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The magnetic properties of YVO3 single crystals have been studied in the temperature range from 350 to 4.2
K and in magnetic fields up to 7 T. It is found that in an applied field less than 4 kOe remarkable magnetization
reversals occur at two distinct temperatures: an abrupt switch atTs577 K associated with a first-order structure
phase transition and a gradual reversal atT* '95 K without a structural anomaly. Most interestingly, the
magnetization always switches to the opposite direction if the crystal is cooled or warmed throughTs andT*
in a field less than;500 Oe. In higher magnetic fields the magnetization does not change sign but has a
minimum at T* and a sudden change atTs . A possible mechanism for the observed peculiar magnetic
behavior is discussed, related to the competition of the single-ion magnetic anisotropy and the antisymmetric
Dzyaloshinsky-Moriya interaction accompanied by a change of orbital ordering.

I. INTRODUCTION

Transition-metal~TM! oxides with the perovskite struc-
ture display a large variety of properties such as high-
temperature superconductivity and colossal magnetoresis-
tance. Their magnetic properties are also quite diverse,
ranging from antiferro-, weak ferro-, ferri- to ferromagnetic
behaviors. During the last decade, the TM oxides have been
intensively reinvestigated in order to get insight into the un-
derlying physical mechanisms and to search for new candi-
dates with intriguing properties.

Several groups have recently reported anomalous diamag-
netism occurring in the antiferromagnetic phase of LaVO3
polycrystalline samples.1–4 They have found that if a LaVO3
sample is cooled in a field of 1 kOe its magnetizationM is
oriented opposite to the applied magnetic field below a tem-
peratureTt5138 K,TN5144 K. Such temperature-induced
magnetic moment reversals have been observed in those
ferrimagnets5 with strong magnetic anisotropy which exhibit
a compensation temperature. The net magnetization, initially
oriented parallel to the field, changes sign at this temperature
and the metastable energetically unfavorable state is fixed by
the strong anisotropy. For such an effect to be observed,
inequivalent sites must exist. Mahajan and co-workers have
attributed the negative magnetization to such a ferrimagnetic
behavior, since the symmetry of LaVO3 changes atTt from
the orthorhombic space groupPbnm to monoclinicP21c.6

In the monoclinic phase the V ions have two crystallographi-

cally inequivalent sites. However, Goodenough and Nguyen4

have argued that the anomalous diamagnetism is caused by a
reversal of the ferromagnetic component of a canted-
antiferromagnet on cooling through a cooperative, first-order
magnetostrictive distortion atTt , below which the orbital
angular momentum is maximized. They suggested that the
response of the orbital moment to the forces generated at the
first-order phase transition can reverse the Dzyaloshinsky
vector of an antisymmetric interaction so as to create a
canted spin component in a direction opposite to the applied
field, given thatTt is close toTN .

Yttrium orthovanadate YVO3 has an orthorhombically
distorted perovskite structure with space groupPbnm, the
same as the room-temperature phase of LaVO3. The com-
pound with V31 3d magnetic ions with spinS51 is an
insulator and has several low-temperature phase transitions.
Specific-heat anomalies atTs577.7 K andTN5114 K have
been reported by Boruhovichet al.7 Zubkov et al.8,9 have
reported a neutron-diffraction study with a change in the or-
dered spin configuration atTs from a low-temperature
C-type antiferromagnetic~AF! phase with an AF coupling in
the ab plane and a ferromagnetic coupling between two ad-
jacent planes to a high-temperatureG-type AF phase with
AF couplings both in the planes and between the planes
which is stable betweenTs andTN . Kawanoet al.10 confirm
a Ts'77 K and a Ne´el temperatureTN'118 K, but they
found theG-type AF phase belowTs and theC-type one
betweenTs andTN with a first-order phase transition atTs .
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An anomaly in the lattice constants is observed atTs , while
no structural anomaly is found atTN . The magnetic proper-
ties of YVO3 and other orthovanadates have been recently
investigated by Nguyen and Goodenough,11 particularly in
the light of the anomalous diamagnetism. They found no
diamagnetism in YVO3, which was confirmed by other
groups.12–14 They concluded that substitution of La by Y or
Lu applies a chemical pressure that suppresses the first-order
magnetostrictive distortion responsible for the anomalous
diamagnetism.

We found in contrast to previous studies7,9,11,13,14multiple
temperature-induced magnetization reversals below the Ne´el
temperature in modest fields, no matter whether the crystal is
field-cooled ~FC! or zero-field-cooled~ZFC!.15 A gradual
magnetization reversal occurs at about 95 K, while the mag-
netization reverses abruptly at 77 K associated with a first-
order structural phase transition. More interestingly, the
magnetization always changes sign on crossing 77 K and 95
K in modest fields. In this paper we report a detailed study of
the magnetic properties of YVO3 single crystals.

