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OPTICAL OBSERVATION OF MAGNETIC-FIELD-INDUCED SPIN ALIGNMENT
IN ANTIFERROMAGNETIC EuTef
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The effects of spin alignment induced by a large external magnetic field have been ob-
served in the optical reflectivity spectra of antiferromagnetic EuTe at 1.5 K. By com-
parison with the reflectivity spectra of ferromagnetic EuO, EuS, and EuSe, we conclude
that we have observed the transition from an antiferromagnetic superlattice band split-
ting to the ferromagnetic exchange splitting that occurs with complete spin alignment at
II-80 koe.

A striking change in the reflectivity of antifer-
romagnetic EuTe has been observed as a function
of magnetic field, giving direct evidence for the
first time of the changeover of the energy-band
structure of an antiferromagnetic material, with
superlattice band splittings, to the spin-polar-
ized band structure of the ferromagnetic europi-
um chalcogenides (EuO, EuS, and EuSe). The
latter materials exhibit a characteristic polar-
ization-dependent sharp triplet structure in the
F., reflectivity peak in a small "domain-orient-
ing" magnetic field at temperatures well below
the Curie point. " At zero and very low fields
EuTe exhibits a broad polarization-independent
triplet structure of the E, peak. At high fields,
as the sublattice spins cant up towards the field
direction, this changes to a sharp polarization-
dependent triplet structure whose components
grow in strength with increasing field up to a
saturation field -80 kOe. At this point the triplet
structure is identical in form to that of EuO,
EuS, and EuSe, showing that complete parallel
spin alignment has occurred. The central peak
for the high- and low-field triplets is shifted in

energy by -0.2 eV. We conclude, as discussed
below, that the low-field structure is character-
istic of the effects of antiferromagnetic spin
ordering and the high-field structure of ferro-
magnetic spin ordering. Such a direct observa-
tion of the change in band structure for the two
cases has not previously been reported, although
it has long been predicted theoretically. '

The experiments were performed on single
crystals of EuTe grown from the me1.t." Near-
normal-incidence reflectivity was measured
from cleaved (100) faces, oriented with the mag-
netic field perpendicular to the. face in the Fara-

day configuration. Left and right circularly po-
larized light was used over the spectral range
2.0 to 3.0 eV. The results of these measure-
ments at 1.5'K are shown in Fig. 1. This figure
shows the reflectivity structure, above the 2.2-
eV absorption edge, of the first prominent peak
E, as a function of magnetic field up to 100 kOe.
The E, peak is seen to have a polarization-inde-
pendent triplet structure at zero field. As the
field increases up to 40 kOe, this structure
broadens, and near 60 kOe there is a change to
an entirely different type of polarization-depen-
dent triplet structure. The lowest energy peak
of this triplet has a pure 0'~ polarization while
the highest energy peak is pure oL. The central
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FIG. l. Hef1ectivity of E& peak of EuTe at 1.5 K as a
function of external magnetic field for 0.& and 01 polar-
ization. The reflectance scales apply to the 97.4-koe
curves, the others having been shifted for clarity.
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peak is composed of both polarizations although
it has a greater vz component.

The peaks of this triplet structure grow in
magnitude but have only a slight shift with photon
energy as the magnetic field is increased above
40 kOe. As the field is increased from 80 kOe
up to the highest fields, no further changes are
observed in the positions or magnitudes of the

E, peaks. Below the onset of the sharp triplet
structure, the peaks of the doublet structure are
observed to have mixed OL and oz composition,
and have a small red shift with field. When com-
pared with the polarized reflectivity measure-
ments of EuO, EuS, and EuSe, it is evident that
the E, structure of EuTe at high fields has iden-
tical form to that observed in the ferromagnets
(in the ferromagnetic case a small external field
was necessary to orient the domains). The cen-
tral peak in EuTe at 1.5 K is at the highest ener-
gy for this series: EuO (1.25), EuS (1.9), EuSe
(2. 1), and EuTe (2.2 eV), and follows the same
sequence as the absorption edges. 4 The split-
tings of the side peaks from the central one are
in the neighborhood of 0.25 eV for the first three
materials, and 0.15 eV for EuTe. We do not con-
sider the E, peak here since it is clearly more
complex (as discussed elsewhere for the ferro-
magnetic ease'), but it again shows a saturation
effect at about 80 kOe. The data on the E, peak
are summarized in Fig. 2, where the peak posi-
tions as a function of magnetic field are also
plotted. Representative reflectivity spectra are
plotted on the same scale for comparison.

