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Polaritons in modified antiferromagnets
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A theoretical study of mixed modes of uniaxial Heisenberg antiferromagnets by a dc field is presented.
The static field is applied in an arbitrary direction relative to the easy axis and special attention is given
to the magnetostatic limit where previous calculations show intriguing behavior of surface modes. Re-
tarded polaritons are also considered and the spectrum that should be observed through the attenuated-
total-reflection technique is calculated. Numerical results are presented for MnF2 and FeF2 semi-infinite
specimens.

I. INTRODUCTION

Electromagnetic waves coupled to fundamental excita-
tions of materials have been an exhaustively studied sub-
ject. ' ' In the last few years, special attention has been
given to the properties of these composite waves in mag-
netic materials. It has been shown (see Ref. 11 for a re-
cent review) that bulk and surface polaritons in these ma-
terials frequently have intricate and fascinating physical
characteristics. Unfortunately, for most materials, exper-
imental checks of theoretical predictions are not avail-
able. Usually the theoretical models are too simple to
represent real specimens, while real samples are "dirty"
enough to be described by any reliable theoretical model.
Very frequently, if a more realistic model is used, the re-
sults become complex enough to have a clear physical in-
terpretation. On the other hand, neglecting the leading
effects may lead to misleading theoretical predictions.
The ideal system is one in which the leading physical
features are well represented by a simple theoretical mod-
el.

Antiferromagnetic materials (FeF2 and MnF2) have re-
cently been grown with exceptional good quality. ' They
are also well described theoretically by the "two-
sublattice model. " The main feature of this simple mod-
el is that it allows a clear and analytical analysis of the
main properties. The reason for this simple and real
description of these materials comes from the fact that
they have a highly symmetrical structure (body-
centered-tetragonal lattice) which can be seen as two in-
terpenetrating sublattices with a uniaxial anisotropy. In
the magnetically ordered state, the magnetic moment of
each sublattice has a ferromagnetic order, with the spins
of one sublattice parallel to the spins of the other one but
in the opposite direction. The exchange interaction, i.e.,
the effect of one sublattice on the magnetic moment of
the other, is the mechanism responsible for keeping the
spins of the two sublattices antiparallel. This effect is de-
scribed by the exchange field H, which, in the long-
wavelength limit, represents the action of the first sublat-
tice on the second. On the other hand, the effect of an-
isotropy is taken into account by assuming each magnetic
moment in the presence of a dc field H, which pins the

spins on the c axis. Using this description it is we11
known that antiferromagnets, in the absence of a dc
external magnetic field, have a resonance frequency
given by Q„=y(2H, H, +H, )'~, with y denoting the
gyromagnetic ratio. It is also verified that for frequencies
close to 0„ the response of the system shows a strong
variation and, as a consequence, the specimen becomes
optically active. Typical values for this resonance fre-
quency are from 250 GHz to 1 THz (infrared region) if
no dc external magnetic field is present.

The near totality of the studies developed for these ma-
terials explores the presence of an external static magnet-
ic field applied parallel to the anisotropy axis. It is found
that many properties are strongly dependent on the
strength of the applied static field, even for fields well
below the spin-flop threshold. ' '" One of these effects is
the nonreciprocal propagation of surface waves, '" i.e.,
surface waves which have different frequencies if either
the direction of the applied field or the direction of prop-
agation is reversed. This fascinating feature can be un-
derstood through the symmetry arguments given many
years ago by Scott and Mills.

Recently the effect of nonsymmetry induced by an
external dc magnetic field was the object of an investiga-
tion by Almeida and Mills. ' ' As usual, the first step
was to investigate the effect of the new spin configuration
on the dynamic response of these systems. It was shown
by these authors that, in the magnetostatic limit and for a
dc external field with strength close to H„surface polari-
tons appear with amazing properties. One remarkable
feature of these modes, as shown in Fig. 3 of Ref. 13, is
the unresolved crossing of the surface modes which have
the propagation direction around 45' from the easy axis.

The aim of this work is to extend the calculation
developed in Ref. 13 to study the retarded modes as well
as to investigate the influence of the nonsymmetry in-
duced by a dc external magnetic field, applied in the ob-
lique direction relative to the easy axis, on the magneto-
static modes. Using the dynamical response calculated in
Ref. 13, in Sec. II we discuss both bulk and surface mag-
netostatic modes in this nonsymmetric geometry. The
same geometry is used in Sec. III to discuss the behavior
of the retarded modes. In Sec. IV, we carry out a
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theoretical calculation of the reQectivity for an attenuat-
ed total refiection (ATR) experiment, which can be used

to study the polaritons calculated in Sec. III. Finally, in

Sec. V, we summarize the main results.

