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Interplay between structure and magnetism in the spin-chain compound„Cu,Zn…2V2O7
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The structural and magnetic properties of the one-dimensional spin-chain compound Cu22yZnyV2O7 were
investigated by means of x-ray diffraction, static susceptibility, and electron spin resonance. The substitution of
nonmagnetic Zn21 for Cu21 ions induces a polymorphic transition from thea phase, found fory,0.15, to the
b phase, which occurs fory>0.15. This transition has a pronounced influence on the magnetic properties,
which can be understood consistently by assuming that the intrachain Dzyaloshinsky-Moriya interaction is
present in thea phase, but absent in theb phase. This interpretation is confirmed by a symmetry analysis of
the structural and magnetic properties. Our results indicate that the local coordination geometry of Cu in the
two phases is decisive for the magnetic properties.
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I. INTRODUCTION

Experimental studies of low-dimensional spin syste
aimed at testing fundamental theories of quantum magne
have attracted much attention recently. A number of fascin
ing phenomena related to spin and charge correlations in
dimension were found, such as spin- and charge-den
waves and spin-charge separation in organic charge-tran
salts,1,2 the spin-Peierls transition in CuGeO3,3 and super-
conductivity in a Cu-based spin ladder compound.4,5 Among
inorganic materials, copper- and vanadium-based oxides
one hole (Cu21; 3d9) or one electron (V41; 3d1) in the
d-shell often realize structurally well-defined quasi-on
dimensional~1D! spin 1/2 chains, in which the transitio
metal ions are bridged by oxygen ligands. The magnetic
teractions in the chain are described using the Hamiltoni

H5J(
i j

Si•Sj1(
i j

Di j @Si3Sj #1(
i j

SiAi j Sj , ~1!

where the first term represents the isotropic Heisenberg
perexchange and the second and third terms denote the
symmetric Dzyaloshinsky-Moriya~DM! and symmetric an-
isotropic corrections, respectively, which arise from sp
orbit coupling.6,7 The sum in Eq.~1! runs over all pairs of
nearest-neighbor spins. Since the orbital momentum in C21

and V41 oxides is almost completely quenched, the corr
tions due to spin-orbit coupling are small and the first term
Eq. ~1! dominates. Thus, a one-dimensional-~1D-!Heisenberg
isotropicS51/2 chain can be closely realized in these co
pounds.

The magnitude and the sign of the exchange constaJ
are determined by the bonding geometry, according to
Goodenough-Kanamori-Anderson rules.8 Although the spin-
spin correlations decay very slowly along the chain, owing
quantum fluctuations true long-range order is impossible
one dimension even atT50. However, the corrections to th
isotropic Heisenberg superexchange given in Eq.~1! as well
as the interchain interaction and interactions with the lat
0163-1829/2003/67~21!/214410~11!/$20.00 67 2144
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and charge degrees of freedom may stabilize either a n
magnetic spin-singlet state or 3D long-range order. In
latter case the DM interactionDi j , if allowed by symmetry,
is the strongest anisotropic correction to the Heisenberg
perexchange. It is of first order in the spin-orbit coupling a
may be comparable to the interchain interaction. The D
interaction leads to a canting of the spins, which often res
in weak ferromagnetism in the magnetically ordered state
addition, the DM interaction in low symmetry magne
renormalizes the magnetic anisotropy therefore affecting
choice of an ‘‘easy’’ axis.9 Remarkably, if only the single-
bond anisotropic superexchange interaction is conside
i.e., the interaction between only two neighboring spins,
anisotropies owing to the second and the third terms of
~1! compensate each other exactly.10 The combined effect of
the DM and interchain interactions may cause unconv
tional phenomena such as the two-stage spin-flop trans
reported for BaCu2Si2O7.11 The symmetric anisotropic par
of the superexchange@third term in Eq.~1!# is of second
order in the spin-orbit coupling, and therefore weaker th
the antisymmetric DM interaction. Nevertheless, in Cu-ba
chain systems, for certain bonding geometries, also symm
ric anisotropic corrections to superexchange may beco
surprisingly large.12–15Thus, the particular magnetic groun
state of crystallographically quasi-1D transition metal oxid
is sensitive to details of the crystal structure.

Copper-divanadate Cu2V2O7, by virtue of its crystal
structure, realizes an antiferromagnetic~AF! spin 1/2 chain.
The magnetic moments in this compound arise solely fr
the Cu21 cations, which are in a 3d9 configuration withS
51/2. The V51 ions are nonmagnetic. The material crysta
lizes in two different phases, the low-temperaturea
phase16,17and the high-temperatureb phase.18 The structural
phase transition occurs at 712 °C.19,20 The a phase is ortho-
rhombic ~space groupFdd2) with lattice parametersa
520.645 Å,b58.383 Å, andc56.442 Å .17 Each Cu ion is
surrounded by five oxygen atoms, forming CuO5 polyhedra
~Fig. 1!. The chains made of CuO5 polyhedra are separate
by (V2O7)42-anion groups, consisting of corner-sharin
©2003 The American Physical Society10-1
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VO4 tetrahedra. The high-temperatureb phase is monoclinic
~space groupC2/c) with lattice parametersa57.718 Å, b
58.044 Å, c510.140 Å , andb5110.3°.20 The Cu21 cat-
ions have again a fivefold oxygen coordination. Theb phase
is obtained from thea phase by rotating the V2O7 groups
and shifting the planes of VO4 tetrahedra.17 In both struc-
tures the copper and vanadium atoms occupy only one c
tallographic site, respectively. In spite of the overall stru
tural similarity, the local Cu-O topology in the two phases
considerably different, as will be described in Sec. IV
Measurements of the static magnetization in thea phase
were reported in Ref. 21. Although the interaction betwe
the Cu spins is antiferromagnetic, a spontaneous magne
tion is observed below 35 K with a small saturation mag
tization of 0.04mB . This suggests a state with long-range A
order and weak ferromagnetism, arising from a canting
spins due to the DM interaction.21

We report in this paper on an interplay between struct
and magnetism in Cu22yZnyV2O7 which was studied by
means of static susceptibility, electron spin resonance~ESR!
and x-ray diffraction. A moderate substitution of nonma
netic Zn for Cu causes a drastic change of the magn
properties, occurring aty.0.15, which is accompanied by
polymorphic transition from thea to b phase. We provide a
consistent interpretation of such a strong impact of the st
tural transition on the magnetic properties assuming that

FIG. 1. Chains of CuO5 polyhedra in thea andb phase. Bold
solid and bold dashed lines denote inequivalent Cu-O-Cu bo
The possible geometries of the Cu-O-Cu bonds~Ref. 20! as well as
the sketch of the projections of thedx22y2 orbitals of Cu andp
orbitals of O on the CuO2 plaquettes are shown in~i!, ~ii !, and~iii !,
respectively~see text!.
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intrachain Dzyaloshinsky-Moriya interaction is present in t
a phase, but absent in theb phase. This scenario is justifie
by a symmetry analysis of magnetic interactions in the t
structural phases. Our results indicate that the local coo
nation geometry of Cu in the two phases is decisive for
magnetic properties.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of (Cu,Zn)2V2O7 were prepared
by a solid-state reaction from oxides. The respective amo
of CuO, ZnO, and V2O5 were ground and, using gold cru
cibles, homogenized at a temperature of 530 °C in air
eight hours, and subsequently fired in air for twenty hou
Firing and grinding were repeated until small crystallit
were obtained. Finally, the powders were sintered at 650
in air for 110 h. Note that this temperature is lower than t
melting point of 780 °C and the structural phase transit
temperature of 712 °C.19,20

The samples were characterized by powder x-ray diffr
tion using CuKa radiation. The raw data were analyzed wi
the crystallographic programCARINE. Peaks with less than
5% of the intensity of the main peak were neglected. T
static susceptibility (x) and the magnetization~M! were
measured with a superconducting quantum interference
vice ~SQUID! magnetometer for temperaturesT ranging be-
tween 2 and 300 K. ESR measurements were carried
using a Bruker spectrometer atX-band frequency 9.48 GHz
A continuous flow He cryostat inserted into the microwa
cavity enabled us to measure the ESR signal for 2 K,T
,300 K. To obtain the ESR intensity in absolute units t
intensity of the measured signal was calibrated using a ‘‘w
ness’’ sample (Al2O310.03% Cr31), which was attached to
the wall inside the cavity.

III. RESULTS

A. Static magnetic susceptibility

Our results on the magnetic susceptibilityx(T) of
Cu22yZnyV2O7 measured in a magnetic fieldH51 T are
summarized in Fig. 2.x(T) follows the Curie-Weiss law
xCW5Cmol /(T2Q) over a wide temperature range. Her
Cmol is the molar Curie constant andQ is the Curie-Weiss
temperature. As a representative example, a fit to the Cu
Weiss law is shown for Cu2V2O7 in the inset of Fig. 2. The
fit yields Q5278 K and an effective momentmeff

5A3kBCmol /NA'1.9mB . Here kB is the Boltzmann con-
stant,NA is the Avogadro number, andmB is the Bohr mag-
neton. As expected theoretically,meff is slightly larger than
the spin-only value ofm5gmBAS(S11)51.73mB for S
51/2 and ag factor g52. This discrepancy indicates tha
meff contains a small admixture of the orbital moment,
is typical for Cu21. Assuming thatQ is determined by
the strongest nearest-neighbor exchange couplingJ yields
Q52zJS(S11)/3kB in molecular field approximation
Herez is the number of nearest neighbors. If only the intr
chain coupling is taken into account,z52, we obtain an AF
exchange interaction between nearest-neighbor Cu ion
J5155 K. This value should be considered as an order

s.
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INTERPLAY BETWEEN STRUCTURE AND MAGNETISM . . . PHYSICAL REVIEW B67, 214410 ~2003!
magnitude estimate only, as the considerable interchain in
actions~see below! contribute toQ as well. According to the
Goodenough-Kanamori-Anderson rules the moderate
coupling along the chains indicates a relatively small dev
tion of the Cu-O-Cu bonding angle from 90°~see Sec. IV A
below!; for larger deviations one would expect a much larg
value of J, as found, e.g., in the 2D cuprates, whereJ
'1500 K for 180° Cu-O-Cu bonds.22

The static susceptibility of Cu2V2O7 shows an abrup
strong increase atT534 K, indicating a transition to a mag
netically ordered state~Fig. 2!. Below 34 K a small remanen
magnetizationMR occurs and we find hysteresis in the fie
dependence of the magnetizationM (H) ~see Fig. 3!. The
leading isotropic exchange interactionJ is antiferromagnetic
and the saturation magnetization of 0.04mB is small com-
pared to 1mB , which would correspond to ferromagnetical
orderedS51/2 spins. We therefore conclude that Cu2V2O7
is a canted antiferromagnet with an ordering temperatur
TN533.5 K. This conclusion is consistent with the data
ported in Ref. 21. Canting of spins in an antiferromagnet a
the associated weak ferromagnetism are a fingerprint of
DM interaction. UsingMR(0)50.04mB /Cu21 we estimate
the canting angle of the AF sublattice magnetization
fDM.tanfDM5MR(0)/gmBS5Di j /2J'2°.7 This gives
the magnitude of the DM interactionDi j in Eq. ~1!, which
amounts to;7% of the isotropic coupling constantJ. We
note that becauseMR(0) obtained from a powder measur
ment is an average of the saturation magnetization ove
orientations the actual canting angle and the magnitude
the DM interaction might be even larger.

