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films' for T& T also show an anomaly at a=2
X10 ' with almost all the data being taken for
smaller &. In addition it has been reported' that
for Ni the exponent P characterizing the sponta-
neous magnetization changes from —,

' to —,
' at e =6

x10 '. We find that these observations are con-
sistent with calculations of (T; Tc)-/Tc based on

estimated or given impurity levels for these sam-
ples.

The spin correlation range in Fe deduced from
neutron scattering" when plotted against ln&

shows a deviation from v = -', behavior for e & 6

x10 . Again this change in behavior occurs at
a value of & consistent with the value inferred
from the relation $(AT) =le, . Also this is evi-
dence that for T-T& & T~-T& the coherence length

may depend on the mean free path.
In conclusion we have in this paper shown that

the value of T as well as the detailed behavior
of thermodynamic coefficients near a higher or-
der phase transition as the supercritical region
is entered may be strongly determined by impur-

ity concentrations. By observing the values of g

for which ( =Le~ we have been able to infer the
temperature dependence of the range of spin fluc-
tuations in Gd.
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Coherent exchange scattering has been observed in low-energy electron diffraction
from antiferromagnetic NiO. Half-order diffraction beams which correspond to the
translational symmetry of the magnetic cell occur below the Neel temperature, TN
=525 K, and disappear at TN. These beams are attributed entirely to exchange scatter-
ing because of their intensity, which is much too great to be accounted for by direct di-
pole-dipole and spin-orbit interactions.

This paper reports on the first experiment in
which coherent scattering from an ordered mag-
netic spin system has been observed by electron
diffraction. Not only does low-energy electron
diffraction (I EED) from antiferromagnetic crys-
tals provide an additional method for probing
magnetic structure, but, perhaps more impor-
tantly, it is the most direct means now available

for studying the role of exchange in electron
scattering.

Spin ordering in antiferromagnetic NiO leads
to a magnetic cell having dimensions twice that
of the chemical cell. The arrangement of spins,
as determined by neutron diffraction, ' is repre-
sented in Fig. 1(a). If this spin configuration is
not altered at the surface, the translational sym-
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FIG. 1. (a) Ordered arrangement of spins of the Ni++

ions in NiO, as determined by neutron diffraction.
The 0 ions are not shown. (b) Ordered arrange-
ment of spins of Ni + ions in a single layer parallel to
the (100) plane of NiO.

high vacuum and to control sample temperature
from -195 to 500'C. The background pressure
during cleavage and observation was in the low

10 ' Torr range.
Diffraction patterns taken above and below the

Neel temperature (525'K) from the vacuum-
cleaved Nio (100) surface are presented in Fig.
3. At 400'K half-order beams appeared at the

positions indicated by Fig. 2. These half-order
beams disappeared when the temperature of the

crystal was raised above the Neel temperature,
and reappeared on cooling below the Neel tem-
perature. For incident beam energies from 25
to 70 eV and a crystal temperature of 400 K,
the intensity of the half-order beams was 1-3'fo

of the integer order beam intensities. The half-
order beams were visible only below 100 eV.

metry of the spin system on the (100) surface is
2~1 with respect to the chemical unit mesh, as
shown in Fig. 1(b). Coherent scattering of inci-
dent electrons by the ordered spin system pro-
duces half-order beams. If domains of both pos-
sible orientations exist within the cross-section-
al area of the incident beam, the diffraction pat-
tern illustrated schematically in Fig. 2 is ex-
pected. We shall show that the interaction of in-
cident electrons with the magnetic structure is
sufficiently strong to yield detectable half-order
beams in NiO and that exchange between the inci-
dent electrons and the ordered spin arrangement
accounts for their observed intensity.

A standard display-type Varian LEED system
was employed for this investigation. The crys-
tal manipulator, similar to that described earli-
er, ' was used to cleave the NiO crystal in ultra-
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FIG. 2. Schematic representation of expected dif-
fraction pattern from NiO (100) surface.

