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The magnetic properties of YV ingle 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 swit€haf 7 K associated with a first-order structure
phase transition and a gradual reversallTae95 K without a structural anomaly. Most interestingly, the
magnetization always switches to the opposite direction if the crystal is cooled or warmed tiroagthT*
in a field less than~500 Oe. In higher magnetic fields the magnetization does not change sign but has a
minimum atT* and a sudden change @t. 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.

[. INTRODUCTION cally inequivalent sites. However, Goodenough and Ngtiyen
have argued that the anomalous diamagnetism is caused by a

Transition-metal(TM) oxides with the perovskite struc- reversal of the ferromagnetic component of a canted-
ture display a large variety of properties such as high-antiferromagnet on cooling through a cooperative, first-order
temperature superconductivity and colossal magnetoresisnagnetostrictive distortion at;, below which the orbital
tance. Their magnetic properties are also quite diversegngular momentum is maximized. They suggested that the
ranging from antiferro-, weak ferro-, ferri- to ferromagnetic response of the orbital moment to the forces generated at the
behaviors. During the last decade, the TM oxides have beefirst-order phase transition can reverse the Dzyaloshinsky
intensively reinvestigated in order to get insight into the un-vector of an antisymmetric interaction so as to create a
derlying physical mechanisms and to search for new candieanted spin component in a direction opposite to the applied
dates with intriguing properties. field, given thatT, is close toTy.

Several groups have recently reported anomalous diamag- Yttrium orthovanadate YVQ has an orthorhombically
netism occurring in the antiferromagnetic phase of LgVvO distorted perovskite structure with space grdepnm the
polycrystalline samplek.? They have found that if a LavV§ same as the room-temperature phase of LaVihe com-
sample is cooled in a field of 1 kOe its magnetizatnis ~ pound with \?* 3d magnetic ions with spirS=1 is an
oriented opposite to the applied magnetic field below a teminsulator and has several low-temperature phase transitions.
peratureT,= 138 K< Ty=144 K. Such temperature-induced Specific-heat anomalies &at=77.7 K andTy=114 K have
magnetic moment reversals have been observed in thoseen reported by Boruhovicht al’ Zubkov et al®® have
ferrimagnet3 with strong magnetic anisotropy which exhibit reported a neutron-diffraction study with a change in the or-
a compensation temperature. The net magnetization, initiallgered spin configuration afg from a low-temperature
oriented parallel to the field, changes sign at this temperaturé-type antiferromagnetiAF) phase with an AF coupling in
and the metastable energetically unfavorable state is fixed biyre ab plane and a ferromagnetic coupling between two ad-
the strong anisotropy. For such an effect to be observedacent planes to a high-temperatugetype AF phase with
inequivalent sites must exist. Mahajan and co-workers hav&F couplings both in the planes and between the planes
attributed the negative magnetization to such a ferrimagnetiwhich is stable betwee and Ty . Kawanoet al1° confirm
behavior, since the symmetry of Lay@hanges af, from a T,~77 K and a Nel temperatureTy~118 K, but they
the orthorhombic space groupbnmto monoclinicP2,c.°  found the G-type AF phase belovl and theC-type one
In the monoclinic phase the V ions have two crystallographi-betweenT and Ty with a first-order phase transition @t .
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An anomaly in the lattice constants is observed at while \ » T

no structural anomaly is found &t,. The magnetic proper- FC (SX) H=1 kOe
ties of YVO; and other orthovanadates have been recently 20 | pprem i .
investigated by Nguyen and Goodenoddmarticularly in ST e
the light of the anomalous diamagnetism. They found no ZFC (3X)
diamagnetism in YV@, which was confirmed by other
groups?~1*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 studigs®*34multiple
temperature-induced magnetization reversals below fle Ne
temperature in modest fields, no matter whether the crystal is
field-cooled (FC) or zero-field-cooled(ZFC).*® A gradual
magnetization reversal occurs at about 95 K, while the mag- _1ok i
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 0 50 100 150 200
K in modest fields. In this paper we report a detailed study of
the magnetic properties of YV{single crystals. T (K)

10 |

ZFC (PX)

M (emu/mole)

FIG. 1. Temperature dependence of the magnetization of a poly-
crystalline sample and single crystal in an applied magnetic field of
Il. EXPERIMENTAL DETAILS 1 kOe. Filled and open circles are for the polycrystalline sample

