PHYSICAL REVIEW B 67, 224422 (2003

Weak ferrimagnetism, compensation point, and magnetization reversal in NHCOO),-2H,0
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The nickel (I1) formate dihydrate Ni(HCOQ)2H,O shows a peculiar magnetic responseTat Ty
=15.5 K. The magnitude of the weak magnetic moment increases initially bBlawis zero atT* =8.5 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 dthér*aand
T* <T<Ty. This behavior suggests that Ni(HCO®2H,O is a weak ferrimagnet anf* is a compensation
point. The magnetic properties of Ni(HCOOQPH,O can be understood by taking into account the features of
its crystal structure. There are two nonequivalent Ni sites in the mono@&jéc 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 nunider75.30—m, 75.50-y, 75.60—d

[. INTRODUCTION and were treated on the basis of competition between the
single-ion anisotropy and Dzyaloshinsky-Moriya
The phenomenon of ferrimagnetism is associated with anteraction:®°In orthoferrites Y(FeCr)@the ferrimagneti-
partial cancellation of antiferromagnetically aligned mag-clike behavior and compensation point were ascribed to
netic sublattices with different values of magnetic momentssompetition of the Dzyaloshinsky-Moriya interactions be-
and/or different temperature dependencies of magnetizatiotween different magnetic iorfS.
It has been well studied in ferrittéand recently in various Herein, we report the observation of weak ferrimag-
inorgani¢* and molecular transition-metal complexes®  netism, compensation point, and magnetization reversal in
Ferrimagnetic behavior is observed frequently in compoundghe nickel (II) formate dihydrate Ni(HCOQ) 2H,O. The
containing different magnetic ions. It can also be seen irmagnetic and thermal properties of isostructural dihydrated
materials containing only one type of magnetic ions but withformates of transition metals were extensively studied in the
either different valence states or different crystallographicl970s. The interest was due to the specific layered arrange-
positions*1? In the latter case the origin of ferrimagnetism ment of metal ions in the crystal structure of these com-
lies in the difference of molecular fields acting on non-pounds. Within layers the metal ions are either linked by
equivalent magnetic sites. formate groups or they are not. This alternate stacking of
In some ferrimagnetgaccording to the Nel's classifica- coupled and uncoupled metal ions suggested the reduced di-
tion, it is N-type ferrimagnetS) the total magnetization of a mensionality of the magnetic subsystem. The interlayer in-
substance becomes zero at a certain compensation tempeteraction through the formate groups was taken into account
ture T*. Both above and below this temperature the magnealso, but was considered to be much weaker than the intra-
tization of different sublattices prevails. In this case magnelayer one. The predominantly antiferromagnetic ordering at
tization reversal can be observed. In weak magnetic fieldNeel temperatureTy=3.72 K in Mn(HCOO)-2H,0,%~%*
(less than the field of coercivitthe magnetization changes at Ty=3.74 K in Fe(HCOO)-2H,0,%*"*"at Ty=5.1 K in
sign at the compensation temperature. The metastable “dig&o(HCOO),- 2H,0,%* and atTy=15.5 K in Ni(HCOO),
magnetic” state at a certain temperature range can be fixed2H,0 (Refs. 24,25, and 27was established. In the Ni-
by magnetocrystalline anisotropy. based formate long-range ordering was suggested to occur
Much rarer is the observation of magnetization reversal ironly within strongly coupled layers &ty, while the metal
canted antiferromagnets, where the weak ferromagnetic maens in neighboring layers were considered to remain essen-
ment is due to the tilting of sublattice magnetizations. Thetially independent even at low temperatuféslt was
single-ion magnetic anisotropy itself can fix the directions ofsuggeste® that the metal ions within magnetically coupled
sublattice magnetizations tilted from antiparallel alignniént. layers were set into canted antiferromagnetic states below
On other hand, the canting of antiferromagnetic sublatticed . It was argued’ however, that either ferrimagnetism or
can be due to antisymmetric Dzyaloshinsky-Moriyaweak ferromagnetism of the canted antiferromagnet could be
interaction*>~*” which favors perpendicular orientations of responsible for the spontaneous moment at low temperatures.
the sublattice magnetizations. Very few canted antiferromagkither of these situations is compatible with the crystal struc-
nets show compensation point and magnetization reversahre of dihydrated formates but the origin of the spontaneous
These phenomena were observed in YV€ingle crystals moment in Mn- and Fe-based formates remains unclear. It
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FIG. 2. The temperature dependencies of magnetization of

