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Surface polaritons on uniaxial antiferromagnets
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We investigate the properties of surface polaritons on uniaxial antiferromagnets. In
zero applied field we find that surface polaritons may exist in a band of frequencies

forbidden to bulk polaritons and that propagation is reciprocal, i.e., if the mode has

frequency co and wave vector ki~, then co(+ k ~~) =co( —k~~). When a field is applied

parallel to the surface, along the anisotropy axis, surface and bulk polaritons may exist in

the same frequency range, and the dispersion relation of the surface polaritons is no

longer reciprocal. We show that surface polaritons may be easily detected through a
standard attenuated total reflection measurement. The case of an antiferromagnetic

metal is also discussed, since the negative dielectric constant of the metal influences the

dispersion relation in a qualitative manner.

I. INTRODUCTION

For many years, it has been known that a long-
wavelength surface spin wave may propagate on
the surface of a ferromagnetic with magnetization
parallel to the surface. This wave, referred to fre-

quently as the Damon-Eshbach surface spin wave, '

may be described within the framework of a theory
which includes the Zeeman energy and magnetic
dipole interactions in the spin Hamiltonian; the in-

fluence of exchange on its properties has also been

explored. The striking and unusual properties of
this wave have been studied extensively in recent
years by the light scattering method, and an ex-

cellent account of the data has been provided by
theoretical analyses. '

One of us has shown recently that on the sur-

face of uniaxial antiferromagnets, with sublattice
magnetization parallel to the surface, long-

wavelength magnetostatic spin waves exist with

properties similar to those of the Damon-Eshbach
wave. For example, the waves propagate only
within a limited range of angles, and with a mag-
netic field applied parallel to the surface their
dispersion relation is nonreciprocal, i.e., if k~~ j.s
the wave vector of the mode and co( k

I
I) its fre-

quency, then co( —k
II

)@to + k
I I

The~~ modes
will lie in the infrared for typical antiferromagnets,
rather than in the microwave frequency range ap-
propriate to the ferromagnetic surface magnon
described in the preceding paragraph. If we con-
sider a surface magnon with wave vector k~~ paral-

lel to the surface, then in the magnetostatic limit
the spin motion associated with the wave extends
into the bulk a distance the order of k ~~, as a
consequence the properties of these deeply
penetrating waves may be described by macroscop-
ic theory. They thus constitute a new class of sur-
face magnon on the antiferromagnet, quite distinct
in nature from the modes explored some years ago,
which require a microscopic theory for their
description and which typically have spin motion
confined to the outermost few atomic layers. '

As remarked above, the properties of these anti-
ferromagnetic surface magnons were explored in
Ref'. 9 within the framework of a magnetostatic
theory which, in essence, discards the retardation
terms in Maxwell's equations. Such a theory is
valid when a ck~~ &&~, where c is the velocity of
light. The purpose of the present paper is to ex-
plore the influence of retardation on these waves
since, at infrared frequencies, experiments may
well probe the regime where ck

~~
is not large com-

pared to co. Indeed, we show that the modes may
be excited by means of the attenuated total reflec-
tion (ATR) method used widely in the study of
surface polaritons on metals and dielectric crystals,
and this method probes regions of the dispersion
curve where retardation influences it importantly. '

We refer to the modes explored in this paper as
surface polaritons, since they fall into a class of
surface electromagnetic waves often referred to by
this nomenclature. The surface polaritons com-
monly studied on dielectric media have transverse
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magnetic (TM) character, while the antiferromag-
netic surface polaritons of interest here are trans-
verse electric (TE) waves, with magnetic field in
the sagittal plane and electric field normal to it.
(The modes have pure TE character only for prop-
agation normal to the sublattice magnetizations,
actually. ) Although the properties of bulk polari-
tons in antiferromagnets were discussed some time
ago' and were subsequently studied experimentally
in FeF2, ' the nature of surface polaritons on the
surfaces of these materials has not been explored
before. We do note that a general description of
surface-polariton propagation on magnetic media
has been given earlier, ' though explicit results
were provided only for propagation on ferromag-
netic surfaces, where large sample sizes would be
required before an approximation to the semi-
infinite geometry could be realized in an experi-
ment. Earlier studies have also explored nonre-
ciprocal propagation on gyrotropic media for the
semi-infinite geometry, but with primary emphasis
on wave guides loaded with ferrites, with geometry
suitable for propagation at microwave frequen-
cies. ' Cylindrical ferrite wave guides have also
been analyzed in the microwave literature. ' ' At
the infrared frequencies appropriate for surface-
polariton propagation on typical antiferromagnets,
the semi-infinite geometry can be readily realized
with samples of modest size.

Before we begin, it will be useful to recall briefly
the properties of surface polaritons on a semi-
infinite, isotropic dielectric. Such a material with
a single infrared-active optical phonon may be
described by the model dielectric constant

e(co)=e„+ z
NTP —CO

where coTo is the transverse-optical (TO) phonon
frequency, Qz a measure of its oscillator strength,
and e the contributions to the dielectric constant
from high-frequency excitations, such as electronic
interband transitions. Surface polaritons of TM
character may propagate on the surface in the fre-

quency reg~~e ~To & ~ &~«with co« the fre-
quency of the longitudinal-optical (LO) phonon.
The dielectric constant vanishes when co =co«so
the surface waves propagate in a frequency regime,
where e(co) is negative, which is a forbidden fre-
quency band for propagation of bulk polaritons.

With the z axis aligned along the sublattice mag-
netization directions, the antiferromagnet is
described by a frequency-dependent magnetic per-
meability tensor of the form'

pi(co} i@i(co} 0

p(co) = —ip2(co) pi(co)

0 0 1

(1.2)

where p2(co) vanishes in the absence of an external
Zeeman field Ho. Thus, if one considers zero
external field and propagation of a TE wave per-
pendicular to the sublattice magnetization axis, so
the magnetic field of the surface wave lies in the
xy plane, there is a direct analogy between the TE
surface polariton on the antiferromagnet and the
TM wave on the dielectric. The surface polariton
may propagate only in the frequency regime where
p&(co) is negative and bulk-polariton propagation is
forbidden (we assume for the moment that the
dielectric constant of the material is positive). One
finds pi(co) is negative in the frequency regime be-
tween

coo =y[H~ (2' +Hg )]
and

co, =(coo+Sory MgHg)'

with H„, HE, and M, the anisotropy field, the ex-

change field, and the magnetization of one of the
two sublattices.

When a magnetic field is applied parallel to the
surface along the anisotropy axis, we find interest-

ing and varied results. Propagation is no longer
reciprocal. There are still gaps in frequency where
bulk waves do not propagate, and one finds surface
solutions in these gaps. However, the surface po-
laritons are no longer limited to these frequency
ranges. There are now frequency regions where
both bulk and surface polaritons exist, but with
different wave vectors. Also in the presence of an

applied field, one finds solutions which have no
magnetostatic analog.

In the case of a metallic antiferromagnet
[e(co) &0] we also find bulk- and surface-polariton
solutions. In this case we find that the phase velo-

city of both the bulk and surface polaritons is op-
positely directed to the group velocity. This agrees
with a general discussion of the propagation of
bulk electromagnetic waves in materials where

both e and p are negative.
The remainder of the paper is outlined as fol-

lows. In Sec. II we present the theory for surface
polaritons on an antiferromagnet, and calculate
dispersion curves for MnF2. In addition, results
are presented appropriate to a metallic antifer-
romagnet. In Sec. III we present the ATR calcula-
tion, and examples, using realistic parameters, are
calculated.
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II. THEORY

The geometry considered here is a semi-infinite

antiferromagnet lying in the half-space y & 0. The
sublattice magnetizations and anisotropy fields are
parallel to the surface along the +z and —z axes.
For simplicity we restrict propagation to be along
the +x and —x axes, perpendicular to the field
and parallel to the surface. The geometry is illus-

trated in Fig. 1.
In the material, Maxwell's equations without

sources or currents hold. Thus

p](co) i@2(co) 0

p() = —i@2(co) p~(co) 0

0 0 1

(2.8)

p&(co) and p2(co) contain the dynamics of the spin

system and may be derived by considering Bloch's

equations for each magnetic sublattice. Such a cal-

culation for a uniaxial antiferromagnet gives'

p&(co) =1+4m y HaMs2 1

coo (co+—yH p }

V D=O,

1aSVxE= ——
c Bt

V.B=0,

(2.1)

(2.2)

(2.3)

+ 2

1
(2.9)

mo (co y—Ho)—

p, q(a)) =4m.y HgMs2 1

~p —(~+yHp )'

1 BDVxH=+-
c t

(2.4)

D=V(co)E, (2.5)

The constituitive relations for an antiferromagnet

are

1
(2.10)

cop —(co —QHp )

In the material we look for a transverse electric

(TE) surface wave. Thus

where

&(~)=
ez(co) 0 0

0 ej(a)) 0

0 0

equi(co)

(2.6)

E(x,t) =zE(x,y)e

The corresponding B field is [from Eq. (2.2)]

ic BE(x,y)Bx,t = —x
N By

(2.11)

and

B=p(tp)H, (2.7)

ic BE(x,y)+y~ & e
—IN'+N ax

(2.12}

where In the above equations we have assumed that E is

a function of x and y, but not z. This is reasonable

since the propagation is in the x direction, and we

expect the amplitude to decrease in the y direction

in order to have a surface wave, but nothing de-

pends on z. Using Eqs. (2.5)—(2.8) and Eq. (2.11)
and Eq. (2.12) we obtain the following equation:

P ) —JM2
2 2

2+ 2+ equi
E(x,y)=0.

