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Exchange-striction effects have been studied in both the antiferromagnetic and paramagnetic
states of NiO. Near-neighbor spin correlation functions as functions of temperature for vari-
ous choices of J&/Jj have been calculated using Green's-function techniques and have been
compared with our experimental x-ray data measured between 6 and 698'K. The temperature
dependence of the calculated trigonal distortion using J~/Jj =1.5 yields a good fit with the
measurements which vary from 0 at Tz to 4. 5' at O'K. The isotropic volume contraction
(strain) due to the exchange striction is small and never exceeds - 3 x10 throughout the
temperature range; hence, these latter measurements do not provide detailed information on
the correlation functions as was the case for MnO.

The neutron diffraction studies of Shull et al. ,
'

Roth, ' and Roth and Slack have determined that
NiO is a type-2 fcc antiferromagnetic (AFM) com-
pound. For this type of AFM ordering, thenearest-
neighbor (nn) spins ferromagnetically align if they
are on adjacent (111) planes. The next-nearest-
neighbor (nnn) spins are also situated on adjacent
(111)planes and, hence, are antiferromagnetically
aligned. It has also been reported by Roth, ' Roth
and Slack, Rooksby, ' Shimomura et al. , Slack, '
and Vernon that in the paramagnetic state NiO has
the fcc NaCl structure and as the temperature is
lowered through the Neel temperature (T„}there
is a trigonal distortion of the unit cell. In addition,
there is an isotropic volume contraction associated
with the magnetic behavior of the material.

In previous papers" o (hereafter referred to as
I and II, respectively), we have studied the experi-
mental and theoretical aspects of the exchange-
striction effects in MnO. Much of the theoretical
work in II followed closely the work on AFM ma-
terials, in particular MnO and a-MnS, of Lines"~ 3

and Lines and Jones. ' Since a complete tempera-
ture study of the exchange-striction effects is lack-
ing for NiQ and some of the experimental results
of the various investigators are in disagreement,

we have undertaken to study in some detail the ex-
change-striction effects in NiO in a manner similar
to that used in I and II. For experimental and theo-
retical details, as well as for additional background
information, the reader is referred to I and II.

From Eels. (I) and (6) of II, we see that the trig-
onal distortion h„and the isotropic lattice contrac-
tion (6a/a)~ due to exchange-striction effects are
related to the near-neighbor spin correlation func-
tions. In order to calculate these spin correlation
functions, it is necessary to determine the nn and
nnn exchange constants, Jz and J~.

The calculation of T„as a function J,/d'e using
Green's-function techniques in a random-phase ap-
proximation is straightforward. From Etl. (2. 26)
of Ref. 11 we have

S(S+1)/3k T„=~„-A/8

where A and Eo are defined in Ref. 11 as well as in
II. In Fig. 1 we show the results of our calculations
using Etl. (1) to obtain kT„/dz vs d&/dz for S= 1.

To calculate J& and Ja for MnO and n-MnS, Lines
and Jones'3'" used the experimentally observed
Curie-Weiss temperature (&) and the value of the
magnetic susceptibility at T„[X(T„)]along with the
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FIG. 1. Calculated Neel temperature Tz for the fcc
antiferromagnetic type-2 order vs the ratio of the nn to
nnn exchange constants, 4&/J2. The calculations were
carried out for S =1 using the random-phase Green's-
function approximation.

calculations of T„as a function of J, and Jz (similar
to our calculations shown in Fig. 1). In using 8 to
evaluate J& and J2, it is necessary to extrapolate
the I/)t data from very high temperatures. This
requires Z(T) data for, say, T&5T„. To use
)»(T„) requires knowing the g factor. In the case
of the Mn compounds, g=2. 0 and there are data
for )»', (T) at sufficiently large T so that a meaningful
extrapolation of I/y can be made.