Single crystals of YVQ were made starting with powders (_PX) aftt_ar field-cooling(FC) and zero-field-coolingZFC), respec-
by reduced in flowing pure Hat 1000°C. YVQ powders tively. Dlamands and squares are for the FC and Zl_:C single crystal,
were made by high-temperature solid-state reaction of appror-es.pecwely' The d ata for single crystalx) are obtained by aver-
priate mixtures of predried X0,(99.998%) and VO, aging the magnetizations along the three axes.
(99.995%, metals bagisSingle crystals with dimensions of
5 mm in diameter by 10 mm long were grown by the

floating-zone method. The details about the crystal growt/Suréd upon warming.
will be published elsewhere. Chemical analysis on the com- 1 he reason for the difference between the ZFC and the FC

position of the single crystals showed the cation ratio of Ymeasurements of the powder samples is that in the FC the
over V is 1.08:0.01 and the oxygen stoichiometry is 3.03 Particles in the powders are magnetically annealed so that
+0.02. Several single crystals from different batches Withthelr net magnetic moments will preferentially orient in the

weight ranging from 5 to 40 mg were selected and orienteéﬁre?tion Of_ the applied magnetic field, while in the ZFC. the
for measurements. The magnetization along different direcP@rticles will be magnetically ordered beloty with their

tions was measured using a Quantum Design MPMS Supep_et moments rangomly d|str|buted._ In a small field apph_ed
conducting quantum interference device system in the tenfter the ZFC it will be hard to realign these randomly dis-

erature range from 350 to 4.2 K with applied magnetictfibuted moments along the field direction as in the FC.
Fields up to 7gT. PP g 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
In Fig. 1 we illustrate the magnetization as a function ofnegativea direction with the same absolute value below 77
temperature for both a single crystal and a polycrystallinek in the ZFC measurements. Indeed, both situations have
sample of YVQ after field-cooling (FC) and zero-field- been found in our ZFC measurements. Here only the ZFC
cooling (ZFC). The data for the single crystal is obtained by measurements with the positive magnetization below 77 K
averaging the magnetizations along the three axes. The magre shown. The absence of the negative magnetization be-
netization of the FC polycrystalline sample shows no “dia-tween 77 and 95 K in the powders is because this is a meta-
magnetic” response but a minimum below theeNempera-  stable state with the net moments opposite to the applied
ture, similar to the results reported by other groups. Thdield direction. The particles in the powders will tend to re-
magnetization of the FC and ZFC samples behaves quiterient (which is not possible for the single crystals in our
differently. However, the FC magnetization of the single measurementsand/or their spins will flip(see text in the
crystal increases rapidly just below the élleéemperature Discussion sectionin order to reach the stable state with the
Ty=116 K, and then decreases monotonously after reachingnoments along the field direction. Evidence for this particle
a maximum. It crosses zero &t ~95 K and becomes nega- reorientation effect is the fact that the magnetization behaves
tive. With further decrease in temperature, the magnetizatioquite differently between 77 and 95 K from sample to
suddenly jumps to a positive value 8t=77 K. The same sample and for different field5'*because different sample
behavior is also observed in a ZFC measurement, where th@eparations lead to powders with different particle sizes,
sample is first cooled down to 4.2 K without a magnetic fieldgrain-boundary conditions and also the magnetic anisotropy

and then a small field is applied and magnetization is mea-

Ill. RESULTS
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FIG. 2. Temperature dependence of the magnetization in an ap- 0 T l m
plied magnetic field of 1 kOe along the b, andc axis, respec- U}//
tively. -1 F .
| ) |
H=0 Oe
at the boundaries is very different from that of the bulk be- L \ w 7
cause of lower symmetries and different crystal-field split- 0 N i W
ting. W
The magnetization along the three axes of the orthorhom- -1k ‘ ‘ T

bic symmetry was studied, as shown in Fig. 2. It can be seen 60 80 100 120
that the magnetization along the axis is almost always
much larger than those along theandc axes belowT . In
further presentation of our measurements we will concentrate

on the _magnetlc behawor_ a!ong_ tieaxis. In F'_g' _3 the_ ent applied magnetic fields along theaxis. The curves marked by
magnetization along tha axis in different magnetic fleld§ IS dots and squares are measured with decreasing and increasing tem-
plotted versus temperature. The data for each magnetic fielthrature, respectively. For each field the data were measured during
were measured in field cooling and then field warming. Firsicooling-down and then warming-up the sample in the given mag-
Of a” the magnet|zat|0n ShOWS a Clear thermal hyStereSIS afenc f|e|d' except forH:O Where the nonmagnetic f|e|d was ap_
aboutTs, indicating a first-order phase transition. Second,plied.

the sharp magnetization increase just bel®dyy implies a
ferromagnetic component. The thermal hysteresigatis  below T4 and betweedg and Ty .
also an indication of the ferromagnetic feature of the ob- In the molecular field theory of an antiferromagnet with
served magnetization beloW . In higher fields(=4 kOg  two sublattices\ andB, the molecular fieldH,,, acting on an
the magnetization no longer becomes negative, but insteagtom in the sublatticé& can be written as
has a minimum afT* ~95 K.

