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Magnetic ordering in the mixed-valence compoundb-Na0.33V2O5
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The low-temperature electron spin resonance~ESR! spectra and the static magnetization data obtained for
the stoichiometric single crystals ofb-Na0.33V2O5 indicate that this quasi-one-dimensional mixed-valence
compound demonstrates atTN522 K the phase transition into the canted antiferromagnetically ordered state.
The spontaneous magnetization of 3.431023 mB per V41 ion was found to be oriented along the twofoldb
axis of the monoclinic structure, the vector of antiferromagnetism is aligned with thea axis and the Dzy-
aloshinsky vector is parallel to thec axis. The experimental data were successfully described in the frame of
the macroscopic spin dynamics and the following values for the macroscopic parameters of the spin system
were obtained: the Dzyaloshinsky fieldHD56 kOe and the energy gaps of two branches of the spin wave
spectrumD1 /(2p)548 GHz andD2 /(2p)524 GHz.
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I. INTRODUCTION

The quasi-one-dimensional mixed-valence compou
b-Na0.33V2O5 exhibits various phase transitions of a cons
erable interest.1–3 Below 230 K the 13231 crystal lattice
superstructure appears, indicating probably the ordering
Na ions. AtTc5136 K this one-dimensional conductor e
hibits a metal-insulator phase transition of a charge orde
type and atT5TN522 K the charge-ordered structure u
dergoes an antiferromagnetic phase transition.

This behavior is to be compared with that of the qua
one-dimensional magneta-NaV2O5 in which the lattice,
charge and spin subsystems transform simultaneously.
charge ordering in this related system causes the openin
the spin gap in the spectrum of magnetic excitations and
appearance of a nonmagnetic singlet state.4–6

The b-Na0.33V2O5 has the monoclinic structureC2/m
~see Fig. 1! with the unit cell containing two NaV6O15 for-
mula units. The sodium ions are located in the tunn
formed by a V-O framework. The Na1 ions occupy only one
of the two nearest-neighboring sitesA in the a-c plane. The
V-O framework consists of the three distinct kinds of doub
chains directed along theb axis.7,8 The V1-sites have a six
fold octahedral coordination and form a zigzag chain
edge-sharing VO6 octahedra. The V2 sites with a simila
octahedral coordination form a two-leg ladder chain
corner-sharing VO6 octahedra, and the V3 sites, having
fivefold square pyramidal coordination form a zigzag ch
of edge-sharing VO5 pyramids.

The absence of the Knight shift in NMR experiments
23Na nuclei9 shows that the outers-shell electrons of the
Na-ions are transferred into thed-shells of V ions. Therefore
the V ions are in the mixed valence states V41 and V51. The
V41 ions are in a magneticS5 1

2 state, while the V51 ions
with S50 are nonmagnetic. Basing on interatom
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distances10 and on NMR measurements11,12 it was concluded
that in the high temperature phaseT.Tc the donated elec-
trons are situated at the V1 sites, with one half of these s
being V41. The recent NMR experiments on V ions13 con-
firm the charge ordering nature of the transition atT5Tc and
reveal that the number of inequivalent V positions belowTc

is increased. Two possible models of the charge orde
~zigzag and linear chains of V41 ions! are proposed but the
exact crystal structure in a low temperature phase is
unknown.

Hypothetical models of the magnetic structure with t
localized electrons suggest that only one-sixth part of the
ions has the magnetic moments and the magnetic subsy
of b-Na0.33V2O5 appears to be strongly diluted. Neverth
less, the transition to the long-range magnetically orde
state occurs at an appreciably high temperatureTN522 K.
The aim of the present work was to study in details t
magnetic ordering inb-Na0.33V2O5 by means of magnetic
resonance and static magnetization measurements.

FIG. 1. The crystal structure ofb-Na0.33V2O5.
©2001 The American Physical Society03-1
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II. EXPERIMENTAL

The single crystals of a stoichiometricb-Na0.33V2O5 were
grown by a self-flux technique using NaV3O8 as a flux. The
crystals of a typical size 530.530.2 mm3 were obtained by
melting the mixture of one part of Na0.33V2O5 powder and
thirty parts~weight ratio! of NaV3O8 powder. The melting at
740 °C and cooling down to 600 °C with a rate of 0.5 °C
were performed in a vacuum. The flux was removed by
luted hydrochloric acid. The longest dimension of the re
angular sample was aligned with theb axis, the middle di-
mension was aligned with thec axis, and the shortes
dimension, denoted below asa8 was perpendicular to theb-c
plane. The crystallographica axis is directed at an angle o
18° with respect toa8 axis in thea8-c plane. The static
magnetization measurements were done by the Quantum
sign SQUID magnetometer. The magnetic resonance m
surements in the frequency range 18–80 GHz were
formed by the transmission type microwave spectrome
The sample was put into the rectangular resonator havin
set of eigen-frequencies in this range.

