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The principal magnetic susceptibilities of NiNb,Og were measured from ambient down to 1.4 K. At
Ty = 6.0+0.3 K an antiferromagnetic ordering was observed. An antiferromagnetic-paramagnetic phase
transition was induced by external magnetic fields parallel to the crystallographic T axis in the temperature
range below Ty. The experimental results are interpreted in terms of anisotropic bilinear interactions between
Ni®* ions within the manifold of the ground term *4,. A two-sublattice uniaxial antiferromagnet model is used

to describe the Ni2* spins in the mean-field approximation. The bilinear Ni**-N

it interactions are essentially

of the exchange type with a small dipolar contribution. Along all three orthorhombic directions the
ferromagnetic intrasublattice interaction is found to be stronger than the intersublattice antiferromagnetic
coupling. The Ni’* g tensor, taken to be isotropic, is g = 2.4 + 0.1 and the uniaxial anisotropy term — KS? in
the effective spin Hamiltonian with S = 1 yields K = 7.9 0.7 K/spin.

I. INTRODUCTION

The transition-metal niobates MNb,O; (M = Co,
Fe, Mn, Ni) belong to a class of orthorhombic col-
umbites (space group D};-Pbcn).! There are four
formula units per crystallographic unit cell. The
structure consists of layers of M Og octahedraatx=0
and x=0.5whichare separated by two intervening
NbO, layers. Each M* ion is surrounded by a
nearly regular octahedron of oxygen atoms. The
site symmetry at the location of the M?* ions is
2,. In the notation adopted in this paper the lattice
constants of NiNb,O, are a=14.01 j&, b=5.661 A,
c=5.013 A

Neutron-diffraction studies made on powder
samples of some of these materials indicate that
the Co, Fe, and Mn niobates are antiferromag-
netically ordered at liquid-helium temperatures.?®
A doubling of the unit cell was found to be associa-
ted with the magnetic ordering in CoNb,O, and
FeNb,O,,* whereas in MnNb,O, the magnetic unit
cell is identical to the crystallographic one.®* No
neutron diffraction work on NiNb,O, has come to
the attention of the present authors.

Studies of transition-metal niobates in a single-
crystal form have been reported so far only on
MnNb,O,,* and CoNb,O,.° In this paper, we re-
port theoretical and experimental susceptibility
studies on single crystals of NiNb,O,. Further,
we elaborate on a group-theoretical analysis that is
applicable to the studies of other transition-metal
niobates as well. The experimental susceptibilities
along the orthorhombic crystallographic axes are
given in Sec. II. In Sec. III group -theory consid-
erations are applied to the M* -M** bilinear in-
teractions, magnetocrystalline anisotropy and the
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g -tensor components of the M?* ions within the
space group Pbcn. The M?* spin configurations
compatible with the maximal symmetry of the
crystallographic space group are also derived.
The analysis of the temperature dependence of the
magnetic susceptibility along the principal crystal-
lographic directions is the subject of Sec. IV. In
the discussion that takes place in Sec. V the vari-
ous approximations employed in the analysis and
the agreement with the experimental data are
evaluated.

II. EXPERIMENTAL

Single crystals of NiNb,O, were grown using
Na,B,0, and excess of Nb,O, as flux. The contam-
ination from this mixture was only 0.04% Na in
the crystals. The mixture was placed in a platin-
um crucible with a closely fitted lid, held 15 h at
1250 °C, cooled at 1°C/h to 870 °C and then moved
rapidly to room temperature. The crystals (weigh-
ing a few tens of milligrams) were identified as
the orthorhombic columbite phase (space group
Dl -Pbcn) from powder x-ray diffraction patterns.
Their field-induced magnetization and principal
susceptibilities were measured by means of a PAR
vibrating sample magnetometer model FM-1. The
sample was cooled by a stream of helium gas in-
side a metal cryostat. Constant temperatures
were maintained by using a heating coil to balance
the cooling effect of the helium stream. The tem-
perature was recorded by an Au-0.03-at.%-Fe vs
chromel -P thermocouple. In addition, measure-
ments at and below 4.2 K were taken with the
sample immersed in liquid helium in a glass cryo-
stat. Below 4.2 K the temperature was controlled
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by monitoring the vapor pressure over the liquid
helium. The temperature in that range was mea-
sured using a calibrated Ge resistor. The reported
results were compiled from (i) magnetization mea-
surements versus temperature recorded at vari-
ous fixed magnetic fields while heating or cooling
the sample and (ii) curves of magnetization ver-
sus applied field recorded at fixed temperatures.
The susceptibilities along the orthorhombic
crystallographic axes of NiNb,O, are shown in
Fig. 1. All three susceptibility curves peak at
about 7=6.5 K. The antiferromagnetic ordering
point however is associated with the maximum in
dy/dT at Ty=6.0+0.3 K. There is a decrease in
the susceptibility below T, along the three orthor-
hombic axes with the sharpest decrease occurring
along the ¢ direction. In the magnetization versus
field curves along the principal crystallographic
axes that are shown in Fig. 2, the ¢ direction is
again singled out. Whereas the field dependence
of the magnetization along both 4 and b axes is
almost linear in the range of measurement from
0 to 19 kOe the ¢ direction magnetization exhibits
a remarkable field dependence. It is on these
grounds that we conclude that the spin easy axes
of the Ni®** ions are either very close to or coin-
cide with the crystallographic ¢ axis. The field
dependence of the magnetization along the ¢ axis
shown in Fig. 2 is interpreted as a field-induced
phase transition from an antiferromagnetic to a
paramagnetic state.

