th
dominant anisotropy. In the case of Sr2V3O9, by taking
simple estimations for different contributions to the seco
moment~as the squares of corresponding spin-Hamilton
parameters!, one can easily see that the contributions due
hyperfine and magnetic dipole-dipole interactions are ne
gible, like that of the anisotropic Zeeman interaction d
cussed before. The interchain anisotropic interactions

FIG. 4. The angular dependencies of the linewidthDH in
Sr2V3O9 observed in thea8c anda8b plane atT5120 K. The solid
lines represent a fit according to Eqs.~4.1! and ~4.3! with the pa-
rametersD53.08,dx50.23,dy50.41,dz50.89.
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also expected to be of minor importance and the main sou
to the ESR line broadening is due to intrachain excha
anisotropies.

To size up the antisymmetric DM interaction;D and the
symmetric anisotropy ;G, approximate relationsD
'(Dg/g)JF andG'(Dg/g)2J are usually used. If the DM
interaction is not suppressed by a small geometrical factoF,
then for F;1 and Dg/g!1 the antisymmetric anisotrop
dominates and provides the main contributiongmBDHDM
;D2/J;(Dg/g)2J to the line broadening. The above e
pression forDHDM is obtained by the direct application o
the Kubo-Tomita formula~4.1! to the DM interaction with-
out specifying a space distribution of the DM vector. Wi
the values Dg/g.0.03 and J.82 K characteristic to
Sr2V3O9, one obtainsDHDM;500 Oe, the order of which
approximately agrees with the observation. At the same ti
the contribution due to the symmetric exchange anisotrop
smaller by the factor (Dg/g)2'1023. As pointed out in
Refs. 6,7 and discussed in Sec. II, in the case of a stagg
DM interaction, a hidden symmetry in the chain syste
strongly reduces the anisotropy of spin-spin interaction a
hence, one expects a significantly narrowed resonance
In this case, a direct application of the Kubo-Tomita formu
to the DM interaction is incorrect and we estimate the lin
width relying on Eq.~2.5!. Then, the expected residual line
width in Sr2V3O9 becomes of the orderDHres;1 Oe, which
is much smaller than the observedDH;300 Oe. Note that,
in the actual case of a low applied field;3 kOe, the stag-
gered field contribution7 to the linewidth is negligible. These
results clearly show that in Sr2V3O9 the chain model with a
staggered DM interaction is not applicable. The alternat
model, advanced in Sec. II and corresponding to theF con-
figuration of the V-ion displacements, suggests the follow
form of the DM vector variation along a chain:

D,,,115~21!,D(s)1D(u). ~4.2!

Here the staggered componentD(s) is confined to theac
plane and the uniform componentD(u) is parallel to theb
axis. Below, using this model, the angular dependence of
ESR linewidthDHDM is determined from Eq.~4.1! and com-
pared with the observation.

Note, first, that according to~4.2! there are two inequiva-
lent DM vectors,D15D,21,, andD25D,,,11, which alter-
nate each other along a magnetic chain. These two vec
are transformed to each other byp rotation about theb axis.
Introducing a (x,y,z) coordinate system, which is attache
to the (â8,b̂,ĉ) basis, the vectorsD1 andD2 can be written as
follows: D15D(dx ,dy ,dz) and D25D(2dx ,dy ,2dz),
whereda(a5x,y,z) are Cartesian components of a unit ve
tor d. The effect of the DM interaction on the second m
ment in ~4.1! is calculated by using a standard derivati
procedure.18,19 This yields

M2
DM5 1

4 D2@dx
2~11sin2u cos2w!1dy

2~11sin2u sin2w!

1dz
2~11cos2u!1dxdzsin 2u cosw#. ~4.3!

Here the polar angleu and the azimuth anglew of the applied
magnetic field are measured with respect to thec and a8
4-5
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axes. To describe the experimental results ofDH in the
asymptotic regime with Eqs.~4.1! and ~4.3!, only three pa-
rameters should be adjusted. Namely, these are the stre
of DM interactionD and two components of the unit vecto
d. The result of a fit to the angular dependence of the li
width at 120 K in both thea8c and thea8b planes is shown
in Fig. 4. We note, first, that the resulting strengthD53.08 K
is close to the expected value obtained by the standard
oretical estimateD;(Dg/g)J'2.5 K and, second, the the
oretical curves with the directional parametersdx50.23,dy
50.41,dz50.89 reproduce strikingly well the experimental
observed anisotropy ofDH. Most obviously the maximum
of DH in the a8c plane appears at an angle of 75.5°, whi
is nicely reproduced by the experimental data~see Fig. 4,
upper frame!. Therefore, the intralayerF configuration,
where the V-ion off-center displacements of two neighbor
structural chains are in phase, is favorable to explain the E
results on Sr2V3O9.

V. CONCLUSION

In summary, we performed a study of the angular a
temperature dependence of the electron spin resonance i
quasi-one-dimensional spin-1/2 antiferromagnetic vanad
Sr2V3O9. The antisymmetric Dzyaloshinskii-Moriya ex
change anisotropy within V chains was shown to domin
strongly the other anisotropies and was successfully app
B:

.V

tt

f-

e

u

06440
gth

-

e-

g
R

d
the
te

e
d

to describe both size and orientation dependence of the
linewidth DH in the high-temperature limit. As a necessa
background, we developed a theoretical analysis to relate
peculiarities of the V-chain lattice structure in Sr2V3O9 with
the spatial pattern of the Dzyaloshinskii-Moriya vector d
tribution along a chain. Two different spatial patterns a
considered for the theoretical description ofDH. In the case
of a staggered Dzyaloshinskii-Moriya interaction, improv
ments of a recently developed ESR theory based on a hid
symmetry are suggested. Both the improved theory and
standard one are applied to distinguish between the two
terns of the Dzyaloshinskii-Moriya vector intrachain dist
butions. Comparison with experimental results clearly in
cated the presence of the nonstaggered distribution of
DM vector in Sr2V3O9. Such an exchange anisotropy mak
the understanding of the magnetic properties of this chain
system a challenging problem.
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