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Vfe describe a previously unrecognized inter-
action by which the center of symmetry at an
ion site in a magnetic material is removed by
excitation of a short-wavelength spin wave.
The interaction explains the existence of mag-
non sidebands in optical-absorption spectra
which were anticipated by us on such a basis
and which were very recently observed inde-
pendently' in MnF, . In addition, the interaction
is essential to our explanation of a very unus-
ual and previously anomalous line' observed
in far-infrared absorption in the antiferromag-
net FeF2 at the wave number 154.4 cm '. In
this Letter we describe the interaction and the
analytical approach which is used in the theory.
%e then describe the experimental and theo-
retical results for the infrared-absorption ex-
periment, showing that they are consistent and
that the explanation of the line is unique. Final-
ly, we describe the mechanism by which mag-
non sidebands in optical-absorption spectra
can exist. The optical-absorption experiments
which confirm its occurrence in NnF, are de-
scribed in the accompanying Letter. '

To describe the interaction, we consider the
magnetic analogy to the removal by a phonon
of a center of symmetry at an ion. site in a crys-
tal [Fig. 1(a)], The magnetic analogy is indi-
cated schematically in Fig. 1(b). When a spin
wave with large k vector is excited, the center
of symmetry at a site like that at j in the sketch
is removed. In the phonon case, an electric
field (or, equivalently, a crystal field with odd

part) is produced at the ion site by the phonon.
Similarly, in the magnetic case, an electric
field is produced by the following indirect mech-
anism: On the neighbors j+8 of a given ion
site j, the spins interact with their electronic
charge clouds via the spin-orbit interaction,
giving these ions a spin-dependent quadrupole
moment Q&+ $. These quadrupole moments
produce a field at the site j. Explicitly,
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where Q(op) is the electron quadrupole-moment
tensor operator for the ion at j; [I',) is the
electronic ground state, and I I'm) are electron-
ic excited states; Lj+ ~ is the angular-momen-
tum operator; and A. is the spin-orbit coupling
constant. The potential at j, arising from these
spin-dependent moments at j+ 6, is

V. =e Q P(x, -x. ~"') Q.j , g
t j+0 j+0

~ (x.-x. ~"')/[x.-x.
i j+0 i j+0 (2)

Here x gto' is the position of the (j+6)th ion;
the x; are the coordinates of the n electrons
of the jth ion. This potential has an odd part
with respect to inversion about x. ' ' when a spin
wave with kg0 is excited.

It is convenient to describe the effects of this
crystal field by means of a second-quantized
formalism in which the electronic states of the
ions are Fourier-analyzed in space and treated
as excitons. In such a formalism, the poten-

FIG. 1. Phonon- and magnon-assisted electronic
transitions. (a) In the phonon case, the displacement
of neighboring ions gives an odd part 6V dd to the crys-
tal-field potential at j, which can induce even-even
transitions in the ion at j. (b) In the magnon case, the
spine of neighboring iona (j +5) perturb the quadrupole
moments at j+6, thus giving an odd Part DVodd' to the
crystal-field potential at j and inducing even-even
transitions.



VOLUME 15, NUMBER 16 PHYSICAL REVIE%" LETTERS lS OCTOBER 1965

tial (2) leads to an interaction between magnons
and excitons which are phased linear combina-
tions of those excited electronic states of the
ions which have odd parity with respect to in-
version about the ion site (odd excitons). The
formalism. is fully described in a forthcoming
publication. 4

The experimentally observed properties of
the infrared-absorption line in FeF~ are the
following: The absorption intensity peaks at

40

V)l:
Lo~ 20
CA &

I- 40
wco~ Q.

20

IX

I 1 l l l

O. lbmm FeF& SINGLE CRYSTAL

RADIATION PROPAGATING
CULAR TO c AXIS

RESOLUTION

Fp

PROPAGAT I NG

X I S RESOLUT I ON

0
)3Q I 50 I 70 I90 2IO 250 250 2&0 290

FREQUENCY, cm '

Ia)

k, m g-k, m'

QOQOOOQO 0000000
EXCITON Il EXCI TON

ELECTRIC
DIPOLE

INTERACTION

ODD-EXCITON SPIN-ORBIT
M AGNON INTERACTION

INTERACTION

(b)

k, e k -k, e
00000000 0000000

PHoToN Jl E xc ITGN ii E xcIToN
(ODD) (EVEN)

ELECTRIC ODD-EXC I TON

DIPOLE MAGNON
INTERACTION INTERACTION

(c)

FIG. 2. (a) Observed transmission of radiation by
FeF2 in the frequency range indicated. (b) Absorption
mechanisms for the FeF2 infrared absorption. The
indices m and m' label the single-ion electron states
of which the corresponding excitons are phased linear
combinations. The indices g and Q indicate that when
the values of k' and R+fc' are, respectively, at the
Brillouin-zone boundary, then the corresponding mag-
nons are on opposite sublattices of the antiferromag-
net; A, is the polarization index of the photon. (c) Ab-
sorption mechanisms for magnon sidebands in optical
absorption.