FIG. 3. Low-energy electron diffraction pattern at
33 eV from NiO (100) surface; (a) 400'K, (b) 535 K.
Integer-order beams are partially visible at edge of
fluorescent screen. Note that half-order beams in (a)
are not visible at 535'K.
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Although the appearance of half-order beams
below the Neel temperature at positions corres-
ponding to the ordered magnetic structure leaves
little doubt that these beams result from diffrac-
tion from the ordered spin system, other possi-
bilities deserve consideration. Additional dif-
fraction features frequently result from adsorp-
tion of gases or through atomic rearrangement
of the clean surface. The latter possibility is
extremely unlikely for NiO because the surfaces
of similar ionic crystals such as MgO, KC1,~

and NaC1~ are all characterized by their bulk
atomic arrangement. Because the half-order
beams were observed immediately after cleav-
age in vacuum near 10 "Torr, adsorption of
gases can be ruled out. With the elimination of
these possibilities, it is concluded that observa-
tion of half-order beams below the Neel temper-
ature must be attributed to the magnetic struc-
ture.

We turn now to some brief considerations of
the scattering mechanism involved. Electron
scattering from an antiferromagnetic crystal
arises from four principal interactions: Cou-
lomb, exchange, dipole, and spin-orbit. The
spin-orbit interaction has two contributions, one
from a magnetic term involving the spins of the
magnetic electrons of the host ions and the other
from a nonmagnetic term involving only the spin
of the incident electron. The exchange, dipole,
and magnetic spin-orbit interactions are magnet-
ic in origin and will therefore display the struc-
ture of the magnetic cell, while the Coulomb and
nonmagnetic spin-orbit interactions display the
structure of the chemical cell. It is well known
that the Coulomb interaction dominates the non-
magnetic part of the low-energy scattering. As
discussed previously, ' the exchange interaction
dominates the magnetic scattering processes at
low energies; for low energies the ratio of the
dipole and magnetic spin-orbit differential scat-
tering cross sections to that of the exchange is
proportional to (e'/Rc)'- 10 ' for temperatures
below the Neel point.

To determine whether exchange scattering ac-
counts for the observed intensity of half-order
beams, it is us ful to estimate the ratio of the
magnetic to nonmagnetic scattering intensities.
For this purpose we wi11 use the Born approxi-
mation to calculate the intensity ratio of "mag-
netic" and Coulomb diffraction beams. Since
the Coulomb and exchange scattering factors for
individual ions may be factored from the summa-
tion over lattice sites, it is sufficient to calcu-

late the ratio of exchange to Coulomb scattering
for a single Ni'+ ion (because of its much lower

atomic number, scattering from 0' ions will be
neglected). Although it is recognized that a
more complete dynamical theory is essential for
accurate results, the Born approximation will

be used to estimate the order of magnitude of
"magnetic" beam intensities.

We start from a one-electron Hamiltonian con-
taining the potential energy of all nuclei plus an

exchange potentia1

t(, *(r)q *(r')q (r)q. (r')dr'
l P Pg'( )

where e is the electronic charge in cgs units.
This potential depends explicitly on the wave
function P&(r), representing the scattered elec-
tron, and the wave function pp(r), representing
the magnetic electrons. To determine the scat-
tered intensity, it is necessary to solve the
Schrodinger equation self-consistently for the
one-particle wave functions. However, to make
an order-of-magnetiude calculation, we evalu-
ate'~' g(r) by representing the incident electron
by a plane wave. For the case of the 3d-state
magnetic electrons of the Ni2+, we calculate the
low-energy limit of the Fourier transform G(K)
of the exchange potential to be

where (rd), the mean radius of the d-electron
orbitals, is calculated to be 0.2 A. The elec-
tron energies used in our experiment make this
low-energy approximation valid for order-of-
magnitude purposes. Then the ratio of the mag-
netic differential scattering cross section to that
of the nonmagnetic scattering from NiO at low
energies for temperatures below the Neel point
is found (in the Born approximation) to be

(s o/8 0) G (0)exch
(so/so) v(o)

Coul

where V(0) is the &=0 Fourier transform of the
Coulomb potential. From the Hartree-Fock ef-
fective potential' for Ni'+ we obtain V(0) = 416
eV A. From Eq (2) we es.timate G(0) = 65.0 eV
A'. Thus for NiO the intensity of the magnetic
scattering is estimated to be 2.5% of the non-
magnetic scattering, in reasonable agreement
with the observations.

