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Weak ferrimagnetism, compensation point, and magnetization reversal in Ni„HCOO…2"2H2O
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The nickel ~II ! formate dihydrate Ni(HCOO)2•2H2O shows a peculiar magnetic response atT,TN

515.5 K. The magnitude of the weak magnetic moment increases initially belowTN , is zero atT* 58.5 K,
and increases again at lowered temperature. The sign of low-field magnetization at any given temperature is
determined by the sample’s magnetic prehistory and the signs are opposite from each other atT,T* and
T* ,T,TN . This behavior suggests that Ni(HCOO)2•2H2O is a weak ferrimagnet andT* is a compensation
point. The magnetic properties of Ni(HCOO)2•2H2O can be understood by taking into account the features of
its crystal structure. There are two nonequivalent Ni sites in the monoclinicP21 /c structure of this compound,
forming two magnetic subsystems. Each of these subsystems is weakly ferromagnetic due to the canting of
predominantly antiferromagnetic sublattices. The weak ferromagnetic moments of these subsystems are ori-
ented opposite from each other, resulting in weak ferrimagnetism. The model proposed explains the main
features of the experimentally observed phenomena.

DOI: 10.1103/PhysRevB.67.224422 PACS number~s!: 75.30.2m, 75.50.2y, 75.60.2d
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I. INTRODUCTION

The phenomenon of ferrimagnetism is associated wit
partial cancellation of antiferromagnetically aligned ma
netic sublattices with different values of magnetic mome
and/or different temperature dependencies of magnetiza
It has been well studied in ferrites1,2 and recently in various
inorganic3,4 and molecular transition-metal complexes.5–10

Ferrimagnetic behavior is observed frequently in compou
containing different magnetic ions. It can also be seen
materials containing only one type of magnetic ions but w
either different valence states or different crystallograp
positions.11,12 In the latter case the origin of ferrimagnetis
lies in the difference of molecular fields acting on no
equivalent magnetic sites.

In some ferrimagnets~according to the Ne´el’s classifica-
tion, it is N-type ferrimagnets13! the total magnetization of a
substance becomes zero at a certain compensation tem
ture T* . Both above and below this temperature the mag
tization of different sublattices prevails. In this case mag
tization reversal can be observed. In weak magnetic fi
~less than the field of coercivity! the magnetization change
sign at the compensation temperature. The metastable ‘
magnetic’’ state at a certain temperature range can be fi
by magnetocrystalline anisotropy.2

Much rarer is the observation of magnetization reversa
canted antiferromagnets, where the weak ferromagnetic
ment is due to the tilting of sublattice magnetizations. T
single-ion magnetic anisotropy itself can fix the directions
sublattice magnetizations tilted from antiparallel alignmen14

On other hand, the canting of antiferromagnetic sublatti
can be due to antisymmetric Dzyaloshinsky-Mori
interaction,15–17 which favors perpendicular orientations
the sublattice magnetizations. Very few canted antiferrom
nets show compensation point and magnetization reve
These phenomena were observed in YVO3 single crystals
0163-1829/2003/67~22!/224422~7!/$20.00 67 2244
a
-
s
n.

s
n

c

ra-
-
-

ld

ia-
ed

n
o-
e
f

s

g-
al.

and were treated on the basis of competition between
single-ion anisotropy and Dzyaloshinsky-Moriy
interaction.18,19 In orthoferrites Y(FeCr)O3 the ferrimagneti-
clike behavior and compensation point were ascribed
competition of the Dzyaloshinsky-Moriya interactions b
tween different magnetic ions.20

Herein, we report the observation of weak ferrima
netism, compensation point, and magnetization reversa
the nickel ~II ! formate dihydrate Ni(HCOO)2•2H2O. The
magnetic and thermal properties of isostructural dihydra
formates of transition metals were extensively studied in
1970s. The interest was due to the specific layered arra
ment of metal ions in the crystal structure of these co
pounds. Within layers the metal ions are either linked
formate groups or they are not. This alternate stacking
coupled and uncoupled metal ions suggested the reduce
mensionality of the magnetic subsystem. The interlayer
teraction through the formate groups was taken into acco
also, but was considered to be much weaker than the in
layer one. The predominantly antiferromagnetic ordering
Néel temperatureTN53.72 K in Mn(HCOO)2•2H2O,21–24

at TN53.74 K in Fe(HCOO)2•2H2O,24–27 at TN55.1 K in
Co(HCOO)2•2H2O,24 and at TN515.5 K in Ni(HCOO)2
•2H2O ~Refs. 24,25, and 27! was established. In the Ni
based formate long-range ordering was suggested to o
only within strongly coupled layers atTN , while the metal
ions in neighboring layers were considered to remain ess
tially independent even at low temperatures.25 It was
suggested24 that the metal ions within magnetically couple
layers were set into canted antiferromagnetic states be
TN . It was argued,27 however, that either ferrimagnetism o
weak ferromagnetism of the canted antiferromagnet could
responsible for the spontaneous moment at low temperatu
Either of these situations is compatible with the crystal str
ture of dihydrated formates but the origin of the spontane
moment in Mn- and Fe-based formates remains unclea
©2003 The American Physical Society22-1
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was not established explicitly whether the Ni-based form
possesses a nonzero moment belowTN .

This paper is organized in the following manner. First, t
crystal structure of Ni(HCOO)2•2H2O is described. Then
the results of magnetization are presented and it is conclu
that this compound is a weak ferrimagnet. A model of t
magnetic structure of nickel formate dihydrate is sugges
and a molecular-field theory for this model is given. A com
parison of the results of calculation with experimental d
and a discussion are provided.

II. CRYSTAL STRUCTURE

Ni(HCOO)2•2H2O crystallizes in the monoclinicP21 /c
space group and includes 4 f.u. in the unit cell witha
50.860 nm,b50.706 nm,c50.921 nm, andb596.5°.22 It
is of light blue color and presumably insulating. The stru
ture, shown in Fig. 1, contains two kinds of Ni21 ions: the
Ni1 with six oxygen atoms of different formate ions as ne
est neighbors, the Ni2 with four water molecules, and two
formate oxygen atoms coordinated. In both Ni1 and Ni2 sub-
systems the octahedrons coordinating the Ni ions are ti
with respect to each other. The fourfold axes of NiO6 octa-
hedrons are oriented differently with respect to the crys
lattice axes. In the Ni1 subsystem the fourfold axes li
mainly in the a-b crystal plane and are tilted forc1/2
522.5° in opposite directions from thea axis. In the Ni2
subsystem the fourfold axes also lie mainly in thea-b plane
and are tilted forc2/2557.5° from thea axis. The slight
deviations of NiO6 fourfold axes from thea-b plane will be
taken into account below.

III. EXPERIMENT

Magnetic properties of commercially available~Waco
Company! powder samples of Ni(HCOO)2•2H2O were
measured by the Quantum Design superconducting quan
interference device magnetometer in a 2–300-K tempera

FIG. 1. The crystal structure of Ni(HCOO)2•2H2O in polyhe-
dral representation. The octahedrons NiO6 belonging to Ni1 and Ni2
subsystems are of light and dark shades, respectively. Note
each subsystem contains two kinds of octahedrons tilted with
spect to each other. The dark circles denote the C ions, while th
ions are not shown for clarity. The solid lines indicate the excha
interaction links between Ni ions.
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range up to 5 T. X-ray analysis confirmed the single phase
the title compound in the measured sample.

The temperature dependencies of magnetization of
Ni(HCOO)2•2H2O powder sample taken in zero-field
cooling ~ZFC! and field-cooling~FC! regimes atH50.01 T
are shown in Fig. 2. At heating in the ZFC regime the sam
shows first a large ‘‘paramagnetic’’ response at low tempe
tures, then the magnetic moment gradually decreases
increasing temperature, changes to ‘‘diamagnetic’’ atT*
58.5 K, and once again becomes paramagnetic above
K. At subsequent cooling in the FC regime the magne
behavior of the sample at low temperatures appears to
mirrorlike with respect to magnetization sign as compa
with ZFC measurements. The magnetization reversal was
served only at low magnetic field. At higher fields the ma
netic moment monotonously increases at lowering temp
ture, showing only weak singularity at 15.5 K. This is
complete accordance with earlier observations.25

TheM vs H curves in the range 2–15 K are shown in Fi
3. These curves are ferromagneticlike, i.e., they show a sp
taneous magnetic moment. The temperature dependenc
the spontaneous magnetic moment of Ni(HCOO)2•2H2O is
shown in Fig. 4. The saturation magnetization at low te
peratures is two orders-of-magnitude smaller than that co
sponding to the parallel alignment of Ni21 magnetic mo-
ments. The ferromagneticlike character of the curves sho
is supported by hysteretic behavior of magnetization. T

at
e-
H
e

FIG. 2. The temperature dependencies of magnetization
Ni(HCOO)2•2H2O at H50.01 T taken in zero-field-cooling and
field-cooling regimes.

FIG. 3. The magnetization curves of Ni(HCOO)2•2H2O. The
inset shows theoretical~solid line! and experimental (L) M vs H
dependencies atT52 K.
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WEAK FERRIMAGNETISM, COMPENSATION POINT, . . . PHYSICAL REVIEW B 67, 224422 ~2003!
magnetization loops of Ni(HCOO)2•2H2O taken at severa
temperatures are shown in Fig. 5, and the low-field regio
enlarged in Fig. 6. Evidently, the remanent magnetizat
decreases with increasing temperature, is close to zer
vicinity of T* , increases again at increasing temperature,
vanishes above 15.5 K.

Therefore, the experimental data presented suggest
below TN515.5 K a weakly ferrimagnetic state i
Ni(HCOO)2•2H2O is realized, andT* 58.5 K is a compen-
sation temperature. The temperature dependence of h
field magnetic susceptibilityx in the magnetically ordered
state obtained from the slope of magnetization curves aH
;1 T is shown in Fig. 7. This dependence is quite unus
for magnetically ordered compounds, i.e.,x increases at de
creasing temperature.

The paramagnetic susceptibilityxpara of Ni(HCOO)2
•2H2O was measured in a wide range from the Ne´el point to
room temperature. At high temperaturesxpara follows the
Curie-Weiss law with paramagnetic Curie temperatureQ
5215.5 K and an effective magnetic momentme f f
53.14mB . An experimental value ofme f f is a typical one for
Ni21 ions in various compounds and exceeds the spin o
part 2.82mB . This means that the orbital moment is not co
pletely quenched in a crystal field. A negative value ofQ
implies that the main exchange interaction in Ni(HCOO2

FIG. 4. The experimental (s) and theoretical~solid line! tem-
perature dependencies of the spontaneous magnetic mome
Ni(HCOO)2•2H2O.

FIG. 5. The magnetization loops of Ni(HCOO)2•2H2O taken at
various temperatures atT,TN .
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•2H2O is antiferromagnetic. When approachingTN , the
xpara deviates from the Curie-Weiss law as shown in Fig.

IV. MODEL

The crystal structure considerations indicate that the
perexchange pathways between Ni ions can be real
through Ni–O–C–O–Ni links. As noted earlier, both Ni1
and Ni2 subsystems contain two kinds of Ni ions with di
ferent orientations of octahedral environments. Con
quently, it is natural to represent each Ni subsystem as c
sisting of two sublattices, namely, Ni18, Ni19 and Ni28, Ni29.
The superexchange Ni–O–C–O–Nilinks exist between Ni18
and Ni19 and also between Ni18 and Ni28, and Ni19 and Ni29.
Therefore, each Ni18 ion interacts with four-nearest
neighboring Ni19 ions and two-nearest-neighboring Ni28 ions.
The same is true for Ni19 ions. There is no Ni–O–C–O–Ni
superexchange pathway within the Ni2 subsystem. This
means that in the absence of Ni1 - Ni2 exchange interactions
the Ni2 subsystem can be considered paramagnetic.
same exchange interactions pattern was used to analyz
magnetic properties of Ni(HCOO)2•2H2O in Ref. 24.
Within Ni–O–C–O–Ni links the angles of superexchang
interaction lie in the range 122°2137°, suggesting the pre
dominance of antiferromagnetic interaction.28,29 The param-

of

FIG. 6. The low-field regions of hysteresis loops
Ni(HCOO)2•2H2O taken at various temperatures atT,TN .

FIG. 7. The experimental~line1symbol! and theoretical~solid
line! temperature dependencies of high-field magnetic susceptib
of Ni(HCOO)2•2H2O at T,TN .
2-3
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KAGEYAMA, KHOMSKII, LEVITIN, AND VASIL’EV PHYSICAL REVIEW B 67, 224422 ~2003!
eters of different pathways, i.e., angles and interatomic
tances, are close to each other. In the first approximation
exchange interactions through these links can be consid
equal. This approximation significantly simplifies the d
scription of magnetic properties of Ni(HCOO)2•2H2O, but
is not critical. The magnetic structure corresponding to
pattern of exchange interactions described is shown in Fig
The superexchange pathways are shown by solid lines.
structure is drawn in simplest exchange approximation
does not take into account the crystal-field effects leading
the single-ion anisotropy. The crystal-field effects fix the o
entations of different Ni magnetic moments in different d
rections with respect to crystallographic axes and resul
tilting of these moments from antiparallel alignment. T
model suggested is oversimplified in the sense that it
sumes a unique exchange interaction parameter within
magnetic system of Ni(HCOO)2•2H2O. Another assump-
tion is that the principal axes of NiO6 octahedrons lie in the
a-b plane and the model neglects their slight deviations fr

FIG. 8. The inverse paramagnetic susceptibility
Ni(HCOO)2•2H2O atT.TN . The experimental data are shown b
symbols. The solid line represents the Curie-Weiss law. The do
line represents the results of calculation by Eq.~11!.

FIG. 9. The proposed magnetic structure of Ni(HCOO2

•2H2O. The pathways of exchange interaction are shown by s
lines. The Ni ions belonging to two different sublattices within bo
Ni1 and Ni2 subsystems are represented by four different symb
22442
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this plane. The model does not take into account an antis
metric Dzyaloshinsky - Moriya interaction, which can lea
also to weak ferromagnetism.

The properties of Ni(HCOO)2•2H2O in the framework of
the model suggested above can be described using the
lowing expression for free energy:

E54lM18M1912l~M18M281M19M29!1KNi1
sin2w18

1KNi1
sin2w191KNi2

sin2w281KNi2
sin2w29

2H~M181M191M281M29!, ~1!

wherel5Ig2mB
2 is the molecular-field coefficient,I is the

exchange interaction parameter,g is theg factor, anduM18u
5uM19u5M1 and uM28u5uM29u5M2 are the magnetic mo
ments of Ni1 and Ni2 sublattices. The first term in Eq.~1!
describes the exchange interactions within the Ni1 sub-
system, and the second term describes the exchange int
tions between Ni1 and Ni2 subsystems. The next four term
describe the energy of magnetic anisotropy. TheKNi1

and

KNi2
are constants of the single-ion magnetic anisotropy

different Ni subsystems. The anglesw185w195w1 andw28
5w295w2 are the angles between the axes of anisotropy
magnetic moments of corresponding Ni ions~see Fig. 10!. It
is natural to assume that the axes of anisotropy coincide w
the principal axes of NiO6 octahedrons. The last term in Eq
~1! is the Zeeman energy.

d

id

s.

FIG. 10. The model of the weak ferrimagnetic structure
Ni(HCOO)2•2H2O. The magnetic momentsM18 , M19 , M28 , and
M29 of different Ni ions are assumed to lie in thea-b plane. The
dotted lines show the orientations of the principal axes~easy direc-
tions of magnetization! Z18 , Z19 , Z28 , andZ29 of different NiO6

octahedrons. The angles between easy directions of magnetiz
and thea axis arec18/25c19/25c1/2 and c28/25c29/25c2/2.
The deviations from antiparallel alignment of magnetic mome
within Ni1 and Ni2 subsystems are designated as« and d, corre-
spondingly. The anglesw185w195w1 and w285w295w2 give the
deviations of corresponding magnetic moments from easy di
tions of magnetization.
2-4
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The minimization of Eq.~1! with respect tow1 and w2
angles gives the equilibrium orientations of Ni magnetic m
ments. The type of the resulting magnetic structure depe
on the signs and values ofKNi1

and KNi2
. At KNi1

.0 and

KNi2
,0 the Ni magnetic moments lie in thea-b plane as

shown in Fig. 9. According to this arrangement each Ni s
system is weakly ferromagnetic and these weakly ferrom
netic moments are oriented antiparallel to each other be
aligned along theb axis. Therefore, the resulting magnet
structure of Ni(HCOO)2•2H2O is a weakly ferrimagnetic
one. The reversal ofKNi1

and KNi2
signs results in a 90°
of

g

n

rre

m

22442
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ds
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g

rotation of the magnetic structure in thea-b
plane. Below we consider a magnetic structure shown
Fig. 10.

Assuming that the crystal-field energy for Ni ions is mu
smaller than the energy of the exchange interaction, de
tions from the antiparallel alignment will be small. In N1
and Ni2 subsystems these deviations will be denoted« and
d, correspondingly~see Fig. 10!. The minimization of free
energy given by Eq.~1! at H50 allows to obtain the devia
tions of magnetic moments« andd from antiparallel align-
ment within both Ni1 and Ni2 subsystems:
«52
m~q1sinc12q2sinc2!12q1q2sinc1cosc2

2@m~21q1cosc11q2cosc2!12q2~2 cosc21q1cosc1cosc2!#
, ~2!

d5
m~q1sinc12q2sinc2!12q2~2 sinc21q1cosc1cosc2!

