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Magnetic susceptibilities, their temperature variation, and exchange constants of NiO
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The temperature variation of the magnetic susceptibilities of NiO for a powder sample and a sin-

gle crystal has been measured from 4.2 to 700 K. The single crystal was stressed along a (111)
direction on cooling through T~ (=524 K) with successive stress magnitudes of 7, 30, and 42 bars,
followed in each case by measurements of X~~ [H parallel to a (111)plane with H =200 Oe] from 4.2
to 700 K. From the behavior of g~~ with stress, a stress of 30 bars was found to be sufficient to com-
pletely remove the T domains. With the use of the data of initial powder susceptibility

P~ =(X~~+2P&)/3 and X~~~ =(X~~+Xz)/2 at various temperatures, the temperature variation of p~~ and
+j the principal susceptibilities, is determined. After correcting for Pvv and Pp (the Van Vleck and
diamagnetic susceptibilities) with P»+Pd ——3.2)&10 cm /g, P(T~) =8.8&(10 cm /g, Pg(0)
=6.8& 10 cm /g, and P~~(0}=0 are determined. It is shown that the spin-wave theory correctly
gives the ratio g(T~)/gj (0) and the temperature dependence of g~~ to about 200 K if the experimen-
tal value of the spin reduction AS=0. 19 is used for Ni +. From the experimental values of g(T~)
and T& and the use of random-phase-approximation Green's-function theory, the magnitudes of ex-
change constants for NiO, viz. Jl ——34 K and Jq ——202 K, are determined.

I. INTRODUCTION II. EXPERIMENTAL DETAILS

The nature of magnetic ordering in NiO (as well as in
MnO, FeO, and CoO) became known from the early neu-
tron diffraction studies by Roth' and from the magnetic
susceptibilities by La Blanchetais and Singer. Accord-
ing to these studies, NiO is a type-2 antiferromagnet with
Tz—523 K, such that the moments lying in the (111)
planes are parallel with the neighboring (111) planes
stacked antiferromagnetically. The spin-easy axes are the
three equivalent ( 112) directions. In these oxides,
exchange-striction accompanies magnetic ordering, this
being a contraction in NiO along the four equivalent
(111) axes in the NaC1 structure of these oxides. This
multiplicity in the distortion and the spin-easy axes results
in the formation of T and S domains, respectively. ' Con-
sequently the measurements of the principal susceptibili-
ties, X~~ and X~, in these oxides is not a straightforward
matter. In recent papers from this laboratory ' we have
reported the measurements of X~~ and X~ in MnO and CoO
systems. This was accomplished by applying uniaxial
stress along selective directions (along [111]in MnO and
along [001] in CoO) as the samples are cooled through T~
so as to obtain single —T-domain crystals. In this paper
we report the determinations of X~~ and Xj in NiO. Ear-
lier measurements of La Blanchetais2 were limited to
powder samples for temperatures above 90K, and in the
data by Singer on single crystals, X~~ and Xz could not be
determined because of the presence of T domains. In the
recent torque measurements of Kurosawa et al. , only the
difference susceptibility Xz —

X~~ could be determined.
Thus the measurements reported here represent the first
determination of X~~ and Xj in NiO. Temperature varia-
tion of X~~ and Xz from 4.2 to about 700 K are presented
and exchange constants in NiO are reexamined in light of
these new measurements.

The single crystal of NiO used in these experiments was
cut from a larger boule purchased from Cristal-Tec,
Grenoble, France. The sample, measuring 2&1.5)&1.5
mm, was x-ray aligned. The magnetic susceptibilities
were measured with the Faraday technique using a Cahn
microbalance and Lewis-gradient coils, with the absolute
and relative precisions of about I%%uo and 0.3%, respective-
ly. Measurements of X were made with a uniaxial stress
applied along a [111]axis, along with the measurements
on the powdered samples. The stress cell was made from
oxygen-free, high-purity copper block and the stress was
applied by turning a screw. A strain-gauge arrangement
was used to determine the stress at room temperature.
The background correction due to the stress cell at various
temperatures was determined in a separate experiment.
The NiO powder sample was made from the NiO single
crystal and it was wrapped in high-purity Al foil for X
measurements from 4.2 to 700 K. The X values were later
corrected for Al background in a manner described else-
where. 7

III. MAGNETIC SUSCEPTIBILITIES

The temperature variation of initial Xz (X for powdered
sample) measured at 200 Oe is shown in Fig. 1 for the
temperature range of 4.2 to 700 K. The observed X~
versus T behavior is similar to that of an antiferromagnet,
with Xz(0)=7.75X10 cm /g and Xz(T~)=12.OX10
cm /g. From the maximum of d(X~T)/dT against T,
Tz 524.5 K is determined. Our values of Xz are in
agreement with those of Ref. 2, the latter being limited,
however, to T& 90 K. No noticeable field dependence of
X~ was observed for fields up to 8 kOe.