II. BULK AND SURFACE MAGNETOSTATIC MODES

As remarked in Ref. 13, the result for the dynamic sus-

ceptibility tensor, when the external dc magnetic field is
in an oblique direction, is cumbersome. On the other
hand, the rich spectrum given by Almeida and Mills (Fig.
3 of Ref. 13) increases one's curiosity in how these modes
are modified if the surrounding of the sample is slightly
changed. We want to stress that, even if the equilibrium
configuration of the magnetic moment of each sublattice
is known, i.e., the canting angles a, and ab shown in Fig.
1(b) are determined, it is still hard to get analytical ex-
pressions for the physical properties under investigation
although it is not overly complicated for numerical re-
sults to be obtained. In this paper we investigate the be-
havior of the bulk and surface modes for a two-sublattice
uniaxial antiferromagnet, considering the case where the
symmetry of the magnetic system is broken by an exter-
nal static Zeeman field applied nonparallel to the easy
axis. The geometry considered here is an antiferromag-
netic specimen, filling the semi-infinite half-space y ~0
with the anisotropy direction parallel to the z axis while
the dc external magnetic field lies in the zx plane.

The magnetostatic limit is characterized by the absence
of retardation terms in Maxwell's equations. This corre-
sponds to making the time derivatives equal to zero in
these equations. This fact allows us to write the demag-
netizing field, generated by the spin motion (h}, as the
gradient of the magnetic scalar potential 4, namely,

gp, ,; cos $, =0, i =x,y, z . (2.3)

Here p, ;; are the diagonal elements of the magnetic per-

meability tensor @=I+4m.y with I denoting the identity
tensor and P the dynamic response of the system (dynam-

ic susceptibility tensor} as calculated by Almeida and
Mills. '

For surface modes, the solution of the magnetic scalar
potential, for y ~ 0, is given by

=40"exp [ik
1
(cosg+ sing ) —Py ], (2.4)

where P is the angle between the wave vector of the mode
and the x axis and p is a parameter which must be greater
than zero. Substituting these expressions in Maxwell's
equations, we find the following equations involving p

k pyy
p„„sin P+p cos P (2.5)

h= —V4 . Outside the material (y (0), 4 is a solu-

tion of Laplace's equation and its spatial dependence is

given by

e.=C;"'exp(ik„x+ik, z+ key) (2.1)

with ki =(k„+k, )' On the other hand, inside the ma-

terial (y )0), we find the scalar potential given by a plane
wave with wave vector k=k(cosP„, cosP~, cosP, ), with P;
(i =x,y, z) denoting the angles between k and the x,y, z
axis, respectively. Explicitly we have

=40"exp[ik(x cosP„+y cosP~+z cosP, )] . (2.2)

Straightforward algebraic manipulations give the follow-

ing implicit dispersion relation for bulk polaritons:
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The effect of the external dc field appears in the modes
via the permeability tensor p since this quantity depends
on the angles between the static magnetization of each
sublattice and the anisotropy axis. If these angles are
available, the dispersion relation for bulk and surface po-
laritons can be obtained through numerical analysis of
the equations above. From Eqs. (2.8a) and (2.8b) of Ref.
13, we find that these angles obey a nonlinear homogene-
ous system of equations given by

coosin(8 —a, ) —co,sin(a, +a& )——,'co, sin(2a, }=0,
(2.7a)

coosin(8+a& ) —co,sin(a, +a& ) ——,'co, sin(2a&) =0 .

(2.7b)

FIG. 1. A schematic illustration of the unit cell of an uniaxi-
al antiferromagnet and the spin motion when (a) no magnetic
field is present and (b) a dc external magnetic field is applied in
an oblique direction.

Here 8 is the angle between the external field and the an-
isotropy axis. We are using the characteristic frequencies
cop =&Hp co =fH and co, =yH„and the angles a,
and ab as defined in Fig. 1. The solutions for the non-
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linear set of equations (2.7) are plotted in Figs. 2(a) and
2(b) for MnFz (H, =550.0 kOe, H, =7.85 kOe, M, =0.6
kG) and FeF2 (H, =540.0 kOe, H, =200.0 kOe,
M, =0.55 kG), respectively.