FIG. 1. Geometry considered in this paper. The sub-

lattice magnetizations and anisotropy fields are parallel

to the surface and directed along the +z and —z axes.

Propagation of the surface polariton is restricted to be

along the +x or —x direction.

E(x,y)=E&e II e (2.14)

With the use of Eqs. (2.13}and (2.14) we obtain an

equation for the decay parameter a&

(2.13)

We now assume for E(x,y) a surface-wave solution

with propagation along x and decay in amplitude

(decay parameter u& ) in the y direction, the direc-

tion into the material:
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2 2 2P}—P2 Cg

a) =k
ll

P& C
(2.15)

plane y =0 gives

E& =E~ . (2.20)

The dispersion relation for bulk polaritons pro-
pagating perpendicular to the saturation magneti-
zation may be obtained from Eq. (2.15) by replac-

ing ia by kz (i.e., assuming a plane-wave solution

appropriate to a material infinite in extent). One
then has

c (k~+ky) JMf
—pp

'll ~

co p~

Bulk polaritons in the antiferromagnet FeFz have
recently been studied by Sanders et al.,

"as
remarked in Sec. I.

Outside in the vacuum, one has the usual wave

equation for E(x,t):
2

7'+ E(x,t)=0 .
C2

(2.16)

(2.17)

We again look for a surface wave with electric
field component only in the z direction:

E( )=g
From the wave equation, we then find

2N
a& —k

ll C2

(2.18)

(2.19)

We now match the solutions inside the material

to those outside in the vacuum. Conservation of
the tangential components of E at the surface

MnFp

M 0

QP /4Jp

BULK
POLAR I TONS

SURFACE
POLAR ITONS

ULK
R ITONS

-5 -4 -3 -2 -I 0 I 2 3 4 5

k)) (c/sop )

FIG. 2. Dispersion relation for surface polaritons on

MnFq in zero applied field. co, is the frequency of the

surface polariton in the magnetostatic limit. The disper-

sion relation here is reciprocal.

To match the tangential components of H across
the boundary, we need expressions for H„both in-
side and outside. From Eqs. (2.2}, (2.7), and (2.14)
it is easy to show that for y & 0 one has

H„(x,t)=- c p&

lN P& —P2

P2u)+ kii E,(x, t) .
p&

(2.21)

In the vacuum H is given by

H„(x,t)= a E,(x,t) .
le

(2.22)

Matching H„across the boundary, we obtain an
implicit dispersion relation for the surface polari-
ton:

p,a, +p2kll
a&+ 2 2

——0.
P) —P2

(2.23}

The terms a& and a are even in kll p& and p2
are independent of it, so it is the term —p2kll in
the above equation that causes c0(k~

~

) to differ
from co( —k~~ ). In the absence of an applied field,

p2 ——0, and we obtain the simpler relation

c k
ii pi(e —pi)

2
N 1 —

p&
(2.24)

which is even in all.
We present results below for the dispersion rela-

tion for MnFz. We have used the following
parameters: H,„=550kG, Hz ——3.8 kG, M, =0.6
kG, and @=5.5. The g factor is 2.05, so
y= —1.803 X 10 rad jG s. The antiferromagnetic
resonance (AFMR) frequency co0 is then 65.05 kG
or 186 GHz. This frequency is rather low; use of
FeF2 would give an AFMR frequency of 1.58 THz
which is well into the far infrared.

Figure 2 shows the dispersion relation for zero
applied field. In this figure the bulk polaritons ap-
pear as a broad band bemuse we fix only kll for
the bulk waves. If we restrict propagation for the
bulk waves to be perpendicular to M„a range of
k„values are also allowed. This range of values
leads to a band of frequencies for the bulk polari-
tons. We see in Fig. 2 two regions where bulk po-
laritons may exist, and in the gap between these re-

gions we find surface polaritons.
The surface-polariton curves start at the inter-
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section of the top of the bulk-polariton region and
the light line. As k~~ increases, the curves bend
over and approach the large-k magnetostatic limit
given by

(2.25)co, =(coo+4my HqM, )'~

We note once again that in this case, the dispersion
curves for both bulk and surface polaritons are
even in k~~.