II. EXPERIMENTAL DETAILS

Single crystals of YVO3 were made starting with powders
by reduced in flowing pure H2 at 1000 °C. YVO4 powders
were made by high-temperature solid-state reaction of appro-
priate mixtures of predried Y2O3(99.998%) and V2O5
(99.995%, metals basis!. Single crystals with dimensions of
5 mm in diameter by 10 mm long were grown by the
floating-zone method. The details about the crystal growth
will be published elsewhere. Chemical analysis on the com-
position of the single crystals showed the cation ratio of Y
over V is 1.0060.01 and the oxygen stoichiometry is 3.03
60.02. Several single crystals from different batches with
weight ranging from 5 to 40 mg were selected and oriented
for measurements. The magnetization along different direc-
tions was measured using a Quantum Design MPMS super-
conducting quantum interference device system in the tem-
perature range from 350 to 4.2 K with applied magnetic
fields up to 7 T.

III. RESULTS

In Fig. 1 we illustrate the magnetization as a function of
temperature for both a single crystal and a polycrystalline
sample of YVO3 after field-cooling ~FC! and zero-field-
cooling ~ZFC!. The data for the single crystal is obtained by
averaging the magnetizations along the three axes. The mag-
netization of the FC polycrystalline sample shows no ‘‘dia-
magnetic’’ response but a minimum below the Ne´el tempera-
ture, similar to the results reported by other groups. The
magnetization of the FC and ZFC samples behaves quite
differently. However, the FC magnetization of the single
crystal increases rapidly just below the Ne´el temperature
TN5116 K, and then decreases monotonously after reaching
a maximum. It crosses zero atT* '95 K and becomes nega-
tive. With further decrease in temperature, the magnetization
suddenly jumps to a positive value atTs577 K. The same
behavior is also observed in a ZFC measurement, where the
sample is first cooled down to 4.2 K without a magnetic field

and then a small field is applied and magnetization is mea-
sured upon warming.

The reason for the difference between the ZFC and the FC
measurements of the powder samples is that in the FC the
particles in the powders are magnetically annealed so that
their net magnetic moments will preferentially orient in the
direction of the applied magnetic field, while in the ZFC the
particles will be magnetically ordered belowTN with their
net moments randomly distributed. In a small field applied
after the ZFC it will be hard to realign these randomly dis-
tributed moments along the field direction as in the FC.
However, above a sufficiently high field there will be no
difference between the ZFC and the FC. In a single crystal,
e.g., with itsa axis oriented along the field direction, the net
moment will be aligned along the field direction in the FC
measurements or aligned along either the positive or the
negativea direction with the same absolute value below 77
K in the ZFC measurements. Indeed, both situations have
been found in our ZFC measurements. Here only the ZFC
measurements with the positive magnetization below 77 K
are shown. The absence of the negative magnetization be-
tween 77 and 95 K in the powders is because this is a meta-
stable state with the net moments opposite to the applied
field direction. The particles in the powders will tend to re-
orient ~which is not possible for the single crystals in our
measurements! and/or their spins will flip~see text in the
Discussion section! in order to reach the stable state with the
moments along the field direction. Evidence for this particle
reorientation effect is the fact that the magnetization behaves
quite differently between 77 and 95 K from sample to
sample and for different fields11–14 because different sample
preparations lead to powders with different particle sizes,
grain-boundary conditions and also the magnetic anisotropy

FIG. 1. Temperature dependence of the magnetization of a poly-
crystalline sample and single crystal in an applied magnetic field of
1 kOe. Filled and open circles are for the polycrystalline sample
~PX! after field-cooling~FC! and zero-field-cooling~ZFC!, respec-
tively. Diamands and squares are for the FC and ZFC single crystal,
respectively. The data for single crystal~SX! are obtained by aver-
aging the magnetizations along the three axes.
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at the boundaries is very different from that of the bulk be-
cause of lower symmetries and different crystal-field split-
ting.

The magnetization along the three axes of the orthorhom-
bic symmetry was studied, as shown in Fig. 2. It can be seen
that the magnetization along thea axis is almost always
much larger than those along theb andc axes belowTN . In
further presentation of our measurements we will concentrate
on the magnetic behavior along thea axis. In Fig. 3 the
magnetization along thea axis in different magnetic fields is
plotted versus temperature. The data for each magnetic field
were measured in field cooling and then field warming. First
of all the magnetization shows a clear thermal hysteresis at
about Ts , indicating a first-order phase transition. Second,
the sharp magnetization increase just belowTN implies a
ferromagnetic component. The thermal hysteresis atTN is
also an indication of the ferromagnetic feature of the ob-
served magnetization belowTN . In higher fields~*4 kOe!
the magnetization no longer becomes negative, but instead
has a minimum atT* '95 K.