Ni(HCOO),-2H,0 at H=0.01 T taken in zero-field-cooling and
FIG. 1. The crystal structure of Ni(HCO®)2H,O in polyhe- field-cooling regimes.

dral representation. The octahedrons Ni@longing to Nj and Ni
subsystems are of “ght and da.rk shades, reSpeCt'vgly' Note th?énge up to 5 T. X-ray analysis confirmed the single phase of
each subsystem contains two kinds of octahedrons tilted with re; . .
spect to each other. The dark circles denote the C ions, while the Ilhe title compound in the measu_red sample. L
ions are not shown for clarity. The solid lines indicate the exchange _The temperature dependencies of magn§t|zat|on _Of the
interaction links between Ni ions. Ni(HCOO),-2H,0 powder sample taken in zero-field-

cooling (ZFC) and field-cooling(FC) regimes aH=0.01 T
was not established explicitly whether the Ni-based format@;]e shofyvn in lF'g' 2;‘At heating n t"he ZFC reg|m|e the sample
possesses a nonzero moment beTy shows first a large “paramagnetic” response at low tempera-

This paper is organized in the following manner. First, thef[ures, then the magnetic moment gradually decreases with

crystal structure of Ni(HCOQ) 2H,0 is described. Then, increasing temperature.’ changes to “diamagqetic"Tét

the results of magnetization are presented and it is conclud _S,ft K, Snd onc? agall!n be.:cotrr:]esFr():aram.agnetEc above 15 S

that this compound is a weak ferrimagnet. A model of the .h su sfectqﬁen COOI Ingtlln f re?lme € magrle 'g

magnetic structure of nickel formate dihydrate is suggeste@e_ avior of the sample at fow temperaiures appears to be

and a molecular-field theory for this model is given. A com- m_|rrorI|ke with respect to magnetlzatl_on sign as compared

parison of the results of calculation with experimental dataW'th ZFC measurements. The_magnet|;at|on (eversal was ob-

and a discussion are provided. served only at low magnetic field. At higher fields the mag-
netic moment monotonously increases at lowering tempera-
ture, showing only weak singularity at 15.5 K. This is in

Il. CRYSTAL STRUCTURE complete accordance with earlier observatiths.

Ni(HCOO),- 2H,0 crystallizes in the monoclini®2,/c TheMvsH curves in the range 2._15. K are shown in Fig.
space group and includes 4 f.u. in the unit cell with 3. These curves are ferromagneticlike, i.e., they show a spon-
—0.860 nm.b=0.706 nm.c=0 921 nm, ang8=96.5° 22 It taneous magnetic moment. The temperature dependence of
is of light blue color and presumably insulating. The struc-the spontaneous magnetic moment of N!(HQQQHZO IS
ture, shown in Fig. 1, contains two kinds ofNiions: the shown in F'g' 4. The saturation magnetization at low tem-
Ni; with six oxygen atoms of different formate ions as near_pera’[ures is two orders-of-magnitude smaller than that corre-

est neighbors, the Bliwith four water molecules, and two ;pgr?tg'n_?héofé?ﬁ)mp:rar:ﬁlicﬁ:lgenggggc?éﬂf T;']Zggjrt\';;gﬁ;own
formate oxygen atoms coordinated. In both Ehd Ni sub- ‘ 9

systems the octahedrons coordinating the Ni ions are tiltet® supported by hysteretic behavior of magnetization. The

with respect to each other. The fourfold axes of Ni@ta-
hedrons are oriented differently with respect to the crystal
lattice axes. In the Ni subsystem the fourfold axes lie
mainly in the a-b crystal plane and are tilted fog,/2 L
=22.5° in opposite directions from the axis. In the Nj s & e
subsystem the fourfold axes also lie mainly in thé plane S B R
and are tilted fory,/2=57.5° from thea axis. The slight
deviations of NiQ fourfold axes from the-b plane will be
taken into account below.
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Magnetic properties of commercially availabl®/aco

Company powder samples of Ni(HCOQ)2H,O were FIG. 3. The magnetization curves of Ni(HCOQ2H,O. The
measured by the Quantum Design superconducting quantuliiset shows theoreticdsolid line) and experimental ¢) M vs H
interference device magnetometer in a 2—300-K temperaturgependencies &t=2 K.
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Ni(HCOO),- 2H,0 taken at various temperaturesTat T, .
FIG. 4. The experimental@) and theoretical(solid line) tem-
perature dependencies of the spontaneous magnetic moment c2H,O is antiferromagnetic. When approachifg,, the
Ni(HCOO),- 2H,0. Xpara deviates from the Curie-Weiss law as shown in Fig. 8.