In the case of NiO, T„=523 K,"and thus it is
difficult to obtain )i(T) at sufficiently large T to en-
sure an accurate extrapolation to determine ~.
Singer'6 has measured )»', (T) for NiO and obtained
from the extrapolation of the I/)» data, 8= -2000'K,
and from the slope of the I/y extrapolation he ob-
tained a value of 4. 6 for the effective number of
Bohr magnetons, which gives g= 3. 2. This value
for the g factor is considerably larger than the val-
ues g=2. 2-2. 3 obtained for Ni ' ions using para-
magnetic resonance techniques. " In spite of this
discrepancy, we shall use Singer's data along with
Fig. 1 to obtain J2 and J, . From Eq. (2. 3) of Ref.
13 (obtained from Green's-function and molecular-
field results), we have 2J»+ J& = ke/2S(S+1), and
using Fig. 1 we obtain JR=143'K, J2=214'K, and

J~/J, = 1.50. From Eq. (2. 4) of Ref. 13 (obtained
from Green's-function results), we have Ja+ J,
=12)»(T»»)/Xg»», »» . Then using Fig. 1, )»', (T„)=11.7
x 10 6 emu/g, and N= 5. 43 x 10 3 cm ~ at T„, we ob-
tain J, = 158 'K, J', = 218 'K, and J~/J» = l. 38. The
fact that these values for the exchange constants
agree fairly well is to be expected, since 6) and g
were obtained from the same set of data. However,
using the expressions for 2J&+ Jz and J&+ JB and
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FIG. 2. Calculated average spin per site S vs reduced
temperature kT/J2. The calculations were carried out
for 8 = 1 and for J&/J'& ——l. 5 using the random-phase
Green' s-function approximation.

ignoring the figure, we obtain J& = 125 K, Jz = 250 'K,
and Ja/J; = 2. 00. Thus there is a large discrepancy
between this last determination of J& and J& and the
previous ones; this is anticipated to some extent
because of the expected inaccuracies of 8 and g de-
termined from the I/)» extrapolation, as well as
inaccuracies of the random-phase approximation
in determining kT»»/J &as a'function of J,/Ja. "

Using Eqs. (18a) (22a), and (22b) of II, we have
calculated S, (S» ~ 5»)„, (S» ~ S&);„and (S» ~ 8»),
for Ja/J, =1.35, 1.5, and 1.7 with 8=1. We found
that as T- 0, the value of S (S is the average spin
per site) did not vary significantly for these ratios.
The values of kT„/J&for J2'/J, =1.35, 1.5, and 1.7
are 2. 39, 2. 44, and 2. 49, respectively; thus there
is a slight variation of the value of S for the three
ratios for temperature near TN. A result similar
to that above for S was observed for the nn and nnn
correlation functions. As a representative value
for J,/J„we have chosen to show the results of the
calculations for J2/J, = 1.5; thus J» = 143 'K and J2
=214 K. In Fig. 2 we show the results for S, and
in Figs. 3 and 4 we show the results of the calcu-
lations of the nn and nnn correlation functions, re-
spectively, for T & T„. Since our results for the
calculation of the nn and nnn correlation functions
for T & T„agreed to within approximately 2% with
those of Lines, ' the reader is referred to Figs. 7
and 8 of Ref. 12 for the calculation of these corre-
lation functions for T & T„.

A single-crystal (multimagnetic domains) NiO
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FIG. 3. Calculated nn spin correlation functions for
parallel and antiparallel aligned spins vs reduced tem-
perature kT/J2 (T~ TN). The calculations were carried
out for S = 1 and for J&/J& ——1.5 using the random-phase
Green's-function approximation.
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FIG. 4. Calculated nnn spin correlation function vs
reduced temperature kT/J2 (T ~ Tz). The calculations
were carried out for S =1 and for J&/J& = 1.5 using the
random-phase Green' s-function approximation.

sample, grown by the vapor deposition process with

NiClz as the transporting media, was obtained from
Professor D. R. Winder, Colorado State University.
Experimental procedures are described in I; abgve