In order to understand the origin of the ‘‘diamagnetic’’
response in YVO3, we have measured the magnetization as a
function of applied field at different temperatures, as illus-
trated in Fig. 4. It is clear that the negative magnetization is
not due to a conventional diamagnetism since the differential
susceptibilitydM/dH is always positive. The remanent~net!
magnetic moment is;0.01 Bohr magneton per V site which
for a S51 system corresponds to a canting angle of;0.2°
of the antiferromagnetic sublattice magnetizations. The mag-
netization reversals indicate that the net moment is aligned
opposite to the applied field in certain temperature regions.
The magnetic hysteresis is the same forT525 and 50 K,
which are belowTs . The high-field slopedM/dH at the
temperatures betweenTs and TN is almost the same, while
the hystereses show different remanent magnetizations and a
variation of the coercive forces at different temperatures. The
temperature independence of the differential susceptibility
indicates that the antiferromagnetic magnetic moments are
perpendicular to the applied field, i.e., to thea axis for both

below Ts and betweenTs andTN .
In the molecular field theory of an antiferromagnet with

two sublatticesA andB, the molecular fieldHmA acting on an
atom in the sublatticeA can be written as

HmA52bAAMA2bABMB , ~1!

where MA and MB are the magnetizations of theA and B
sublattices, respectively,bAB is a molecular field constant for
the nearest-neighbor interaction, andbAA is a molecular field
constant for the next-nearest-neighbor interaction. The mo-
lecular fieldHmB acting on an atom in the sublatticeB can be
written in the same way as for the sublatticeA by interchang-
ing the labelA and B. For an antiferromagnet one hasbAA
5bBB . Using the perpendicular susceptibility for an antifer-
romagnet

x'5
1

bAB
, ~2!

where the single-ion anisotropy, other anisotropic interac-
tions, and the small canting are neglected, the molecular field
constantsbAB are calculated from Fig. 4 asbAB'275 K for
T,Ts . For temperatures betweenTs andTN , bAB shows a
slight increase as the temperature increases, from 105 K at

FIG. 2. Temperature dependence of the magnetization in an ap-
plied magnetic field of 1 kOe along thea, b, and c axis, respec-
tively.

FIG. 3. Temperature dependence of the magnetization in differ-
ent applied magnetic fields along thea axis. The curves marked by
dots and squares are measured with decreasing and increasing tem-
perature, respectively. For each field the data were measured during
cooling-down and then warming-up the sample in the given mag-
netic field, except forH50 where the nonmagnetic field was ap-
plied.
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78.5 K to 111 K at 114 K. This variation ofbAB might be
due to a contribution from the magnetic anisotropy. The mo-
lecular field constantbAB belowTs is about 2.5 times larger
than those betweenTs and TN . This supports the neutron-
diffraction results of Kawanoet al.,10 that the AF structure
below Ts is the G type, while betweenTs and TN the AF
structure is theC type. The different magnetic structures are
probably a result of a change in orbital ordering as discussed
below.

The different AF structures below and aboveTs have
been further checked by measuring the magnetization along
thec axis as a function of field atT550,78.5, and 115 K, as
shown in Fig. 5. One can see that the magnetizations versus
field show a linear behavior atT578.5 and 115 K with the
same slope which have almost the same value as obtained
from the magnetic hysteresis with fields along thea axis ~see
Fig. 4!. However, the high-field slopedM/dH at T550 K is
much smaller than the slope measured in a field along thea
axis ~Fig. 4!. This indicates that the magnetic moments are
aligned perpendicular to thec axis aboveTs and parallel to
the c axis belowTs . From Fig. 4 one can see that the sub-
lattice magnetic moments are almost perpendicular to thea
axis both below and aboveTs . Thus, theG-type AF struc-
ture belowTs has magnetic easy axes almost along thec
axis, while theC-type one aboveTs has the easy axes almost
along theb axis.

Besides the multiple magnetization reversals below the
Néel temperatureTN , the susceptibility aboveTN shows a
change atTo'200 K, as shown in Fig. 6 where the suscep-
tibility and inverse susceptibility measured along thea axis
are plotted as a function of temperature together with fits
using the Curie-Weiss relation,x5C/(T1uCW). Above To
the effective moment for the V ions ispeff52.814(2) as
expected for the spinS51, anduCW5234(4) K. One finds
uCW /TN'2. Using the molecular field theory expression

FIG. 4. The magnetization as a function of field~hystereses! at
different temperatures measured with the magnetic field along thea
axis.