In order to understand the origin of the “diamagnetic” Hma=—BaaMa— BasMs, (1)

response in YVC?‘)’ we have mg—:-asured the magnetization aS Jyhere M, and Mg are the magnetizations of th® and B
function of applied field at different temperatures, as IIIUS'sublattices, respectivelyB g is @ molecular field constant for

he nearest-neighbor interaction, gBgl, is a molecular field

trated in Fig. 4. It is clear that the negative magnetization i

not due to a conventional diamagnetism since the differential ) o+ tor the next-nearest-neighbor interaction. The mo-

susceptibilitydM/dH is always positive. The remanefmte lecular fieldH,,,g acting on an atom in the sublatti@xcan be
written in the same way as for the sublatti&s®y interchang-

magnetic moment is-0.01 Bohr magneton per V site which
ing the labelA andB. For an antiferromagnet one h@s A

for a S=1 system corresponds to a canting angle-df.2°

of the antiferromagn(.etic'sublattice magnetizations. The mag-. Bsg - Using the perpendicular susceptibility for an antifer-
netization reversals indicate that the net moment is al'gnegomagnet
opposite to the applied field in certain temperature regions.
The magnetic hysteresis is the same Tor 25 and 50 K, 1
which are belowTg. The high-field slopedM/dH at the XL=B—,
temperatures betweéh, and Ty is almost the same, while AB
the hystereses show different remanent magnetizations andahere the single-ion anisotropy, other anisotropic interac-
variation of the coercive forces at different temperatures. Théions, and the small canting are neglected, the molecular field
temperature independence of the differential susceptibilitconstants8,g are calculated from Fig. 4 g8,5~275 K for
indicates that the antiferromagnetic magnetic moments aré<Tg. For temperatures betwediy and Ty, Bag Shows a
perpendicular to the applied field, i.e., to thexis for both  slight increase as the temperature increases, from 105 K at

T (K)

FIG. 3. Temperature dependence of the magnetization in differ-

@
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= 3y 1 / FIG. 5. The magnetization as a function of figld/steresesat
0 different temperatures measured with the field alongctheis.
Sl B,5=109 K__// B,e=111 K| _Besides the multiple magnetization reversals below the
-6 . , T , , 1 Neel temperaturely, the susceptibility abové, shows a
6F = L 8 . change aff ,~200 K, as shown in Fig. 6 where the suscep-
T=115 K AB S : T .
3l 1 T=150 K tibility and inverse suspeptlblllty measured along Lﬂnax'ls '
P are plotted as a function of temperature together with fits
0 T:25O/K using the Curie-Weiss relatiol,=C/(T+ 6cy). Above T,
_3 / ) B,5=187 K | the effective moment for the V ions iper=2.814(2) as
B,5=11% K expected for the spi®=1, andfcw=234(4) K. One finds
-6 J , LT | , L Ocw/! Ty~2. Using the molecular field theory expression
—40 —20 0 20 40 —40 -20 0 20 40
H (koe) /g 3.5 T T
FIG. 4. The magnetization as a function of fihi/steresesat E H//a, H=50 koe
different temperatures measured with the magnetic field along the } 3.0 . |
axis. =
a
78.5 K to 111 K at 114 K. This variation g8,g might be m@ 2.5
due to a contribution from the magnetic anisotropy. The mo- |
lecular field constanB,g below T is about 2.5 times larger S 50 L
than those betweefg and Ty . This supports the neutron- —
diffraction results of Kawanet al,'° that the AF structure x
below T is the G type, while betweerT and Ty the AF 1.5 F
structure is theC type. The different magnetic structures are =
probably a result of a change in orbital ordering as discussed o gL
below. o
The different AF structures below and aboVg have ~ 5 | . i
been further checked by measuring the magnetization along © “ —234(4)K
the c axis as a function of field a&f=50,78.5, and 115 K, as = P=2.814(2)
shown in Fig. 5. One can see that the magnetizations versus L 4r i
field show a linear behavior &t=78.5 and 115 K with the — -
same slope which have almost the same value as obtained 3 S50 .
from the magnetic hysteresis with fields along &haxis (see | i
Fig. 4). However, the high-field slopgM/dH at T=50 K is < ! ‘ ‘ ——
much smaller than the slope measured in a field alongthe 100 150 200 =250 300 350
axis (Fig. 4). This indicates that the magnetic moments are T (K)

aligned perpendicular to theaxis aboveTg and parallel to

the ¢ axis belowTs. From Fig. 4 one can see that the sub- G, 6. Temperature dependence of the susceptibitifyen
lattice magnetic moments are almost perpendicular taathe circleg and inverse susceptibilityfilled circles above the Nel
axis both below and abovE;. Thus, theG-type AF struc-  temperature. The Curie-Weiss lawy=C/(T+6) with C
ture belowTg has magnetic easy axes almost along ¢he =Np?;u3/3ks is used to fit the observed data. The solid and
axis, while theC-type one abové ¢ has the easy axes almost dashed lines are calculated from the fits for the susceptibility below
along theb axis. and above 200 K, respectively.
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~ 10l i FIG. 8. Magnetization versus temperature in a field of 100 Oe
p= ' with a “training” at T=105 K>T*. In the curve with filled circles
0.5 \\ 5%, | we follow M with decreasing temperature down Te=105 K; a
a oooé"" high negative field of-50 kOe is then applied to flip the magneti-
\0&‘) zation negative after which the field is changed to 100 Oe again and
0.0 S the temperature decreases. The curve with open circles is measured
%f “\_ upon warming after the temperature is beldw. This shows the
& S . . .
=05 | S 1 same behavior as demonstrated in Fig. 8.
Ooo
-1.0 ¢ ] is measured without intermediate application of the high

