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Two-magnon absorption and Raman experiments create pairs of magnons in close
proximity, and hence, the magnon-magnon interaction has an important effect on the
spectral line shape. Green's-function methods have been used to calculate this effect
and the results applied the example of cubic antiferromagnets like RbMnF3. Similar
techniques are used to find the effect of exciton-magnon interaction on the sidebands
in RbMnF3, corresponding experimental results are presented.

The interactions between magnons in magneti-
cally ordered materials have been extensively
studied. At low temperatures, where magnon
theory holds, they lead to comparatively small
changes in the magnon self-energy and in aver-
age thermodynamic properties. ' It has been
pointed out by Wortis and others~ that in some
circumstances the interaction can lead to the
formation of bound pairs of magnons, but in fer-
romagnets they consider that there is no experi-
mental evidence bearing on this prediction.

Recently, there has been great interest in the
optical properties of antiferromagnets in which
two magnons are simultaneously created by light
absorption3 or Raman scattering. It is our pur-
pose to point out that because of the local nature
of the interaction between light and the magnetic
system in these experiments, the measurements
are made on pairs of magnons which are created
close together in real space, and are therefore
always in close interaction. In this situation, the
effects of magnon interaction are much more
striking than for those properties depending on
magnons which are far apart on average. It is
analogous to the ordinary exciton problem, '
where the absorption-edge shape of a semicon-
ductor or insulator is greatly modified by the
Coulomb interaction of the electron and hole.

A similar effect arises in the explanation of
magnon sidebands on exciton lines in the optical
spectra of magnetic crystals. '&' Here again the
exciton and the magnon are created in close
proximity, and their interaction has an impor-
tant effect on the magnon sideband shape. '~'

We have made a theory of two-magnon' and ex-
citon-magnon" absorption, using Green's-func-
tion methods. " The equations are similar to
those found in the treatment of magnons near de-
fects, "since the change caused by the first mag-
non or exciton looks like an impurity to the sec-
ond magnon. As an example of the general pro-
cedure which shows the essential features, we
have applied the theory to simple cubic antiferro-
magnets like RbMnF„where nearest-neighbor
interactions are dominant, and the perfect-lat-
tice Green's functions are readily obtained from
those published for the ferromagnetic case."
Unfortunately, since the Mn pairs have a center
of symmetry, the two-magnon absorption in this
material is weak, ' but the Raman effect should
be observable, and the observation of a magnon
sideband is reported below. The extension of the
calculations to MnF„where much experimental
evidence is available, '»' is planned.

For two-magnon absorption, the interaction of
the spin system with light having electric vector
E can be written

QQQF A (r)S S
Q QPy

while for a second-order Raman process giving
outgoing light with field E' it has the form

E E 'B (F)S- S
R F aPy5

Here P is normally summed over the nearest
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+(a - '8 )(E.E'-)]S- S»
1 3 3 R R+r' (4)

B, and B, giving terms transforming as 1",+ and
I',+, respectively.

To calculate the two-magnon spectra, it is nec-
essary to extract the parts of the spin operators
which combine to create a pair of magnons. The
largest contribution comes from SR SR+ p
where R is a down-spin site and R+r is an up-
spin site. Because of the nature of the antiferro-
magnetic ground state, there are other contrib-
uting terms, but their effect is small. The main
intensity in the two-magnon spectrum thus re-
sults from the Green's function"

R' R' R'+ r' (5)

where the primed summation is over the down-
spin sites.

For the magnon-sideband-absorption process,
the interaction of the exciton and the spin sys-
tem with the light wave can be written

QQQE C (r)c„- S„-, p

where cR~ is the creation operator for an exci-
ton at site R, and there is a corresponding de-
struction part, which we do not write down. The

neighbors, and the tensors A and B reflect the
symmetry of the lattice. The sum over all spin
sites R arises because the light has essentially
zero wave vector and, thus, ensures that the
composite excitation has zero total wave vector.
For a cubic crystal, the expression multiplying
E in (1) must transform" as 1"4, while the ex-
pression multiplying EE ' in (2) can transform as
I", , F, andi, .

Because of the high symmetry of RbMnF, only
one term appears in (1),

gQ-g E [(8 xS- )x~],R R+9' (3)

where f is a unit pseudovector in the direction r,
and A is expected to be small. " For lower sym-
metry crystals like MnF~, larger terms propor-
tional to Sft 5R+r occur. Terms of this type oc-
cur for the second-order Raman effect in RbMnF,
and are expected to be the most important.
Equation (2) has the form

QPJa (E.f)(E f)r 3

coefficient C must have I'4 symmetry; its ex-
plicit form for RbMnF3 is complicated and de-
pends on the symmetry of the exciton under con-
sideration. " If R refers to a down-spin site,
then the largest contribution to the process
where an exciton and a magnon are simultaneous-
ly created comes from the terms cRtSR+ r and

cR+ r-~SR . The magnon sideband shape is then
given by the imaginary part of the Green's func-
tion

R R' R'+r'

and the similar function involving sums over ex-
citon operators on up-spin sites.