The temperature dependences of the magnetization
b-Na0.33V2O5 sample measured along thea8, b, andc axes
at the magnetic fieldH510 kOe are shown in Fig. 2. Th
change of the slope on these curves atTc5136 K marks the
metal-insulator transition associated with the charge redi
bution between the vanadium sites. The sharp increas
magnetization is observed atT5TN .

The field dependences of magnetization measured a
the a8, b, andc axes atT55 K are shown in Fig. 3. The
asymptotically linear behavior of theM (H) dependences in
dicate the existence of the antiferromagnetic ordering. T
residual magnetizationM (H50) for Hib @as well as the
anisotropic anomaly onM (T) curves atT5TN# are the evi-
dence of a canting of the antiferromagnetic sublattices.
nonlinear part of theM (H) curve atHia8 should result from
a spin-reorientation process. The extrapolation ofM (H) to
H50 atHib gives a finite value of the spontaneous mag

FIG. 2. The temperature dependences of the susceptibilityM /H
for three principal orientations of the magnetic field.
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tization with a weak ferromagnetic moment of about
31023 mB per V41 ion.

The ESR absorption lines ofb-Na0.33V2O5 obtained as
the field dependences of the signal transmitted through
resonator with the sample at various temperatures are sh
in Fig. 4. In the paramagnetic state~at T.TN) the ESR line
is observed at a slightly larger field than the DPPH refere
(g52.0). Below TN the ESR line rapidly shifts to lowe
magnetic fields.

The evolution of the ESR absorption with the frequen
at T54.2 K is illustrated in Fig. 5. Up to four resonant line
marked by letters A, B, C, D were present in the absorpt
at different frequencies and sample orientations. The C
D lines disappear above 10 K and could not be ascribed
the ordered state, while the A and B lines exist in the wh

FIG. 3. The magnetization curves atT55 K. Inset: The orien-
tation of the Dzyaloshinsky vectord, hard, middle and easy axe
~see the text! with respect to crystallographic axes.

FIG. 4. The temperature evolution of the ESR absorption l
measured at the frequencyf 524 GHz (Hib).
3-2
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temperature range belowTN and thus, should be of an ant
ferromagnetic type.

The magnetic resonance data atT54.2 K are summa-
rized in Figs. 6~a!–6~c!, in which the frequencies of the reso
nant lines are plotted vs magnetic field oriented along thea8,
b, and c axes, respectively. The spectrum of the magne
resonance in the ordered phase appears to be highly a
tropic. It consists of two branches with the gaps of 48 and
GHz. The falling branch of the magnetic resonance spect
at Hia8 and the drop to zero of its resonance frequency
H56 kOe clearly indicate the spin-reorientation proce
ended by a phase transition of the second kind. The cha
teristic feature of the field dependences of the resonance
quencies atHia8 and Hib is the nonzero slope of bot
branches. The smaller of these slopes reveals the existen
canting of sublattices.

III. DISCUSSION

The general form of the antiferromagnetic resonan
spectra and the magnetization curves prove the appearan
the canted antiferromagnetic state inb-Na0.33V2O5 below
T,TN . The detailed analysis given below will allow us
obtain its macroscopic parameters.

Using the phenomenological approach14 we calculated the
field dependences of the static magnetization and the r
nance spectra of a canted antiferromagnet with two axe
anisotropy for the various orientations of the magnetic fie
This macroscopic approach is based on the class
Lagrange formalism and is the most adequate for calcula
the resonance frequencies of low lying acoustic modes
spin systems. It allows one to obtain analytical results
complicated magnetic systems~see, e.g., Refs. 15–17!. The
correspondence between the phenomenological param
of the theory and the coefficients of the modeling sp
Hamiltonian may be found in the molecular fie
approximation.18

FIG. 5. The ESR lines at different frequencies atT54.2 K
(Hib).
17440
c
so-
4
m
t

s
c-

re-

of

e
of

o-
of
.
al
g

in
r

ers

FIG. 6. The ESR spectra for three orientations of the magn
field at T54.2 K. Symbols are the experimental data~closed ones
on the panel b represent the low intensity absorption ascribe
‘‘negative’’ domains!. The dashed lines are drawn by formulas~7!–
~10! with D1 /(2p)548 GHz, D2 /(2p)524 GHz and HD