EuTe has been determined to be antiferromag-
netic below 8'K with a spin structure of the sec-
ond kind (like MnO). '7 The magnetic ordering
in the series of europium chalcogenides changes
with increasing anion atomic weight and lattice
constant': EuO (5.15 A, To= 69.4 K), EuS (5.96

A, Tc = 16.5 K), EuSe (6.19 A, TN= 4.6 K), and

EuTe (6.60 A, TN = 7.8 K). From the Heisen-

berg model and the molecular-field approxima-
tion, McGuire and Shafer' were able to explain
the Curie and Noel temperatures, Tc and T &, in

terms of two competing exchange interactions,
J, and J„between nearest-neighbor and next-
nearest-neighbor europium ions, respectively,
On this model J, is found to be positive and de-
creases rapidly with increasing lattice constant,
whereas J, is negative and remains approximate-
ly constant. J, dominates at the EuO end of the

series, but J, and J, become comparable for
EuSe, and J, dominates for EuTe. In fact, for
ferromagnetic EuO the total exchange energy is
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E„,~ 12J, + 6J„whereas for Eu Te it depends on-

lyon J,:
E, , cc-6J.

Thus, EuSe is ferromagnetic below 2.8 K, be-
comes antiferromagnetic with complex spin-
structure changes up to about 5 K, and can be
made ferromagnetic at these temperatures with

a field -8 kOe applied. ' By contrast, EuTe is
antiferromagnetic at 1.5 K even with fields -50
kOe applied. "

We have previously shown that the Ey structure
change in EuO, EuS, and EuSe with magnetic or-
dering is caused by the ferromagnetic exchange
splitting of the 5d(t,&) final state, and that the
transition involved is 4f7(~S,&,) —4f '('E&) 5d(t, &)."
The ferromagnetic exchange splits the t,& state
into spin-up and spin-down components which are
spin mixed by spin-orbit interaction. For anti-
ferromagnetic EuTe, the final 5d(t,&) state is al-
so split by exchange interaction, but the split-
ting is more complex. ' In this case, the band is
split by the alternating-spin superlattice of the

f electrons on the Eu" ion. By comparison with
the nonmagnetic state of the crystal, the anti-
ferromagnetic state has additional splittings of
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FIG, 2. Polarized reQectivity of EuTe for H=97.4

kOe and H= 0 at 1.5'K. The H= 0 curve has been shift-
ed for clarity. Also shown are the positions of the
peaks in the E& multiplet as a function of magnetic
field.
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the energy bands because of the symmetry change
of the crystal when the superlattice of the spin
structure is taken into account. Physically this
corresponds to the energy splitting associated
with the two spin configurations of the conduc-
tion-band wave functions for k close to the nem

zone boundary. However, there is no exchange
splitting at k=0 for this case (by contrast to the

ferromagnetic case where the exchange splitting
extends approximately uniformly over the entire
zone), since the two spin configurations of the

conduction-band wave functions are associated
with the same energy here. In the lower-energy
configuration, the spin wave functions alternate
so as to be aligned with the f electrons on each
site; in the higher energy one, the spin wave

functions are oppositely aligned. Since each band

component has up- and down-spin parts, we do

not expect a polarization dependence of transi-
tions. This is in accordance with E, structure
we observe at very low fields. By a similar ar-
gument to that for the ferromagnetic case, "we

associate the triplet observed here with the anti-
ferromganetic superlattice splitting at the new

zone boundary. The magnitudes of the splittings
observed in the low-field (antiparallel) and high-

field (parallel) limits, -0.15 eV, are approxi-
rnately the same because the physical potential

causing the splitting in the two cases arises from

the same exchange interaction.
In addition to the basic antiferromagnetic su-

perlattice band splitting, there is superimposed

a net ferromagnetic interaction induced by the

magnetic field, making the spectra more com-

plex. This comes about above: the spin-flop field,
when the sublattice magnetizations are perpen-
dicular to the magnetic field and then slowly cant

up toward the magnetic-field direction. The spin-

flop field in EuTe has been determined to be

about 4 kOe. ' This low value results from the

cubic symmetry of the Nacl structure. If we

make the approximation of zero anisotropy field,
then me may estimate the applied saturation field

Hz required for spin alignment from the follow-

ing considerations. The energy density in a sim-

ple molecular-field model' is

E = (6J,+ 6J, cos28+ 6J2 cos28)(7/2)2

-(7/2)gPII cos8, (2)

where 28 is the angle between the sublattice spin
directions and (7/2)gP is the magnetic moment

of each ion. Putting BE/& 8= 0 for the configura-
tion of minimum energy, and then setting 8= 0

for the condition of complete spin alignment, we

have the field required for saturation

gpeg =84(J,+ J2).