Substitution of nonmagnetic Zn for Cu in Cu22yZnyV2O7
up to y50.1 leads to a decrease ofTN ~see Fig. 5!, as ex-
pected, owing to an increase of the mean distance betw
the spins and a respective decrease of the effective ave
magnetic exchange. The remanent magnetizationMR , how-

FIG. 2. Temperature dependence of the static magnetic sus
tibility of Cu22yZnyV2O7 measured at 1 T. Upper inset:x21 for
Cu2V2O7. The solid line is a fit to the Curie-Weiss law~see text.!
Lower inset:]x(T)/]T for the y50.15 sample as a function o
temperature. The jumplike anomaly indicates magnetic orderin
TN526 K.
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ever, remains constant with increasing Zn contenty. Remark-
ably, for y.0.15 the static magnetic properties change dr
tically: Instead of the steep upturn at low temperatures,x(T)
shows a broad maximum at a temperatureTmax.45 K ~Figs.
2 and 4!; moreover, the remanent magnetization and the h
teresis ofM (H) disappear. A transition to an ordered sta
can, nevertheless, be clearly identified from the disconti
ous jump atTN in the derivativedx(T)/dT of the static
susceptibility~inset of Fig. 2!. With increasingy a Curie-like
tail in x(T) develops at lowT, so that aty50.4 the broad
maximum ofx(T) transforms into a plateau~Fig. 2!.

p-

at

FIG. 3. Temperature dependence of the remanent magnetiz
MR of Cu22yZnyV2O7 for 0<x<0.1. MR was measured in zero
field after applying an external field of 1 T at a temperatureT
55 K. M21 stands for the Cu and Zn ions. Inset: Hysteresis of
magnetization for Cu2V2O7 at 5 and 40 K.

FIG. 4. Temperature dependence of the static magnetic sus
tibility x(T) of Cu22yZnyV2O7 for y50.30. The solid, dashed, an
dotted lines are the total fitting function@Eq. ~2!# and different
contributions to it, respectively~see text!. Upper inset: Fit param-
eters@Eq. ~2!# as a function of Zn concentration. Lower inset: Tem
perature dependence ofx21(T) with a fit to the Curie-Weiss law
~solid line!.
0-3
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The susceptibility of the samples withy>0.15 with the
broad maximum atTmax.TN is reminiscent of that of a 1D
Heisenberg antiferromagnet where the temperature of
maximum Tmax and the height of the maximumxmax are
related to the nearest-neighbor intrachain exchange con
J as Tmax50.641J/kB and xmax50.147Ng2mB

2/J,
respectively.23 In fact, the temperature evolution ofx can be
reasonably well described as a sum of three contribution

x~T!5x01xBF~T!1xdefect~T!, ~2!

where the temperature independentx0 is a sum of the dia-
magnetic susceptibility of Cu22yZnyV2O7 and the Van-Vleck
susceptibility of Cu21, xBF(T) is the Bonner-Fisher suscep
tibility of a 1D-antiferromagnetic spin chain23,24 and
xdefect(T)5Ndefectg

2S(S11)mB
2/3kB(T2Tc) is the Curie-

Weiss susceptibility of the ‘‘defect’’ magnetic sites whic
contribute to the low-T upturn ofx(T). As a representative
example we show in Fig. 4 the result of the fit of Eq.~2! to
the susceptibility of they50.30 sample. The height and th
position of the maximum ofx(T) is reproduced well with
J572 K and g52.13 ~see Sec. III B!. The fit requires a
value ofx05131024 emu/mole which is kept constant fo
all samples. The strength of the AF intrachain exchange d
not depend on the Zn concentration up toy50.40 and then
slightly increases, whereas the concentration of the de
spinsNdefect and theirTc grow rapidly with increasingy as
shown in the upper inset of Fig. 4. In particularNdefect in-
creases almost linearly withy suggesting that each Zn ato
creates;0.8 spinsS51/2. The occurrence of quasifree ma
netic moments is a remarkable feature of the hole-do
two-dimensional high-Tc cuprates where the removal of on
spin form the AF spin-liquid background generates an unc
related spin localized around the vacancy~see, e.g., Ref. 25!.
A systematic increase of the Curie-like tail in the susce
bility of Cu22yZnyV2O7 with y>0.15 implies that nonmag
netic Zn substitution for Cu creates apparently similar def
sites in the spin chain as well.26

At sufficiently high temperature, aboveTmax, x(T) fol-
lows the Curie-Weiss law reasonably well, with values ofQ
of the same order of magnitude as in the samples with
contenty,0.15 ~Ref. 27! ~lower inset of Fig. 4!. After an
abrupt but moderate increase aroundy50.15, Q continues
to decrease withy, indicating a further weakening of th
effective average magnetic exchange due to the dilution
spins ~Fig. 5!. The ordering temperatureTN decreases with
increasing the concentration of nonmagnetic Zn as well. N
tably, Tmax is only twice as large asTN . This may indicate
significant interchain coupling and anisotropic spin-spin
teractions which drive the system into the magnetically
dered state.28 The strength of the interchain couplingJinter
can be estimated in the mean-field approximation asJinter

5TN/1.28Aln(5.8J/TN).29 With J572 K andTN526 K we
obtainJinter.12 K, which is only 6 times smaller thanJ. In
the renormalized spin wave theory one obtains a somew
smaller result ofJinter.8 K.30,31 Remarkably the ordering
temperatureTN changes smoothly across the Zn concen
tion y50.15, whereasQ, a measure of the average magne
exchange, increases at this point appreciably. This may i
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cate that the ratioJ/Jinter for the samples withy,0.15 is
even smaller than that for the samples withy>0.15. It may
be the reason why the susceptibility of Cu22yZnyV2O7 with
y,0.15 does not show features of 1D antiferromagneti
and follows closely the Curie-Weiss law down toTN . Since
TN is more sensitive to the changes ofJinter, an appreciable
increase ofJ may be compensated by a relatively small d
crease ofJinter to keepTN constant.