For measurements on the single crystals of NiO, a pro-
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FIG. 1. Temperature dependence of the power susceptibility

Xz measured at 200 Oe and that of X~~ (Hi [111],also at H =200
Oe) with stress of 7, 30, aud 42 bars along the [ill] axis. For
clarity, only a limited amount of data near T~ are shown.

T(K)

FIG. 2. Temperature dependence of g~~ and gj, derived from

g~~ at 42 bars and g~. Right scale: g's are uncorrected for gvv
and Xd. Left scale: g's are corrected for gvv+gd ——3.2y10
cm /g.
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cedure similar to that used in our studies on MnO (Ref. 4)
was followed as the crystal and magnetic structures of
MnO and NiO are similar. Uniaxial stress P along the
[111]axis was applied at room temperature, the tempera-
ture of the sample was raised to well above Tz (to about
700 K), and the sample was then cooled through T~
under the uniaxial stress. This procedure forces the crys-
tal to contract only along the stressed [111]axis, thus el-

iminating T domains if sufficient stress is available. The
measurements of X were then made from 4.2 to 700 K
with increasing temperatures, in H=200 Oe and with

Hi[111] [or H~~(111) plane]. Following our nomencla-

ture in MnO, this X for H(~(111) plane is termed as X~~

and it equals (X~~+Xq)/2 because of the lack of the
uniqueness of the easy axis in the (111) plane. Thus X~~

cannot be measured directly. The data for X~~ versus tem-

perature are also shown in Fig. 1 for P=7, 30, and 42
bars. It is evident that values of X~~ for 7 bars are less
than Xz values. Increasing the stress to 42 bars further
lowers X~~ (because of elimination of T domains). Howev-

er, X~~ values for P=30 and 42 bars coincide, showing
that under these stress values, a single —T-domain crystal
has been obtained. In MnO, P=25 bars was found to be
adequate to remove T domains. Near and above Tz, no
noticeable difference could be detected between the mag-
nitudes of X~~ and X&.

The measured susceptibilities X~
~

——(X
~ ~

+X& )/2 and

Xz ——(X~~+2X& )/3 can be used to derive the magnitudes of
X~~ and Xz at various temperatures. The values so ob-
tained at different temperatures are shown in Fig. 2 with
the right-hand scale applicable. It is noted that X~~ so
evaluated does not approach 0 as T—+0 K. Since Ni +

orbital moment is usually quenched, X~~(0)=0 is expected.
This apparent discrepancy is due to a relatively large con-
tribution from Xvv, the Van Vleck susceptibility which is
given by

with N as Avogadro's number, L, as the z component of
orbital angular momentum which couples the ground
state

~

I ) with the excited states
~
4), with energies Et

and E~, respectively. For NiO, E~ Et —1.05 eV—as
determined by optical measurements. ' This yields
Xvv=3.3X10 cm /g (=2.46X10 cm /mole). The
diamagnetic susceptibility Xd for NiO is estimated to be
=—0.5X10 cm'/g, yielding X»+Xd-2.8X10
cm /g as the correction which should be applied to the
measured X~~ and Xz. Hutchings and Samuelsen" have es-
timated Xvv+Xd =(3.0+0.8)X10 cm /g for NiO. The
left-hand scale of Fig. 2 represents the derived X~~ and Xz
after X~~ and Xz have been corrected for
Xvv+Xd ——3.2X 10 cm /g. With this correction X~~ ap-
proaches 0 as T~O K, Xq(0)=6.8X10 cm /g, and
X(T~)=8.8X10 cm /g.

Next we consider the temperature dependence of Xz and
Beginning with Xz(0), X~ remains constant to about

120 K and then it increases with increasing temperatures
up to about Tz (Fig. 2). There is no broad minimum in

gz between 0 K and T& as, for example, observed in
MnO, CoO, RbMnF3, ' and MnFz. ' In the torque mea-
surements of Kurosawa et al. , a temperature-
independent Xq-9.1X10 cm /g was inferred from the
data of EX=X~—

X~~ down to 77 K. Although this esti-
mate is close to our magnitude of X~(T&), our measure-
ments show that 7] has significant temperature depen-
dence as the temperature is lowered toward 0 K. The ob-
served difference between Xz(0) and X~(Tz) in our mea-
surements is consistent with the theoretical expectations
as explained below.