III. GROUP-THEORY CONSIDERATIONS

The main purpose of the present group theore-
tical treatment is to derive the form of second-
order magnetocrystaliine anisotropy terms, the
g tensor and the bilinear Ni**-Ni** interactions in
NiNb,O;. Further, we obtain the Ni** spin con-
figurations compatible with the maximal sym-
metry of the space group Pbcn. This makes the
implications of the various approximations made
in the analysis of the susceptibility data clearer.
In the absence of neutron diffraction data, the
spin configurations obtained here will also shed
light on some of the possible magnetic structures
of NiNb,O; in the antiferromagnetically ordered
phase including those that do not necessarily pos-
sess the full symmetry of Pbcn. Since the treat-
ment is of a general nature it is applicable not
only to NiNb,O, but also to the other transition-
metal niobates and to some other isostructural
materials as well.

Here we shall essentially follow the method used
by Bertaut® in which the transformation proper-
ties of the magnetic structure and the effective
spin Hamiltonian under the classical symmetry
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FIG. 1. Principal magnetic susceptibilities of NiNb,O;
as a function of temperature. The subscriptsa, b, ¢
refer to the orthorhombic crystallographic axes. Inset
shows expanded scale at low temperatures.
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operations of the space group and time reversal
are considered. We take an effective spin Hamil -
tonian that is bilinear in the spin components (and
therefore automatically invariant under time re-
versal) and from its invariance under the sym-
metry operations of the space group the forms of
magnetocrystalline anisotropy terms, the g tensor
and Ni**-Ni®* bilinear interaction tensors are de-
termined.

A. Magnetocrystalline anisotropy and the g tensor,

The Ni** ions occupy the 4(c) sites in the crystal-
lographic unit cell. Their locations are (1) Oyi,
(2) 053, (3) 2z -y4, and' (4) 33+y 1 (see Fig. 3)
where we estimate y to be about 0.11. In con-
sidering the effect of the symmetry operations
of the space group on the Ni* spins it is sufficient
to take into account only the generators of Pbcn.
As generators of the space group we select 2,
at x30, 2, at Oyz and T at 000. The transforma-
tion properties of the Ni** spin components under
these operators are listed in Table I. It is evi-
dent that each of the generators is actually a pro-
duct of two operators, one of which is acting on
the sites and the other one on the spin components
of the Ni** ions. Thus 2, interchanges sites 1
and 3 and also sites 2 and 4. Its total effect is
illustrated by writing 2 , in the form

1 0 0
2,={0 -1 o0 -[1'3] (1)
o o -1/ “2-*
Similarly,

10 0\ [1-1
2,={ 01 0]|2-2
00 -1/ |3-3

100
1={0 1 0 .[I‘ZJ,
001/ L3-4
where [ ] indicates interchanging of sites. In-
variance of the effective spin Hamiltonian 3C under
2. 2,, and T implies that 3¢ commutes with these

operators or equivalently that the following equa-
tions hold

2,0e2;k=75¢, 2,527 =5¢, Tiel'=1c. (2)

‘Second-order magnetocrystalline anisotropy
in the effective spin Hamiltonian has the form of
“self-interaction” and will be given by

O Nb
@ Ni

FIG. 3. Crystallographic unit cell of NiNb,O;. Ni%*
ions occupy the 4(c) sites at (1) ovy, (2) 037%, (3) éé—y%,
and (4) é‘%*—j’é‘.

where §i is the column spin vector of ion ¢ and

S! its transpose, i=1,2,3,4. The K,’s are 3x 3
matrices. When the operator equations (2) are
applied to the magnetocrystalline anisotropy term
(3) one gets the matrix form of K;i=1,2,3,4. In
the derivation of the matrix form of K it is furth-
er taken into account that ¥C,, is Hermitian and
that K;’s are real and therefore symmetric. The
following expressions for K; i=1,2,3,4, are ob-
tained

ky 0 Ry

Ki=K,={ 0 kyp 0 |,
Ry 0 Ry @
kyy 0 =ky

K,=K,={ 0 Ry 0/‘
~kyy 0 Ry

It is evident now that the 4(c) sites, occupied by
the Ni®* ions, which are crystallographically equi-

TABLE 1. Spin transformations in Pbcn [sites 4(c}].