Taking 0, and J, from Ref. 9, we obtain the esti-
mate IJz-70 kOe. For this simple model, this
is in reasonable agreement with our high-field
ma, gneto-optical data, where the amplitudes and

positions of the E, peaks saturate at H-80 kOe,
In conclusion we should point out that it has

been suggested that exciton effects" may be im-
portant in the 4f to 5d transitions, and presum-
ably it is possible to have exciton states at differ-
ent parts of the zone. However, if this is the

case, it is still true that the wave functions as-
sociated with these states mill be determined
partly by the narrow d band (i.e., partially loca-
lized d state) in the model proposed here, so
that the effects observed are still a direct mani-
festation of the transition from ferromagnetic
exchange splitting to antiferromagnetic superlat-
tice splitting of the d band. We may note here
that the exchange splitting of the E, structure,
which is 0.15 eV, is much larger than the Zee-
man energy corresponding to an external magnet-
ic field of 100 kOe. The effect of the intraionic
exchange, therefore, is to enhance greatly the
magneto-optical effects observed in this materi-
al. 'Thus, the technique can readily be used for
the direct observation of the effects of magnetic
ordering on band structure, as demonstrated
here; in particular, we have uncovered an effect,
amenable to simple experimental observation,
which has long been proposed by theorists but

never before observed directly.
The crystals of EuTe were grown by T. B.

Reed and R. E. Fahey, to whom me are extremely
grateful. We wish to thank D. Adler, J. Dim-
mock, K. Dwight, S. Foner, A. Misetich, and

W. Scouler for helpful discussions.
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The spin-wave spectrum of K2NiF4 has been measured at 5.0'K and found to be ex-
tremely anisotropic with no measurable dispersion in the direction perpendicular to the
NiF2 planes. A study of the temperature dependence of the two-dimensional magnons
shows that even relatively long-wavelength spin waves (A. = 110A) show little renormal-
ization or lifetime effects up to =1.1TN.

The study by Birgeneau, Guggenheim, and
Shirane' of the quasielastic scattering of neu-
trons on the group of compounds typified by
K,NiF, has recently provided definitive proof of
their two-dimensional character. In particular,
long- range two-dimensional correlations were
observed to exist over a wide range of tempera-
tures above the phase transition temperature
(T N

=9'l. l'K in K,NiF, ). From the form of quasi-
elastic scattering above and below T z the inves-
tigators concluded that in K,NiF, the phase tran-
sition at 97.1'K is two-dimensional in nature,
the three-dimensional aspects being essentially
redundant. More recent quasielastic measure-
ments' show that above T N the diffusive scatter-
ing is associated entirely with the z-z component
of the wave-vector-dependent susceptibility

"(q), thus indicating tha. t even in the paramag-
netic regime the anisotropy is playing a crucial
role. In order to understand the nature of the
phase transition it is necessary to have quantita-
tive information about both the isotropy of the
Hamiltonian and the relative size of intra- and
interplanar interactions; these may be deter-
mined through a study of the magnons at low tem-
peratures. In addition, considerable insight into
the spin dynamics may be obtained by studying
the thermal evolution of the magnons around 7'N,
it might be anticipated that this could be extreme-
ly unusual in a two-dimensional near-Heisenberg

system. We have therefore undertaken a detailed
study of the magnons in K,NiF4. In this Letter
we report the results of this study at low temper-
atures (5'K) together with some preliminary
measurements of the magnons around T N.

From the two-dimensional character of K,NiF„
a highly anisotropic spin-wave spectrum is ex-
pected with measurements in the c direction giv-
ing an indication of interplanar exchange. The
magnetic structure' is shown in Fig. 1 where the
planar behavior is evident in that the Ni. F, planes
are separated from one another by two KF planes.
Furthermore, within the molecular-field approx-
imation, there is no net coupling between nn

planes in the Neel state. This structure results
in two domains as the body-centered spin in Fig.
1 can be up or down.

Because of the existence of two domains, mea-
surements were by necessity made simultaneous-
ly in both the [100]and [010]zones. The spin-
wave spectrum along [$, 0, 0] and [0, g, 0] are the
same if only intraplanar exchange exists. The
spin-wave energy for intraplanar magnons has
been obtained using the expression given by Kef-
fer' for a uniaxial two sublattice antiferromag-
net; for [(,0, 0] the energies are

E(q ) =1[gpgHg-4Z, +4(J, +22,) sin'-,'q a]'

-16J,' cos'2q aj'~'.