On the basis of spin-wave theory, ' the relationship be-
tween Xq(0) and Xz( Tz ) is given by

r

Xi Tiv bS e(a)
(1+a/2) S (2+a)ZS

In Eq. (1), a=H&/HE (anisotropy field/exchange field),
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bS is the zero-point spin reduction, Z is the number of
neighbors with which exchange coupling is dominant,
e (a)=0.582 for a & 10 . For NiO, a can be determined
from the out-of-plane anisotropy parameter D~ and next-
nearest-neighbor exchange Jz (which determines T~ and
is dominant in NiO). One can estimate D, from Xq(0)
and the upper mode co& of antiferromagnetic resonance us-
ing the relation"

(fm)) =Ng pzS D(/Xg(0), (2)

AT f( T/Tgz) ~

where the constant

A = —,
'

Ng p, k (Z
~

J
(
S/2)

(3)

and the function f(T/Tzz) goes exponentially to 0 as
T~0 K and it approaches unity for T && Tzz. As noted
earlier Tqz ——52.7 K for NiO. We have fitted our data
with Eq. (3) first by putting f= 1 and leading to
A 2)&10 "cm /gdeg . This fit is shown as triangles in
Fig. 3 where the solid line represents the experimentally
derived value of X~~. Note that f=1 corresponds to
neglecting the effect of anisotropy. Next, using the values
of f(T/Tzz) up to T/T„z ——5 from Ref. 14, the data
were also fitted to Eq. (3) and the fit in Fig. 3 (solid cir-
cles) corresponds to A=3&&10 " cm /gdeg . The mag-
nitude of A is estimated to be accurate to about 20%.
Deviations from spin-wave theory at higher temperatures
are expected because of interactions among spin waves.

Using A=3X10 " cm /gdeg determined above and
the expression for A, one can estimate effective

~

J ~Z=6(2J&+J2) in NiO where J~ is the nearest-
neighbor exchange constant. With g=2.23, and S=0.81
[experimental value of S=0.81 at 4.2 K is consistent with

where N is the number of Ni + ions/g. Using fuu& ——52.7
K, g=2.23, Xq(0)=6.8X10 cm /g, and S=1, we get
D& ——0.77 K. This estimate differs from the value of
D~ ——1.13 K determined from the fit of the spin-wave
dispersion curves. As we note later, the experimental
value of S=0.81 at 4.2 K (Ref. 15) and this value in Eq.
(2) gives D~ ——1.15 K, in excellent agreement with the
magnitude of D& determined in Ref. 11.

Using Di ——1.15 K and J2 ——202 K as determined later
in this paper, a=0.0057. Thus e(a)=e(0)=0.582 in Eq.
(1). For cubic systems, the spin-wave theory gives
hS/S=0. 078/S which in turn gives AS=0.078 for S= 1

for Ni +. Using these estimates and Xz(T~)=8.SX10
cm /g in Eq. (1), we get Xq(0)=7.7)&10 cm /g, to be
compared with the experimental value of 6.8 && 10
cm /g. If we use bS=0.19 for Ni + as determined by the
neutron-scattering experiments of Alperin' at 4.2 K, then
Eq. (1) gives Xz(0)=6.7X 10 cm /g, in excellent agree-
ment with the experimental value. Thus for NiO, the ex-
perimental value of Xz(0) is consistent with a large magni-
tude of spin reduction (ES=0.19) for Ni + observed in
neutron-scattering experiments. '

Next the temperature dependence of X~~ is examined.
Including the effect of anisotropy, which introduces a
gap kT„z in the spin-wave spectrum, the temperature
dependence of X~~ is given by' '
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FIG. 3. Comparison of the derived g~~ (solid line) with Eq.
(3). Solid circles represent Eq. (3) and triangles represent a spe-
cial case of Eq. (3) with f= 1, with the magnitude of A given in
the text.

our Xz(0) and it also gives consistent value of D
&

as noted
earlier], we get 2J&+J2 ——213 K with about 20% accura-
cy, this being determined by the accuracy of A. In the
next section we determine Ji ——34 K and Jz ——202 K with
about 10%%uo uncertainty. Thus 2J~+Jz ——213 K deter-
mined from the fit to Eq. (3) is consistent with these
values of J~ and J2, considering the uncertainties in-
volved in these determinations.