1 2 2, 1
Six Sy —Six Sax
Siy "S3y S 1y SZy
Stz —S3z —Siz Sz
S2x S4x ““SZ::: Slx
Say "543: SZy Sw
SZz —S4z —SZZ 1z
S3x Slx _S3x s4x
s&y ‘Sly SS:\: S4y
S3z "slz —533 S4z
Sqx S2x —S4x S.’)x
S4y —SZLV S4y S3y

S4z “s2z "S4z SSz
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valent, give rise to two types of magnetically non-
equivalent sites in case of £, #0. It can be

shown that the matrices K, and K, can be diagon-
alized by the orthogonal transformation R(¢),

"cos¢ 0 sing
R(¢)= 0 1 0 (5)
—singp 0 cos9

and that matrices K; and K, can be brought to the
identical diagonal matrix by the transformation
R(- ¢) where

cot (2¢) = (ky, = kys)/2k 5. (6)
From the relations

RY(P)K,R($)=R*($)K,R(d) =R (-¢p)K ,R(-)

kR, 0 O
=RY-P)K R(-0)=| O ki O |, (7)
0 0 &,

it follows that the two types of sites differ in the
angles that the local principal axes of the g tensor
make with the crystallographic axes. Although
the crystallographic b axis is a principal direc-
tion of the g tensor on both types of sites, the
local principal axes in the & — ¢ plane are sym-
metrically displaced with respect to the crystal -
lographic axes (see Fig. 4).

> Ol

Y+ Yp

Zy
2 B
C -
P
z2
X| ¢¢
X2
d

FIG. 4. Local principal axes ~;, v;, z; of the g tensor
of magnetic ions occupying the two types of magnetically
non equivalent 4(c) sites in Pbcn. 5, E, and ¢ mark the
orthorhombic crystallographic axes.

B. Ni?*-Ni*" bilinear interactions

The bilinear interactions between spins on the
Ni?* sublattices are represented in the effective
spin Hamiltonian by the term

4 - -
3 .= St-D,, -8, (8)

int i i 3
iyi=1

where D;; is the 3 X 3 interaction matrix between a
spin on sublattice ¢ and one on sublattice j. As
1C; ¢ is Hermitian and the D;; matrices are real it
follows that

D{;=D;;, i,j=1,2,3,4. 9)
The forms of the D;; matrices can be obtained by
applying the operator equations (2) to i, ,,. By
carrying out this lengthy procedure the following
forms for the D;; matrices are obtained

a 0 a,

11

D,,=D,,= 0 ay, 0 ’

ay; 0 ag

a, 0 -a,
Dy;=D,yy= 0 a, O
-a,; 0 ag
b, 0 b, b, 0 =b,
D,={ 0 b, 0], D= 0 b, 0 | (10)
b,y 0 Dy =b, 0 by

¢, 0 ¢

D;=D,, = 0 ¢, 01},
—C3 0 ¢y
d, 0 d,
D,,=D,,= 0 d, O
~dy; 0 dy,

It can be seen that some of the interaction matrices
are symmetric and that each of the other ones can
be decomposed into a sum of a symmetrical matrix
and an antisymmetrical one. The antisymmetrical
part in each case can be written in the form of
Dzyaloshinsky -Moriya antisymmetric exchange
with a Dzyaloshinsky vector along the crystallo-
graphic b axis.

C. Spin configurations in the space group Phcn [sites 4(c)]

Following the notation used by Bertaut,® we shall
characterize the spin configurations of the four
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Ni** ions in the crystallographic unit cell by speci-
fying the nonzero components of the vectors F, G,
(_f, and A given by

¥

I
|72}
R

+
w0t
n

+
Sy
+
oy

b

§2+§3 —5’4,
Sy—S;—- §4’

§2 §+Sq.

(11)

]
v

By Qb OF
i} 1l
N .5”
+

UN

In order to find the spin configurations that pre-
serve the space-group Pbcn, namely those in
which the magnetic unit cell is identical to the
crystallographic one, it is necessary to consider
the time reversal operator. The elements of the
space group are 1, 2., 2, 2,,, 1, 12, 12, 12,
The various isomorphic magnetic groups arise
when the time reversal operator is either com-
bined or not combined with each of the generators.

As each of the three generators can be either
combined or not combined with the time reversal
operator, there are eight possible spin configura-
tions compatible with the maximal symmetry of
the space group Pbcn. Since the time reversal
operator only reverses the components of a spin,
and the spin transformations under the generators
of Pbcn are known (see Table I) it is easy to find
out the transformation properties of the spins
under any operator of the magnetic groups. When
this is done, the eight spin configurations listed
in Table II are obtained.

Note that the configurations in Table II are only
those that have the magnetic unit cell identical to
the crystallographic one. If this restriction is
dropped then antiferromagnetic spin configurations
are possible in which the unit cell is doubled along
one or more of the orthorhombic axes. In that case
each one of the configurations in Table II can be
reversed after a translation by one lattice constant
in the direction along which the unit cell is dou-
bled. Such like configurations however, no longer
possess the full symmetry of the space group Pbcn.

IV. ANALYSIS

The ground level of Ni?*(d®) ions in an octahedral
crystal field is 3A,.” With other levels being thou-
sands of degrees above the ground level® their
population can be neglected at temperatures below
room temperature. Their only contribution to the
susceptibility is through a constant Van Vleck term
which is found to be negligible in our temperature
range of interest (see Fig. 1). Therefore only the
Ni®** ions occupying the ground level manifold will
be considered. In NiNb,O, the symmetry of the
crystal field at the sites of the Ni** jons is less
than octahedral, and therefore the degeneracy of
the ground level will very likely be reduced. In

TABLE II. Spin configurations and magnetic groups in
Pben(K =0) (primes indicate time reversal).

Spin configurations Generators Magnetic group

C, 24,2,1 Pbcn
GyA, 2,251 Pb'en
Gy 1x2,1 Pbc'n
GAy 27201 Pben’
F,Cy 201 Pb'c'n
FyC, 2,201 Pbe'n’
F, 21,2,T Pb’cn’
A, 24,2,1" Pb'c'n’

the forthcoming analysis an effective spin Hamil -
tonian formalism with S=1 is employed to describe
the behavior of the Ni* ions. The crystallographic
€ axis is taken to be the spin easy axis for all the
Ni** spins and a two sublattice description of the
Ni** spins in the mean-field approximation is
adopted.

The effective spin Hamiltonian of the Ni®** spins
can be written in the form

?CZ&A@ﬁZS&§+ZS&&

194 i1 dz sy

—KZS%Z—E'MBth'éu (12)
1 1

where S and S are spins in one sublattice, S
and S belong to the other sublattice, S belongs
to e1ther one of the sublattices, the  summation
extends over all spins and the {,, j, summations
extend over pairs of interacting neighbor spins.
The first two terms are Ni®**-Ni** bilinear inter-
actions within each sublattice. The third term is
the bilinear interaction between Ni** spins on dif-
ferent sublattices. The magnetocrystalline anisot-
ropy, which is taken to be uniaxial, is expressed
in the fourth term. The last term is the direct
interaction of the Ni®* spins with the external mag-
netic field.

We take the Ni**-Ni?* interaction matrices to be
diagonal

vy, 0 O vy, 0 O
A =Ap=| 0 v, 0 |}, A,=| 0 9. O
0 0 w,, 0 0 wi,

(13)

With the local principal axes of the g tensor taken
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to coincide with the crystallographic axes, the g
matrices assume the following form:

g 0 0
g.=8={ 0 g, 0 |. (14)
0 0 g,

The Hamiltonian (12) can be reduced to a more
convenient form

ie=2,,(8HA,, D 8;, + 2:8DAD 85,
i1 iy
+3 Z21<§f>AIZZ S’jg
iz
+ —5212(§§)Af22 _S'jl —KZ:S§lz
1 i

~KYS% . ~Hupp eS; ~Hup ) g8, , (15)
i 7y iy

where z,, is the effective number of interacting /-
type neighbor spins of a k-type Ni** spin (note
that z,,=2,, and 2,,=2,,) and () indicates the
thermal average. In the absence of an external
field the ordered magnetic configuration has its
antiferromagnetic axis along the ¢ direction.

<S1x>o = <Szx>o =0, <Sw>o = <szy 0=0,

<Slz>o == <Szz>o .

The perpendicular and parallel susceptibilities
will now be calculated.

(16)

A. Perpendicular susceptibilities x ,.x ,

The Hamiltonian 3C of Eq. (15) is an effective
Hamiltonian of decoupled spins where the Hamil -
tonian 3C; of each spin in the spontaneously ordered
configuration with an external field in the 2 direc-
tion is given by the expressions

31 =2,(810911S 1w+ 21188 120Y55S 12
+ 3 2,485,097, 14 + 3215(S50 V555 12

"stz_gx“BHslx ’

The spin components are now expanded in powers
of H and retaining only terms up to the first order
in H at low fields one has

(Slx> = a;H ’ <Szx> =azH, <S1y> = <S2y> =0,
(18)
(slz>: <Slz>0 s <Szz> = —<Slz>0 .

By using these expansions, JC, and jC, assume the
following forms:

3, =3C o +3C, 30, =300+ 305, (19)

where
',}Cl() = (2113’33 - 52123’§3)<51z>os1z —Ksz 3
3 = (2,,9,,a1+ %ZIZyilaé - g Mp)HS
(20)
1
3Co0= (25555 — 2 Zzlyé3)<szz>oszz‘KS§z ’
505 = (2001, 0%+ 2 25,91, @) — G Mg )HS, -
The unperturbed energy levels are given by

E =By = (2,955 — 2 2105 XS 1 o =Km?* . @1)

The matrix elements of S,, and S,, in the scheme
of the eigenfunctions |m> of S,, are given by the
ordinary expressions

(S 12)mme = 118 s

22
Spmm =5 [SS+ V)= mm’ 1 26,0, - (22)

(S, is evaluated using the formula

<Slx>:Z (e-xl/kT)mm’ (Slx)m’m/z (e-xl/kT)mm'

(23)

.= 2SN Sy 1) The operator ¢-%1/#7 will be expanded up to the
I = 222\ 20/ Y1192 + £22\022/ V33924 first order in JC] in terms of matrix elements.
+ '5221<Su>y1152x + %221<Sw>yé3822 As
-KSZ,— g, lpHS,, . 3, =3C o +3C], 3C <<3C,,, and [s¢1,5¢,,1# 0, (24)
J
the expansion assumes the form®
eI kT oy =301/ RT _ 1 =30/ RT fldxe"wc 10/ k501 g2 310/ RT (25)

0

When the integration is carried out one has

1

=JC T ~ =
(e i,/ k )mm'~e Elm/kTGmW_ T

e Fim/kT(5er) O(E,,, E

1m*

“Eym/RT _ =Eypm/ kT

e e

E1m 'Em'

(,}Cl)mm'[l - 6(‘Elm’ Elm’)] ’
(26)

)+
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where
1, E,=E;
SEE)=)7 T T 27)
0, E,#E,.
3 ., L0 pe used 1n 1S tormula 1s easily evaluated as
Dmme tO b d in this £ la i il luated
(OC)) e = (21191, 01 + %zlzvilaé -gup)H ASsES+1) - mm']1/25m'm*1 . (28)

Turning to Eq. (23), an expansion up to the'first power of 3¢’ yields the following expression (when
only the first power of H is retained)

[S(S+1) —m(m+1)]

S =42, 9,05+ 52,00 -
Sy =13(21,91,0] + 220591,05 — g Mp) Z 2V 32,000 K8, o+ K+ K -

e Fim/ kT _ p~Eimay /2T
m <_(

e~ Eim/ 2T _ g=Eimay /RT -1
+ [SGS+1) =mim -1 )H( e f1 /”T> .
(211Y33 —%zlzyé3)<slz>0 -2mK +K " ( ) r ) ; "

(29)

When this expression is compared to the expansion (S,,)=a/H, one gets an equation in which @] and a},
are involved. Due to the symmetry of the problem one has a]=a} and therefore a] can be evaluated.
The susceptibility x, in the & direction will be given by the formula

Xa=Ngx“‘Bai . (30)

When the expression for a) is used one obtains the formula for the & susceptibility in the temperature
range below T, ,

xo(T)= N2 1% %(zuyu viz,00)

S S-1 -E. [/ kT ~E /RT
e~Zim — e fiman
-4 e"Elm/k>[ < SS+1)—m(im+1 >

(m:-S s \ =(2,,933 —%ley§3)<slz ot 2mK +K [s¢ ( )

s “Bim/ kT _ o= B ey / 1
. Z <( e Eim!RT _ kT [S(S+1)—m(’”"1)]>] ( . (31)

me==(8-1) \\%11V33 = 221,958, 00 — 2mK +K j
I

It can be seen that at 7=0 K one has pansions in powers of (E,, - E,,,,)/kT are some-
times used when |K/kT,| <1.1° When T is low
this is unlikely to be the case and therefore this

Xe(T=0 K)=Ng2u3[(2,,5,,+ 52.59],) — (21133 — 221594s)

+2K - (K/S)]*. (32) method will not be followed here. Instead, one
can put ¢S,,),=0 in formula (31) to obtain the sus-
Formula (31) can be used also to derive Xg 1IN ceptibility in the temperature range Ty =T re-
the temperature range T, =7. To this end, ex- sulting in the expression
J
2ol . \ - S-1 km® 1T (1 — p(emKs ) [RT)
Xa(T):Ngx“B}(leyll+EZXZyil) “4(”;5 efm /kT> [m=_5 ( 2mK +K (S8 +1) —mlm+ I)J)

S Km?/pT (-2mK+K) ] kT -1-
e (1-e ) 1)-1
D ( o [S(S+1) = m(m _1)]>] } .

m== (S~

(33)
The susceptibility along the crystallographic b B. Parallel susceptibility x .
axis is obtained when g, and (z,,9,, + 2,,9/,) are
replaced by g, and (z,,9,, + 52,,V5,), respectively, The Hamiltonian 7C; of each spin in the spontan-

in formulas (31), (32), and (33). eously ordered configuration with an external field
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in the € direction is given by the expressions

36, = 2,,(S, Y3351+ 2215(85209%35,. =K ST, — £:1pHS s

30y = 255(S22)V55S02+ 2221(5120V40522 =K S5z =82 HpHSs, »
(34)

for sublattices 1 and 2, respectively.
To proceed we expand (S;,) in powers of H and

retain terms up to the first power only at low
fields

<S1z> = <Su>o+ ciH, (S22 = "<S1z>o +cH . (35)
(S;» is given by
(i) =Tr(e™/*7s, ) /Tr(e /"), i=1,2, (36)

where

5, = 2,,((Sy200+ C1H)Y 35S, + é2'12(-<sz o+ C3H)Y4:S,, —KS3, - g, MgHS,,

= (2,953 — %'zxzy§3)<slz>oslz -KS2,+ (c12,,Y55+ é’cézxzy:’as -gUp)HS,, ,

(37
3y = 2,55 ((Spado + C3H) Y3355, + %ZZI(—<SZZ>O + C1H)Y}3S,, —KS3, -2, 1sHS,,
= (25545 — §Z21v§3)<522>0522 ~KS,+ (C3225Y55 + %0{2213’:’;3 —g.Hg)HS,, .
Substitution of 3¢, in (36) gives
- . 1
Z (e 3C1/kT)mm(Slz)mm Z e Elm/kTm[l —ﬁ(cizuyss‘* 3C42100% ‘gz“B)Hm:‘
m m
<S“' B =3¢y / kT ® ~Eym/ kT 1 1
z (€50 Z eim [1 _ﬁ(c Z11Y33+ 2C5215Y33 _gzllB)Hm}
m m
=(S120+ k—T'(Cizuyas*' 332,545 —82b) (S120s —(STo)H - (38)

Comparing this with the expansion (S, ,) =(S,,),
+ctH one has

¢} = (L/RT)(C]2,1953 + 5C3212955 = 82 ) (51206 = (S1o)o) -
(39)

Similarly, from Eqgs. (36) and (37) it follows that

(S22) = —(Sy2do+ (1/RT)NCh200Y 55 + 3C125,V55 = L2ktn)
X ((S,206 = (STao)H - (40)

When this is compared to the expansion (S,,)
= ~(S, )0+ C3H one gets

¢4 = (1/RT) (4202055 + 2€1 201355 = 8ehip) (1205 = (S1do) -
(41)

From Eqgs. (39) and (41) the expressions for c|

and ¢5 are obtained
—

1
(8,200= Z exp (ﬁ[ (%leygs = 21,33XS oM + Km?

m

r

gzu'B (<s§z>o - <Slz>(2))
BT + (2,,Y35 + 2215953) (S5 200 = (1 3

(42)

C;=Cé:

This yields the susceptibility Xc in the € direction
in the temperature range T'<7T),

Xe = %N(C; + cé)gz“'B
or (43)

= NgiuzB(<sfzo"<sxz g)
RT + (2,33 + 221,9%3) (S0 = Sy o)

Xe

It can be shown that x,(7=0 K)=0.

In order to find the temperature dependence of
X, close to T, the expressions for (S,,), and (S2,),
in the temperature range close to T, will be ob-

tained

]>m [Z exp (kiT[ (32,5955 = 2,,935)(S, o +sz]ﬂ - .

m

(44)

Close to Ty (S,,), is small and expansion of the exponents up to the third power of (S}, yields the relation

6[RT — (32,535 = 2,1955)F o (RT) ] (RT)?

(45)

S, )i=
Sudlo (§z12y§3 ‘2113)33)2[(%2123753 = 21,Y59)F 4 (RT) - 3RTF,(kT)] ’

where

F(rT)= Z eK'”Z/"Tm'/Z ekm?/ kT
m m

(46)
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The transition temperature T is determined by the requirement that at T ¢S,,)o=0. Therefore

kT y= (%zrzyés ~2,,933)F,(RTy) .
Taking

(47)

RT

1 1 -1
(CH Z €xp <E"77[ (%leyéa = 21,935X8, 200 +K7’72]> m® \:Z €exp <_[(ézxz3’é3 = 21,933KS, 200 +K”72]>jl ’

m

an expansion up to the third power of (S,,), close
to T, yields

(S1o=Fo(kT)+ 5[ 1/(RT)*)(32,2v55 = 211955
X [F (kT) = F,(RT)KS, )5 - (49)
AtT=T,,
(SiDo=Fy(kTy),
so that one has
Xe(T = Ty)=Ngi1j/2(z2,,5) - (50)

Formula (43) can be used also to derive Xc in the
temperature range T,=7. This is done by putting
(S, =0 in formulas (48) and (43).

C. Experimental data and determination of parameters

The various parameters involved in the theoreti-
cal formulas were deduced from the measured sus-
ceptibility curves in the temperature range 1.4 -
300 K (Fig. 1). The experimental data have been
corrected for demagnetization and normalized
to correspond to a zero demagnetization factor.
Demagnetization corrections however were small,
never exceeding 5% of the measured values. We
fitted formulas (31), (33), and (43) to the experi-
mental susceptibility data. As some of the pa-
rameters are shared by two formulas or more,

a least squares technique was employed to fit all
sets of data simultaneously. The following results
were obtained

29+ 32,291, = (0.73:20.10) x 10 erg/spin]
= -5.3+0.7K/spin]
2,1 Y00 + 22,155, = (~1.0£0.1) X 107*[erg/spin]
= 7.3 +0.7K/spin],
21,Vgs = (=0.68 £ 0.10) X 10"5[erg/spin]
= -4.9+0.7K/spin],
12,94, = (0.35+0.10) X 10~% erg/spin]
=2.5+0.7[K/spin] ,

(51)

8:=8y=8,-8=2.4x0.1,
K =(10.9+1.0) x 10 erg/spin]
=7.9+0.7[K/spin] .

m

(48)

The quoted errors are statistical and indicate
two standard deviations. The g tensor was set in
advance to be isotropic since the possible low
anisotropy in the g tensor that Ni?* ions often ex-
hibit'* would very likely fall within the statistical
error. Inthe derivation of the parameters it was
taken into account that the sensitivity of the least-
squares fit to some of the parameters is depen-
dent on the temperature range over which the fit
is done. It is for this reason that the magneto-
crystalline uniaxial anisotropy parameter K was
determined solely from the susceptibility data in
the temperature range below T,. The least-squares
fit was not so sensitive to K values at higher tem-
peratures. g was deduced from susceptibility data
in the temperature range above T, and was found
to agree very well with that obtained from mag-
netization vs field curves in the 3 — € plane at 7
=1.4 K (not shown). In determining the Ni**_Nj%*
bilinear interaction parameters the experimental
susceptibility in the whole range 1.4-300 K was
considered in the least-squares fit. Good agree-
ment is found between susceptibility curves cal-
culated with the parameters (51) and the experi-
mental data (see Fig. 1).

Calculation of T, using formula (47) with pa-
rameters (51) yields T, =6.5 K, which is slightly
higher than the ordering temperature associated
with the maximum in dy/dT.

It is evident from the parameters (51) that along
all three crystallographic directions the dominant
coupling between Ni** spins is the ferromagnetic
intrasublattice coupling rather than the antifer-
romagnetic intersublattice interaction. By using
Hamiltonian (17) and the parameters (51) we cal-
culated the Ni®**-Ni®* effective fields at T=0 K
in the spontaneously ordered configuration

Hi o =Hj= Zu¥5S | _ 30,7+ 5.5(kOe]
8zMpB
(52)
LZ yl S
H3 =g = | 22122337 1 2 15,6 + 5.0[kOe] .
gz“B
The Hf,, and H% (i#j) are the magnitudes of

the ferromagnetic intrasublattice and the anti-
ferromagnetic intersublattice fields, respectively,
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in the spontaneously ordered configuration at
T=0 K. The total Ni**-Ni** effective field Hg
at T=0K is

Hf =1t + H*f =46.3+£10.5[kOe] . (53)

12¢

In HE! both exchange and dipolar contributions
are included. Similarly, the magnitudes of the
Ni**-Ni** effective fields HSL., HEL and HEY in the
field induced paramagnetic configurations along
the three crystallographic directions 3, b, €,re-
spectively, at 7=0 K are given by

(21,91, + éZIZyII)S
8xMp

Hﬁqfi - =32.8+ 5.6[k06] s

L ’
(aden + 22,295)S ] =45.426.4[kOe],
gle‘B

eff _
HbNi - (54)

Hel =HES — g =15.1+10.5[kOe] .

llc 12¢

HEE, HYLE, and HEL give the net ferromagnetic
coupling in the configurations in question. Without
knowing the detailed spin configuration of NiNb,O,
we were in no position to calculate the Ni** -Ni**
dipolar fields in the spontaneously ordered struc-
ture. However, it is possible to derive the Ni%**-
Ni*" dipolar fields in the various field-in-
duced paramagnetic spin configurations since

in these the magnetic unit cell is identical

to the crystallographic one. We calculated

the dipolar parts of the Ni** -Ni** effective fields
(54) taking a magnetic moment of 2.4, per Ni**
ion. One has

HEE 41p= —2.6[kOe],
Hﬁvfi aip™~ -0.5[kOe], (55)

Hey dip = 3.0[kOe] s

where (-) signs indicate dipolar fields in opposite
direction to the Ni** magnetic moments. It is
evident that exchange interactions constitute the
dominant part of the Ni**-Ni** bilinear coupling.