2@m~21q1cosc11q2cosc2!12q2~2 cosc21q1cosc1cosc2!#
. ~3!
The anglesc1 and c2 are the angles between axes
anisotropy within Ni1 and Ni2 subsystems,q15KNi1

/2IM 1
2,

q25KNi2
/2IM 1

2, andm5M1 /M2. The resulting weak ferri-
magnetic moment in this model is
Mtotal5M1~«1md!/2 ~4!

or taking into account the expressions for« andd,
Mtotal5
M1m2~q1sinc12q2sinc2!

4@m~21q1cosc11q2cosc2!12q2~2 cosc21q1cosc1cosc2!#

2
M1m~q1sinc113q2sinc212q1q2cosc1cosc2!

4@m~21q1cosc11q2cosc2!12q2~2 cosc21q1cosc1cosc2!#

2
M12q1q2sinc1sinc2

4@m~21q1cosc11q2cosc2!12q2~2 cosc21q1cosc1cosc2!#
. ~5!
t

This formula describes the evolution of the weak ma
netic moment of Ni(HCOO)2•2H2O with temperature. To
calculate the temperature dependence ofMtotal , the M1(T)
and M2(T) dependencies as well asKNi1

(T) and KNi2
(T)

dependencies should be used. The temperature depende
of molar sublattice magnetizationsM1 andM2 can be calcu-
lated within the exchange approximation through the co
sponding Brillouin functionsBS ,

M15gSmBNABS@gSmBI ~4M112M2!/kBT#, ~6!

M25gSmBNABS@gSmBI ~2M1!/kBT#, ~7!

where S51 is a spin of Ni21 ions andNA is Avogadro’s
number.

The constants of single-ion anisotropy change with te
perature as follows:30
-

cies

-

-

KNi1
~T!5KNi1

~0! Î 5/2$L
21@M1~T!#/M ~0!%, ~8!

KNi2
~T!5KNi2

~0! Î 5/2$L
21@M2~T!#/M ~0!%, ~9!

whereÎ 5/2 is a normalized Bessel function;L21 is an inverse
Langevin function;KNi1

(0), KNi2
(0), andM (0) are single-

ion anisotropy constants; and the magnetic moment aT
50 K.

Equations~6! and~7! give the following formulas for the
Néel temperature:

TN52CI~A211!, ~10!

whereC5g2S(S11)NAmB
2/3kB .

The paramagnetic susceptibility above the Ne´el point TN
in this model is
2-5
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KAGEYAMA, KHOMSKII, LEVITIN, AND VASIL’EV PHYSICAL REVIEW B 67, 224422 ~2003!
xpara5
C

T14CI24C2I 2/T
. ~11!

Clearly, thexpara deviates from the Curie-Weiss law a
lowering temperature, reflecting the existence of two diff
ent magnetic subsystems in Ni(HCOO)2•2H2O. Equation
~11! represents a simplified expression for paramagnetic
ceptibility of the ferrimagnet~Néel’s law!. The simplification
arises from the facts that both magnetic subsystems are
stituted by the same ions and the exchange interaction w
one of them is absent. The inverse paramagnetic suscep
ity becomes zero at

Q852CI~A221!. ~12!

In exchange approximation it is possible also to calcul
the molar transverse magnetic susceptibility in the magn
cally ordered state, i.e., below the Ne´el point,

xanti f5
NA~11m!2

16I
. ~13!

Note that the temperature dependence ofxanti f is not
trivial. It increases at lowering temperature due to the f
that the Ni2 subsystem itself is paramagnetic in the abse
of exchange interaction with the Ni1 subsystem.

V. DISCUSSION

The experimental data available for Ni(HCOO)2•2H2O
can be compared with results of analytical and numer
calculations within the model proposed. Equation 10 allo
to estimate the exchange interaction coefficientI 53.9 K
from the value of the Ne´el temperatureTN515.5 K.31 Using
this value of the exchange interaction coefficient the pa
magnetic Curie temperature extrapolated from the hi
temperature region isQ524CI5212.7 K @see Eq.~11!#,
which is close to the experimentally determined va
Q5215.5 K. The temperature dependence of inverse p
magnetic susceptibilityxpara

21 calculated from Eq.~11! is
shown in Fig. 8 by the dotted line. This theoretical depe
dence coincides with the experimental dependence i
broader temperature range than that of the Curie-Weiss
The extrapolated valueQ853.6 K is close to the theoretica
estimateQ852.6 K.