field. In Fig. 7b) we show the behavior of magnetization
with increasing temperature starting from beldwy: the
T (K) open diamond marked curve is measured without having
“trained” the sample, and the dotted curve after “training”
as described in Fig.(@). This demonstrates the reversiblility:
upon warming the sample after training, the temperature-
dependent magnetizatiovi(T) now switches from negative
field is then applied to flip the magnetization positive after which below Ts*to posmve forT5<T“<T'* ar_ld bec,(,)mes hegative
the field is lowered again to 100 Oe and the temperature decreasécg’.r =T It_'s thus nearly a “mirror image™ of the curves
The curve marked by diamonds is measured without intermediati®" the untrained sample marked by the open diamonds ex-
application of the high field. In pandl we show the curves with C€Pt becoming positive again closeTtq. Such a “training”
increasing temperature starting from beldw: the curve marked Can be performed at any temperatures bellgw Figure 8
by diamonds without having “trained” the sample, and the curveddemonstrates the memory effect of the magnetization after a
marked by filled circles after “training” as described in parel “training” at T=105 K using a high field of~50 kOe.
However, the temperature-dependent magnetization after a
“training” is strongly dependent on the magnetic field sub-
%_VV:MA' (3)  sequently applied for the magnetization measurements, as
T Bas=Baa illustrated in Fig. 9. If a field of 500 Oe is applied after
] “training” the magnetization can still reverse on crossing
one obtaingag/Baa~3. But belowT, pes=2.312(2) and  [Fig. 9@)]. But the negative magnetization is only about
Ocw=85(4) K using the Curie-Weiss relation to analyze the _g 3 emu/crd, instead of—1.1 emu/cr for the field of 100
data. Although the Curie—Weisg relation may be.too.simpIeOe(See Fig. 8 If a field of 1 kOe is applied after the “train-
the decrease i may be a sign of an increasing impor- jng ' the magnetization can no longer switch to negative
tance of the spin-orbital coupling. For a less than half-filed pg|ow T, [Fig. Ab)], but instead jumps to an intermediate
shell we expect the orbital moment to be oriented antiparalleliate with a magnetization of about 0.7emulcwhich is
to the spin moment. _ ~_ about half the magnitude of the magnetizatiorir 100 Oe
From Fig. 4 one can see that the negative magnetizatiofsee Fig. 8 With increasing temperature the magnetization
betweenT™* andT, can be changed to positive by applying a pehaves similarly as without “training,” except that the
high field and then releasing the field. Figure 7 shows hownagnetization switches to negativeTatwith an intermedi-
the magnetization behaves after such “training.” In the 56 value and becomes positive at a lower temperature than
curve marked by dots in Fig(& we follow M with decreas- T* 95 K. The intermediate state may be due to partial re-

ing temperature down to a temperature bel@%; a high  \ersal of magnetic moments caused by a high field.
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 From the data presented here, especially those of Fig. 4, it
to the field belowT. The curve marked by open diamonds is clear that we are dealing here with weak ferromagnetism,

60 80 100 120

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 panalwe follow M with
decreasing temperature down to a temperature bdlbwa high

IV. DISCUSSIONS
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=50 K0S " whered,, is the Moriya one-bond vector, which zeroif the
1.5 1 anion mediating the superexchange interaction between the
Lol H=500 Oe | two neighboring magnetic ions is sitting at an inversion cen-
’ ter.
05| | i YVOj3 has an orthorhombically distorted pervoskite struc-
M ?3 § ture with space grouPbnm The distorted crystal structure

00 ez with tilted VOg octahedra quite naturally leads to canted spin
” —":s ¢ structures. First, since the oxygen ions mediating the super-

|
=]
(o)}

T

1

exchange interaction between two nearest-neighbor V ions
are not at an inversion center the antisymmetric interaction
‘ , ‘ will be present. Also because the Y@ctahedra are tilted

5L [ b i 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 ferromagnetisthErom Fig. 2 one can see
that the largest magnetization is almost always alongathe
axis, which indicates that both canting mechanisms produce
the net magnetic moment along the same axis, i.e a thés;

this is usually the case when both mechanisms are present
simultaneously. However, they need not have the same sign,

M (emu/cm
|
5

[y
(=)
T

0.0

]
gi%

—0.5 - and, besides, they may be temperature dependent. A compe-
1ol tition of the two mechanisms has been suggested by Good-
: w | . enough and Nguyért! and Cortiet al* This is the essence

60 80 100 120 of an explanation of the magnetization switching which we

T (K) 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:

FIG. 9. Magnetization versus temperature in a field of 500 O
and 1 kOe, respectively, after a “training” at=78.5 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 _