With an applied field, Eq. (2.23) must be solved
numerically. In Fig. 3 we show the results for the
dispersion relation for MnF2 in an applied field of
300 G. We see here three frequency regions where
bulk polaritons may propagate. There are also
three surface-polariton curves. Two of these
curves approach the magnetostatic limits in the
large k

~ ~

region, but one mode has no magnetostat-
ic analog. We also see here that the bulk-polariton
curves are even in k~ ~, while the surface-polariton
curves clearly are not. Finally, in contrast to the
zero-field case, the surface polaritons are not limit-
ed in frequency to the gaps between the bulk-

polariton regions.
We have also investigated the case e &0 which

would be appropriate to a metallic antiferromag-
net. In Fig. 4 we plot the result for bulk and sur-
face polaritons for this case and in zero applied
field. We see in this case that both bulk and sur-

face waves have dcoldk~~ negative, indicating that
the group velocity is oppositely directed to the
phase velocity. This is, as mentioned earlier, con-
sistent with a general discussion of the propagation
of bulk electromagnetic waves in materials where

both p and e are negative.
In Fig. 5 we present the dispersion relation for

the bulk and surface polaritons where e is negative
and there is an applied field of 250 G. In this case
the surface modes again exhibit nonreciprocal
behavior. Also we see that in some regions the
surface polariton may have dcoldk~~ & 0 indicating
a positive group velocity.

III. THE ATR METHOD

Surface polaritons may be easily probed by an
ATR experiment. The geometry of the experiment
is illustrated in Fig. 6. The incident beam in the
prism propagates at an angle 0 with respect to the
normal. If 8 is greater than the critical angle,
when the incident beam reaches the prism —air gap
interface the beam will normally be nearly 100%
specularly reflected. However, in the air gap there
will be exponentially increasing and decreasing
fields. If the wave vector parallel to the surface of
these fields and the frequency of the fields are
close to that of the surface polariton, the exponen-
tially decaying and increasing fields can couple to
the surface polariton. In this case, some of the en-
ergy of the incident beam is transferred to the sur-
face polariton, and the reflection coefficient drops
strongly.

If we fix the frequency of the incident wave to
be near the frequency for the surface polaritons, we
may adjust the parallel wave vector by changing
the angle 8. Thus if one plots the refiection coeffi-
cient versus angle, and a large narrow dip is found,

QJ /Ql p
MnF~

Ho 300
GAUSS

SURFACE
POLAR I TONS

SURFACE
POLAR I TONS I.000
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H=0
e = -2.5

-- I.O IO

-- I.ooe
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RI TONS

LK
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FIG. 3. Dispersion relation for surface polaritons on
MnF2 with an applied field of 300 G. co, + and co,
are the frequencies of the surface polaritons in the mag-
netostatic limit. The dispersion relation is no longer re-
ciprocal. Also note near co/coo ——1.01 there is a surface
mode for which no magnetostatic analog exists.

I.OOO

I

—2 -I 0 I 2 3

kII {C/auP)

FIG. 4. Dispersion relation for surface polaritons on
metallic antiferromagnet in zero applied field. Note
that the group velocity is negative for both bulk and
surface polaritons.
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MnF~

H 25OG
c = -2.5
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POLARI TONS
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region (2),

region (3),

X(E+e '+E e '), (3.2)

(3.3)

SURFA
POLARI T

In the above equations we have assumed the in-
cident beam in region (1) has amplitude unity and
the reflected beam has amplitude R. The wave
vectors k~~ and kz are related to the incident angle
0 by

l I I I I l l l

-5 -4 -3 -2 -I 0 I 2 3 4 5

kII (Chuo)

k~~
——k sin6I,

kz ——k cos0,

(3.4)

(3.5)

FIG. 5. Dispersion relation for surface polaritons on
metallic antiferromagnet in a 250-G field. The surface
polariton now exists in the gap between the bulk polari-
ton bands. co+ and co are the frequencies in the mag-
netostatic limit.

this indicates the excitation of a surface polariton.
Bulk polaritons may also be detected, although
these usually appear as a broad dip.