B. Electron spin resonance

ESR spectra of Cu2V2O7 at selected temperatures a
shown in Figs. 6~a! and 6~b!. The weak signals in the field
range 2–4 kOe occurring above about 22 K can be pres
ably attributed to a small amount of impurities or structu
defects. No resonant absorption due to bulk Cu spins is
tected. Below 22 K a strong signal develops at low field
with an intensity increasing with decreasing temperat
@Fig. 6~b!#. This low-field absorption line, which is presen
only below TN , can be considered as a signature of we
ferromagnetism.32,33 It is not expected for an AF spin lattic
of rhombic or lower symmetry without spin canting. In th
case only the ‘‘hard’’ AF mode should occur at a microwa
frequency well above theX-band frequency.9

The Zn-doped samples withy50.2 andy50.4 show a
strong ESR signal in a wide temperature range. A typi
spectrum is shown in Fig. 6~c!. The shape of the spectrum
described well by the derivative of a Lorentzian absorpt
line. The intensity of the signal is determined by the sta
susceptibility xESR of the spins participating in the
resonance.34 xESR can be obtained from a comparison wi
the ESR signal of the standard reference sample with kno
ESR spin susceptibility. Although the determination of t
absolute value of the spin susceptibility from ESR suffe
from a number of uncertainties, the value ofxESR at room
temperature obtained in this way differs only by;10% from
that obtained from the SQUID measurements. With the
ception of the temperature region nearTN ~see below!, also

FIG. 5. Curie-Weiss constantQ and Néel temperatureTN as a
function of Zn contenty. Note the discontinuous behavior close
y50.15. The solid and dotted lines are a guide to the eye.
0-4
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the temperature dependence ofxESR normalized at T
5300 K is consistent with that of the static susceptibil
~Fig. 7!, suggesting that ESR and the static magnetic sus
tibility probe the same Cu21 spins.

The resonance fieldH res as a function of temperature i
plotted in Fig. 7. It is almost temperature independent ab
about 30 K, but increases strongly with decreasing temp
ture at lower temperatures. Theg factor obtained fromg

FIG. 6. ESR spectra of Cu22yZnyV2O7 . dP/dH is the deriva-
tive of the absorbed microwave power. Narrow resonances
;2000 and;5400 Oe correspond to the reference sample.~a! ESR
spectra of they50 sample at selected temperatures. Note the str
signal at low fields forT<22 K which is shown in~b! on an ex-
panded scale.~c! ESR spectrum of they50.20 sample atT
5100 K.

FIG. 7. Parameters of the ESR signal of Cu22yZnyV2O7 (y
50.2 and 0.4!. Main panel: temperature dependence of the E
linewidth DH. Left inset: static susceptibility~open symbols! and
spin susceptibility derived from the ESR intensity~full symbols!
normalized atT5300 K. Right inset: temperature dependence
the resonance fieldH res and of theg factor.
21441
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5hn/mBHres is shown in the same figure. Hereh is the Planck
constant andn is the ESR frequency. Due to spin-orbit co
pling and the low symmetry of the crystal field associat
with the CuO5 polyhedron theg factor of a Cu21 ion should
be anisotropic, and the powder spectrum yields only an
erageg factor. Since the shape of the powder signal is d
scribed by a single Lorentzian profile, the anisotropy of thg
factor for a given sample is smaller than the width of the li
DH. With DH(T5300 K)'900 Oe one expects that it i
less than'10% of the mean value ofg. We find gmean
52.12 and 2.135 fory50.2 and 0.4, respectively.35 The de-
pendence of the averageg factor ony suggests that Zn sub
stitution influences the steric parameters of a CuO5 polyhe-
dron and thus the crystal field potential at the Cu site~see
Sec. III C!.

The temperature dependence ofDH is shown in Fig. 7.
Above about 50 K the data are independent of the Zn c
centration within our experimental resolution. The behav
of DH above 50 K is typical for ESR of Cu21 in concen-
trated paramagnetic insulators. The widthDH is mainly de-
termined by interactions between Cu spins which occu
regular lattice sites. In the high temperature limit, i.e. wh
x(T) obeys the Curie law,DH due to spin-spin interaction
does not depend onT. The slight increase ofDH above 150
K may indicate an additional relaxation process via phono
This effect is relatively small, because of the quenching
the orbital momentum of Cu21 by the crystal field.

The drastic increase ofDH in the low-temperature re
gime, which is accompanied by a strong shift of the re
nance field~Fig. 7!, indicates clearly the onset of short-rang
magnetic order. The critical behavior of ESR in the vicini
of the magnetic phase transition is caused by the fluctuat
of the staggered magnetization in the AF correlated regi
and by the development of the static internal field36,37. The
former effect broadens the signal, whereas the latter sh
the resonance line.38,39 The ESR intensity drops rapidly an
the signal vanishes atTN , as expected at this frequency for
low-symmetry antiferromagnet without spin canting.9 In con-
trast to the undoped sample no ferromagneticlike absorp
associated with weak ferromagnetism is observed in the
state. Also the resonance of the quasifree spins which foy
>0.4 dominate the static magnetic response belowTN is not
observed. The absence of this resonance signal can be u
stood assuming that these ‘‘defect’’ spins are subjected
strong internal fields in the AF ordered lattice and their re
nance frequencies are therefore out of the range of our s
trometer. The critical behavior of ESR weakens with incre
ing Zn concentration, which can be attributed to sp
dilution, consistent with the data from the static magne
suceptibility.

C. X-ray diffraction

The dilution of the spins with increasing Zn doping
unlikely to produce the drastic, qualitative change of t
magnetic properties found aty50.15. One may therefore
suspect that Zn defects influence the magnetic properties
directly, e.g., via a distortion of the lattice. This is verified b
our x-ray diffraction studies. TwoQ/2Q scans representativ
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for samples from the low (y,0.15) and high (y>0.15) dop-
ing regimes of the magnetic phase diagram are shown in
8. These diffraction patterns are clearly different. The patt
for y50 is identified with that of thea phase, and that o
y50.15 with theb phase of Cu2V2O7 ~Fig. 1!.