T, following the curves with filled circles. H=Hat Hot He, ©
where the three terms are for the single-ion anisotropy, the

caused by a departure from the strict collinearity of the magspin-spin interaction and the external field, respectively. In a
netic moments in an antiferromagnet. There are two mechsmall field the last term can be neglected. The antiferromag-
nisms giving rise to a canting of the antifferromagnetic align-netic structure in YVQ betweenTs and Ty can be described
ment of spins: the single ion magnetic anisotropy and thén two sublatticesA and B with an equal numbeN, of V
antisymmetric spin-spin interaction. The latter was obtainedons per sublattice. Assuming a uniaxial magnetic single ion
by Dzyaloshinsky in a phenomenological analysis ofanisotropy, the ternii, can be expressed as

a-Fe,0; and other compound$.He showed that in the free

N N
energy of the system in terms of the sublattice magnetiza- ,, 2 2 _ 2 2
tions there is an important term Ha= ;1 AnSiz, 121 AgS] 2,= ~N(AS, T AsSy,),
)
D- (M XMp), (4) where A, and Ag are the single-ion anisotropies for the V

ions in the sublatticé\ and B respectively, which are equal
whereD is a vector(so-called Dzyaloshinsky vectoandM;  A,=Ag=A, and the subscripz, and zg denote the local
and M, are the magnetic moments of the two sublatticeseasy axis for the spins in the two sublatti&endB, respec-
respectively. This coupling favors a perpendicular orientatively.
tion of the two sublattice magnetizations. This coupling is Considering the nearest-neighlidiN) interaction of \#*
generally very small compared to the Heisenberg exchangspins, one has

interaction J§1- §2 which prefers collinear spin arrange-
ments. When this coupling is introduced to the antiferromag- He=— [3;S-S—d-(SXS)-S-T;S]

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- = —N[NaJaSa- S+ D (SaAX Sp) +Sa- T- Sg]+ Hs,
change interaction including spin-orbital couplitig® (8)

Moriya calculated the tensor describing anisotropic superex- . ) ) _ .
change interaction of two neighboring spifis and S, and where theJ;; is the isotropic ‘symmetric exchange coupling
showed that it contains an antisymmetric term constant between the two spinandj, and thed;; andT;; are

the antisymmetric exchange and symmetric anisotropies, re-
L spectively.J, is the antiferromagnetic coupling constanj,
dis (S1XS,), (5)  the number of the NN antiferromagnetic couplings of &V
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FIG. 10. Schematic drawing of the canting of two sublattice =
magnetizationss, and Sz . Z-2r o 1
=" -4 .
ion. D and T are the summations of;; and T;; over the
nearest noughbours of a spB, andSg are the spins in the -6 r 1
sublatticeA and B, respectively.H; is a contribution from _8 s .
the weakly ferromagnetic NN couplings. 60 80 100 120
According to the analysis of Shekhtmat al?® in the T (K)

case of LaCuQ,, the symmetric anisotropy is of the order

~|DJ?/43 in the free-energy expression. In our model the FIG. 11. Temperature dependence of the net magnetic moment
term T will be omitted since it does not play any quantita- along thea axis of a YVG; single crystal. The circles are observed
tively important role in determining the temperature dependata and the solid line is calculated using the equation with fit
dence of the canting angle. Our magnetic study of ¥VO parametergsee text

(Ref. 195 implied that the single-ion anisotropy and the anti-

symmetric interaction prefer the net moment in the opposite The net moment of the canted AF system is

directions. It is assumed that the single ion anisotropies pre-

fer the spins along the dashed lines with a canting anpgis M= 2Ngug|(S)|sin(6)

shown in Fig. 10, and that the antisymmetric interaction pre-

fers to cant the spins in the opposite direction with the Dzy- ~2Ngpug|(S)| 0

aloshinsky vectoD pointing into the plane. Combining the )

Egs.(7) and(8) the energy of the system can be written as =2Ng,uB|<S>|§7_ ¥ol(S)| _ (14)
£+ ()2

E/N=—2AS+JS,-Sg+D-(SaXSg) +E¢/N, (9
whered=n,|J|, S,= S, =S, andE; is the NN ferromag- Using the mean-field theory to calculate the temperature de-

- . : . endence of the sublattice magnetizatibhs Ngug|(S)|, a
hetic interaction V‘.’h'Ch does not depend on the canting angl(%;ery good description is obtained of the behavior betwkgen
In the canted antiferromagnetic system with a canting angle

. ) . and Ty as shown in Fig. 11, in which the solid curve calcu-
0.’ .the §ublatt|ces SpinS, anq S are aImost_ antlparalle_l, lated using the fit parametets=A/J=1.7(1), y=7.56(8)
giving rise to two almost antiparallel sublattice magnetiza-

: . X102 and yp=D/2J=31(2)x 10 3, describes all the fea-
tions with the same absolute valbigus|(S)|. Thus Eq.(9) tures of the temperature-dependent net magnetic moment in

becomes that temperature region. The coupling consthntl74 K can
E/N=—2AS? cod(0—y)—J|(S)|? cog 26) be calculated from the mean-field equati@®=1):
+D|(S)|?sin(26) +E; /N, (10 3k Ty,
J=nd;==a—r. 15
whereD =|D|. By minimizing the energy we get a’a g(S+1) (15
2A S cog §— y)sin(0— y) +I|(S)|? sin(206) The fit parameteré=A/J=1.7, indicates a large single-ion
+D|(S)[2 cog26)=0. (11) anisotropy,A~296 K (~25 me\). 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
ield would split thet,, orbits into a doublet and a singlet
ith a splitting which could also be of order 200 K. In this
Situation a magnetic anisotropy of order 200 K is not unex-

From the magnetic measurements of Y){/@e know 6
~ y<<1. Therefore the sine and cosine functions can bé
replaced by the first terms of the Taylor expansions, and E

(11 gives pected. We should also note that for such a large magnetic
2ASy—D|(S)|? anisotropy it is no longer accurate to neglect it in calculating

——_ — 7 (12)  the temperature dependence of the sublattice magnetization
2AS*+23|(S)|? as we did. A more detailed analysis including also a micro-

scopic calculation oD andA is under way and will be pub-

lished elsewhere. We note that the situation encountered in

YVO; is probably quite different from standard examples

) like V'3 impurities in ALO3.2! In the later case the distor-

= m. (13) tion from cubic symmetry is trigonal and the orbital singlet is
E+1(9))? the lowest in energy with a noncubic crystal field an order of

By introducing é=A/J and yp=D/2J, and sinceS=1 for
YVOj3, the above equation becomes
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FIG. 12. Pictorial view of the temperature dependence of the e b
magnetization{a) Just belowTy the two sublattice spins prefer to Tt S
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 beloW* =95 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 a
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 magneti
anisotropy dominategd) Thus, the net moment will change sign
again, now turning negative far>95 K.

FIG. 13. Pictorial illustration of how the spins reconstruct on
crossing the first order phase transition temperaiyreThe vector

S is lying close to theb axis with a small positive canting angle
fowards to thea axis in theab plane. The vectof' is in theac
plane with a small nagetive canting angle towards the negative
axis.

magnitude larger than the spin-orbit coupling. This leads to & his model explains all the data from high temperatures
magnetic anisotropy an order of magnitude smaller thalown to the first order phase transitionTat=77 K.
what we find in YVQ. We note that in general the magnetic anisotropy is taken
The theoretical model developed here permits also to extO be proportional to the sublattice magnetization squared
plain the phenomenon of “training” observed above. Weand therefore would be strongly temperature dependent.
present in Fig. 12 a pictorial view of this model to illustrate ThiS, however, is not the correct approach if the dominant
what could happen microscopically as a function of temperal€'™ iS of a single-ion nature. Clearly such a contribution to
ture. We start in Fig. 12) at temperatures just belot,. the magnetic anisotropy depends only on the angle the spin

. . . . makes with the easy axis and the long range order itself is of
Here, the two sublattice spins will prefer to lie close to a . .
no direct consequence. Clearly if we would have taken the

local easy axis due to local magnetic a_nlso'_[ropy, resulting "};\nisotropy energy to be related directly to the sublattice mag-
anet magnetic moment along th_e a_pplled field as shown. ARetization we would have required strong temperature depen-
T decreases this net moment will flrst grow because of th%ent constanté&\ and D to explain the results. However, by
development of a sublattice magnetlzatmn _due_ to SUPEreXteating the anisotropy energy correctly we can easily ex-
change. However, as the sublattice magnetization developgain the results without any additional parameters. The often
so does the antisymmetric coupling which tends to cant thgtrong temperature dependences of the magnetic anisotropies
spins in the opposite direction. Consequently, with decreasound in the literature could in many cases be related to an
ing temperature the net moment will reach a maximum andncorrect treatment of the temperature dependence of the an-
then decrease. It crosses zero at the temperature below whigbtropy energy.

the antisymmetric interaction dominates. This will resultina The magnetization reversal & remains more of a
moment opposite to the small applied field. It could only puzzle. As follows from our data, the ferromagnetic moment
reverse to its lowest energy state in the field by reversing thes oriented along the axis both above and belows, and

two sublattices on a macroscopic scale, resulting in a frozethe magnetic easy axis is almost along thaxis belowT
metastable statg=ig. 12b)]. A large external magnetic field and along théb axis aboveT. From the neutron-scattering
can overcome the barrier for rotation of the sublattice spinstesults recently obtained we know that the magnetic structure
resulting in a reversal of the sublattice spin orientafibiy.  changes aT, from C- to G-type as originally proposed by
12(c)]. The net moment is now oriented parallel to the fieldKawano et al® This is consistent with the consideration
and will remain so upon lowering the field. If we now in- from the symmetry point of view®? For the orthorhombic
crease the temperature we will come back to the situatiospace groufPbnmto which YVO; belongs, the spin con-
where the magnetic anisotropy dominates. Thus, the net mdigurationF, with a ferromagnetic moment alorggcan only
ment will change sign again, now turning negative for coexist with either the mod&,. or C, in the presence of
>95 K [Fig. 12d)]. Once we get close enough 1Q;, the  magnetic anisotropy, where tt@.-type magnetic structure
energy barrier for the reversal of the sublattice magnetizahas the easy axis close to tbhaxis and the easy axis of the
tions will eventually become very small. Any finite field will C,-type one is close to thie axis. Figure 13 illustrates how
now flip the net moment again to a positive value, and reacta spin changes its direction on crossifig. The spins are