FIG. 5. The magnetization as a function of field~hystereses! at
different temperatures measured with the field along thec axis.

FIG. 6. Temperature dependence of the susceptibility~open
circles! and inverse susceptibility~filled circles! above the Ne´el
temperature. The Curie-Weiss lawx5C/(T1u) with C
5Npe f f

2 mB
2/3kB is used to fit the observed data. The solid and

dashed lines are calculated from the fits for the susceptibility below
and above 200 K, respectively.
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uCW

TN
5

bAB1bAA

bAB2bAA
, ~3!

one obtainsbAB /bAA'3. But belowTo peff52.312(2) and
uCW585(4) K using the Curie-Weiss relation to analyze the
data. Although the Curie-Weiss relation may be too simple,
the decrease inpeff may be a sign of an increasing impor-
tance of the spin-orbital coupling. For a less than half-filledd
shell we expect the orbital moment to be oriented antiparallel
to the spin moment.

From Fig. 4 one can see that the negative magnetization
betweenT* andTs can be changed to positive by applying a
high field and then releasing the field. Figure 7 shows how
the magnetization behaves after such ‘‘training.’’ In the
curve marked by dots in Fig. 7~a! we follow M with decreas-
ing temperature down to a temperature belowT* ; a high
field of 50 kOe is then applied to flip the magnetization
positive after which the field is lowered again to 100 Oe and
the temperature decreases. The magnetization, made parallel
to the field by such a treatment, then changed to antiparallel
to the field belowTs . The curve marked by open diamonds

is measured without intermediate application of the high
field. In Fig. 7~b! we show the behavior of magnetization
with increasing temperature starting from belowTs : the
open diamond marked curve is measured without having
‘‘trained’’ the sample, and the dotted curve after ‘‘training’’
as described in Fig. 7~a!. This demonstrates the reversiblility:
upon warming the sample after training, the temperature-
dependent magnetizationM (T) now switches from negative
below Ts to positive forTs,T,T* and becomes negative
for T.T* . It is thus nearly a ‘‘mirror image’’ of the curves
for the untrained sample marked by the open diamonds ex-
cept becoming positive again close toTN . Such a ‘‘training’’
can be performed at any temperatures belowTN . Figure 8
demonstrates the memory effect of the magnetization after a
‘‘training’’ at T5105 K using a high field of250 kOe.
However, the temperature-dependent magnetization after a
‘‘training’’ is strongly dependent on the magnetic field sub-
sequently applied for the magnetization measurements, as
illustrated in Fig. 9. If a field of 500 Oe is applied after
‘‘training’’ the magnetization can still reverse on crossingTs
@Fig. 9~a!#. But the negative magnetization is only about
20.3 emu/cm3, instead of21.1 emu/cm3 for the field of 100
Oe ~see Fig. 8!. If a field of 1 kOe is applied after the ‘‘train-
ing,’’ the magnetization can no longer switch to negative
below Ts @Fig. 9~b!#, but instead jumps to an intermediate
state with a magnetization of about 0.7emu/cm3 which is
about half the magnitude of the magnetization inH5100 Oe
~see Fig. 8!. With increasing temperature the magnetization
behaves similarly as without ‘‘training,’’ except that the
magnetization switches to negative atTs with an intermedi-
ate value and becomes positive at a lower temperature than
T* '95 K. The intermediate state may be due to partial re-
versal of magnetic moments caused by a high field.

IV. DISCUSSIONS

From the data presented here, especially those of Fig. 4, it
is clear that we are dealing here with weak ferromagnetism,

FIG. 7. Magnetization versus temperature in a field of 100 Oe,
exhibiting the memory effect upon the application of large fields. In
the curve marked by filled circles in panela we follow M with
decreasing temperature down to a temperature belowT* ; a high
field is then applied to flip the magnetization positive after which
the field is lowered again to 100 Oe and the temperature decreases.
The curve marked by diamonds is measured without intermediate
application of the high field. In panelb we show the curves with
increasing temperature starting from belowTs : the curve marked
by diamonds without having ‘‘trained’’ the sample, and the curved
marked by filled circles after ‘‘training’’ as described in panela.

FIG. 8. Magnetization versus temperature in a field of 100 Oe
with a ‘‘training’’ at T5105 K.T* . In the curve with filled circles
we follow M with decreasing temperature down toT5105 K; a
high negative field of250 kOe is then applied to flip the magneti-
zation negative after which the field is changed to 100 Oe again and
the temperature decreases. The curve with open circles is measured
upon warming after the temperature is belowTs . This shows the
same behavior as demonstrated in Fig. 8.
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caused by a departure from the strict collinearity of the mag-
netic moments in an antiferromagnet. There are two mecha-
nisms giving rise to a canting of the antifferromagnetic align-
ment of spins: the single ion magnetic anisotropy and the
antisymmetric spin-spin interaction. The latter was obtained
by Dzyaloshinsky in a phenomenological analysis of
a-Fe2O3 and other compounds.16 He showed that in the free
energy of the system in terms of the sublattice magnetiza-
tions there is an important term

D•~M13M2!, ~4!

whereD is a vector~so-called Dzyaloshinsky vector! andM1
and M2 are the magnetic moments of the two sublattices,
respectively. This coupling favors a perpendicular orienta-
tion of the two sublattice magnetizations. This coupling is
generally very small compared to the Heisenberg exchange
interaction JSW 1•SW 2 which prefers collinear spin arrange-
ments. When this coupling is introduced to the antiferromag-
netic crystal, a canting of the sublattice magnetizations takes
place. The microscopic origin of this term has been studied
by Moriya and was attributed to the antisymmetric superex-
change interaction including spin-orbital coupling.17,18

Moriya calculated the tensor describing anisotropic superex-
change interaction of two neighboring spinsSW 1 and SW 2 and
showed that it contains an antisymmetric term

d12•~SW 13SW 2!, ~5!

whered12 is the Moriya one-bond vector, which iszeroif the
anion mediating the superexchange interaction between the
two neighboring magnetic ions is sitting at an inversion cen-
ter.

YVO3 has an orthorhombically distorted pervoskite struc-
ture with space groupPbnm. The distorted crystal structure
with tilted VO6 octahedra quite naturally leads to canted spin
structures. First, since the oxygen ions mediating the super-
exchange interaction between two nearest-neighbor V ions
are not at an inversion center the antisymmetric interaction
will be present. Also because the VO6 octahedra are tilted
forming a staggered V-O bond direction the single-ion an-
isotropy easy axis is staggered. Each of the two mechanisms
may lead to weak ferromagnetism.19 From Fig. 2 one can see
that the largest magnetization is almost always along thea
axis, which indicates that both canting mechanisms produce
the net magnetic moment along the same axis, i.e., thea axis;
this is usually the case when both mechanisms are present
simultaneously. However, they need not have the same sign,
and, besides, they may be temperature dependent. A compe-
tition of the two mechanisms has been suggested by Good-
enough and Nguyen4,11 and Cortiet al.14 This is the essence
of an explanation of the magnetization switching which we
propose: the competition between these two mechanisms
leads to the magnetization reversals, because different
mechanisms dominate in different temperature intervals.

The Hamiltonian of the magnetic system in an external
field can be written in the form:

H5Ha1Hs1He , ~6!

where the three terms are for the single-ion anisotropy, the
spin-spin interaction and the external field, respectively. In a
small field the last term can be neglected. The antiferromag-
netic structure in YVO3 betweenTs andTN can be described
in two sublattices,A and B with an equal numberN, of V
ions per sublattice. Assuming a uniaxial magnetic single ion
anisotropy, the termHa can be expressed as

Ha52(
i 51

N

AASi ,zA

2 2(
j 51

N

ABSj ,zB

2 52N~AASzA

2 1ABSzB

2 !,

~7!

whereAA and AB are the single-ion anisotropies for the V
ions in the sublatticeA andB respectively, which are equal
AA5AB5A, and the subscriptzA and zB denote the local
easy axis for the spins in the two sublatticeA andB, respec-
tively.

Considering the nearest-neighbor~NN! interaction of V31

spins, one has

Hs52(̂
i j &

@Ji j Si•Sj2di j •~Si3Sj !2Si•Ti j •Sj #

52N@naJaSA•SB1D•~SA3SB!1SA•T•SB#1Hf ,

~8!

where theJi j is the isotropic symmetric exchange coupling
constant between the two spinsi andj, and thedi j andTi j are
the antisymmetric exchange and symmetric anisotropies, re-
spectively.Ja is the antiferromagnetic coupling constant,na
the number of the NN antiferromagnetic couplings of a V31

FIG. 9. Magnetization versus temperature in a field of 500 Oe
and 1 kOe, respectively, after a ‘‘training’’ atT578.5 K using a
high field of 50 kOe. The curves with filled circles are measured
with decreasing temperature after the ‘‘training.’’ The curves with
open circles are measured upon warming from temperature below
Ts following the curves with filled circles.

