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SURFACE SPIN VfAVES IN ANTIFERRGMAGNETIC NiQ

R. E. De Names and T. Wolfram
Science Center, North American Rockwell Corporation, Thousand Oaks, California 91360

(Received 2 December 1968)

Interpretation of the temperature dependence of exchange-scattered low-energy elec-
trons leads to the prediction of a low-lying surface-spin-wave band in antiferromagnetic
NiO.

Exchange scattering of low-energy electrons
from antiferromagnetic NiG has been reported
recently by Palmberg, De Names, and Vrede-
voe. ~ Theoretically the cross section for this
scattering is proportional to the square of the
thermal average of the z component of the spin
of the scattering atom, (&g)'.' Because low-ener-
gy electrons penetrate only a few atomic layers, '
the intensity of the exchange-scattered electrons
is expected to depend strongly on the sublattice
magnetization of only the surface spins. Experi-
mental measurement' of the temperature depen-
dence of the intensity of exchange-scattered elec-
trons from ¹iGindicates that the temperature de-
pendence of the surface sublattice magnetization
departs considerably from the bulk behavior as
deduced from neutron-scattering experiments. 4

A simple molecular-field calculation, reported
elsewhere, ' which takes into account surface cor-
rections yields a temperature dependence for the
surface sublattice magnetization which is in good
qualitative agreement with that observed experi-
mentally, provided the exchange interaction be-
tween spins on the surface is smaller than the
bulk exchange. The purpose of this note is (l) to
point out that the above-mentioned results strong-
ly imply the existence of low-lying surface-spin-
wave states in NiO, (2) to show that a simple
Heisenberg model for an antiferromagnet pre-
dicts the existence of such surface states for rea-
sonable values of the surface exchange parame-
ters, and (3) to show that these low-lying surface
states are characterized by very flat dispersion
curves, a feature necessary for the validity of
the molecular -field model.

In contrast to electrons, neutrons penetrate
deeply into a crystal and consequently the cross
section for neutrons scattered by the atomic di-
pole moment is proportional to the square of the
thermal average of the bulk magnetization. The
temperature dependence of the cross sections

4for neutron dipole scattering and electron ex-
change scattering from NiG are shown in Fig. 1.
The upper curve, for neutrons, follows the tem-
perature dependece of the bulk magnetization
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FIG. 1. Temperature dependence of neutron and elec-
tron scattering intensities. The upper curve is the
(111) neutron beam intensity observed by Both, Ref. 4.
The lower curve is the {2,2) electron beam intensity,
Ref. 2.

while the lower curve, for electrons, displays a
different behavior. Lack of low-temperature data
prohibits a quantitative comparison of these two
experimental curves. Nevertheless, the qualita-
tive features of these two curves are quite differ-
ent. The neutron curve shows a convex curva-
ture, as expected from the thermal behavior of
the bulk magnetization, while the curve for the
electrons clearly displays a concave curvature.
As mentioned earlier, this concave nature can be
explained by a molecular-field model provided
that the surface exchange is assumed to be small-
er than that of the bulk. The results of the mo-
lecular-field calculation are illustrated in Fig. 2.
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FIG. 2. The square of the sublattice magnetization ac-
cording to the molecular-field model. The upper curve
is the bulk result and the two lower curves are for the
surface layer with different values for the exchange pa-
rameters.

The upper curve is the square of the sublattice
magnetization for an infinite antiferromagnet
which according to the molecular -field model is

given by the Brillouin function for ~ = 1. This
curve is similar to the neutron data of Fig. 1.
The lower two curves of Fig. 2 are the molecu-
lar-field results for the surface spins of a semi-
infinite sample for different values of the surface
exchange parameter &II. The curve for & iJ= J II/&
= z, where ~ is the bulk exchange parameter,
possesses a concave curvature similar to that ex-
hibited by the electron cross-section curve of
Fig. 1. We find that a reasonable reduction of the
surface exchange leads, according to the Heisen-
berg model, to the existence of low-energy anti-
ferromagnetic surface -spin-wave states. ' These
states are eigenstates of the perturbed antiferro-
magnet and may be characterized as plane waves
propagating parallel to the surface and attenuated
with increasing depth into the crysta, l.