Crystallographic characterization of a series
Cu22yZnyV2O7 solid solutions was reported in Ref. 40. Th
b phase is found for 0.25<y<2. The samples were synthe
sized at temperatures above the structural transition temp
ture of Cu2V2O7, and then quenched. This would imply th
theb phase could be metastable. However, the sintering t
perature of our samples is smaller than the phase trans
temperature, suggesting that theb phase in the doped
samples is a thermodynamic equilibrium phase.

A possible cause for thea→b transition is the shortening
of the apicalM-O bond and the lengthening of the equator
bonds ofMO5 polyhedra (M5Zn ,Cu), which occurs with
increasing the Zn concentration.40 BecauseMO5 polyhedra
in the neighboring chains are linked by (V2O7)42-anion
groups, the Zn-induced changes of the bond lengths of
former may cause reorientations of the latter required for
anion packing of theb phase.16–18As discussed in Ref. 40
CuO5 polyhedra are elongated due to the Jahn-Teller eff
Zn21 ion is, however, not Jahn-Teller active. Thus, ZnO5
polyhedra have no internal driving mechanism for distortio
which explains the observed changes of the metal-lig
bond lengths with increasing substitution of Zn for Cu
well as the change of theg factor.

IV. DISCUSSION

A distinct feature of the magnetically ordered state
(Cu,Zn)2V2O7 emerging from our study is the occurrence

FIG. 8. X-ray diffraction patterns ofy50 andy50.15 samples.
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weak ferromagnetism in thea phase and its absence in theb
phase. Since weak ferromagnetism is usually associated
the DM interaction, this suggests that the DM interaction
allowed by symmetry in thea phase, but forbidden in theb
phase. To analyze this in more detail, we first examine qu
tatively the exchange paths between nearest-neighbor C21

spins in the two phases. We then present a more deta
symmetry analysis of magnetic interactions which enables
to propose possible types of magnetic order and to disc
the relationship between the anisotropy of exchange
ESR.

A. Local bonding geometry

In thea phase each Cu atom is surrounded by five oxyg
atoms forming distorted CuO5 polyhedra ~Fig. 1!. CuO5
complexes build up a network of mutually perpendicu
chains along the@011# and the@011̄# directions, where the
shortest distance between Cu atoms is found. Thus we
sume that the exchange interaction is dominated by p
along the chains. The nearest-neighbor~NN! Cu atoms in
each chain are coupled by two asymmetric bonds C
O~3!-Cu and Cu-O~4!-Cu, respectively, forming a CuO2
plaquette. The relevant bond lengths and bond angles
indicated in Fig. 1~i!.20 The projections on that plaquette o
the dx22y2 orbitals of copper andpx,y orbitals of oxygen
involved in the bonding are sketched in the same figu
Because thedx22y2 orbital of the left Cu is strongly inclined
from the plaquette its overlap with thep orbital of O~3! is
considerably smaller than with thep orbital of O~4!. It is also
smaller than the overlap of the right Cudx22y2 orbital with
O~3! and O~4! p orbitals. Furthermore, the distance betwe
the left Cu and O~3! is the largest within the plaquette.

The pronounced asymmetry of the bonding implies
occurrence of two different paths for the NN magnetic e
change. According to the Goodenough-Kanamori-Ander
rules, the first path Cu-O~3!-Cu leads to a weak ferromag
netic interaction; the second one, Cu-O~4!-Cu, owing to the
larger deviation of the bonding angle from 90°~Ref. 13! and
the stronger overlap of the orbitals, causes a relatively str
AF interaction. The exchange constantJ of order 100 K
found from our data analysis can then be understood as
sum of two superexchange integrals. Thus, one may view
spin structure ina-Cu2V2O7 as a network of zigzaglike AF
chains of Cu21 ions, which point alternately along the@011#
and @011̄# directions. To check for the presence of the D
interaction between the NN Cu spins we introduce the D
vector

Di i 115D0•@nio3noi11#. ~3!

Here nio and noi11 are the space vectors connecting t
neighboring Cu ions with the bridging oxygen. If the tw
bonds bridging the NN Cu sites were symmetric, the D
vectors of the respective exchange paths would have, acc
ing to Eq.~3!, the same magnitude but point at the oppos
directions, thus compensating each other. Since in thea
phase the bonding geometry is, however, appreciably as
0-6
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metric the two DM vectors arising from the two differe
exchange paths do not cancel each other, yielding the
DM interaction.

In the b phase the chains of CuO5 polyhedra are formed
along the@110# and@11̄0# directions~Fig. 1!. Each Cu atom
is coupled to its two neighbors in the chain via two inequiv
lent pairs of oxygens@O~3!, O(38)] and @O~4!, O(48)], re-
spectively. Thus in theb phase two types of edge-sharin
CuO2 plaquettes with somewhat different geometry a
present, as shown in Figs. 1~ii ! and 1~iii !, respectively. The
projections on the plaquettes of the relevantdx22y2 orbitals
of copper41,42 and px,y orbitals of oxygen are sketched i
these figures as well. In the first geometry@Fig. 1~ii !# the
dx22y2 orbitals are inclined from the plaquette so that t
overlap of the orbitals between the left Cu and O(38) and the
right Cu and O~3! is weaker than in the left Cu-O~3! and the
right Cu-O(38) bonds, respectively. Also the bond lengt
Cu-O(38) and O~3!-Cu are the largest in the chain. In th
second geometry@Fig. 1~iii !# the orbital overlap is larger an
all bonds are of almost the same short length. Because o
difference of the steric parameters one therefore expects
constants of the NN exchangeJ andJ8 which alternate along
the chain. However, it is feasible that the weaker overlap
the orbitals in the first CuO2 plaquette is compensated by th
larger Cu-O-Cu bond angle of 101°, as compared to 98°
the second plaquette, resulting in a rather small alteratio
the exchange constant. In fact, a satisfactory descriptio
the static susceptibility has been obtained with only one
change constant, i.e., by assumingJ'J8. Note that the DM
vector is expected to vanish in theb-phase because the e
change paths bridging the NN Cu sites, e.g., Cu-O~3!-Cu and
Cu-O(38)-Cu, are symmetric. Thus,b-Cu2V2O7 can be con-
sidered as a weakly alternating zigzaglike AF chain with
DM interaction.