magnetization loops of Ni(HCOQ)2H,O taken at several
temperatures are shown in Fig. 5, and the low-field region is
enlarged in Fig. 6. Evidently, the remanent magnetization The crystal structure considerations indicate that the su-
decreases with increasing temperature, is close to zero erexchange pathways between Ni ions can be realized
vicinity of T*, increases again at increasing temperature, anthrough Ni-O—-C-O-Nilinks. As noted earlier, both Ni
vanishes above 15.5 K. and Nj subsystems contain two kinds of Ni ions with dif-
Therefore, the experimental data presented suggest thigrent orientations of octahedral environments. Conse-
below Ty=15.5K a weakly ferrimagnetic state in quently, it is natural to represent each Ni subsystem as con-
Ni(HCOO),- 2H,0 is realized, and* =8.5 K is a compen-  sisting of two sublattices, namely, i Ni;» and Ni/, Niy.
sation temperature. The temperature dependence of higfihe superexchange NO—C—O-Nilinks exist between Ni
field magnetic susceptibility in the magnetically ordered and Ni» and also between Niand Ni,, and Ni» and Ni.
state obtained from the slope of magnetization curveld at Therefore, each Ni ion interacts with four-nearest-
~1 T is shown in Fig. 7. This dependence is quite unusuaheighboring Nj. ions and two-nearest-neighboring,Nions.
for magnetically ordered compounds, i.g.increases at de- The same is true for Niions. There is no Nt\O—C—O-Ni
creasing temperature. superexchange pathway within the ,Nsubsystem. This
The paramagnetic susceptibility,,r, of Ni(HCOO),  means that in the absence of;NiNi, exchange interactions
-2H,0 was measured in a wide range from theeNeointto  the Ni, subsystem can be considered paramagnetic. The
room temperature. At high temperaturgs,, follows the ~ same exchange interactions pattern was used to analyze the
Curie-Weiss law with paramagnetic Curie temperatGre magnetic properties of Ni(HCO®)2H,O in Ref. 24.
=—15.5K and an déctive magnetic momentu.;;  Within Ni-O-C—-O-Nilinks the angles of superexchange
=3.14ug . An experimental value of.¢; is a typical one for  interaction lie in the range 122°137°, suggesting the pre-
Ni2* ions in various compounds and exceeds the spin onlylominance of antiferromagnetic interactidtt’ The param-
part 2.824g . This means that the orbital moment is not com-
pletely quenched in a crystal field. A negative value®f o6l
implies that the main exchange interaction in Ni(HCQO) ...

IV. MODEL
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FIG. 7. The experimentdline+symbo) and theoreticalsolid
FIG. 5. The magnetization loops of Ni(HCOOPH,O taken at  line) temperature dependencies of high-field magnetic susceptibility
various temperatures &a<Ty . of Ni(HCOO),-2H,0 atT<Ty.

224422-3



KAGEYAMA, KHOMSKII, LEVITIN, AND VASILEV PHYSICAL REVIEW B 67, 224422 (2003

b

60 ~

1/ (mol/emu)
T

T (K)

FIG. 8. The inverse paramagnetic susceptibility of
Ni(HCOOQ),-2H,0 atT>Ty. The experimental data are shown by
symbols. The solid line represents the Curie-Weiss law. The dotted
line represents the results of calculation by Ei).

FIG. 10. The model of the weak ferrimagnetic structure of
. . . . . Ni(HCOO),-2H,0. The magnetic momentd ., M», M5, , and
eters of different pathways, i.e., angles and interatomic dis; . L o
tances, are close to each other. In the first approximation th2 of different Ni ions are assumed to lie in taeb plane. The
T . . . fotted lines show the orientations of the principal atessy direc-
exchange interactions through these links can be conmderqé

. . . o . . ns of magnetizationZ,:, Z1», Z,,, andZ,, of different NiQ;
equal. This approximation significantly simplifies the de-ycianedrons. The angles between easy directions of magnetization

scription of magnetic properties of Ni(HCOPRH,O, but  ang thea axis are gy /2= 2= yy/2. and iy 12= Yrol2= hyl2.