FIG. 5. Angle 4 of the pseudocubic cell, o, =27(.+6,
for NiO below T&. The experimentally determined angles
of this work are shown, as well as the work of Slack
(Ref. 7), Shimomura et al. (Ref. 6), and Vernon (Ref.
8); Rooksby's (Ref. 5) room-temperature value was the
same as our value. The solid curve is the calculated
angle [Eq. (7a) of IIj normalized to the experimental
curve at T=0'K.

room temperature, a new high-temperature single-
crystal furnace' replaced the low-temperature De-
war. The trigonal distortion and lattice constant
as functions of temperature were measured for our
sample from 6 to 698 'K. As in I, we are employ-
ing the psuedocubic cell (4 times the volume of the
primitive cell) with cell edge ap and angle n; here
n = ~n + &, where &, the trigonal distortion, is a
small angle. These results are shown in Figs. 5
and 6. We have determined that the trigonal distor-
tion and lattice constant for NiO as T 0'K are
4. 5' (1.3 && 10 P rad) and 4. 1705 A, respectively.
Values for the trigonal distortion as T 0 obtained
by Rooksby and Slack~ are 11' and 6', respectively.
Our room-temperature value for the trigonal distor-
tion is 3. 5' to be compared to the values 3.5', 3.8',
4. 2', and 3. 8' obtained by Rooksby, Shimomura
et al. , S].ack, and Vernon. ' The variation in the
values for the trigonal distortion, in excess of ex-
perimental error, may be due to impurities in the
NiO, ' or to an excess of oxygen. ' To check this
assertion we measured ap (298 K) in powder and
ground single-crystal samples of NiO obtained from
several different sources. gee found differences
of the order of our standard deviation (0.0003 A)
in ao from sample to sample. For our single-
crystal sample, ~ (298 'K) was 4. 1759 A in excel-
lent agreement with the value of Shimomura et al. '
of 4. 1758 A for stoichiometric NiO. They showed
that with excess oxygen the trigonal distortion de-
creases while ao increases. Unfortunately our sam-
ples were not of sufficient quantity to do a definitive
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FIG. 6. Lattice constants (or volume) for Nio between
7 and 700 K. The solid curves are the calculated lattice
constants vs temperature, including the magnetic contri-
bution [Eq. (8a) of II], with J2E2 = 60'K (Ref. 24), a Debye
temperature of 900'K, and a linear thermal expansion
coefficient of 7. 93x10 deg '. A curve for a corre-
sponding solid ignoring the magnetic interactions would

be slightly above (but within a linewidth of) the shown
solid curve. Values of this absent curve are+0. 0187 A3

above the shown curve at 7 K, as indicated in the inset
at T&, and +0. 0190 at 700'K. Errors in the measure-
ments are approximately the size of the data points. In

the insert, the solid curve are the calculated lattice con-
stants with the magnetic contribution and the dashed line
are the calculations without the magnetic contribution.

chemical analysis as did Shimomura et al.6; how-
ever, our good agreement with respect to ap sug-
gests that only very small amounts of impurities or
differences in oxygen content are present in our
samples.

Using the values for the nn correlation functions
given in Fig. 3, we obtain =1.713 as T O'K,
and using the elastic constants, '3 N= 5. 52x10'~
cm, and 6„=1.3&&10 ' as T 0 K, we obtain
J,&, =190'K from Eq. (7a) of II. Thus for Js
= 214 'K we obtain from Eq. (10a) of II, j/Js =0.0007.
For this value of j/Js we found that the values for
S and the correlation function varied insignificantly
from those values for j/Js= 0. Thus, the correla-
functions and S for NiO are not affected so much by
the trigonal distortion as for MnO. Primarily this
is because we have S=~ for MnO and S=1 for NiO,
so that at a given temperature S and hence 8 will
be larger for MnO than for NiO. In addition the nn and
nnn correlation functions are smaller for NiO than
for MnO, and so (6a/a)„[Eq. (8) of II] would have
even less of an effect on the detailed shapes of S
and the correlation function curves than it does for
MnO.