154.4~1 cm ', has width -6 cm ', and disap-
pears above the Noel temperature of T& = 78'K.
The intensity is of the same order as that of
the antiferromagnetic resonance (AFMR) at
52.7 cm '. The absorption for E Il e axis is
~7 times that when E&c axis [Fig. 2(a)]. The
line is unchanged in a dc magnetic field of 26
kG. The frequency was measured as a function
of temperature and fell more slowly than the
AFMR frequency as T approached TN. These
properties were puzzling because, though the
polarization properties and magnetic field in-
dependence indicate that the line is due to an
electric dipole transition, the temperature de-
pendence indicates that the ordered spins are
involved. No explanation for this line or for
a similar one observed by Richards' in CoF,
has previously been proposed.

The mechanism to which we ascribe the line
is indicated in Fig. 2(b). (The diagrams are
given precise definitions in reference 4.) The
mechanism can be described this way: An ex-
citon consisting of odd-parity electronic states
is mixed into the two-magnon state via the com-
bined action of the ordinary spin-orbit interac-
tion and the symmetry-breaking interaction we
have described. The odd exciton can then cou-
ple to the electromagnetic field via the electric
dipole interaction.

The evidence that this is the correct explana-
tion for the line is the following: (1) From the
observed AFMR wave number' of 53 cm ' and
the ratio &ug/&oe = 0.371 of anisotropy to exchange
frequencies deduced from observed g values
in the directions parallel and normal to the c
axis, we deduce that the wave number of two
Brillouin-zone magnons is 154 cm ', compared
to our experimental wave number of 1M.4 cm

(2) The calculated intensity is 1 to 10 times
that of the AFMR absorption by use of known
spin-orbit and crystal-field energies, compared
to the experimental result of 1 to 5.

(3) By a point-ion calculation we predict that
the polarization ratio is

~l'absorption with E Il c axis),10& I
~

&14,(absorption with E&c axis )
compared with the experimental result of &7

for this number.
(4) The linewidth is «3 cm ' from a simple

approximation for the line shape, compared
with the experimental result -6 cm '. When
the data shown in Fig. 1(a) are analyzed to ac-
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count for background absorption and the con-
version of transmission into absorption inten-
sity, then the observed line is found to have
the expected, asymmetric shape.

(5) From the fact that the two magnons are
on opposite sublattices, we expect that the fre-
quency should be magnetic-field independent,
as observed.

(6) A molecular-field calculation shows that
the frequency will fall with temperature more
slowly that the AFMR frequency.

(7) The line is expected to disappear for T
& TN as observed.

(6) A search of all processes through fourth
order in perturbation theory in a model includ-
ing excitons, magnons, and phonons, and their
interactions shows that no other process in the
model can explain the line.

The process by which magnon-assisted opti-
cal absorption is expected to take place is shown
in Fig. 2(c}. Experimental evidence for the
existence of lines due to this process in MnF,
is described in the accompanying Letter.

The work is described in more detail in a
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%'e have found evidence for a spin-wave side-
band in the absorption spectrum of antiferro-
magnetic MnF, (Neel temperature 67.7'K. To
our knowledge this is the first observation of
a spin-wave sideband and provides a new meth-
od for investigating the spin-wave spectrum.

A familiar feature of optical spectra in crys-
tals is the presence of vibronic or phonon side-
bands which accompany pure electronic tran-
sitions (no-phonon lines}. ' In many cases these
sidebands are stronger than the pure electron-
ic transitions because of certain selection rules.
For example, if the ground and excited states
have the same parity, then electric dipole tran-
sitions are forbidden and only the weaker mag-
netic dipole transitions can occur. An odd vi-
bration can destroy the inversion symmetry
and perxnit electric dipole transitions to occur.

It seems plausible then that other collective
excitations such as spin waves (magnons) could
have similar effects.

The sharp-line absorption spectra at 2.2'K
for the transition 'A lg(~S) to 4Tlg('G) of the
manganese ion in MnF, is shown in Fig 1(a).
The position, shape, and temperature depen-
dence of the electric dipole transition at 18 477.1
cm indicate that this line is a spin-wave,
or magnonic, sideband of the 18419.6-cm
magnetic dipole line. The two lower energy
lines shown in Fig l(a) are magnetic dipole
transitions. These are the first pure electron-
ic transitions observed in MnF„all the other
features of the spectrum are vibronic in nature.
In this paper we will restrict ourselves to a
discussion of the spin-wave sideband and its
associated no-magnon line.