a maximum just belowily, dropping to zero aty [Fig. 7(b)]. lying in the ab plane for theC-type AF ordering abové
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orbital structure with the alternation of the orbital sublattices
also along thec direction and, as discussed above, with the
easy axis almogth. Such an orbital ordering is observed for
LaVO; at temperature below,=138 K& From our mag-
netic measurements we argue that most probably this orbital
ordering occurs at a temperature well above thelNem-
peratureTy, namely, afl ,~200 K. This is supported by our
low-temperature x-ray single crystal study which shows that
FIG. 14. Suggested orbital ordering below and abibye 77 K:  the lattice parameters have an anomalyTgtbut behave
(a) a C-type orbital ordering with &-type spin ordering; antb) a  smoothly atTy. Thermal expansion study of YV{also
G-type orbital ordering with &C-type spin ordering. The dotted shows little coupling between the AF ordering and the lattice
lines are along thb axis. The hatched squares indicate the planes inat Ty, while a change definitely occurs at, 25 Hovever,
which the occupied orbitals lie. Thed,, orbitals which are in each there is still no clear evidence for such &:type” orbital
case occupied by one electron are omitted for clarity. ordering betweeTg and T, from the crystal structure point
of view. Detailed investigation of this orbital ordering will
be carried out using x-ray scattering facilities.

and in theac plane for theG-type one belowTs. If a spin,

say labeled a%, aboveT lies along thes direction as shown V. CONCLUSIONS
in Fig. 13 with apositivenet moment along tha axis, below

TS it wil be_ eith_er aI(_)ng th§’ _direction or along the d_irec- The magnetic properties of YVOsingle crystals have
tloh of.a mirrorimagine O_S with the.ab plane as a mirror, been studied. We found a magnetic behavior for this com-
which is denoted a$', with a negativenet moment along pound: multiple and reversible sign changes of the magneti-
the —a axis. Once the spid is rotating fromSto S" on  zation with temperature, resulting in a temperature range
crossingTs, its six neighboring spins, among which four where the magnetic moment is oriented in a directippo-
spins in theab plane have AF coupling and two along tée  site to the applied magnetic field. The net magnetization is
axis have ferromagnetic coupling, will all rotate to tB¢  caused by a canting of the nearly antiferromagnetic arrange-
direction giving rise to thés-type spin configuration. But if ment of the spins of the magnetic'V¥ ions withS=1 below

the spinl lies in the opposite direction & aboveTyg it will the Neel temperaturd =116 K. In a field less than 4 kOe
orient along the opposite direction of eith@r or S'. with decreasing temperature the net moment increases rap-

The change of spin structure associated with a first-ordei€lly to @ maximum belowTy and then decreases monoto-
phase transition is definitively connected with a change ofiously to negative values after crossimig~95 K. At T
orbital ordering occurring &af. Our recent low-temperature =77 K the net moment switches to positive again. A first-
single crystal x-ray diffraction and neutron powder- order phase transition at is confirmed by a clear hysteretic
diffraction studies of YVQ show that whereas aboig two ~ change of a magnetization as a function of temperature. Fur-
pairs of long(2.023 and 2.015 AV-O bonds in the basalb thermore, we report a memory effect of the magnetization:
plane are almost equal and one pair of short bonds of 1.98the net moment always switches from positive to negative, or
A is along thec direction, the first order phase transition is Vice versa, on going throughs and T* in small fields. We
accompanied by a strong distortion of these bond lengthBresent a theoretical model to explain the observed phenom-
resulting in long(2.052 A), intermediatg1.992 A and short ena betweeffs andTy. It includes the competition between
(1.975 A V-0 bonds. The long and short bonds are orientedhe single ion anisotropy and the antisymmetric interaction.

alternately along thg110] and[ 110] directions in the basal !t IS found that the magnetic structures below and abbye

ab plane while the intermediate one of 1.992 A is along thedre strongly interdependent via a change of orbital orderings

c axis, similar to the structure of LaMnOSuch a distortion atTs: the. magn.etic structure switches from Daype tp the
corresponds to an orbital ordering, with thg, orbital occu- G-type with a simultaneous cha_nge of orbital orden_ng from
pied at each V' site and the second electron occupying,ththype to theC type, and during the change a spin reori-

respectivelyd,, andd,, orbitals in two sublattices as shown entation occurs in such a way that the net moment always
in Fig. 14. According to the Goodenough-Kanamori réfes changes its sign.