56 kOe; solid lines are the result of theoretical calculations~see
text! for ‘‘positive’’ domains, dashed-dotted lines are those f
‘‘negative’’ domains.
3-3
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According to this approach the antiferromagnetic str
ture is considered to be collinear in the exchange approxi
tion, while the canting of sublattices and the anisotropy~both
resulting from relativistic spin-orbital and magnetic dipol
dipole interactions! are taken into account as perturbation
At low temperature the Lagrange function of a mole of su
an antiferromagnet may be represented in the form

L5
x'

2g2
~ l̇2g l3H!22

x'

g
d•~ l̇2g l3H!2Ua , ~1!

where l is the unit vector along the usual antiferromagne
vector,x' is the antiferromagnetic perpendicular susceptib
ity ~note, that the magnetic susceptibility parallel to the v
tor l vanishes at low temperatures in the exchan
approximation,14 see also Ref. 19!, g is the magnetome
chanical ratio~suggested to be equal to that of a magnetic
ion g5gmB /\), d is the Dzyaloshinsky vector giving rise t
the spontaneous magnetizationM sp5x'd3 l, the vectord
defines the direction of the spontaneous magnetization o
antiferromagnet with the weak ferromagnetism to be perp
dicular to both vectorsl and d and determines the cantin
angle of sublattices, the absolute value of vectord is equal to
the value of Dzyaloshinsky field.Ua is the potential energy
of the anisotropy taken as the quadratic form in the vectl
components

Ua5
b1

2
~x"l!21

b2

2
~y"l!2, ~2!

whereb1 ,b2 are positive constants of anisotropy, unit ve
torsx andy determine two orthogonal directions in the cry
tal. One of these two directions~corresponding to the larges
coefficientb i) should be the hard direction for the spin stru
ture, the other one should be the middle direction, the th
orthogonal unit vectorz will be an easy axis~the direction of
the vectorl at H50). The orientation of vectorsx, y, z, and
d with respect to the crystal axesa, b, andc is a priori not
known, except for the condition that one of the vectorsx, y,
or z should be parallel to the twofold axisb.

The total static magnetization of this system is

M5
]L
]H

5x'@H2 l~ l•H!1d3 l#. ~3!

The equilibrium value of the vectorl is determined by
minimizing the potential energy of the systemP52L( l̇
50). The magnetic momentM (H) measured in the experi
ment is the projection ofM onto H.

The crystal symmetry requires the spontaneous mom
M sp to be either parallel or perpendicular to the twofoldb
axis. The static magnetization measurements confirm the
orientation. At the same time the extrapolation ofM (H) at
Hic to H50 gives no net magnetic moment. In accordan
with formula ~3! it means that the vector productd3 l should
be perpendicular toH in high fields. The only possibility to
satisfy this condition is to align vectord with the c axis.

The easy directionz of a canted antiferromagnet shou
be perpendicular toM sp and hence, lie in thea-c plane.
17440
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Thus, eitherx or y should be parallel to theb axis. Taking
this orientation for vectory, we have also the vectorx in the
a-c plane. We shall denote the angle between the vectod
andx asa ~see the inset to Fig. 3!. This angle is not deter-
mined by the monoclinic symmetry and in principle may
arbitrary.

To describe the dynamical properties of the system
should find the variation of the Lagrange function~1! by l:

dL5S ]L
] l

2
d

dt

]L
] l̇

D d l. ~4!

Takingd l5du3 l, wheredu is the vector of a small rotation
we obtain the following system of nonlinear equations:

l3$2 l̈12g l̇3H1g2@H3~ l3H!#1g2H3d2D1
2x~x• l!

2D2
2y~y• l!%50, ~5!

whereD1,2
2 5g2(b1,2/x') are two independent phenomen

logical parameters corresponding to two energy gaps of
spectrum. The linearized equations obtained from Eq.~5! by
expandingl in the vicinity of equilibrium give the resonanc
spectrum of the system. The magnetic moment of a unit v
ume is much smaller than the magnetic field, therefore
demagnetization effects are negligible and will not be co
sidered in the further analysis.

When the vectorsd andz are mutually perpendicular, i.e
at a50 the resonant frequencies may be presented by sim
analytic expressions for three basic orientations of the m
netic field.

~1! Hiz: in this case the spin reorientation occurs und
magnetic field. It is the continuous rotation of the vectorl in
the plane containing easy and middle axes. Two intervals
the magnetic field should be considered separately.

~a! H,Hc : the equilibrium anglec betweenl and z is
determined by the condition

sinc5
HDH

D j
2/g22H2

, ~6!

whereHD5udu, D j is the smaller of the constantsD1,2. The
rotation terminates atH5Hc determined by the relation
sinc51, whenl becomes perpendicular toH.