B. Symmetry analysis and possible types of magnetic order

The qualitative considerations in the previous section
confirmed by a more elaborate symmetry analysis follow
Bertaut43 and Izyumov and Naish.44 The details of this ex-
amination are given in Appendix A. The main conclusi
which follows from the analysis of the transformation
spins under the symmetry operations of a crystallograp
space group of thea andb phases of (Cu,Zn)2V2O7 is that
weak ferromagnetism is possible in thea phase only,
whereas it is inconsistent with AF ordering of spins in t
chains of theb phase.

The group theory analysis of the magnetic interactio
between the Cu21 spins given in Appendix A enables one
determine the orientation of a weak ferromagnetism vecto
well as the possible types of magnetic ordering. For t
purpose the Hamiltonian@Eq. ~1!# can be rewritten in a more
general form which includes also an interaction with a m
netic field:

H5 (
ia j b

Kab
i j Sa

i Sb
j 2mB(

i j a
ga

i j HiSa
j . ~4!

Here ga
i j is the g-factor tensor of theath ion, and Kab

i j

5(mKab
i j (n,m), whereKab

i j (n,m) is the tensor of spin in-
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teractions between thea sublattice in thenth primitive cell
and theb sublattice in themth primitive cell. Because of
permutation symmetry only four interactions,K11

i j , K12
i j ,

K13
i j , and K14

i j are independent. According to Moriya7 the
diagonal part ofKab

i j can be decomposed intoKab
i i 5Jab

1Aab
i i , where Aab

i i represents the anisotropy of exchan
between thea andb sites along thei direction. The explicit
form of the interaction tensorsKab

i j obtained by the symme
try analysis and a discussion of their properties are given
Appendix B. Here we summarize the main conclusions.
the a phase the antisymmetric intrachain interaction giv
rise to a DM vector which lies preferably in theyz plane. In
the b phase the intrachain interaction is purely symmet
and the spin structure is incompatible with weak ferroma
netism. The arrangement of spins in the magnetic unit
depends on the sign of the interchain exchange. The al
ment of the AF vectors of the chains is parallel for the fe
romagnetic sign and is antiparallel for the AF sign of t
interchain coupling. Moreover, the interchain interacti
plays an essential role by restoring three dimensionality. O
expects that the increase of the shortest interchain dista
between Cu ions from 4 Å in thea phase to 4.64 Å in theb
phase20 leads to a smaller value of the interchain coupling
theb phase, consistent with the results of the analysis of
susceptibility data in Sec. III A.

C. Anisotropy of exchange and electron spin resonance

The Hamiltonian @Eq. ~4!# and the expressions@Eqs.
~B2!–~B5!# allow also for a discussion of the effect of ma
netic interactions between Cu21 spins on the ESR spectrum
It is well known that the isotropic exchange narrows the E
signal, whereas anisotropic contributions to the magnetic
change broaden it.34 In three-dimensional paramagnets in t
high-temperature limit the resulting width of the ESR sign
due to the spin-spin interactions can be estimated as45

DHex'
1

gmB

M2
2

uJu
, ~5!

where the so-called second momentM2 of the resonance line
is given by the anisotropic corrections to the superexcha
andJ5(1/2)J12, as defined in Eq.~B6!. Owing to an appre-
ciable interchain exchange coupling in Cu2V2O7 of the order
of 10 K ~see Sec. III A! the rate of the out-of-chain diffusion
of spin correlations set by this coupling31 is much faster than
the ESR frequency (hn/kB;0.5 K). Thus the spins behav
essentially three dimensionally on the ESR time scale
Eq. ~5! is applicable in this case.

The effect of the DM interaction on the ESR linewidth
1D spin chains has been studied recently in Refs. 39
where it is claimed that the theory of exchange narrowing
inadequate for describing the DM effects. In particular, it
shown that the DM interaction gives the same contribution
DH as the symmetric anisotropy, although in the tradition
literature the antisymmetric DM termsD are usually ex-
pected to give the largest contribution toDH because they
are the first order spin-orbit perturbation, whereas the sy
metric anisotropic terms d are the second orde
0-7
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corrections.34,6,7 Apparently, because the coupling betwe
the chains is comparable to the intrachain exchange, the
system in Cu2V2O7 is three dimensional from the standpoi
of ESR. Thus the results of Refs. 39,46 might not be straig
forwardly applicable. As it emerges from our experimen
data the large DM interaction, amounting to at least;7% of
the isotropic exchange~see Sec. III A!, present in
a-Cu2V2O7 has several consequences for the ESR spectr
First, with M2'uD12u'0.07J, Eq. ~5! yields DHex.6 kOe
@HereD12 is the intrachain DM interaction as defined in E
~B2!#. Such a broad resonance line corresponds to a re
ation rate of the order of 231010 sec21, which is shorter
than the frequency scale of the measurement. Obviously,
would explain the absence of an ESR response signal in
paramagnetic state ofa-Cu2V2O7. On the other hand, the
result for a 1D-spin chain39,46 DH;D4/J3 yields a much
smaller linewidth of the order of 20–30 Oe. Such a narr
resonance would be easily observable. Second, the oc
rence of a ferromagneticlike signal in the AF ordered state
this compound can be attributed to the DM weak ferrom
netism. Usually, the observation of magnetic resonance
antiferromagnets requires electromagnetic fields in the m
meter wavelength or infrared region, or very strong sta
external fields. This is due to a large magnetocrystalline
isotropy energy and exchange energy as compared to
Zeeman energy. AF resonance at centimeter wave len
~e.g.,X band! is expected only in ‘‘easy plane’’ antiferromag
nets which have a symmetry higher than rhombic.9 In an
antiferromagnet with a rhombic or lower symmetry with
DM interaction, however, the resonance frequency is of
der @J(A6D2/J)#1/2. In this case the ‘‘low’’ frequency mode
may fall into theX band due to a renormalization of som
combination of usual anisotropy constants by the DM int
action resulting in small values ofA2D2/J.9,10 Thus, the
observation of magnetic resonance atT,TN in the low sym-
metry a-Cu2V2O7 gives further support of the presence
the DM interaction.

