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Retarded modes of a lateral antiferromagneticlnonmagnetic superlattice
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Using the effective-medium theory, we investigate the surface polaritons of a lateral antiferromagnetic
nonmagnetic superlattice in the Voigt geometry and obtain some interesting analytical results. Calculation
dispersion curves for a FeF2/ZnF2 superlattice show differences in dispersion properties from a pure semi-
infinite antiferromagnet and common antiferromagnetic nonmagnetic superlattice. (i) For Ho=0, the surface
mode only exists in the condition 1~f,)0.5 (f, is the antiferromagnetic fraction and Ho indicates the field)
and when f, 4 1.0, the surface mode no longer starts from the boundary of the corresponding bulk continuum.
For f i

= (0.5 no virtual surface mode is found. (ii) For Ho 4 0, three surface-polariton modes are obtained and
one of them partly enters the bulk continuum. As f, (0.5 only two surface modes can exist. They are virtual
and in the bulk continuum. The computed attenuated total reAectivity is also presented.

I. INTRODUCTION

In recent years, the application of molecular-beam epitaxy
to the fabrication of high-quality ultrathin magnetic films and
superlattices has made it possible to study various novel
properties in superlattices with different structures. A semi-
infinite lateral superlattice has a surface perpendicular to the
interface between the two different constituent layers. ' How-
ever, a lateral superlattice film has two surfaces of this kind.
This superlattice or superlattice film can be fabricated by
using a combination of electron- and ion-beam
lithography. In previous papers, ' we dealt with ferromag-
nets and studied the surface magnetostatic modes in a lateral
semi-infinite superlattice and the surface magneto static
modes and magnetostatic guided modes of a lateral superlat-
tice film. For numerical calculations, we took the Ni/Mo sys-
tem as an example and obtained some interesting numerical
results, besides the analytic results.

In this paper we consider a semi-infinite
antiferromagnetic/nonmagnetic superlattice with a lateral
surface normal to the layers (LANS), as shown in Fig. 1. We
restrict our attention to the situation where the magnetic field
applied in the direction of the easy axis is small so that the
sublattice magnetization stays in the direction of the axis,
which is parallel to the layers and surface. We assume the
period of the LANS is short enough that it can be described
as a single effective medium, which means

kL&& 1,

Our aim is to determine the general characteristics of the
surface mode in the LANS and to compare them with those
in pure antiferromagnets ' and ordinary antiferromagnetic/
nonmagnetic superlattices. '

As defined in Fig. 1, Li and L2 are the thicknesses of the
antiferromagnetic layers and nonmagnetic layers, respec-
tively. We introduce f, =Li/L and f2=L2/L, called the
magnetic and nonmagnetic fractions, respectively, so that
fi+ f2= 1.

II. DISPERSION EQUATION OF THE EFFECTIVE
MEDIUM

As shown by Fig. 1, the coordinate system is such that the
z axis is the uniaxis, with the y axis normal to the surface,
and the wave vector k is directed along the x axis. The mag-
netic field (Ho) and magnetization (Mo) of the sublattices
are in the direction of the z axis.

In the absence of damping, the permeability tensor of the

L, L,

where k is the magnitude of the wave vector and
L=L, +L2 the period of the superlattice. The inequality (1)
implies that the propagation is near the center of the super-
lattice minizone 0(k(7r/L) so that effects related to the
magnetic gaps at the minizone boundaries k= ~nm/L are
not important.

FIG. 1. Illustration of lateral antiferromagnetic/nonmagnetic su-
perlattice. L, and L2 are the thicknesses of the antiferromagnetic
layers and nonmagnetic layers, respectively. 00 represents an exter-
nal magnetic field and the magnetizations are in the direction of the
z axis. The propagation of the wave is along the x axis.
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antiferromagnetic layers can be written as 1.003

p&= lPg p, 0

o
(2)

1.002

where the expressions of p, and p,~ are

P= I+tuatum(l. tu, —(too —tu) f +l. tu, —(too+to) ]
(3)

Pi=to. tu (l. to, —(too tu) ] —
l. tu, —(too+ tu) ]

(4)
with

1.001

co =4m yMp, (5)

~a = 'YHa (6) Wave ved, or

up= yHp, (7)

cu„= y(2H, H, +H, .

In these expressions, H, represents the anisotropy field, H,
the exchange field, and y the gyromagnetic ratio. Mp is the
sublattice magnetization. e& is the dielectric constant of the
layers.

For the nonmagnetic layers, the permeability p,2= 1 and
we write e2 for their dielectric constant. With the effective-
medium theory, the magnetic permeability of the LANS, de-
scribed as a single effective medium, can be written as' "

FIG. 2. Dispersion curves of surface-retarded modes for
Ho=0. The curves from the top to the bottom are related to

f, =0.5, 0.6, 0.7, 0.8, 0.9, and 1.0, respectively. The frequency and
wave vector are quoted in co, .

In (12) and (13), we have taken the light velocity c = 1. Uti-
lizing (13) to eliminate n in (12), one can determine the
dispersion relation explicitly. Alternatively, one can use (12)
and (13) to compute the dispersion curves directly. To see the
physics, we start with a simple case, Hp = 0. Because
p,,y= 0 in this case, (12) and (13) can be reduced to

t Pxy

p, = kpxy pyy 0 (9)

2 2 26 co jUI~~ jKyy + cl ]xyy k jKxx 0 y

cl + cIp p,xx
=0.

(15)

(16)

with

O O I)

P„=(fiip+f2).

P„=fi Pi i(fi+f2P).

P f1P +f2 ftf2pi i(f i+f2P ).

(1oa)

(10b)

(1oc)

We easily find that (15) and (16) result in a very simple
dispersion relation:

etu p,yy+(k —cu )p, p, —k =0 (17)

with the additional conditions k )co, p,, (0 to ensure
ap)0, and a)0. Some further interesting relations for the
existence of the surface mode may be obtained. First we
change Eq. (17) into

At the same time, the effective dielectric constant is ex-
pressed by

which implies

~'i'k'= (p,,' —p..)i(e—p..),
E=fi &i+f2E2.

Following the method used in Ref. 12, the Maxwell's equa-
tions, satisfied by the surface wave in the form
exp(ikx —

input) and decaying exponentially with distance from
the surface, result in tu„+2f, ni ny. (tu'(tu, , (20)

o- (P,,' —P.,)i(~—P..)—1.

Combining (19) with the condition p,, (0, we have the fre-
quency window of the surface mode,

Far (P,, Pyy
—P, y)+(n Pyy

—P,, k ) =0, (12) where

CO = CO„+ CU CO
2= 2 (21)

Equation (20) also shows that, in the case of Ho=0, the
surface mode only exists in the range 1 ~f,)0.5 and that the
magnetostatic limit to, does not change with fi Unlike the.
superlattice with the surface parallel to the magnetic layers,
for Hp=0 here virtual surface modes cannot exist. In addi-

2~p„+~o(p .p„p„) ku„, =O, — —

tlo= gk CO

(13)

(14)

where the decay factor a within the medium is real and
positive.

The boundary conditions produce
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FIG. 3. Dispersion curves of surface-retarded modes for
Ho=0.2 kG. (a) f, =0.8, (b) f, =0.6, and (c) f, =0.4. The fre-
quency and wave vector are quoted in co. In (b) and (c) ATR scan
lines are included for later comparison with Fig. 5.
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tion, an increase in frequency of the bottom limit of the
window with f2 can cause the separation of the surface-mode
branch from the bulk continuum. This point is different
qualitatively from the corresponding bulk system and super-
lattices like that in Ref. 8. For the superlattice of Ref. 8, one
can obtain the two frequency windows of the surface mode
for f,~0.5 and f,)0.5, in the form
ro„&ro & +co2f, rcou, and co„&ru &cu„+co cu, . The
first window determines the existence of the virtual surface
mode.

Since we are not able to find an explicit equation for cu

from (12) and (13), or from (18) in the case of Ho=0, nu-

merical calculations for dispersion curves are necessary. Ex-
amples of the dispersion curves are computed for a lateral
FeFz/ZnF2 superlattice in the fields H0=0 and 0.2 kG. We
take the parameters as follows: M0=0.56 kG, H„=200 kG,
H, =540 kG, @=1.97X10 rad/G, and 61=5.5 for the antifer-
romagnetic layers; @2=8.0 and ~=1.0 for the nonmagnetic
layers.

First we consider the case of H0=0, in which the propa-
gation is reciprocal, co(k) = co( —k). Figure 2 presents sev-
eral typical examples of the dispersion curves for different

values of the magnetic fraction f, . We find that the surface
mode only exists for f,)0.5 and has the same magnetostatic
limit co, for all f, . As f, is decreased from 1, the starting
point of the mode on the vacuum light line rises so that the
mode separates from the bulk continuum. However, for a
pure antiferromagnet or an ordinary antiferromagnetic/
nonmagnetic superlattice, the surface mode always start at
the upper boundary (co= co„) of the lower bulk continuum.
Also, unlike the situation for the ordinary superlattice, here
there are not any virtual modes.

Generally speaking, in contrast to the situation for
H0=0, the three bulk continua and the surface-mode propa-
gation are not reciprocal for a bulk antiferromagnet in a
field. For our LANS the striking effects of a modest applied
field H0= 0.2 kG are illustrated by Fig. 3. For the magnetic
fraction fi)0.5 three surface-mode branches can appear; the
two lower surface-mode branches have a magnetostatic limit
and are real. However it is very interesting that as seen in
Figs. 3(a) and 3(b) the upper mode partly enters the middle
bulk continuum and becomes a kind of mode similar to what
one can see in surface phonon polaritons. When f, (0.5
the —k lower surface mode disappears and the +k one
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FIG. 4. