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The magnetization and susceptibility of flux-grown FeNb,O single crystals have been measured from 80 K
down to 1.4 K. An antiferromagnetic ordering was observed at Ty = 5.5 0.5 K. The antiferromagnetic-
paramagnetic phase transition induced by an external field along the orthorhombic 3 axis seems to be of
second order in the whole range from the Ty down to 1.4 K. The experimental results are interpreted in the
mean-field approximation using a four-sublattice model for the Fe?* spins. A nearly accidental doublet
ground state is assumed for the Fe’* ions. The g tensors are found to be g = 7.7+ 0.4 in the 3-¢ plane at
angles of = (17°+ 3% to the @ axis. These are also the two easy directions of the four-sublattice Fe’* spin
system. The Fe**-Fe** interaction is essentially of the exchange type with a small dipolar contribution. The
intrasublattice ferromagnetic interaction is found to be larger than the intersublattice antiferromagnetic

coupling.

1. INTRODUCTION

FeNb,O, and other transition-metal niobates
crystallize in an orthorhombic columbite form
(space group D}} — Pbcn) with four formula units
per crystallographic unit cell.! In the notation
adopted throughout here the lattice constants of
FeNb,O, are a =14.2630 &, =5.7318 &, and c
=5,0378 A.2 The Fe?* ions are arranged in Fe-O
layers containing the orthorhombic b and € axes
and are separated from neighboring layers along
the 4 axis by two nonmagnetic Nb-O layers.? The
exchange interactions are consequently expected
to be dominantly between the Fe?* ions within the
layers as compared with interlayer interactions.

From neutron-diffraction studies of powder sam-
ples at 4.2 K it has been concluded that FeNb,O,4
orders antiferromagnetically with a collinear
spin arrangement along the crystallographic a
axis.® The magnetic ordering was found to be as-
sociated with a doubling of the unit cell along the
b direction.?

In this paper, we report for the first time, mag-
netic studies of FeNb,O; in a single-crystal form.
The experimental susceptibility and induced mag-
netization along the orthorhombic crystallographic
axes are presented in Sec. II. In Sec. OI, we ap-
ply group-theory considerations to determine the
g-tensor components and the representations of
the possible magnetic structures of the Fe** ions.
The temperature dependence of the magnetic sus-
ceptibility along the principal crystallographic di-
rections is analyzed in Sec. IV. In the discussion
that follows in the last section, some implica-
tions of the model adopted in the analysis are
pointed out and reference is made to various re-

sults on powder material reported in the literature.
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II. EXPERIMENTAL

The field-induced magnetization and susceptibil-
ity along the principal crystallographic directions
of flux-grown single crystals of FeNb,O, (weighing
a few tens of milligrams)* have been measured
from 80 down to 1.4 K. A PAR vibrating-sample
magnetometer model FM-1 was used to measure
the magnetic moment in the direction of the ex-
ternal field. At temperatures above 4.2 K the
sample was cooled by a stream of helium gas in-
side a metal cryostat, and 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)
versus chromel-P thermocouple. At 4.2 K and
lower temperatures the sample was immersed in
pumped liquid helium in a glass cryostat and the
temperature was controlled by monitoring the
vapor pressure over the liquid helium. The tem-
perature in that range was measured using a cal-
ibrated Ge resistor. The experimental results
reported here were compiled from (i) magnetiza-
tion measurements versus temperature recorded
at various fixed magnetic fields while heating or
cooling the sample and (ii) curves of magnetiza-
tion versus applied field recorded at fixed tem-
peratures.

The susceptibility curves of FeNb,O, along the
principal crystallographic directions are shown
in Fig. 1. The antiferromagnetic ordering, as-
sociated with the maximum in dyx/dT, takes place
at T, =5.5+0.5 K. In the 3-C plane the principal
susceptibilities exhibit a very similar tempera-
ture dependence, whereas in the b direction there
is little temperature dependence, especially at
low temperatures. This suggests that the b axis
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FIG. 1. Principal magnetic susceptibilities of FeNb,Oq
as a function of temperature. The subscripts a,b,c re-
fer to the orthorhombic crystallographic axes.

susceptibility is dominantly of the Van Vleck type
and that the g tensor of the lowest-lying crystal-
field levels of the Fe** ions in the b direction is
probably zero. Also, the striking similarity in
the temperature dependence of the susceptibilities
along the 3 and € directions indicates that at each
one of the two magnetically nonequivalent sites of
the Fe** ions the g tensor is nonzero along only
one of its principal directions in the 2-¢ plane.’
Judging from the magnitudes of the & and € sus-
ceptibilities, this nonzero direction in the 3-¢
plane is close to the crystallographic 3 axis at
each site. A g tensor with only one nonzero com-
ponenthas been found by Griffith to be characteristic

xI0®
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FIG. 2. Magnetization of FeNb,O; as a function of an
applied magnetic field along the orthorhombic %, B, and
¢ directions at 4.2 K.

of anearly accidental doublet.® A magnetic suscept-
ibility similar in its temperature dependence to that
of FeNb,O, was found alsoin HoCrO, where the domi-
nant contribution to the low-temperature susceptibil-
ity comes from the Ho®* ions that have a nearly acci-
dental ground doublet.” Inthe analysis of the experi-
mental data we shall, therefore, assume that the
Fe** ions in FeNb,0O, have a nearly accidental
ground doublet.

In the magnetization versus field curves (Fig. 2)
an antiferromagnetic-paramagnetic (AF-PM)
field-induced phase transition was found to take
place in the temperature range below T, when the
external field was applied along the crystallo-
graphic 3 axis. The transition seemed to be of
second order down to 1.4 K. No indication of
field-induced transitions was found with the ex-
ternal field along the two other crystallographic
directions for fields up to 19 kOe. This can be
regarded as further evidence that the easy di-
rections of the Fe?* spins at the two magnetically
nonequivalent sites are close to, or coincide with
the crystallographic 3 axis. Field-induced transi-
tions in FeNb,O; at T =0.34 K that will be reported
and analyzed elsewhere® tend to indicate a non-
collinear Fe?' spin structure.

II. GROUP-THEORY TREATMENT

In this section we shall relate the g tensors of
the Fe?* ions at the two magnetically nonequivalent
sites® to the transformation properties of their
nearly accidental ground-doublet states under the
site-symmetry operations. Further, representa-
tions belonging to the space group Pbcn will be de-
rived for all the possible magnetic structures of
the Fe** spins originating from the doubling of the
unit cell along the b direction found in neutron-
diffraction studies of powder material.?

A. g tensor of the Fe? ions in the nearly accidental ground
doublet

The Fe*' ions occupy the 4(c) sites in the cry-
stallographic unit cell. Their locations are (1)
0y%, (2)053, B)33-yi, and (4)33+y i withy
=0.1456 (see Fig. 3).® As it was shown in the cry-
stallographically isotructural NiNb,O,,® the 4(c)
sites comprise two types of magnetically non-
equivalent sites. Sites 1 and 2 are magnetically of
one type whereas sites 3 and 4 are of the other
type. The general form and principal axes of the
g tensors of the Fe?* ions at the two types of mag-
netically nonequivalent sites in FeNb,O; are also
similar to those found for Ni?* ions® in NiNb,O,
(Fig. 4). However, in case of anearly accidental
doublet further restrictions apply to the g tensor.
It was found by Griffith® that a nearly accidental
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O Nb
@ Fe

FIG. 3. Crystallographic unit cell of FeNb,Og. Fe?*
ions occupy the 4(c) sites at (1) Oyt (2) 073 (3) 33 —y3
and (4) 33+y%.

doublet has a g factor along only one direction and
the g factor in orthogonal directions is strictly
zero. The direction of the only g factor is along
the vector ggiven by

g=2(a|L+28|b) . (1)

|a) and | b) are the crystal-field states that com-
prise the doublet and T and § are the total orbital
and spin angular-momentum operators, respect-
ively.

The nonzero direction of the g factor can be de-
termined both from the transformation properties
of |a) and [b) and from the site symmetry. The
site symmetry of the Fe** ions is 2,, namely a
twofold axis parallel to the crystallographic b
axis. Therefore, the crystal field states must
transform according to one of the two representa-
tions of 2,. The representation of 2, and the vec-
tor and angular-momentum components belonging

b
A
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FIG. 4. Local principal axes x;, y;, z; of the g ten-
sor of magnetic ions occupying the two types of magne-
tically nonequivalent 4(c) sites in Pbcn. 5,3, and &
mark the orthorhombic crystallographic axes.

to these representations are given by

12
v, Jy A1 1 (2)

X, 2y Jyy Jg Ay 1 =1

It is evident that if the two states belong to the
same representation the g vector is directed along
the crystallographic b axis. On the other hand, if
the two states belong to different representations,
the g vector lies in the crystallographic a-C plane.
From the experimental data it is clear that the
latter case applies to Fe?" in FeNb,Oq.

B. Irreducible representations of Pbcn associated with k= o -,‘-0]
1. Operators in Pbcn

Here we shall essentially follow the Olbrychski®
method. It will be applied to Pbcn when the k vec-
tors have the full point symmetry of the space
group, namely, mmm.

As generators of the space group we select 2,
at x30, 2, at Oy; and T at 000. These operators
can be written in the form

2.={2% %}, 2,={2, |7}, T={r]0}; ®)

where 2,, 2, are twofold axes and 7 is the inver-
sion and

L 0
%=l &t )ana7,=| O} . (4)
0 3

The point group mmm is defined by the following
multiplication relations:

2:=2§=[2=e7 2123':23'23’ 221=[2xl (5)

where ¢ is the identity operator. The corre-
sponding relations between the generators of the
space group Pbcn read as follows:

22 ={e|t,} with T,=(2,+e)7, ,
2={elt} with {,=(2,+e)T,,
12={e|f,} with ¥ =0,

2,,T={e|t ;}T2,, withl, =2%,,
2,T={e|t,}T2y with 1,,=27,,
2,2,={elf,} 2,2, with T ,=(e—2,))%, +(2,-e)F,.

The point transformation of sites 4(c) by the gen-
erators of Pbcn is given in Table L.

(6)

2. Representations in Pbcn

Let us denote by A, A,, and A, the matrices
representing 2,,, 2,, and I, respectively. A
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TABLE 1. Point transformation of sitle? 4((:)l in Pben,
(1) 0y%, @) 053, B)33-3% and @) z3+¥3:
2., at x§0; 2, at Oyy; 1 at 000.

24, transforms point 1 to 3 plus a tr_anslation 0,0,1),
point 2 to 4 plus a translation (0,0, 1), point 3 to 1 plus
a translation (1,0,1) and point 4 to 2 plus a translation
(1,0,7).

1 24y 2, 1

1 3(001) 1 z(ooz)
2 4(001) 2(001) 1(001)
3 1(101) 3(101) 4(111)
4 2(101) 4(100) 3(111)

translation { is represented by 1 Xexp(2mk-t)
(where 1 is the unit matrix) in the space-group
representation associated with the wave vector k
The relations between the generators of the space
group imply the following relations between the
representing matrices:

A§=€!X1, A;Aj=AAey, 1,7=1,2,3; 1)
with
e,=exp(2m’§-f,); e,~,-=exp(21ri§-t’u) . (8)

Knowing ¥, and 7,, the translations f; and f;;
(¢,j=1,2,3) can be derived. This yields the fol-
lowing €; and ¢;; (¢, j=1, 2, 3) in the space group
Pbcn

€,=exp(2mik,); €,=1; =1,
€ ,=exp[2mi (k, — k,)]

12 1 3 3 (9)
€,3 = exp|2mi (k, +k,)],

€53 = exp(2mik,) ,
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where k; (j=1, 2, 3) are the components of the wave
vector k

k=k,b, +k,b, +k,b, . (10)

The phase factors €; and ¢;; for k vectors which
have the full point group symmetry are given in
Table II.

3. Doubling of the Pbcn unit cell in the —l.) direction

a. Irreducible representations of Pbcn with k
=[030]. Let us take A, and A, diagonal and write
the representation matrices in the following way:

x 0 a0 z, 2,
Ai=loy )i A2\ 0b ), A 2,2, ) - (1)

Taking into account the relations between the ma-
trices they reduce to

x 0 a0 0 z,
415\ 0—x/» 427\ 0a /s A0 ) 0 (12)

with x2=a?=1. If we restrict ourselves to real
values of z, one may take for z,, x, and a any one
of the eight sign combinations +1. This gives rise
to the following eight representations:

;] I I, Ty, I I{ I'y I}

z, +1 =1 +1 +1 +1 -1 -1 -1
(13)

x +1 +1 -1 +1 -1 +1 -1 -1

a +1 +1 +1 -1 =1 -1 +1 -1

The representation with z, =x=a =+1 has the
following form:

TABLE I. Phase factors ¢; and €;; in Pbcn.

Order of Nature and number
. irreducible of irreducible
k €4 €9 €3 €49 €93 €43 representations representations
0 1 1 1 1 1 1 1 Real 8
by -1 1 1 -1 1 -1 2 Real 2
3D, 1 1 1 1 1 - 2 Real 2
2Dy 1 1 1 -1 -1 1 2 Real 2
3By +5,) -1 1 1 4 1 1 2 Real 2
3(By+Dy) 1 1 1 -1 -1 -1 2 Real 2
3(by +by) -1 1 1 1 -1 -1 2 Real 2
3(by+by+by) -1 1 1 1 - 1 2 Complex 2
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Tul(= n,

e A, A, AA, A, AA,

AA,

09 SR o [ o N P [

AAA,

) Co) ‘“’

Another irreducible representation (not equivalent to I', ,) is obtained by the choice z,=x=-a=+1

T,(=T3),

e A, A, AA, A, AA,

GIGA G EDEICLI

All the other representations are either equivalent
toT,,ortoI,,:

DI~ T~ T3~ T~ Ty,

Ti~T{~Ti~T;~T,,.

b. Derivation of the bases of irreducible repre-

sentations of Pbcn with K=[010]. With the unit
cell doubled in the b direction we shall denote by
j’ a point which is displaced from the point j by one
crystallographic lattice constant in the b direction.
In this notation, the point transformation of sites
4(c) under the generators of the space group Pbcn
is given in Table III. In Table IV the transforma-
tion of the spins on sites 4(c) under the generators
of Pbcn is displayed. Given the irreducible repre-
sentations I',, and T, of Pbcn for k=[040], the
techniques of projection operators when applied to
a spin component or a suitable linear combination
of spin components  will project out the linear
combinations §;; which form the basis of irreduci-
ble representations:

(16)

wY=>" A% C, . %)

Here, A‘”’(C,) is the matrix that represents the
operator C, in the representation T', and A{}(C,)
is a matrix element. The summation is over all

TABLE III. Point transformation in Py bcn at sites
4(c). Primes ilidicate sites displaced by one lattice con-
stant along the b direction.

1 24x 2, i

1 3(001) 1 2(001)
2 4(00T) 2(007) 1(007)
3 1(100) 3(To1) 4’(ToT)
4 2(107) 4(T00) 3’(To1)
1’ 3’(001) 1’ 27(007)
2! 4’(00T) 27(007) 1/(00T)
3’ 1’(101) 3’ToT) 4’ (7o)
4’ 2’ (101) 4’(T00) 3’'(To1)

A A,

AIAZAS

0-1)(0-—1). (15)
10 10

the members g of the group.
Let us take the representation I',, and consider
for i the following linear-spin combinations:

P'=81,+S,, P =S-S5, (18)

By using the matrices of the representation I', and
Table IV of the spin transformations in P,,bcn one
finds

110, ¥5,=0;
$a=0, 45,20 )
¥1,=0, ¢,=0;
¥;,=0, ¥3,=0.

TABLE IV. Spin transformation in P, ben at sites 4(c).
Primes indicate sites displaced by one lattice constant
along the b direction.

1 24e 2, 1
Six Sax —Six Sox
S‘-y _s3y sty sZy
siz _s3z —slz Su
Sox S =Sy Six
Say =S4y S Syy
Sze -S4 =Sy, Stz
S3x Stx S Si'x
Say =Sty S3p Sery
Ssz "'Slz —s:sz S4';
Sgx Sax =S4y S3ex
Sty —Sa S Syey
St =Sz =S Szez
Sy Sgex =Sy sZ’x
Sy =S3ey Syy Syey
si’ z "SS' z _Sl' z s2' z
Sprx s4'r =Sy Sy
Spey =Syry Sary Sy
Syez =Sy, —Syre Sz
s3'x Sl'x ‘SS'r sA'x
Sa'y '—Sl'y saly 54:y
Szez =Sy —S3¢ Syee
Syex Syex _s4‘x S3ep
Syry =Sy Sary S3y
S4'z _SZ‘g "S."g S3l‘
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On turning to I',, one has (for the notation of the
spin modes see Ref. 5)

1 =2F,, $,=2F,;

’1’51 = zcx’ ‘p;2 = 2cx; (20)
lph:zcxr Zp;z:_zcx;
Po=-24,, Y=2A,.

The functions #,;; with a fixed j are partners in the
two-dimensional representation. Considering I'y,
for instance, yj,=2F, and ¥j;,=2C, provide an
equivalent description of the same physical reality
with the difference being only the choice of the
coordinate system.!®

By applying projection operators also to the
functions (S,,+S,,) and (S,,+S,,) one finds even-
tually the following results:

rlk rzk
¢1 Car Ay Fx Gx Cl Az . (21)
¢2 FY - G}' Cx "Ax Fz - Gl

Thus if an exact doubling of an orthorhombic
magnetic configuration along the crystallographic
b axis is realized in FeNb,O, then the magnetization
and susceptibility data imply that the spontaneous
magnetic structure belongs to the I',, representa-
tion.

IV. ANALYSIS

As we have already pointed out, the temperature
dependence of the principal susceptibilities in
FeNb,O, exhibits some striking features character-
istic of a nearly accidental doublet. In the forth-
coming analysis we shall thus assume that the ap-
parent total lifting of the degeneracy of the Fe?*
energy levels due to the low-site symmetry (2,)
results in a nearly accidental ground doublet. Fur-
ther, it will be assumed that only the ground dou-
blet is populated at low temperatures, namely that
the population of higher levels can be neglected.
The effective spin Hamiltonian to be constructed
will thus be within the frame of fictitious spin
S=3. Considering the experimental data and the
properties of the g tensor of a nearly accidental
doublet,® we shall take

801 =8:%*0,
gy{=g31=0) i=112,

(22)

where x; y,z, indicate the local principal axes of
the g tensor at the magnetic site i (see Fig. 4).
Due to the relatively large separation of the Fe?*
ions along the # axis, the exchange interactions are
expected to be dominantly between Fe?* ions within
the b-8 layers. We shall neglect interlayer inter-

actions and for that matter assume that spins 1 and
2 in the unit cell do not interact with spins 3 and

4 (Fig. 3). The effective spin Hamiltonian will then
be given by 3¢=3C,+3C,,, where 3, describes in-
teractions involving spins 1 and 2 and JC,, describes
interactions involving spins 3 and 4. Further,
since g, =g, =0(i = 1, 2) the magnetic moments of
the Fe?* ions that originate from the accidental
doublet are only along the x, and x, directions for
spins 1, 2 and 3,4, respectively. The nearly ac-
cidental doublet can therefore contribute to the
magnetic susceptibility only in the 3-€ plane. In
the following we shall neglect other contributions
to the 3-& plane susceptibility. In the b direction,
however, the susceptibility will be of the Van
Vleck type.

A. Susceptibility in the a$ plane

X,, and 3C,, can be written in the form of de-
coupled-spin Hamiltonians

3pp= E:}C!1+ Z chz ’
N iz

¥y = Z 3y + Z ¥, -
I3 A

Replacing indices j; by 7, JC,‘ are given by the fol-
lowing expressions® ®:

(23)

3¢, = 211<Slxl)yllslxl +3 212(82,1>y{151,1
+AS,, -H, 1g&Siy, >
¥, = 222<Szx1>yusz:1 + %221<Su1)y;182x1
+ A8y, —Hy 1p&iSox, s (24)
3, = 233(83x2>y11 Sap * 3 234<S4x2>y;1 Sz,
+4 ssxz -H, 158, Sss;>
8= 2,4(Suy,)¥11 Sax, + 2 2,43(S5x,)¥11 S,
+AS,,, ~H, lp8:Syy,-

Here, z,, is the effective number of interacting I-
type neighbor spins of a k-type Fe?* spin, y,, and
7, are the intrasublattice and intersublattice in-
teraction constants, respectively, g, is the non-
zero component of the g tensor and ( ) indicates
the thermal average. Note that

211582272335 2yy5 2157255234523,

25
8= 8x, =&, - (25)

In the following, we shall focus on 3C, and C,. The
treatment of 3¢, and ¥, is similar.
3, and 3C, have the form
:‘Kii = Asiu - “’Bng:g Shu ’ (26)
where
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H?§f= - Ng_z‘rg (21 y11M121+%z12 y;1M2x1)+Hx1’
x
(27)

4
H;§§= - m (21, Y1 Moy, + 325, 3’{1M1x1)+H,1 ’

and
M"‘l = %Ngx “a(sigl>, i=1,2.

By expressing the operators S;, and S;, (i=1,2)
by their 2 X 2 matrices, the eigenvalues of 3¢; can
be easily found to be

AP =[( 4+ (G wp g HET?,
AP = [ 8)+ (G upgHEDT?,
i=1,2.
The partition function z; of spin 7 is thus given by

(28)

(29)

1

z;=2 cosh (ﬁ [G A+ u.Bg,H:ﬁ)z]‘/2> . (30)
The total partition function Z; of all spins on sub-
lattice 7 is given by

z,=2". (31)
Also, the free energy of all the spins on sublattice
i is given by

F;=-kThn Z, (32)

and the sublattice magnetization can be derived
from the formula

3F,

IN TRANSITION-METAL... 2295
Note that if A#0 then at finite external fields
M, (T=0K)< $Ng, usS . (35)

In order to obtain an expression for the suscepti-
bility in the x, direction, the formula for M,, will
be treated in the limit of H, tending to zero. Up
to the first power of H, one has

— aq00)
Mm—M +a1H,,l s

1%)

(36)
My, '_'Mg?c: +a,H, ,
where
M= -Mg,) . 37
Substitution in the expressions for Hfi gives
4
HIE=BEO (- rr (uoue,
1 ’
+32,,91,8,)+ 1) H, ,
(38)
H911=H0ﬂ(0)+ (_ (Z v,a
2x1 2x) m 11 Y11%2
1 ’
+32,90,a)+ 1> H,,
where
HIO) = _ ptt )
=- 4 (z -32,9, )M (39)
m n¥u =22 ¥nMMy -

Mix].:_aHp ’ i=1,2) (33)
i Let us denote the splitting of the doublet in the
which yields absence of external field by E,
_N (z bpg)°HY
Mex,= (@8 & bp g, HEPTT? Ey=2[(z 8+ (2 up g Hi V)2 (40)
1 From the expansion of the formula for M, in
X tanh | — _Az 1 H91121/2>. 4 ix
ta (kT (G &Y+ upgHE)) (34) powers of H, , one can find that '
_on (ZHp&) 2 E ) (Z pp & HE )P 2z 4) E, )
a,+a,=2N —E, 1 -tanh —LZkT ?TE, + E? tanh BT
1 r | 1 ef1(0))2 1 A)2 T\-L
Zudu+z2,9, o By \| G rassHiy 2(z 8) < E, ) .
X (1+ E, {[l — tanh <2kT)-J FTE, + B tanh ( 575 (41)

The susceptibility x,, along the x, axis of the sys-
tem consisting of sublattices 1 and 2 is given by
(42)

Similarly, the susceptibility y,, along the x, axis
of the system consisting of sublattices 3 and 4 is
given by

X, =0+ .

sz = Xxl * (43)

Thus the susceptibilities x? of the accidental doub-

r

let along the orthorhombic crystallographic direc-
tions are

X4=2(a, + a,) cos?¢ ,
xg=0 ) (44)
X4=2(a, + a,) sin?¢ .

Note that the zero-field susceptibility in the para-
magnetic state can be obtained from the formulas
for x4 if one takes
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HE©=0 (i=1,2);
(45)
E,=A,
The transition temperature T, can be determined
from the expressions for M;,, (¢=1,2). Close to
T, the formula for M, (i=1,2) can be expanded in
powers of M,, (i=1,2) at H, =0. The equations

B—

24
T,,=A5k1n[(1+ _.2—"_> (1 S
l 2212V - %1% z%12Yn—2n%n

B. Susceptibility along
the b direction

The nearly accidental ground doublet has a g fac-
tor of zero along the b axis® and therefore does
not contribute to the susceptibility in this direc-
tion. There can be, however, Van Vleck contribu-
tions to the susceptibility from each one of the

—

v,= 2Nkb [( [€0]L,+25,| DF — + (O] L,+25,|2) ]
Z, E,

1
+(-lalz, s, |0k g + AL, 25,2

1
+ (_ [2]|L,+25,|0)[? 5T1E, -|@|L,+2s,| D]

where
z,= eEo/ 2RT e-E0/2u‘+ e-u/ RT (49)

Here ]i) (i=0,1,2) mark the nearly accidental
doublet and singlet levels in the order of increas-
ing energy, 6 is the separation between the center
of the doublet and the singlet level, and (j| L+ 2S,]| k)
(7,k=0,1,2) are matrix elements connecting states
| j) and |k). Note that since the g factor of the
nearly accidental doublet is zero in the b direc-
tion, one has®

©|L,+2S,|1)=(1|L,+25,|0)=0. (50)

§ is assumed to be temperature independent where-
as the temperature dependence of E, is deter-
mined by Egs. (40), (39), and (34).

C. Experimental data and determination of parameters.

The parameters involved in the theoretical for-
mulas were deduced from the measured suscepti-
bility curves (Fig. 1). The experimental data have
been corrected for demagnetization and normalized
to correspond to a zero demagnetization factor.

6-3E,

-1
2

that result are linear in M,,, and to obtain a non-
trivial solution for M,,,, the determinant of the

coefficients has to vanish at T. This yields the

following relation

PN ( A )
%2  =tanh(s—) - (46)
1z, - 2190 2kTy,

Using some algebra one finds

i

—

elevated levels. For simplicity we shall consider
only the contribution due to the lowest-lying singlet
of these levels. In other words, we assume that
the gap between this singlet level and those lying
at higher energies is large compared with 27T in
the temperature range of interest. Under these
conditions the formula for the susceptibility in the
b direction is given by

1 ) gFo/ 2kT

6+1E,

) e'Eo/ 2RT

,  (48)

1 B N 2 e‘b/kT
Eo) e °“T} + —;;—BI(2|L”+ZS,|2)|2 T

The formulas were first fitted to the measured
3-¢ plane susceptibility through expressions (44)
in the temperature range 1.4-20 K. Since both the
7 and € susceptibilities share the same parame-
ters, a least-squares technique was employed to fit
the two sets of data simultaneously. The tempera-
ture dependence of E, and H{i!® involved in the
susceptibility through Eq. (41) was calculated from
formulas (39) and (40) after deriving M{}) by apply-
ing an iteration method on Eq. (34). The following
results were obtained:

2,=7.7£0.4,
¢=17°£3°,
A=(7.9£17.9)x 107'¢ (erg)=5.7+5.7 (K),
2,9, =(~27.2+6.0) X 1078 (erg/spin) (51)
=-19.7+4.3 (K/spin),
$2,9/,=(12.4+ 3.0) X 107'¢ (erg/spin)
=8.9+2.2 (K/spin).

The quoted errors are statistical and indicate
two standard deviations. Though the least-squares
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fit was done in the temperature range 1.4-20 K the
theoretical 2 and ¢ susceptibility curves calculated
using parameters (51) seem to be in good agree-
ment with the experimental data in the whole range
1.4-80 K (Fig. 1).

In fitting formula (48) to the experimental sus-
ceptibility in the b direction we employed the tem-
perature dependence of E, calculated using para-
meters (51). The least-squares fit of x, was done
in the whole range 1.4-80 K and the agreement be-
tween the calculated and experimental curves is
excellent (see Fig. 1). From this fit the following
additional parameters were obtained:

5=(64.9+4.0) X 107'¢ (erg)=47.0+2.9 (K),
[(O|L,+2S,|2)|?=|(2|L,+2S,|0)|?
=5.35+0.30,
[(1|L,+2S,|2)[?=|(2|L,+2S,| 1)
=4.77+0.40,
[2]L,+2S,|2)[?=6.52+3.20.

(52)

The errors quoted here are statistical and indi-
cate two standard deviations. From parameters
(51) it is evident that the ferromagnetic intrasub-
lattice coupling between Fe?* spins is stronger than
the intersublattice antiferromagnetic interaction.
By using Eqgs. (34) and (39) we calculate the Fe?*-
Fe®* effective fields at T=0 K in the spontaneously
ordered configuration

1 - f -
H!in _Hjlxz -

4
1\7—2_—2 2y y“Mﬁ’,I(T:O K)'

x M
=17.5+ 5.2 kOe
i=1,2 j=3,4
4
Hi =H, = W%ZIzJ’hMQ(T:O K)'
=8.0+2.7 kOe (53)
i,k=1,2, j,1=3,4

itk, j*l.

Here, Hj;,, Hj;,, and H, ,H},, are the mag-
nitudes of the ferromagnetic and antiferromagnetic
fields, respectively, and the indices 7, j, 2, indi-
cate the sublattices. The magnitude of the total
Fe®-Fe®* effective field Hf at T=0 K is (note
that H! =H§§f‘°’)

HY$=Hi, +H}, =25.5£7.9 kOe. (54)

Similarly, the magnitude of the Fe?*-Fe?* effective
field in the field-induced paramagnetic state at
T=0 K can be calculated. Since the nearly acci-
dental ground doublet of the Fe?* ions has a zero
g factor in the b direction, only external fields in

the 3-¢ plane can practically induce paramagnetic
configurations at moderate fields. With the Fe®*
moments being confined to the local principal axes
x, and x, of the g tensor at the two magnetically
nonequivalent sites, respectively, they cannot be
aligned in the direction of an external field. When
high magnetic field is applied along the 2 or €
axes, two out of the four sublattices will be re-
versed along their spin easy directions resulting
in the paramagnetic F,C, or F,C, configurations,
respectively.® If the external field is high enough
to induce a splitting of the nearly accidental ground
doublet that is much larger than its crystal-field
splitting A then the sublattice magnetizations

M, (T=0K)i=1,2 and M,,(T=0 K) j=3,4 will ap-
proach their full value of §Ng, uz S and the magni-
tude of the total Fe*-Fe® effective field Hgi' .., will
be given by

He = 221, Y1+ 221,910 =10.4+5.2 kOe . (55)
8xkp
In formulas (53)-(55), both e xchange and dipolar
contributions are included. In order to assess the
importance of the dipolar contribution we calcu-
lated the dipolar field component Hgf_ ., and
H'E, 4, along the local-spin easy axis in the two
field-induced paramagnetic configurations F, C,
and F,C,, respectively. By taking a magnetic
moment of 3.85u, per Fe®** ion one has

HY, 4i,=— 2.9 KOe,
HY, 4, = - 5.7 KOe,,

(56)

where the (-) signs indicate that the dipolar fields
are in opposite direction to the induced Fe®** mag-
netic moments. It can be seen that the dipolar con-
tribution is small and that the exchange interac-
tions constitute the dominant part of the Fe**-Fe?*
bilinear coupling.

The major part of the spontaneous splitting E,

1.0 T T
2 | \\ 1
N \
OS2t N
n Fe inFeNb,O;
v = 3
] ] ]
) 05 0

T/ T,

FIG. 5. Calculated temperature dependence of (S, )/S
for Fe?* in FeNb,O; using the parameters derived in the
text.
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FIG. 6. Calculated temperature dependence of the
lowest-lying Fe?* energy levels in FeNb,Og using the
parameters derived in the text.

of the nearly accidental ground doublet at low
temperature is due to the Fe?*-Fe?* bilinear cou-
pling. It is the competition between this tempera-
ture-dependent splitting and the constant crystal
field splitting A that determines the main features
of the temperature dependence of the sublattice
magnetization. The temperature dependence of the
spontaneous sublattice magnetization calculated by
using formulas (34) and (39) with parameters (51)
is shown in Fig. 5. It is obvious from formula (34)
that the smaller the ratio A/, g, H;!! the closer
will the sublattice magnetization M,, come to its
full value of $Ng, 1, S at T=0 K. The calculated
temperature dependence of the splitting of the
nearly accidental ground doublet can be seen from
Fig. 6. The spontaneous temperature dependence
of the energy levels in Fig. 6 was calculated by
using formulas (29) and (39), with parameters (51)
and (52), after deriving M{3) by applying an itera-
tion method on Eq. (34).

The calculation of T, using formula (47) with
parameters (51) yields T, =6.8 K which is higher
than the ordering temperature associated with the
maximum in dy/dT. This is probably due in part
to the approximation employed in the mean-field
theory which provides a reasonable description
only of the main features of the magnetic behavior
of a spin system.

V. DISCUSSION

We have shown that the main features of the mag-
netic behavior of FeNb,O, at low temperatures can
be accounted for in the mean-field approximation
assuming a four-sublattice antiferromagnetic spin
configuration and a nearly accidental ground doub-
let for the Fe®* ions in this material. The four

sublattice model is in disagreement with the colli-
near antiferromagnetic spin structure along the a
axis deduced by Weitzel from his neutron diffrac-
tion measurements on powders.® Note, however,
that a doubling of the unit cell that he found to take
place along the b axis is not a doubling of a spin
configuration that originates in the crystallo-
graphic space group Pbcn,® but rather one of a
lower symmetry. Reminiscent of the crystallo-
graphically isostructural MnNb,O,,* ! it seems
that because of the insufficient resolution in the
powder-diffraction patterns possible deviations
from a collinear spin structure are hard to detect.
Neutron-diffraction experiments on single crystals
are clearly needed to determine the detailed spin
configuration of FeNb,O,.

The low-temperature magnetic behavior of
FeNb,O, is highly influenced by the Fe?* ions oc-
cupying the lowest crystal-field levels. In our
model, their magnetic moments at low tempera-
tures are confined to the local direction of the
nonzero component of the g tensor at each site.

It remains to be seen whether this model in its
present form can account for the experimental
magnetic-phase diagram or whether it needs to be
modified to provide a better approximation of the
Fe* spins in FeNb,O,.

Our least-squares fit of the theoretical formulas
to the experimental susceptibility was not so sen-
sitive to the magnitude of the crystal-field splitting
A of the ground doublet which resulted in a rela-
tively high statistical error bar on that parameter
[see (51)]. A nonzero crystal-field splitting A of
the ground-doublet results in a nonzero suscepti-
bility in the 3-€ plane at T=0 K (Fig. 1) and in an
unsaturated spontaneous sublattice magnetization
at T=0 K (Fig. 5). Experimentally, this should
manifest itself in a relatively high magnetic field
needed to approach saturation on magnetization
versus field curves and in a field dependence of the
intensity of neutron diffraction lines even at very
low temperatures. In view of its importance it
would be useful to obtain a better determination of
A by trying other techniques that might be more
sensitive to this parameter such as magneto-opti-
cal studies or specific-heat measurements. Some
information on the crystal-field levels of Fe?* in
FeNDb,O, was obtained by Eibschiitz, Ganiel, and
Shtrikman in earlier studies of the temperature
dependence of the quadrupole splitting of the
Mbssbauer line in a powder sample.!? Their cal-
culated energy level scheme for the Fe?* ions in
FeNb,O, clearly shows that the three lowest-lying
crystal-field levels (a lower singlet and an upper
doublet 19 K apart) are relatively isolated from
the higher levels and therefore can be regarded
as essentially the only populated levels at a suf-
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ficiently low temperature. As we have shown, the
magnetic properties at low temperatures are in-
deed dominated by the Fe?* ions occupying the
three lowest-lying crystal-field levels. The quad-
rupole splitting of the MGssbauer line, however,
obtained at temperatures higher than 25 K, is
probably not sensitive enough to the crystal-field
splittings between the three lowest-lying singlets,
and therefore, the resulting calculated energy-
level scheme can be regarded only as a first ap-
proximation.

As indicated already, the Fe?* ions are arranged
in Fe-O layers that are parallel to the crystallo-
graphic b-¢ plane and are separated from neigh-
boring layers along the 3 axis. In the analysis we
considered only interactions between Fe?* ions
within the layers and neglected interlayer coupling
which is expected to be weaker. The Fe*-Fe?
bilinear interactions in FeNb,O4 are essentially
of an exchange type with a small dipolar contribu-
tion. We found the Fe?*-Fe? intrasublattice ferro-
magnetic coupling to be stronger than the antifer-
romagnetic intersublattice interaction as in the
isostructural NiNb,O,.°

The parameters (51) we obtained from the least-
squares fit of the theoretical expressions to the

experimental data yield a Néel temperature T, =6.8
K which is higher than the one found experiment-
ally. This is probably due in part to the approxi-
mations inherent in the mean-field theory which

is known to provide a reasonable description only
of the main features of the magnetic behavior of

a spin system.

The magnetic properties of single crystals of
FeNb,O,4 have been studied and presented in this
paper for the first time. Additional and comple-
mentary information can be obtained by employing
other experimental techniques. In particular,
measurements on FeNb,O, single crystals are
needed to verify the implications of the four sub-
lattice antiferromagnetic structure and the nearly
accidental ground-doublet model proposed in our
analysis. Some of these experiments are now in
progress.
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