Using the calculated nn correlation functions
(Fig. 3), we have calculated the normalized trigonal
distortion which is proportional to ~a= (S, ~ S&) ~„

-(S~ ~ S&)
' . The solid line in Fig. 5 is the result

of our calculations. It is noteworthy that the nor-
malized curves when Jz/J, = 1.35 or 1.7 are essen-
tially the same as the curve for Zs/J, = 1.5 shown

in Fig. 5. Calculations for 8,/J, = 0. 6 or 1.0 give
somewhat flatter curves than those for Z~/J, & 1.35,
with the curve for Zs/J, = 0. 6 yielding the lesser
curvature.

The magnetic contribution to the lattice strain,
(6a/a)„, depends on the correlation functions
(S, ~ S&), and Q. = (S, ~ S&) ~, + (S, ~ S&);„Eq. (8)
of II. For T& T» (R is small because of the partial
cancellation of the terms. However, for T & T„, the
contribution to (6a/a)„proportional to (R can be
approximately 39Po of the contribution proportional
to (S; ~ S&),„„. In considering the magnetic contri-
bution to the lattice strain, we will not ignore those
term. s proportional to (R . In a manner similar to
that outlined in I, we attempted a least-squares
fitting procedure to the lattice constant which ac-
counts for the normal thermal expansion effects
and the magnetic contribution. Using a value of
J&&2-60 K as suggested by our data, "the solid
curve in Fig. 6, which includes the magnetic con-
tribution, is obtained for the calculated lattice con-
stant as a function of temperature. (The calculated
lattice constant ignoring the magnetic contribution
would be approximately a linewidth larger in volume
than the solid curve shown in Fig. 6. ) Our data
are consistent with a higher Debye temperature
(900'K) than would be obtained from the l,indemann
relation (- 500 'K). Our high-temperabtre data
yield a linear thermal expansion coefficient of 7. 93
x10~ deg . As we can see from Fig. 6, the mag-
netic contribution to the lattice constant is small
for NiO, and a reasonable fit to the data can be
made ignoring the magnetic contribution.

We now wish to compare the effect of crystalline
anisotropy in NiO with the effect in MnO where it
is believed to be small. " Lines and Jones" have
discussed the effects of effective anisotropy fields
for MnO. From the Eqs. (4. 22) and (4. 2) of Ref.
13 we can calculate the "out-of-plane" anisotropy
parameters K& and D&. The "in-plane" anisotropy
constant D2 is believed to be considerably smaller
than D, .' ' ' Using the AFMresonanceof 52.48'K
and y, (T=O) =7.9x10 emu/g, we obtain for NIO

E, = 0. 11x 10' erg cm ' and D, = 0. 21 'K. For MnO,
K~=1. 16x10' erg cm and D, =0.44'K. ' Thus for
NiO with its rather large exchange energy, the
crystalline anisotropy energy appears to be less
important than for MnO. The experimentally ob-
served single-axis spin structure for NiO '' con-
firms our belief that the crystalline anisotropy en-
ergy is small, and the dominant effect is the iso-
tropic exchange energy. Recently White et al."
have deternined the in-plane anisotropy field to be
approximately 0. 1 Oe. The equivalent anisotropy
field for the out-of-plane anisotropy determined
above would be 610 Oe. Thus the in-plane anisot-
ropy is indeed very much smaller than the out-of-
plane anisotropy as asserted above.
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We have improved our previous model of the intermediate state in type-1 current-carrying
superconductors. In addition to predicting a resistance transition in reasonable agreement
with experimental observations, the model gives good agreement with experimental values
for the radius of the intermediate-state core as obtained by Hinderer.

In a previous paper (referred to hereafter as
BM) we presented a model of the intermediate state
iu current-carrying type-1 supercouductors. The
main theoretical criterion used was that, at equilib-
rium, the magnetic field 0 at all points on a nor-

mal-superconducting boundary should have the crit-
ical value H,. Ideally the field should also be 0,
throughout the whole normal region, but it is not
possible to find a finite structure to satisfy this ideal
condxtxon. Suyercoolxng zs therefore involved, since