The required Green's functions (5) and (I) are
determined from their equations of motion using
decoupling techniques. For G~' the Hamiltonian
just includes the usual nearest-neighbor Heisen-
berg exchange term, since the anisotropy is neg-
ligible' for RbMnF, . For K~', the Hamiltonian
is augmented to include a term which allows for
the fact that an atom excited into the exciton
state will generally have spin S' and, with its
neighbors, exchange J' which are different from
the ground-state values S and J. The term is

+JETS-' ~ S -JS ~ S ]c tc . (8)R r R R+r R R+r R R

No dispersion is assumed for the excitons. This
appears to be the case' in MnFI, but there is no
direct evidence for RbMnF, .

The details of the decoupling procedures will
be described elsewhere. '~" They involve fairly
standard techniques like replacement of z compo-
nents of spin operators by the average value H
in the Noel state, after those operators pertain-
ing to the same site have been suitably ordered.
The resulting equations can be manipulated to
eliminate all functions Grr ~"' or &rr ~

~' except
those where r, r' refer to nearest neighbors.
The resulting 7 ~7 matrices have cubic symme-
try and can be diagonalized into separate func-
tions which transform as I',+, I',+, and I"4

The resulting Green's functions are similar to
those in defect problems. '~ The results for the
F4 part of G~' are shown in Fig. 1 for varying
values of S. This is proportional to the predicted
two-magnon absorption except for a smooth func-
tion roughly equal to E. At large S, the results
tend to the line shape obtained with zero magnon-
magnon interaction. For decreasing S, a reso-
nance appears which moves to lower energies for
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FIG. 1. The imaginary part of G~ ) for F4 symme-
try, which will be proportional to the two-magnon ab-
sorption spectra predicted for cubic antiferromagnets
for various values of S.

smaller S. This may be interpreted as follows:
For an Ising interaction a single spin reversal
costs an energy nJS, where n is the number of
nearest neighbors, and two spin reversals costs
twice this, unless they are on neighboring sites
when it costs only (2nS-1)J. Although we have a
Heisenberg interaction, the peak in the two-mag-
non density of states is still at E~a = 2sSZ.
Thus, the magnons created in close association
will respond mainly in a resonance at an energyJ below this. The peak is broadened because of
the Heisenberg interaction and shifted by symme-
try effects, but this simple picture gives a good
account of the general behavior. For a system
with a narrow band because of anisotropy, this
resonance could be a true bound state.

For Mn++ antiferromagnets where S = 2, the ef-
fect of magnon-magnon interactions is expected
to be small. However, the shift in peak position
calculated for RbMnF, is comparable with the
discrepancy between experiment and zero-inter-
action theory in MnF~, previously attributed to a
long-range interaction. "

The same general remarks apply to the I',+ and
I',+ parts of G '. The results for S =-', and S =~
are shown in Fig. 2. Raman scattering on RbMnF,
would be proportional to this and should show
clearly the effect of magnon-magnon interactions,
particularly in the F3+ component.

Finally, for the magnon sideband, we have
made both calculations and measurements of the
shape. Since there is only one I'4 component of
E"', the sidebands on exciton lines of all symme-

tries will be given by it. Figure 3 shows the ex-
perimentally observed magnon sideband on the
'A, - T, exciton transitions in the absorption
spectrum of RbMnF, . The experimental details
are as given in a previous report of other as-
pects of the exciton absorption. " A simple Ising
theory gives a resonance in the sideband at
roughly JS-J'S' below the maximum magnon fre-
quency of AS. Two theoretical curves are in-
cluded in Fig. 3. One of these is for zero exci-
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FIG. 3. The full curve shows the experimental ab-

sorption spectrum with two excitons {Ref. 20} and a
magnon sideband. The dashed theoretical curves refer
to the values of 4' and S' indicated. The sideband has
been assumed to belong to the lower frequency exciton
(Ref. 10).

FIG. 2. Predicted forms of the two-magnon Raman
spectra for RbMnF3 for I'&+ and I'3+ scattering symme-
tries. The full and broken curves indicate the calculat-
ed spectra with and without inclusion of magnon-mag-
non interaction. @' is a critical point in the Brillouin
zone. )
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ton-magnon interaction, J'=J and S'=S. The
other is a best fit to experiment, obtained by tak-
ing S'= 2 and J'=0.5J, and with the experimental
and theoretical curves normalized to the same
area (we have used~' 8 = 4.7 cm '). It is seen
that good agreement is obtained apart from a
high-energy tail in the experimental curve, and
that the exciton-magnon interaction has a strik-
ing effect on the spectrum. Unfortunately there
is no reliable independent determination of J'
for comparison. It is anticipated that inclusion
of exciton-magnon interaction in the theory for
MnF, may remove present discrepancies be-
tween theory and experiment. '
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man for discussions which led us to begin this
work.
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