is not critical. The magnetic structure corresponding to therhe deviations from antiparallel alignment of magnetic moments
pattern of exchange interactions described is shown in Fig. Quithin Ni; and Ni, subsystems are designatedeasnd 8, corre-
The superexchange pathways are shown by solid lines. Thigpondingly. The angles; = ¢1,= ¢, and ¢, = @n= @, give the
structure is drawn in simplest exchange approximation andeviations of corresponding magnetic moments from easy direc-
does not take into account the crystal-field effects leading teions of magnetization.

the single-ion anisotropy. The crystal-field effects fix the ori-

entations of different Ni magnetic moments in different di- this plane. The model does not take into account an antisym-
rections with respect to crystallographic axes and result ifnetric Dzyaloshinsky - Moriya interaction, which can lead
tilting of these moments from antiparallel alignment. Thega|so to weak ferromagnetism.

model suggested is oversimplified in the sense that it as- The properties of Ni(HCOQ) 2H,0 in the framework of

sumes a unique exchange interaction parameter within the model suggested above can be described using the fol-
magnetic system of Ni(HCOQ)2H,O. Another assump- |owing expression for free energy:

tion is that the principal axes of Nioctahedrons lie in the

a-b plane and the model neglects their slight deviations from E=4AM M+ 2 (MM +M M) + KNilsin2<p1r

A Nizll +KNilsinz(P1//+ KNiZSinZ(PZ'—i_KNizSinz(pZ”
_H(M1!+M1H+M2!+M2H), (1)

Where)\=lgz,u§ is the molecular-field coefficient, is the
exchange interaction parametgris the g factor, and|M /|
Nil" =|Mp|=M; and|My|=|My|=M, are the magnetic mo-

Nip'
é 2 : ments of Nj and Nj sublattices. The first term in Eql)
describes the exchange interactions within thg Nib-
: system, and the second term describes the exchange interac-
$ tions between Niand Ni subsystems. The next four terms

b \
L} ¢ Nil' different Ni subsystems. The angles = ¢1»= ¢4 and ¢,

describe the energy of magnetic anisotropy. Ky, and
Kyi, are constants of the single-ion magnetic anisotropy of
= p.n= @, are the angles between the axes of anisotropy and

FIG. 9. The proposed magnetic structure of Ni(HCQO) Magnetic moments of corresponding Ni idisee Fig. 10 It
.2H,0. The pathways of exchange interaction are shown by solidsS Natural to assume that the axes of anisotropy coincide with

lines. The Ni ions belonging to two different sublattices within both the principal axes of Ni@octahedrons. The last term in Eq.
Ni; and Ni, subsystems are represented by four different symbols(1) is the Zeeman energy.
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The minimization of Eq.(1) with respect top; and ¢,  rotation of the magnetic structure in thea-b
angles gives the equilibrium orientations of Ni magnetic mo-plane. Below we consider a magnetic structure shown in
ments. The type of the resulting magnetic structure dependsig. 10.
on the signs and values &fy;, andKy;,. At Ky; >0 and Assuming that the crystal-field energy for Ni ions is much
Kni,<0 the Ni magnetic moments lie in the-b plane as smaller than the energy of the exchange interaction, devia-
shown in Fig. 9. According to this arrangement each Ni subtions from the antiparallel alignment will be small. In ;Ni
system is weakly ferromagnetic and these weakly ferromagand N subsystems these deviations will be denateand
netic moments are oriented antiparallel to each other being, correspondingly(see Fig. 1@ The minimization of free
aligned along theb axis. Therefore, the resulting magnetic energy given by Eq(l) at H=0 allows to obtain the devia-
structure of Ni(HCOO)-2H,0 is a weakly ferrimagnetic tions of magnetic moments and 6 from antiparallel align-
one. The reversal oKy; and Ky;, signs results in a 90° ment within both Nj and Ni subsystems:

_ m(qlSinwl_qZSin ¢2)+2q1q25in ¢1COS¢2
2[m(2+q,1C0Sr, +(,C0SYy) +202(2 COSirr+q1COSY1COSYr,) |’

@

e=

_ m(qssing;—gzsingrp) +20,(2 singr, +;C0SY; COSYr,)
B 2[mM(2+ q1C0Sif1 + 2C0Si,) +20,(2 COSir+ (1C0S1COSY5) |

()

The anglesy; and ¢, are the angles between axes of Mot =M1(g+md)/2 (4)
anisotropy within Nj and N subsystemsqlzKNi1/2IM 2
Q= KNiZ/ZIMi, andm=M,/M,. The resulting weak ferri-

: o . or taking into account the expressions foand 6,
magnetic moment in this model is

M m?(d;Sin g — gasings,)
4 m(2+ q4C0S¥1 + qoC0SYr,) +205(2 COSYr,+ (1COSY1COS,) |