The temperature dependencies of sublattices magne
tion M1(T) and M2(T) were calculated from Eqs.~6! and
~7!. These dependencies along with the ratiom(T)
5M1(T)/M2(T) are plotted in Fig. 11. The difference i
behavior of Ni1 and Ni2 subsystems is clearly seen fro
these dependencies. While the magnetization of the Ni1 sub-
system closely follows the behavior of the typical ferroma
net or antiferromagnet, the magnetization of the Ni2 sub-
system strongly deviates from this behavior. This is due
the fact that the exchange interaction within the Ni2 sub-
system does not exist and it orders magnetically only du
the exchange interaction with the Ni1 subsystem.

The temperature dependence of transverse magnetic
ceptibility xanti f in the magnetically ordered state calculat
22442
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from Eq. ~13! is in correspondence with experimental da
as shown in Fig. 7. To make this comparison we assum
that the magnetic susceptibility of the powder sample at h
magnetic field is that of the transverse the magnetic sus
tibility of the single crystal. The theoretical and experimen
curves are qualitatively similar, but experimentally foun
values are somewhat larger than the calculated ones.
can be due to the presence of a small amount of param
netic impurities in the sample.

The physical scenario for the appearance of the comp
sation point at temperature dependence of weak magne
tion of Ni(HCOO)2•2H2O in the model presented is as fo
lows. At cooling below the Ne´el temperature the wea
magnetization of the Ni1 subsystem exceeds that of the N2
subsystem. This occurs becauseM1(T) dependence is much
steeper thanM2(T) dependence in the vicinity ofTN . At
further cooling, the values of Ni1 and Ni2 sublattice magne-
tization approach each other. If magnetic anisotropy in
Ni2 subsystem is ‘‘larger’’ than that of the Ni1 subsystem, at
low temperatures the weak magnetization of the Ni2 sub-
system will prevail. The temperature dependence of the w
ferrimagnetic momentMtotal is determined not only by sub
lattice magnetizationsM1(T) andM2(T) but also by single-
ion anisotropiesKNi1

(T) andKNi2
(T) @see Eq.~5!#. To deter-

mine Mtotal vs T dependence the absolute values ofKNi1
(0)

andKNi2
(0) were calculated from the values ofMtotal50 at

a compensation temperatureT* and Mtotal at saturation of
both Ni1 and Ni2 magnetic subsystems atT50 K, i.e., at
m51. Taking into account that the experimental data w
obtained from a powder sample we will assume that
weak ferromagnetic moment observed corresponds rou
to one-third of that ofMtotal . At T50 K, the anisotropy
constants KNi1

(0)56.433108 erg/mole and KNi2
(0)

521.863108 erg/mole.Mtotal(T) calculated from Eq.~5!
is shown in Fig. 4. Good correspondence between exp
mental and theoretical curves is clearly seen.

The field dependencies of magnetization of Ni(HCOO2
•2H2O at low temperatures are nonlinear and differ fro
that expected for a typical two sublattice antiferromagn

FIG. 11. The temperature dependencies of reduced magne
tions M1(T)/M (0) of Ni1 (s) andM2(T)/M (0) of Ni2 (L) sub-
lattices along with the ratiom(T)5M1(T)/M2(T) (d).
2-6
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WEAK FERRIMAGNETISM, COMPENSATION POINT, . . . PHYSICAL REVIEW B 67, 224422 ~2003!
The calculations within the framework of our model indica
that this behavior is due to the presence of two nonequiva
interacting magnetic subsystems. The theoreticalMtotal vs H
dependence forH parallel to theb axis of the single crystal a
T52 K is represented in the inset to Fig. 3. Though t
experimental data are obtained from the powder sample
calculations are performed for a single crystal, the nonline
ity of both M vs H curves is clearly seen.

VI. CONCLUSION

This paper presents the results of experimental and th
retical studies of magnetic properties of the nickel~II ! for-
mate dihydrate Ni(HCOO)2•2H2O. At TN515.5 K this
compound undergoes a transition to a magnetically orde
state, exhibiting peculiar magnetic properties: a weak sp
taneous ferromagneticlike moment, compensation point,
the phenomenon of magnetization reversal. It is conclu
that Ni(HCOO)2•2H2O is a weak ferrimagnet at low tem
peratures.

Weak ferrimagnetism arises from the competition of we
ferromagnetic moments of two nonequivalent canted anti
romagnetic Ni1 and Ni2 subsystems. The deviations fro
antiparallel alignment of magnetic moments within the
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