Near Tz, the temperature variation of magnetic suscep-
tibilities can determine the nature of phase transition at
Tz. From the behavior of B(X~T)/dT near T~, the na-
ture of magnetic transitions in NiO and in MnO, Fe,O,
and CoO has been discussed in detail in a recent paper. '
Here we just note that using the data on both the
stressed-crystal and powder sample, the transition in NiO
has been found to be of second order. '

IV. EXCHANGE CONSTANTS

Using the experimental susceptibilities reported here,
and after correcting for Xvv and Xd, the magnitudes of ex-
change constants of NiO are now determined. For type-2
ordering of NiO, with J& and Jz as the nearest- and next-
nearest-neighbor exchange constants, respectively, the
molecular-field approximation gives'

T~ =2J2S(S+1),
X(T~)=Kg pz/12(J(+J2) . (5)

Using X(T&)=8.8X10 6 cm3/g (=6.57&&10 4

cm /mole) from Fig. 1, S=1, and g=2.23, we get
J~ ——105 K and Jz ——131 K for T& ——524 K. (Near T&,
the use of S= 1 is reasonable since zero-point spin reduc-
tion is only applicable well below TN. ) It is well known
that the molecular-field approximation usually does not
give good quantitative estimates. Therefore, we attempt
estimates of J~ and Jq using the random-phase-
approximation Green's-function theory. ' In this theory
the expression for X(Tz) is the same as Eq. (5) whereas
kT&/J2 is a function of S and the ratio J, /Jq. Bartel
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and Morosin' have calculated kT~/Jz versus J~/Jz for
5= 1. From Eq. (5), one can calculate ( Jt ~Jz ) which for
NiO with g=2.23 gives ( J&+Jz) =236 K for
X(Tz) =8.80&& 10 cm /g (=6.57&& 10 cm /mole).
Now to get Jj and J2, we use an iterative procedure and
Fig. 1 of Ref. 18, (kT&/Jz versus J~/Jz). We assume
J~ ——0 which corresponds to kT&/Jz ——2.67 yielding
Jz ——196 K for Tz ——524 K. From (J~+Jz)=236 K, and
J2 ——196 K, J& ——40 K is obtained. This in turn yields
J~/Jz ——0.20. Again using Fig. 1 of Ref. 18, this value of
Jt /Jz corresponds to kT~/Jz ——2.60, yielding Jz ——202 K.
Again using J&+Jz ——236 K, this leads to new J~ ——34 K
and J

& /Jz ——0.17. Again Fig. 1 of Ref. 18 and
J&/Jz ——0.17 yield kT~/Jz ——2.60, the same value as be-
fore. Thus this rapid convergence assures us that J& ——34
K and J2 ——202 K are the best estimates that can be ob-
tained with the use of the random-phase-approximation
Green's-function theory. The above estimates of Jt and
Jz are not too different from those determined by Hutch-
ings and Samuelsen" from the fit to the experimental
spin-wave dispersion curves, for a polydomain sample.
They reported J2 ——221+4 K and J& ———16.0+& K
whereas from the Raman scattering data, Dietz et al. '

reported J2 ——230 K assuming J~ to be near 0. One reser-
vation about the estimates of J& and Jz determined from
spin-wave dispersion curves is that the measurements
were not carried out in a single —T-domain crystal.

A major contribution of this work is that the accurate

values of magnetic susceptibilities of NiO at various tem-
peratures are now known. The accuracy of the exchange
constants determined from these susceptibilities is deter-
mined by the accuracy of the theories. The facts are that
J~ and Jz determined from the molecular-field approxi-
mation ( J& ——105 K, Jz ——131 K) are vastly different from
their magnitudes determined from the Green's-function
theory ( J~ ——34 K, Jz ——202 K), the latter, however, being
in reasonable agreement with the values obtained from the
spin-wave dispersion curves (J~ ———16, Jz ——221 K) and
from Raman scattering ( J&-0, Jz ——230 K). In MnO, the
exchange constants determined from g values with the use
of the Green's-function theory agreed well with those
determined from the fit to the spin-wave dispersion
curves. ' ' If the same accuracy is adopted for Jt ——34
K and J2 ——202 K determined here for NiO, then the un-
certainty in these magnitudes should not be more than
10%. Finally, the effect of exchange-striction on J~ and

Jz values below T~ should be considerably smaller in
NiO as compared to that in MnO (Refs. 17 and 18) be-
cause of its smaller magnitude in NiO. " It is for this
reason that it has been ignored in the discussion presented
in this work.
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