B M 1m(q;Sin ¢y + 30,Sin g, + 20,0,C0SY1COSY,)
4 m(2+ q4COS¥1+ qoC0SYr,) +202(2 COSYr,+ (1COSY1COS5) |

Miotai=

_ M 12Q10,Sing;sing,
4 m(2+ q4C0Si1+ QoC0SYry) +205(2 COSry + (1COSY1COSYrr) |

®

This formula describes the evolution of the weak mag- _ —K.. (o -1
netic moment of Ni(HCOO)-2H,0 with temperature. To Kiiy(T) =K, (O s~ T (D IIM (0}, ®
calculate the temperature dependencégf;,, the M(T) . .
and M,(T) dependencies as well d6y; (T) and Ky (T) Kniy(T) =Kni,(0) 5L TM(T)I/M(0)},  (9)
dependencies should be used. The temperature dependencies . . ) N )
of molar sublattice magnetizationd, andM can be calcu- wherel5,2 is a n'ormahzed Bessel functioh; ~ is an inverse
lated within the exchange approximation through the correl@angevin functionKy; (0), Ky;,(0), andM(0) are single-

sponding Brillouin functionsBg, ion anisotropy constants; and the magnetic momenT at
=0 K.
M1=0SugNaB4 gSugl (4M+2M,)/kgT], (6) Equations(6) and(7) give the following formulas for the
Neel temperature:
M,=9gSugNaBg gSugl (2M1)/kgT], (7)
Ty=2CI(y2+1), (10)
whereS=1 is a spin of N* ions andN, is Avogadro’s
number. whereC=g2S(S+1)Naua/3Kg .
The constants of single-ion anisotropy change with tem- The paramagnetic susceptibility above theeNgoint Ty

perature as follows® in this model is
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C
= 1,0qceccosng
Xpara™ 1 ci—ac2T () 051
Clearly, the xpara deviates from the Curie-Weiss law at 5 ",
lowering temperature, reflecting the existence of two differ- 8o
ent magnetic subsystems in Ni(HCO®2H,O. Equation Boe
(11) represents a simplified expression for paramagnetic sus- Hos]
ceptibility of the ferrimagnetNeel’s law). The simplification %0,4- E
arises from the facts that both magnetic subsystems are con- %J,s-
stituted by the same ions and the exchange interaction within 3027
one of them is absent. The inverse paramagnetic susceptibil- 01
ity becomes zero at 00+
0 2 4 3] 8 10 12 14 16
0'=2CI(y2-1). (12 T

In exchange approximation itis possib'e also to Calcu|ate- FIG. 11. The temperature dependencies of reduced magnetiza-

the molar transverse magnetic susceptibility in the magnetiions Ma(T)/M(0) of Ni; (O) andM3(T)/M(0) of Ni; (¢ sub-
cally ordered state, i.e., below the depoint, lattices along with the ration(T) =My (T)/My(T) (@).

NA(1+m)? from Eg. (13) is in correspondence with experimental data,

Xantit = g™ - 13 a5 shown in Fig. 7. To make this comparison we assumed

that the magnetic susceptibility of the powder sample at high

Note that the temperature dependencexgf.i; is not  magnetic field is that of the transverse the magnetic suscep-
trivial. It increases at lowering temperature due to the factibility of the single crystal. The theoretical and experimental
that the Nj subsystem itself is paramagnetic in the absenceurves are qualitatively similar, but experimentally found

of exchange interaction with the Nsubsystem. values are somewhat larger than the calculated ones. This
can be due to the presence of a small amount of paramag-
V. DISCUSSION netic impurities in the sample.

The physical scenario for the appearance of the compen-

The experimental data available for Ni(HCOO2H,O  sation point at temperature dependence of weak magnetiza-
can be compared with results of analytical and numerication of Ni(HCOO),- 2H,0 in the model presented is as fol-
calculations within the model proposed. Equation 10 allowgows. At cooling below the Nel temperature the weak
to estimate the eXChange interaction coefficiént3.9 K magnetization of the Nisubsystem exceeds that of thez Ni
from the value of the Nel temperaturdy=15.5 K* Using  subsystem. This occurs becaudg(T) dependence is much
this value of the exchange interaction coefficient the parasteeper tharM,(T) dependence in the vicinity ofy. At
magnetic Curie temperature extrapolated from the highfyrther cooling, the values of Niand Ni, sublattice magne-
temperature region i®) = —4Cl=—12.7 K[see Eq.(11)],  tization approach each other. If magnetic anisotropy in the
which is close to the experimentally determined valueNi2 subsystem is “larger” than that of the Nsubsystem, at
©=-15.5 K. The temperature dependence of inverse pargpy temperatures the weak magnetization of the Mlib-
magnetic susceptibilityy .., calculated from Eq(11) is  system will prevail. The temperature dependence of the weak
shown in Fig. 8 by the dotted line. This theoretical depenferrimagnetic momen#,q,, is determined not only by sub-
dence coincides with the experimental dependence in mttice magnetizationM(T) andM,(T) but also by single-
broader temperature range than that of the Curie-Weiss lavgn anisotropie:KNil(T) andKNiz(T) [see Eq(5)]. To deter-

The extrapolated valu®’'=3.6 K is close to the theoretical mine M, vs T dependence the absolute vaIuequ;z,fl(O)

estimate®’ =2.6 K.
The temperature dependencies of sublattices magnetizg—ndKNiz(o) were calculated from the values Wi, =0 at

tion M;(T) and M,(T) were calculated from Eq¢p) and & compensation temperatufé and M at saturation of
(7) These dependencies a|0ng with the ra]]iD(T) both Ni]_ and Nb magnetic subsystems at=0 K, i.e., at
=M,(T)/M,(T) are plotted in Fig. 11. The difference in M=1. Taking into account that the experimental data were
behavior of Ni and Nj, subsystems is clearly seen from obtained from a powder sample we will assume that the
these dependencies. While the magnetization of thestilp- ~ Weak ferromagnetic moment observed corresponds roughly
system closely follows the behavior of the typical ferromag-to one-third of that ofMq. At T=0 K, the anisotropy
net or antiferromagnet, the magnetization of the Nib-  constants Ky; (0)=6.43<10° erg/mole  and Ky;,(0)
system strongly deviates from this behavior. This is due to= —1.86x 10® erg/mole. M., (T) calculated from Eq(5)
the fact that the exchange interaction within the, Nub- is shown in Fig. 4. Good correspondence between experi-
system does not exist and it orders magnetically only due tonental and theoretical curves is clearly seen.
the exchange interaction with the Nsubsystem. The field dependencies of magnetization of Ni(HC®O)
The temperature dependence of transverse magnetic su2H,0 at low temperatures are nonlinear and differ from
ceptibility xanis in the magnetically ordered state calculatedthat expected for a typical two sublattice antiferromagnet.
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The calculations within the framework of our model indicate subsystems are caused by single-ion anisotropy. The com-
that this behavior is due to the presence of two nonequivalermiensation point is due to the difference in temperature depen-
interacting magnetic subsystems. The theoretitgl, vsH dencies of weak ferromagnetic moments of &ind N, sub-
dependence fad parallel to theb axis of the single crystal at systems.

T=2 K is represented in the inset to Fig. 3. Though the In the framework of molecular-field approximation a
experimental data are obtained from the powder sample ameimple model is proposed which accounts for the main fea-
calculations are performed for a single crystal, the nonlineartures of the magnetic behavior of this compound. It describes

ity of both M vs H curves is clearly seen. qualitatively the temperature dependence of the weak ferri-
magnetic moment and magnetic susceptibility both above
VI. CONCLUSION and below the Nel temperature.

) ) Some quantitative disagreement of calculated results with
This paper presents the results of experimental and thegsperimental data can be due to the fact that the measure-
retical studies of magnetic properties of the nické) for-  ments were done with powder samples, so the obtained data

mate dihydrate Ni(HCOQ)2H,0. At Ty=15.5K this  are averaged over different crystallographic directions. The
compound undergoes a transition to a magnetically orderefinjtations of the model itself are mentioned above.
state, exhibiting peculiar magnetic properties: a weak spon-

taneous ferromagneticlike moment, compensation point, and
the phenomenon of magnetization reversal. It is concluded
that Ni(HCOO),-2H,0 is a weak ferrimagnet at low tem-
peratures. The authors acknowledge useful discussions with Profes-
Weak ferrimagnetism arises from the competition of weaksor Y. Ueda and the assistance of Dr. T. Uchimoto and Mr.
ferromagnetic moments of two nonequivalent canted antiferf. Okuyama in numerical calculations. This work was
romagnetic Nj and Ni subsystems. The deviations from supported by the Netherlands Foundation for the Support of
antiparallel alignment of magnetic moments within theseScience(NWO) through Project No. 008-012-047.
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