With these results in hand, the task is to get the disper-
sion relation for the bulk and surface polaritons through
numerical analysis of Eqs. (2.6) and (2.7). We show in
Figs. 3(a) and 3(b) the results obtained for surface and
bulk frequencies of the magnetostatic modes in MnF2 and
FeF2 as a function of the propagation angle for the mag-
netic fields indicated in the caption. Recall that /=0
means propagation parallel to the x axis while ht =~/2
means modes with the wave vector parallel to the anisot-
ropy axis.

It must be observed that the unresolved crossing
displayed in Fig. 3 of Ref. 13, under the conditions estab-
lished here, is completely opened up and also a forbidden
region for surface modes appears around the crossing
point. Of course, we are dealing with conditions slightly
different from those in Ref. 13 and the modifications are
more drastic if either the strength of the dc field is in-
creased or the value of 8 is decreased.

94.0

C3~ 93.5

C

93.0

509

(3
507

—1 SO -90
I I I

0
y (deg)

h~t(
()

90 180

sos-

2.0
505

-180 -90
I I

0

v («g)
90 180

1.0 FIG. 3. Surface (solid line) and bulk (shaded area) magnetos-
tatic modes for various values of the propagation angle y for (a)
MnF2, Hp=7. 0 kOe, and 0=89', and (b) FeF2 Hp=40. 0 kOe
and 8=89'.

0.0

0.50

0.25

30

8 (deg)
90 III. RETARDED SURFACE MODES

In this section we study the surface polaritons on a
semi-infinite uniaxial antiferromagnetic sample under the
conditions described in Sec. II. In this case we have to
keep the time derivatives in Maxwell's equations and
define the polarization of the modes under investigation.
We choose the TE modes (with the electric field perpen-
dicular to the incident plane) and the same geometry used
in the last section to write the electric field E and the in-
duction magnetic field B=p-H as

E =(E„x+E,z)exp[i (k r cot) ], —

B=(B,x+B y+B,z)exp[i(k r —cot)],

(3.1a)

(3.lb)

0.00

(«g)
90

with k and co denoting the wave vector and frequency of
the polariton. Using these definitions in Maxwell's equa-
tions, we find

FIG. 2. Behavior of angles a, and ab (as defined in Fig. 1)
with the angle L9 between the Zeeman field Hp and the easy axis
for (a) MnF2 Hp =7.0 kOe, and (b) FeF2, Hp =40.0 kOe.

and

VX[V ' (VXH)]+ p H=O
C2

V.(p, .h) =0,

(3.2a)

(3.2b)
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with the magnetic field H defined as H'"= H H'"
y Hz )eXP[l (k)~ r Nt) PJP] 1f g 0

and

H'"' = (H H'"'y, H, )exp[i (ki r . c—ot)+ay] if y ~ 0

(3.3a)

(3.3b)

where the parameters a and P m t b
Using these ex re

mus e greater than zero.
sing these expressions for the magnetic field in (3.2)

combined with thei he usual boundary conditions, we find
the following homogeneous s t fsys ems o equations:
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1
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where M 1
= (co E —k cIPyy

— ~~, 2=Pxx o ltl+PzxSing,

3
=p„,cosg+ p„sing, and M4 =p, cosg+ p sin~.
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V. CONCLUSION

In summary, for a uniaxial Heisenberg antiferromag-
netic material, we have done a complete theoretical inves-
tigation of the inAuence of an external dc magnetic field
applied in arbitrary direction relative to its easy axis on
the polariton dispersion relations. We would like to re-
mark that there are qualitative as well as quantitative
effects on the polariton spectrum resulting from changes
in the magnetic properties of the surroundings. It is clear
that these "magnetic field controlled polaritons" are very
sensitive to the strength of the static field as well as to the
orientation of this field relative to the c axis. Of course,
these effects are more evident if a higher external magnet-
ic field is applied or if a softer magnetic material, like a
Y-Gd superlattice, is used. It was shown recently' that

Y-Gd can be described by a permeability tensor which
has the same qualitative behavior as the one used in the
present calculation. Nevertheless, the intrinsic charac-
teristic of this material allows it to be much more sensi-
tive to the presence of an oblique magnetic field. A small
magnetic field (few G) gives to a, and ab larger values in-
ducing much higher nonsymmetry than that studied here.
The ATR spectrum, also calculated here, suggests that
this technique is a variable experimental method capable
of detecting these magnetic polaritons.
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