6582 PRB 62Y. REN et al.



ion. D and T are the summations ofdi j and Ti j over the
nearest noughbours of a spin.SA andSB are the spins in the
sublatticeA and B, respectively.Hf is a contribution from
the weakly ferromagnetic NN couplings.

According to the analysis of Shekhtmanet al.20 in the
case of La2CuO4, the symmetric anisotropyT is of the order
;uDu2/4J in the free-energy expression. In our model the
term T will be omitted since it does not play any quantita-
tively important role in determining the temperature depen-
dence of the canting angle. Our magnetic study of YVO3
~Ref. 15! implied that the single-ion anisotropy and the anti-
symmetric interaction prefer the net moment in the opposite
directions. It is assumed that the single ion anisotropies pre-
fer the spins along the dashed lines with a canting angleg as
shown in Fig. 10, and that the antisymmetric interaction pre-
fers to cant the spins in the opposite direction with the Dzy-
aloshinsky vectorD pointing into the plane. Combining the
Eqs.~7! and ~8! the energy of the system can be written as

E/N522ASz
21JSA•SB1D•~SA3SB!1Ef /N, ~9!

whereJ5nauJau, Sz5SzA
5SzB

andEf is the NN ferromag-
netic interaction which does not depend on the canting angle.
In the canted antiferromagnetic system with a canting angle
u, the sublattices spinsSA and SB are almost antiparallel,
giving rise to two almost antiparallel sublattice magnetiza-
tions with the same absolute valueNgmBu^S&u. Thus Eq.~9!
becomes

E/N522AS2 cos2~u2g!2Ju^S&u2 cos~2u!

1Du^S&u2 sin~2u!1Ef /N, ~10!

whereD5uDu. By minimizing the energy we get

2AS2 cos~u2g!sin~u2g!1Ju^S&u2 sin~2u!

1Du^S&u2 cos~2u!50. ~11!

From the magnetic measurements of YVO3, we knowu
; g,,1. Therefore the sine and cosine functions can be
replaced by the first terms of the Taylor expansions, and Eq.
~11! gives

u5
2AS2g2Du^S&u2

2AS212Ju^S&u2
. ~12!

By introducingj5A/J and gD5D/2J, and sinceS51 for
YVO3, the above equation becomes

u5
jg2gDu^S&u2

j1u^S&u2
. ~13!

The net moment of the canted AF system is

Mnet52NgmBu^S&usin~u!

'2NgmBu^S&uu

52NgmBu^S&u
jg2gDu^S&u2

j1u^S&u2
. ~14!

Using the mean-field theory to calculate the temperature de-
pendence of the sublattice magnetizationsM5NgmBu^S&u, a
very good description is obtained of the behavior betweenTs
andTN as shown in Fig. 11, in which the solid curve calcu-
lated using the fit parametersj5A/J51.7(1), g57.56(8)
31023 andgD5D/2J531(2)31023, describes all the fea-
tures of the temperature-dependent net magnetic moment in
that temperature region. The coupling constantJ5174 K can
be calculated from the mean-field equation (S51):

J5naJa5
3kBTN

S~S11!
. ~15!

The fit parameter,j5A/J51.7, indicates a large single-ion
anisotropy,A'296 K ~;25 meV!. This is surprising at first
glance, but we should recall that the spin-orbit coupling of V
is about 20 meV or 200 K and for a small non cubic crystal
field would split thet2g orbits into a doublet and a singlet
with a splitting which could also be of order 200 K. In this
situation a magnetic anisotropy of order 200 K is not unex-
pected. We should also note that for such a large magnetic
anisotropy it is no longer accurate to neglect it in calculating
the temperature dependence of the sublattice magnetization
as we did. A more detailed analysis including also a micro-
scopic calculation ofD andA is under way and will be pub-
lished elsewhere. We note that the situation encountered in
YVO3 is probably quite different from standard examples
like V13 impurities in Al2O3.21 In the later case the distor-
tion from cubic symmetry is trigonal and the orbital singlet is
the lowest in energy with a noncubic crystal field an order of

FIG. 10. Schematic drawing of the canting of two sublattice
magnetizationsSA andSB .

FIG. 11. Temperature dependence of the net magnetic moment
along thea axis of a YVO3 single crystal. The circles are observed
data and the solid line is calculated using the equation with fit
parameters~see text!.
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magnitude larger than the spin-orbit coupling. This leads to a
magnetic anisotropy an order of magnitude smaller than
what we find in YVO3.