The calculations for the ATR measurement are
similar to those in the preceding section, so we

only sketch the derivation below. We assume elec-

tric fields of the following form:

where

k =~E&co/c . (3.6)

In region (2) a & is given by Eq. (2.19) and in re-
gion (3) a& is given by Eq. (2.15). From the forms
of the electric fields in each region, one may find
the expressions for H( x, t) in each region through
the use of Maxwell's equations. One then uses the
boundary conditions of the continuity of the
tangential components of E and H to match the
solutions at the boundaries. In this way one may
obtain the following expression for the reflection
coefficient R:

region (1), R= 3 —1

3+1 '

where

(3.7)

ik&(y+d) —ik&(y+d)Xe ' +Re (3.1) Fe ' +1
—2Q d

(3.8)

REFLECTED
BEAM

I) PRISM

and

a —aF=
CX& +(X

p/cx) +p2k((
2 2

P& —P2

(3.9)

(3.10)

y=-d

y= 0
(2) AIR GAP

(S) AX TIFERROMAGNE T

FIG. 6. Geometry for the ATR experiment.

In Fig. 7 we plot the magnitude of the reflection
coefficient R versus the angle of propagation 0 of
the incident beam in the prism with respect to the
normal. We fix the frequency of the exciting beam
to be either co/coo ——1.004 (187.3 GHz) or
co/coo ——1.005 (187.5 GHz). The applied field is
300 G, so we are probing the surface polaritons
whose dispersion relations are illustrated in Fig. 3.
We have also included a phenomenological



1286 R. E. CAMLEY AND D. L. MILLS 26
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FIG. 7. ATR spectrum: the magnitude of the reflec-
tion coefficient R vs angle 0. The sharp dips corre-
spond to excitation of surface polaritons, the broad dips
correspond to excitation of bulk polaritons.

metallic antiferromagnets is likely to be larger than
in insulating antiferromagnets, and this may render
detection of the dip difficult. We have done calcu-
lations for a material with parameters the same as
MnFi except with e= —2.5. We find that if the
linewidth is greater than 60 G one cannot find the
dip due to the surface polariton.

Above we have presented results showing that a
surface polariton may be detected by an ATR ex-
periment where the applied field and the frequency
of the probing beam are held constant, but the an-

gle 8 is varied. One may also detect surface polar-
itons in a geometry where 8 and the frequency
remain fixed, but the field is changed. In this way
one changes co and k~~ of the surface polariton by
changing the applied field strength. Again, when
co and k~~ of the exciting beam is close to that of
the surface polariton, one obtains a large dip in re-
flectivity.

IV. SUMMARY

linewidth of 20 G for MnFi. The air-gap thick-
ness is d =0.0025 cm, which is approximately 1/k.

The angle I9 is allowed to be positive or negative.
For positive 8, the wave propagates left to right
across the surface (k~~ positive), and for negative 8
the wave propagates from right to left (k~~ nega-
tive). Changing the sign of 8 is equivalent to re-

versing the magnetic field. For a given frequency
on the —8 side, we see a broad dip for small 8,
and then a level region. The dip corresponds to
the loss of energy to bulk polaritons. On the +8
side, we again see a broad dip for small 8, but for
large 8 there is a sharp narrow dip corresponding
to the excitation of a surface polariton. The non-

reciprocity between +0 and —8 is just a result of
the nonreciprocity of the surface polariton in the
presence of an aplied field. In Fig. 3 for
co/cop ——1.005 there is a surface polariton for +k~~
but not for —k~~.

We also see in Fig. 7 that the dispersion curve of
the surface polariton can be determined from a
series of ATR experiments at different frequencies.
When we change the frequency from co/cop ——1.004
to pi/pip= 1.005 (a change of 0.2 GHz) the position
of the dip in the reflectivity changes indicating
that a surface polariton with different k~~ is being
excited.

In principle, surface polaritons on metallic anti-
ferromagnets could also be detected through an
ATR measurement. However, the linewidth for

In conclusion we have derived an implicit
dispersion relation for surface polaritons on anti-

ferromagnets. This dispersion relation has been

solved numerically, and we find have found the
following features:

(1) In zero field, surface polaritons exist in fre-
quency ranges forbidden to bulk polaritons. The
propagation in zero field is reciprocal.

(2) When a field is applied parallel to the sur-
face along the anisotropy direction, bulk and sur-
face polaritons may exist in the same frequency
range, but with different wave vectors. Propaga-
tion is no longer reciprocal. When a field is ap-
plied, one finds surface-polariton solutions which
have no magnetostatic analog.

(3) In metallic antiferromagnets (@&0) surface
polaritons also exist. In most regions both the sur-
face and bulk polaritons have negative group velo-

city, although under some conditions surface polar-
itons may have a positive group velocity.

(4) The properties of surface polaritons on anti-
ferromagnets may be easily measured through an
ATR experiment.
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