In the analysis developed here the magnetocry -
stalline anisotropy has been incorporated in the
expression for the Ni** single-ion energy levels
[see Eq. (21)]. We calculated the temperature
dependence of these levels (Fig. 5) using Eqs. (21)
and (44) with parameters (51). Sometimes how-
ever, when a different approach is adopted, the
magnetocrystalline anisotropy in the mean-field
approximation is expressed in terms of an effec-
tive anisotropy field H,.'? Using parameters (51),
the anisotropy field at 7=0 K is given by

Hp(T=0XK)=2KS/g,1u5=98.0+12.7k0Oe]. (56)

H, is thus higher in magnitude than the Ni**-Ni*
effective fields in the material. Acting along the
antiferromagnetic axis in the direction of the mag-

AN 10)
24 N
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~ Ni \\
@ 75 in NiNb,Og \ h
- \
wl
> i
W 1
o} b
> |
& /
5 -0 —
z A PR - WD)

TEMPERATURE [ K]

FIG. 5. Calculated temperature dependence of the
Ni?* energy levels of the ground term ®4, in NiNb,Oq
using the parameters derived in the text.

netization on each sublattice, the magnetocrystal-
line anisotropy field has a remarkable effect on
the magnitude of the sublattice magnetization. We
applied an iteration method on Eq. (44) and calcu-
lated the temperature dependence of the normal -
ized sublattice magnetization using parameters
(51). For comparison, we repeated the calcula-
tions for the case K=0 and it is clearly demon-
strated that the presence of the magnetocrystalline
anisotropy can result in a substantial additional
polarization of the spins (see Fig. 6). The re-
markable decrease in the susceptibility along all
three principal crystallographic directions below
Ty is due in fact to the relatively high uniaxial
anisotropy.

V. DISCUSSION

In this paper, we have shown that the main fea-
tures of the magnetic behavior of NiNb,O, below

Ni 2+
in Ni NbgOe

[Vp)
kN 05— K=7.9[ K/spin]
(72 R . K= O[ K/spin]
V —
0 1 1 1
0 0.5 o)
T/Tn

FIG. 6. Calculated temperature dependence of (S,)/S
for Ni®* in NiNbh,Og for K=7.9 K/spin and K=0 K/spin
using the parameters derived in the text.
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room temperature can be satisfactorily accounted
for in the mean-field approximation assuming a
two-sublattice uniaxial -antiferromagnet descrip-
tion for the Ni** spins in this material. The anti-
ferromagnetic axis was taken to coincide with the
crystallographic ¢ direction. It can be easily seen
in Table II that in the spin configurations in Pbcn
that are associated with k= 0, and in any possible
doubling of these configurations in the principal
crystallographic directions, ¢ and & components
of spin modes can coexist. The existence of non-
zero & components in the presence of ¢ components
in these configurations implies a four sublattice
structure in the & — € plane in the case of an anti-
ferromagnet. Thus the possibility of the Ni** spins
forming a four sublattice rather than a two sub-
lattice configuration in which the directions of the
spins are close to, but do not coincide with the
crystallographic ¢ axis, cannot be ruled out.

The Ni®*'-Ni** bilinear interactions in this ma-
terial are essentially of an exchange type with a
small dipolar contribution. Along all three prin-
cipal crystallographic directions we found the Ni®**-
Ni®* intrasublattice ferromagnetic coupling to be
stronger than the antiferromagnetic intersublattice
interaction. We took the magnetocrystalline an-
isotropy to be uniaxial in the analysis of the ex-
perimental data. Information on some other Ni*
materials'® indicates that this rather arbitrary
choice of the type of magnetocrystalline anisotropy
need not necessarily be true. However, lacking an
independent determination of the positions of the
crystal-field levels of Ni** in NiNb,0O, we did not
feel that anything was to be gained by taking a
more general form of magnetocrystalline anisot -
ropy [see relations (7)] even though introduction
of more parameters could have improved the fit
to x,(T) and x,(T) in the temperature range below
Ty. The value of the over all splitting of the
ground term °A, that we obtained in NiNb,O, is
comparable to the 34, splitting in some other Ni®*
compounds.’® Contrary to the minor effect that
the magnetocrystalline anisotropy has on the mag-
nitude of the sublattice magnetization in materials

with high T, it is evident (see Fig. 6) that in
NiNb,O, the presence of the magnetocrystalline
anisotropy field can result in a remarkable addi-
tional polarization of the Ni®** spins. The decrease
in the susceptibility below T is also attributed to
the relatively high magnetocrystalline anisotropy
in this material. A g value of 2.4+ 0.1 deduced
from our least-squares fit also falls within the
range of values typical of Ni?* ions in many ma-
terials.!?

The parameters (51) we obtained from the least-
squares fit of the theoretical expressions to the
experimental data yield a Neel temperature T
=6.5 K which is somewhat higher than the one
found experimentally. This is probably due in
part to the approximations inherent in the mean-
field theory which is known to provide a reason-
able description only of the main features of the
magnetic behavior of a spin system.

In this paper, the magnetic properties of NiNb,O,4
have been studied for the first time. Consequently,
a relatively simple approach has been adopted in
the analysis. A more detailed information on the
ordered spin structure of this material can be ob-
tained in neutron-diffraction studies of single
crystals. Also, the temperature and field depen-
dence of the Ni** energy levels can be directly
checked by other techniques such as electron spin
resonance and magnetooptical experiments to
yield information on the Ni%* -Ni®* interaction as
well as on the magnetocrystalline anisotropy and
the g tensor. We are hoping to do some of these
experiments in the future.
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