this orbital occupation naturally leads to th&-type
antiferromagnetism® According to Bertaut’'s symmetry con-
siderations the easy axis of tli@type ordering is close to We thank J. B. Goodenough for numerous detailed dis-
the c direction in order for the net weak moment to lie along cussions of the results and for the explanations of his ideas
the a axis. This scenario is confirmed by our ddfgs. 4 concerning the origin of the magnetization reversal in
and 6. A similar result was also obtained by band-structureLaVO;. We also thank J. Rodriquez-Carvajal, E. F. Bertaut,
calculation??*The magnetic structure aboVg is of Ctype  and B. Bichner for useful discussions. This work was sup-
with the easy axis close to the direction. From this we ported by the Netherlands Foundation for the Fundamental
conclude that the easy axis must indeed change on goingesearch of Matte(FOM) with financial support from the
through the phase transition. Titype magnetic ordering Dutch Organization for the Advancement of Pure Research
observed betweefig and Ty should then correspond to an (NWO), and also supported in part by EOXSEN).

ACKNOWLEDGMENTS




6586 Y. REN et al. PRB 62

*Present address: Argonne National Laboratory, MSD, BuildingmH. Kawano, H. Yoshizawa, and Y. Ueda, J. Phys. Soc. 8gn.

223, Argonne, lllinois 60439. 2857(1994).
'On leave from Jurusan Fisika, Fakultas Matermatika dan IImut*H.C. Nguyen and J.B. Goodenough, Phys. Re62B324(1995.
Pengetahuan Alam, Institut Teknologi Bandung, Indonesia. 123, Kikuchi, H. Yasuoka, Y. Kokubo, and Y. Uda, J. Phys. Soc.
1AV, Mahajan, D.C. Johnston, D.R. Torgeson, and F. Borsa, Jpn.63, 3577(1994.
Physica C185-189 1195(199J. 13 Cintolesi, M. Corti, A. Rigamonti, G. Rossetti, P. Ghigna, and
2A.V. Mahajan, D.C. Johnston, D.R. Torgeson, and F. Borsa, A. Lascialfari, J. Appl. Phys79, 6624 (1996.
Phys. Rev. B46, 10 966(1992. 14M. Corti, F. Cintoesi, A. Lascialfari, A. Rigamonti, and F. Ros-
3N. Shirakawa and M. Ishikawa, Jpn. J. Appl. Phys., Pagi02 setti, J. Appl. Phys81, 5286(1997).
L755 (1992). 15y, Ren, T.T.M. Palstra, D.l. Khomskii, E. Pellegrin, A.A. Nu-
4J.B. Goodenough and H.C. Nguyen, C. R. Acad. Sci., Ser. llb: groho, A.A. Menovsky, and G.A. Sawatzky, Natufieondon
Mec., Phys., Chim., Astror819, 1285(1994). 396, 441(1998.
5N. Menyuk, K. Dwight, and D.G. Wickham, Phys. Rev. Lett.  'I. Dzyaloshisky, J. Phys. Chem. Solids241 (1958.
119(1960. 1T, Moriya, Phys. Rev117, 635(1960).

p. Bordet, C. Chaillout, M. Marezio, Q. Huang, A. Santoro, S.-W. 1T, Moriya, Phys. Rev120, 91 (1960.
Cheong, H. Takagi, C.S. Oglesby, and B. Batlogg, J. Solid Staté’E. F. Bertaut, iflagnetismVol. IlI, edited by G. T. Rado and H.

Chem.106, 53 (1993. Suhl (Academic, New York, 1963 pp. 86—126.

"A.S. Borukhovich, G.V. Bazuev, and G.P. Shveikin, Fiz. Tverd.?°L. Shelktman, A. Aharony, and O. Entin-Wohiman, Phys. Rev. B
Tela(Leningrad 16, 286(1974 [Sov. Phys; Solid Stat&6, 191 47, 174(1993.
(1974]. 2IA. Abragam and B. BleaneiElectron Paramagnetic Resonance

8V.G. Zubkov, A.S. Borukhovich, G.V. Bazuev, |.I. Matveenko, of Transition lons(Clarendon, Oxford, 1970
and G.P. Shvéin, Zh. Eksp. Teor. Fiz.66, 1823(1974 [Sov. 223 B. Goodenough, Prog. Solid State Ché&mnl145(1963.

Phys. JETFB9, 896 (1974)]. 23H. Sawada, N. Hamada, K. Terakura, and T. Asada, Phys. Rev. B
9V.G. Zubkov, G.V. Bazuev, and G.P. Shveikin, Fiz. Tverd. Tela 53, 12 742(1996.

(Leningrad 18, 2002 (1976 [Sov. Phys. Solid Staté8, 1165 2*H. Sawada and K. Terakura, Phys. Rev5®& 6831 (1998.
(1976)]. 258, Buechner, Y. Ren, and G. A. Sawatzignpublishedl