The theoretical model developed here permits also to ex-
plain the phenomenon of ‘‘training’’ observed above. We
present in Fig. 12 a pictorial view of this model to illustrate
what could happen microscopically as a function of tempera-
ture. We start in Fig. 12~a! at temperatures just belowTN .
Here, the two sublattice spins will prefer to lie close to a
local easy axis due to local magnetic anisotropy, resulting in
a net magnetic moment along the applied field as shown. As
T decreases this net moment will first grow because of the
development of a sublattice magnetization due to superex-
change. However, as the sublattice magnetization develops,
so does the antisymmetric coupling which tends to cant the
spins in the opposite direction. Consequently, with decreas-
ing temperature the net moment will reach a maximum and
then decrease. It crosses zero at the temperature below which
the antisymmetric interaction dominates. This will result in a
moment opposite to the small applied field. It could only
reverse to its lowest energy state in the field by reversing the
two sublattices on a macroscopic scale, resulting in a frozen
metastable state@Fig. 12~b!#. A large external magnetic field
can overcome the barrier for rotation of the sublattice spins,
resulting in a reversal of the sublattice spin orientation@Fig.
12~c!#. The net moment is now oriented parallel to the field
and will remain so upon lowering the field. If we now in-
crease the temperature we will come back to the situation
where the magnetic anisotropy dominates. Thus, the net mo-
ment will change sign again, now turning negative forT
.95 K @Fig. 12~d!#. Once we get close enough toTN , the
energy barrier for the reversal of the sublattice magnetiza-
tions will eventually become very small. Any finite field will
now flip the net moment again to a positive value, and reach
a maximum just belowTN dropping to zero atTN @Fig. 7~b!#.

This model explains all the data from high temperatures
down to the first order phase transition atTs577 K.

We note that in general the magnetic anisotropy is taken
to be proportional to the sublattice magnetization squared
and therefore would be strongly temperature dependent.
This, however, is not the correct approach if the dominant
term is of a single-ion nature. Clearly such a contribution to
the magnetic anisotropy depends only on the angle the spin
makes with the easy axis and the long range order itself is of
no direct consequence. Clearly if we would have taken the
anisotropy energy to be related directly to the sublattice mag-
netization we would have required strong temperature depen-
dent constantsA and D to explain the results. However, by
treating the anisotropy energy correctly we can easily ex-
plain the results without any additional parameters. The often
strong temperature dependences of the magnetic anisotropies
found in the literature could in many cases be related to an
incorrect treatment of the temperature dependence of the an-
isotropy energy.

The magnetization reversal atTs remains more of a
puzzle. As follows from our data, the ferromagnetic moment
is oriented along thea axis both above and belowTs , and
the magnetic easy axis is almost along thec axis belowTs
and along theb axis aboveTs . From the neutron-scattering
results recently obtained we know that the magnetic structure
changes atTs , from C- to G-type as originally proposed by
Kawano et al.10 This is consistent with the consideration
from the symmetry point of view.19 For the orthorhombic
space groupPbnm to which YVO3 belongs, the spin con-
figurationFa with a ferromagnetic moment alonga can only
coexist with either the modeGc or Cb in the presence of
magnetic anisotropy, where theGc-type magnetic structure
has the easy axis close to thec axis and the easy axis of the
Cb-type one is close to theb axis. Figure 13 illustrates how
a spin changes its direction on crossingTs . The spins are
lying in the ab plane for theC-type AF ordering aboveTs

FIG. 12. Pictorial view of the temperature dependence of the
magnetization:~a! Just belowTN the two sublattice spins prefer to
lie close to a local easy axis, if the local magnetic anisotropy is
large, resulting in a net magnetic moment parallel to the applied
field. ~b! As T decreases belowT* 595 K the DM interaction domi-
nates which tends to cant the spins in opposite direction. A large
external magnetic field can overcome the barrier for rotation of the
sublattice spins, resulting in a reversal of the sublattice spin orien-
tation. ~c! The net moment is now oriented parallel to the field and
will remain so upon lowering the field. If we now increase the
temperature we will come back to the situation where the magnetic
anisotropy dominates.~d! Thus, the net moment will change sign
again, now turning negative forT.95 K.

FIG. 13. Pictorial illustration of how the spins reconstruct on
crossing the first order phase transition temperatureTs . The vector
S is lying close to theb axis with a small positive canting angle
towards to thea axis in theab plane. The vectorS8 is in the ac
plane with a small nagetive canting angle towards the negativea
axis.
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and in theac plane for theG-type one belowTs . If a spin,
say labeled as1, aboveTs lies along theS direction as shown
in Fig. 13 with apositivenet moment along thea axis, below
Ts it will be either along theS8 direction or along the direc-
tion of a mirror imagine ofS8 with theab plane as a mirror,
which is denoted asS̃8, with a negativenet moment along
the 2a axis. Once the spin1 is rotating fromS to S8 on
crossingTs , its six neighboring spins, among which four
spins in theab plane have AF coupling and two along thec

axis have ferromagnetic coupling, will all rotate to theS̃8
direction giving rise to theG-type spin configuration. But if
the spin1 lies in the opposite direction ofS aboveTs it will
orient along the opposite direction of eitherS8 or S̃8.