To summarize: (1) The magnetic structure of
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antiferromagnetic NiO has been detected with a
display t-ype LEED apparatus. (2) Exchange
scattering a,ccounts for the intensity of the ob-
served "ma, gnetic" beams.

We wish to thank S. Geller for stimulating in-
terest in this work and for discussions on mag-
netic structure. Gratitude is also expressed to
G. K. Bohn for his capable a,ssistance in the mea-
surements and in construction of experimental
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C. G. Shull, W. A. Strauser, and E. O. Wollan,

Phys. Rev. 83, 333 (1951);J. Singer, Phys. Rev. 104,
929 (1956); W. Roth, Phys. Rev. 110, 1333 (1958);

Phys. Rev. 111, 722 (1958).
P. W. Palmberg, Rev. Sci. Instr. 38, 834 (1967).
Crystal obtained from Maubeni'iida Inc. , Chicago,

Illinois.
P. W. Palmberg, T. N. Rbodin, and C. J. Todd,

Appl. Phys. Letters 10, 122 (1967), and 11, 33 (1967).
~I. Marklund and S. Anderson, Surface Sci. 5, 197

(1966).
L. A. Vredevoe and R. E. DeWames, to be published.

7R. E. DeWames and L. A. Vredevoe, Phys. Rev.
Letters 18, 853 (1967).

J. C. Slater, Phys. Rev. 81, 385 (1951).
~J. Wailer, Z. Physik 38, 635 {1926).
H. L. Cox and R. A. Bonham, J. Chem. Phys. 47,

2599 {1967).

EXCITON STRUCTURE OF TlCl AND TlBr f
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A study of both thick-crystal and thin-film optical absorption data for the thallous ha-
lides (CsCl crystal structure) indicates a direct band gap associated with the excitation
of the thallous rather than the halide ions. Extremely narrow and very strong exciton
lines exhibiting sidebands have been observed in thin films which are relatively free of
strain. A very small exciton binding energy, a high polarizability, and large electron-
lattice interaction favor this sideband structure which is probably due to coupled exci-
ton-phonon states.

The thallous halides TlC1 and TlBr are highly
polarizable ionic crystals with characteristic op-
tical absorption which begins in the near-ultra-
violet region of the spectrum. A variety of opti-
cal data on these interesting materials can be
found in the literature, ' and most of this indi-
cates a direct band gap although indirect transi-
tions have also been suggested. ' Recently two-
photon absorption has been reported. ' Transport
experiments' on TlC1 indicate that both electrons
and holes are mobile, and even cyclotron reso-
nance for photocarriers has recently been ob-
served. ' In this Letter we describe optical mea-
surements at helium temperature on both thick
crystals and thin films. Very strong and ex-
tremely narrow exciton lines can be observed in
thin films of TlCl and TlBr by utilizing a new

technique to control the effects of strain. It is
found that both TlCl and T1Br have a direct gap
with first exciton lines due to excitations cen-
tered upon the Tl+ ions rather than upon the halo-
gen ions as in the alkali and silver halides.
Moreover, sidebands, probably due to coupled
exciton-phonon states, are observed. '

A cryostat and Cary Model 14R spectrophotom-
eter were used to study the absorption edge of

thick polished samples of the thallous halides
from room down to liquid-helium temperatures.
No structure was found in the thick-crystal data,
and the edge obeyed Urbach's rule. Entirely
similar behavior was observed in crystals of
TlBr as well as in T1Cl. As the temperature is
lowered the edge becomes steeper but this appar-
ent shift of the tail to shorter wavelengths is op-
posed by the shift of the first exciton peak to
longer wavelengths as noted by earlier work-
ers. '~~ The origin of a positive (SE/ST)p for the
exciton peak is discussed by Brothers and Lynch"
who also show that the sign and magnitude of the
pressure coefficient is rather similar for both
the peak and the tail as would be the case for a
direct exciton material with no underlying ab-
sorption process toward long wavelengths.

To study the strong optical absorption beyond
the tail and edge region, one can use either
transmission with thin films or reflection from
single crystals. The latter is difficult to carry
out with precision since the thallous halides do
not readily cleave and highly polished undamaged
surfaces are difficult to prepare. We have em-
ployed thin films and used the two-thickness sub-
traction method which corrects for surface re-
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