The resonance frequenciesv1 andv2 are the roots of the
biquadratic equation

~v21A!~v21B!24g2H2cos2cv250, ~7!

where A5g2(H2cos2c1HDH sinc)2Di
21Dj

2sin2c, B
5(g2H2D j

2)cos2c1g2HDH sinc, D i is the largest ofD1,2.
~b! H.Hc :

v1
25D i

22D j
21g2HHD , v2

25g2H~H1HD!2D j
2 .

~8!

~2! Hix:

v1
25g2H21D1

2 , v25D2
2 . ~9!

~3! Hiy:
3-4
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v1
25D1

26g2HHD , v2
25D2

26g2H~H1HD!. ~10!

The signs6 correspond to the domains of positive and ne
tive directions of the spontaneous magnetization with resp
to the magnetic field. On increasing the field the negat
domain disappears and the corresponding resonance line
appears too according to our observations.

The resonance frequencies calculated by formulas~7!–
~10! are represented in Figs. 6~a!–6~c! by dashed lines. Fo
an arbitrary value ofa (aÞ0) the equilibrium orientation of
l in magnetic field was found numerically~for three orienta-
tions Hia8, b, c) and then substituted to the expression
the magnetization and to the appropriate linearized equat
of motion.

Finding the antiferromagnetic susceptibilityx''3.2
31023 emu/mol V41 from the slope ofM (H) curve atHic
and varying the other four parametersa, HD , D1, andD2
one can fit the magnetization curves and the resonance s
tra for all three orientations. The best fit to experimental d
was obtained fora518°, D1 /(2p)548 GHz, D2 /(2p)
524 GHz, andHD56 kOe. The values of energy gapsD1 ,
D2 correspond to anisotropy constantsb151.131022 K
per V41 ion andb252.731023 K per V41 ion. The results
of this fitting are shown in Figs. 3 and 6 by solid lines. T
determined value ofa518° means that the easy direction
the spin systemz is near the crystallographic axisa. It should
be noted that the resonance spectrum atHia8 is very sensi-
tive to the value ofa due to the effect of dynamic repulsio
between two antiferromagnetic resonance branches.20 The in-
tersection of the two branches may be observed at the e
orientation of the field along thez or y directions @it was
observed atHiy, see Fig. 6~b!#. The ‘‘repulsion’’ is clearly
seen in Fig. 6~a! at Hia8 when the magnetic field appeare
to be tilted with respect toz. The relationD1.D2 indicates
thatx is the hard axis andy is the middle axis of the ordere
spin structure. The mismatch between the observed and
culated resonance frequencies for the first branch in
fields atHib remains unclear. This deviation may probab
be associated with the coupling of the antiferromagne
resonance mode with some impurity mode. As describe
Sec. II several modes which cannot be attributed to the a
ferromagnetic matrix are observed in our sample~see Fig. 5!.

The magnetization is also described satisfactorily forHic
and forHib ~except for the small low field region associat
with the poling!. The agreement for the third orientatio
Hia8 appears to be only qualitative, but still covers the m
ys

p

.
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remarkable feature—the low field nonlinear part~mentioned
in Sec. II! appearing due to the process of the continuo
spin reorientation.

The above approach to the description of the unifo
magnetic properties of a spin system is self-consistent
does not require any suggestions except that the exch
structure of the system is not strongly distorted by relativis
interactions. To evaluate the exchange integral from our d
we will for simplicity neglect for the effect of zero poin
fluctuations18 on the susceptibility of quasi-one-dimension
system. In the molecular field approximation one can obt
the intrachain exchange integralJ5(gmB)2NA /(4kBx')
.120 K which corresponds to the molecular fieldHe
51700 kOe. The approximate evaluation for the Neel te
perature of a quasi-one-dimensional antiferromagnetTN

;AJJ' gives the value for the interchain exchange inter
tion J';1 K.

For anisotropy fieldsHA1 and HA2 corresponding to the
values b1,2 we have the following estimations:HA1
5340 Oe,HA2585 Oe. From the value of Dzyaloshinsk
field HD56 kOe we obtain that the spontaneous magnet
tion Msp5x'HD53.431023 mB per V41 ion which is in
qualitative agreement with the data of Ref. 2.

IV. CONCLUSIONS

The magnetic resonance spectra and the magnetiza
curves obtained at low temperatures in the mixed vale
charge ordered quasi-one-dimensional compou
b-Na0.33V2O5 confirm the transition into the canted antife
romagnetic state. The easy direction of the spin system
the vector of the spontaneous magnetization are found to
aligned with thea axis andb axis correspondingly. The Dzy
aloshinsky vector was found to be directed alongc axis. The
hard axis of the spin structure lies in thea-c plane at an
angle of 18° with respect toc axis, directionb is the middle
axis of the spin anisotropy. The values of the intrachain a
interchain exchange integrals as well as the anisotropy fi
and the Dzyaloshinsky field are obtained.
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