The change of spin structure associated with a first-order
phase transition is definitively connected with a change of
orbital ordering occurring atTs . Our recent low-temperature
single crystal x-ray diffraction and neutron powder-
diffraction studies of YVO3 show that whereas aboveTs two
pairs of long~2.023 and 2.015 Å! V-O bonds in the basalab
plane are almost equal and one pair of short bonds of 1.982
Å is along thec direction, the first order phase transition is
accompanied by a strong distortion of these bond lengths
resulting in long~2.052 Å!, intermediate~1.992 Å! and short
~1.975 Å! V-O bonds. The long and short bonds are oriented
alternately along the@110# and@11̄0# directions in the basal
ab plane while the intermediate one of 1.992 Å is along the
c axis, similar to the structure of LaMnO3. Such a distortion
corresponds to an orbital ordering, with thedxy orbital occu-
pied at each V31 site and the second electron occupying,
respectively,dxz anddyz orbitals in two sublattices as shown
in Fig. 14. According to the Goodenough-Kanamori rules22

this orbital occupation naturally leads to theG-type
antiferromagnetism.10 According to Bertaut’s symmetry con-
siderations the easy axis of theG-type ordering is close to
thec direction in order for the net weak moment to lie along
the a axis. This scenario is confirmed by our data~Figs. 4
and 6!. A similar result was also obtained by band-structure
calculation.23,24The magnetic structure aboveTs is of C type
with the easy axis close to theb direction. From this we
conclude that the easy axis must indeed change on going
through the phase transition. TheC-type magnetic ordering
observed betweenTs and TN should then correspond to an

orbital structure with the alternation of the orbital sublattices
also along thec direction and, as discussed above, with the
easy axis almostib. Such an orbital ordering is observed for
LaVO3 at temperature belowTt5138 K.6 From our mag-
netic measurements we argue that most probably this orbital
ordering occurs at a temperature well above the Ne´el tem-
peratureTN , namely, atTo'200 K. This is supported by our
low-temperature x-ray single crystal study which shows that
the lattice parameters have an anomaly atTo but behave
smoothly atTN . Thermal expansion study of YVO3 also
shows little coupling between the AF ordering and the lattice
at TN while a change definitely occurs atTo .25 Hovever,
there is still no clear evidence for such a ‘‘C-type’’ orbital
ordering betweenTs andTo from the crystal structure point
of view. Detailed investigation of this orbital ordering will
be carried out using x-ray scattering facilities.

V. CONCLUSIONS

The magnetic properties of YVO3 single crystals have
been studied. We found a magnetic behavior for this com-
pound: multiple and reversible sign changes of the magneti-
zation with temperature, resulting in a temperature range
where the magnetic moment is oriented in a directionoppo-
site to the applied magnetic field. The net magnetization is
caused by a canting of the nearly antiferromagnetic arrange-
ment of the spins of the magnetic V13 ions withS51 below
the Néel temperatureTN5116 K. In a field less than 4 kOe
with decreasing temperature the net moment increases rap-
idly to a maximum belowTN and then decreases monoto-
nously to negative values after crossingT* '95 K. At Ts
577 K the net moment switches to positive again. A first-
order phase transition atTs is confirmed by a clear hysteretic
change of a magnetization as a function of temperature. Fur-
thermore, we report a memory effect of the magnetization:
the net moment always switches from positive to negative, or
vice versa, on going throughTs andT* in small fields. We
present a theoretical model to explain the observed phenom-
ena betweenTs andTN . It includes the competition between
the single ion anisotropy and the antisymmetric interaction.
It is found that the magnetic structures below and aboveTs
are strongly interdependent via a change of orbital orderings
at Ts : the magnetic structure switches from theC-type to the
G-type with a simultaneous change of orbital ordering from
theG type to theC type, and during the change a spin reori-
entation occurs in such a way that the net moment always
changes its sign.
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FIG. 14. Suggested orbital ordering below and aboveTs577 K:
~a! a C-type orbital ordering with aG-type spin ordering; and~b! a
G-type orbital ordering with aC-type spin ordering. The dotted
lines are along theb axis. The hatched squares indicate the planes in
which the occupiedd orbitals lie. Thedxy orbitals which are in each
case occupied by one electron are omitted for clarity.
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