In order to illustrate the features of the antifer-
romagnetic surface -spin-wave states we consider
the [100] surface of a two-sublattice antiferro-
ma. gnet with simple cubic structure and restrict
the ealeulation to zero temperature, T=o. For
spin ~, anisotropy energy A, and C=~~, the sur-
face spin-wave energy E is given by

(&/C)' = (6+ h/C)'-l. 4/(1-y')] -(rh'/y'),

where y is a root of the cubic equation

(6C+ h)b&aoy~-(C'+&&ui' —&~02-&uib mi)y2 —[bm 2-b&u 2-C2+ (6C+h)b+ Jy-+ g~ =0

with the parameters defined as

y& =Q exP(ik 'b, I),

II

=Cy,
1

=C[1+g (1—e )]+a,h,"0
II

b,~ =(1—6 )cap (3)

ture for several values of surface exchange ratio
For simplicity the curves are presented for
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where Zii is the number of nearest "in-plane"
neighbors, &h is the change in the anisotropy en-
ergy, and the sum over &

ii
is over nearest neigh-

bors in a plane parallel to the surface. One of
the roots of the cubic equation corresponds to a
surface spin wave but the other two roots do not
give physical solutions. In Fig. 3 we show the
square of the surface-state energy as a function
of the parameter 4-yy for a simple cubic struc-
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FIG. 3. Dependence of the square of the surface spin-
wave energy on the parameter y~ for different values
of

cubi.
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A=O. The upper curve is for a bulk spin wave
in an infinite antiferromagnet with a propagation
vector having a vanishing component normal to
the surface. Examination of the eigenvectors
of these states shows that the amplitude of the
spin excitation decreases in a complicated ex-
ponential manner with increasing depth into the
crystal. In general, the rate of decrease of ex-
citation amplitude increases with increasing E
for fixed &~~ and also increases for decreasing
&~~ at fixed E. The surface modes have excita-
tion energies lower than that of the correspond-
ing bulk states and consequently lead to a more
rapid decrease in the surface magnetization.
The surface modes are also characterized by
very flat dispersion curves. This feature sug-
gests that over much of & space the surface—
spin-wave band could be approximated by a sin-
gle excitation level and it is just this circum-
stance that is required for the validity of a mo-
lecular -field model.

It is interesting to note that surface waves ex-
ist for the antiferromagnet with nearest-neigh-
bor coupling even for the case in which there is
no perturbation in the surface exchange or sur-
face anisotropy field, while in the case of the
ferromagnet such perturbations are necessary
in order to produce surface states. '

At finite temperatures additional terms enter

the equations for the surface states so that the
surface-spin-wave dispersion curves depend
upon temperature in manner more complicated
than the usual thermal energy renormalization.
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We have observed the effect of nuclear deformation on the fast-neutron total cross
sections of 15 deformed nuclei within the region 152-A -189, and five deformed nuclei
within the region 228-A -240. The phenomenological nonlocal optical model of Percy
and Buck disagrees in these regions with our experimental data.

We have finished a large-scale program' of
measurements of fast-neutron total cross sec-
tions for 78 naturally occurring elements and 14
separated isotopes. The measurements included
all of the elements from H to Pu with the excep-
tion of the six ir.crt gases and the highly radioac-
tive elements near radium. The cross sections
were measured with a pulsed-beam time-of-
flight system at about 240 different energies per
element to a statistical precision varying from

2.0 to 0.6% for 3.0 Ez - 15.0 MeV and an ener-
gy resolution of 2.5 to 4.5 /o over the same limits.
Previous measurements were essentially nonex-
istent over this energy range for the heavier al-
kali metals and alkaline earths, rare and expen-
sive metals, the rare earths, various actinides,
and most of the 14 separated isotopes. A de-
tailed analysis of the data will be published short-
ly.

We emphasize the point that the large range in