Magnetic resonance of theb phase of Cu22yZnyV2O7 is
entirely different. No resonance is observed in the orde
state, whereas a strong ESR signal appears aboveTN . Be-
cause the Curie-Weiss temperatureQ in the two structural
phases differs only moderately, the strength of the isotro
Heisenberg exchange should also remain comparable. T
the narrowing of the signal, as follows from Eq.~5!, implies
a significant reduction of the anisotropy of superexchan
As discussed in the previous section, the linewidth betw
40 and 150 K is determined mainly by the spin-spin inter
tions in the paramagnetic regime. Hence, Eq.~5! can be used
for the estimate of the second momentM2, which is the
measure of the anisotropic contribution to superexchan
With DH'700 Oe andJ572 K one obtainsM2;4% of J.
This anisotropy is therefore smaller than the DM interact
in the a phase. Since neither a ferromagnetic signal no
spontaneous magnetization are found in theb phase, the re-
duction of the magnetic anisotropy suggests a strong cha
of DM interactions upon the structural transition. The
conclusions agree well with the symmetry considerat
made in Secs. IV A and IV B. Indeed, in theb phase the
strongest intrachain interaction~B4! does not contain a
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D12-antisymmetric DM interaction. A conventional estima
of the remaining symmetric nondiagonal deviationsd12 @Eq.
~B4!# from J12-isotropic intrachain exchange in terms of th
shift of the g factor from its spin-only valueDg5g22
yields d12.(Dg/g)2J12'0.4% ofJ12.7 This estimate is too
small to explain the observed magnitude of the second
ment M2. The next contribution toM2 can come from the
D13-antisymmetric part of the interchain interaction~B5!,
which can be related to the interchain isotropic exchan
constant J13 @Eq. ~B6!# as D13.(Dg/g)J13.7 With J13
;10 K ~see Sec. III A! one obtainsD13 less than 1% ofJ12.
Thus, to account for the observed width of the ESR line
the b phase of Cu22yZnyV2O7 an enhancement of thesym-
metric anisotropic intrachain exchange in almost rectangu
Cu-O bonds has to be taken into account.12,13 In such bond-
ing geometry one finds experimentally the symmetric ani
tropic corrections up to 10% of the leading intracha
Heisenberg superexchange.14,15

V. CONCLUSIONS

We have studied the structural and magnetic propertie
the spin-chain compound Cu22yZnyV2O7. We find that the
substitution of nonmagnetic Zn for Cu leads to a structu
transition from thea phase, found fory,0.15, to theb
phase, which occurs fory>0.15. The local bonding geom
etry in the Cu-O chains changes due to this polymorp
transformation. Static magnetization and ESR data reve
drastic difference in the magnetic properties of the two str
tural phases. In both cases the leading isotropic Heisen
superexchange is aniferromagnetic and of similar stren
and the weak interchain coupling leads to 3D antiferrom
netic order at low temperatures. The structural phase tra
tion, however, affects strongly the anisotropic part of t
spin-spin interaction. In thea phase the anisotropy is dom
nated by the Dzyaloshinsky-Moriya intrachain interaction,
suggested by the observation of a weak spontaneous ma
tization and a ferromagneticlike resonance in the orde
state. In theb phase the anisotropy of the superexchange
strongly reduced. From our results and on the basis o
symmetry analysis taking account of the local bonding
ometry we argue that the intrachain DM interaction is abs
in theb phase. The remaining anisotropy in theb phase may
be attributed to the symmetric anisotropic intrachain e
change in the almost rectangular Cu-O bond and the an
ropy of the interchain magnetic coupling.
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APPENDIX A: GROUP THEORY ANALYSIS OF
MAGNETIC STRUCTURE

In this analysis it is assumed that the magnetic order d
not alter~e.g., double! the primitive cell of the crystal, i.e.
0-8
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INTERPLAY BETWEEN STRUCTURE AND MAGNETISM . . . PHYSICAL REVIEW B67, 214410 ~2003!
that the magnetic cell coincides with the crystallograp
cell. It is then sufficient to consider the symmetry of t
magnetic moments of the Cu ions. We note that the fo
sublattice model is a minimal model to describe magne
ordering in two constrained AF chains running almost p
pendicular to each other. The primitive cell of thea phase

FIG. 9. ~a! The choice of a primitive cell of thea phase of
Cu2V2O7. Only the Cu ions are shown, labeled from 1 to 4. Cu-s
positions are~1! ~0.165; 0.364; 3/4!, ~2! ~0.085; 0.614; 1!, ~3!
~0.335; 0.136; 3/4!, ~4! ~0.415; 0.386; 1/2!. The solid lines connec
Cu ions in a chain with a distance 3.12 Å and the dashed lines m
the shortest interchain distance equal to 4 Å.~b! The choice of a
primitive cell of theb phase of Cu2V2O7. Cu-site positions are~1!
~0.3098; 0.0736; 0.0140!, ~2! ~0.1902; 0.4264; -0.0140!, ~3!
~0.6902; 0.0736; 0.4860!, ~4! ~0.3098; -0.0736; 0.5140!. The dis-
tances between the ions labeled with 1–2 and 3–4 are equal to
and 3.26 Å, respectively. The dashed lines mark the shortest i
chain distance equal to 4.64 Å.
21441
c

r-
c
-

~space groupFdd2) contains four Cu ions in the 4b position
while that of theb phase~space groupC2/c) contains four
Cu ions in the 4f position. The primitive cells and the coo
dination of the Cu ions are shown in Fig. 9. Note that t
exchange interactions between the ions labeled 1 and
well as 3 and 4 are intrachain interactions, while those
tween the ions 1 and 3 and 2 and 4 are the strongest in
chain interactions.

Let us introduce magnetic modes as linear combinati
of sublattice spinsSa , wherea denotes a particular subla
tice

F5m11m2 ,

L15m12m2 ,

L25 l11 l2 ,

L35 l12 l2 . ~A1!

Here l15S12S2 and l25S32S4 denote AF vectors andm1
5S11S2 andm25S31S4 the sublattice magnetization.F is
the ‘‘ferromagnetism vector’’ of the crystal.L1 is determined
by the difference of the ferromagnetism vectors of neighb
ing chains.L2 andL3 represent the intrachain AF ordering
For a second order magnetic phase transition the poss
magnetic structures can be classified by the irreducible
resentations of the symmetry group of the crystal in pa
magnetic phase.44 The results of the symmetry operations a
summarized in Tables I and II for thea and theb phase,
respectively. In each table the first column contains irred
ible representations of a respective space group; corresp
ing symmetry operations and basis vectors of magnetic st
ture are listed in the second and the third colum
respectively. For rhombic Heisenberg magnets only one b
vector describes the magnetic structure in exchange app
mation since the leading isotropic exchange is much stron
than DM and anisotropic interactions. In our case the aver
magnitude of such a vector in the ordered state will be cl
to 4^S& while the other ones belonging to the same irred
ible representation will be smaller by order ofD/J.

rk

.95
r-

TABLE I. Symmetry of magnetic modes ina-Cu2V2O7.

Fdd2 e 2z sy sx

A1 1 1 1 1 L1x , L3y , L2z

A2 1 1 21 21 L3x , L1y , Fz

B1 1 21 1 21 L2x , Fy , L1z

B2 1 21 21 1 Fx , L2y , L3z

TABLE II. Symmetry of magnetic modes inb-Cu2V2O7.

C2/c e 2y I sy

Ag 1 1 1 1 L1x , Fy , L1z

Au 1 1 21 21 L3x , L2y , L3z

Bg 1 21 1 21 Fx , L1y , Fz

Bu 1 21 21 1 L2x , L3y , L2z
0-9
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J. POMMERet al. PHYSICAL REVIEW B 67, 214410 ~2003!
In the a phase in three of the irreducible representatio
the ferromagnetism vectorF coexists withL2 or L3 vectors,
which represent uniform AF ordering on the chain. Thus
tiferromagnetic order with canted moments and result
weak ferromagnetism is possible. Only one irreducible r
resentation (A1) does not contain any component of the fe
romagnetic vector. However, such canted magnetic struc
without weak ferromagnetic moment must consist of m
than two spins which we really deal with. As is appare
from Table II, components of theL2 andL3 vectors and the
ferromagnetism vectorF do not coexist in the same irreduc
ible representation in theb phase. This implies that in th
b-phase weak ferromagnetism is incompatible with AF
dering in the chains.

APPENDIX B: EXCHANGE INTERACTION TENSORS

Generally, the nondiagonal components of the excha
interaction tensor@Eq. ~4!# can be split into antisymmetric
and symmetric parts

Kab
Ai j5 1

2 ~Kab
i j 2Kab

j i !5Dab
l eli j ,

Kab
Si j5 1

2 ~Kab
i j 1Kab

j i !5dab
l ueli j u, ~B1!

respectively, whereeli j is the totally antisymmetric tenso
Note that for the given symmetries of thea andb phases the
nondiagonal components of the intrachain and interchain
teractions can be either purely antisymmetric or purely sy
metric. The antisymmetric part is usually represented as
components of the Dzyaloshinskii-Moriya vectorD.

Let us consider the orientation of the DM vector f
intrachain-K12

i j and interchain-K13
i j interactions. For thea

phase the symmetry analysis yields

K12
i j 5S K12

xx D12
z D12

y

2D12
z K12

yy d12
x

2D12
y d12

x K12
zz
D ~B2!

and

K13
i j 5S K13

xx d13
z D13

y

d13
z K13

yy D13
x

2D13
y 2D13

x K13
zz
D . ~B3!

*Present address: Max Planck Institute for Solid State Resea
MPI-FKF, 70569 Stuttgart, Germany.
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Equations~B2! and ~B3! show that the antisymmetric intra
chain interaction between ions 1 and 2~Fig. 9! gives rise to
a DM vector withy andz components, whereas the antisym
metric interchain interaction between ions 1 and 3 gives
to a DM vector withx andy components.

For theb phase we obtain

K12
i j 5S K12

xx d12
z d12

y

d12
z K12

yy d12
x

d12
y d12

x K12
zz
D ~B4!

and

K13
i j 5S K13

xx D13
z d13

y

2D13
z K13

yy D13
x

d13
y 2D13

x K13
zz
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Apparently, weak ferromagnetism is incompatible with A
ordering in the chains.K12

i j contains no antisymmetric com
ponents, whereas small symmetric nondiagonal compon
in K12

i j and antisymmetric components ofK13
i j lead to the

small canting of the four-sublattice spin structure without t
appearance of a weak ferromagnetic moment.

Using the above results we rewrite the isotropic~Heisen-
berg! part of Hamiltonian Eq.~4! in an invariant form

Hex5
1
4 @~J111J121J131J14!F

21~J111J122J132J14!L1
2

1~J112J121J132J14!L2
21~J112J122J131J14!L3

2#,

~B6!

where the magnetic modesF, L1 , L2, andL3 are defined in
Eq. ~A1!. This form is the same for thea andb phases. AF
ordering in the chains occurs whenJ12.0. Note thatJ12
5J3452J in the a phase andJ125J345J1J8 ~see Sec.
IV A ! in the b phase in the nearest-neighbor approximatio
SinceJ14!J13, the mutual orientation of the AF vectors o
neighboring chains depends on the sign of the interch
exchangeJ13(5J24). The ferromagnetic interchain exchang
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l2 vectors. In contrast, the AF interchain exchangeJ13.0
stabilizes antiparallel ordering ofL3 type.
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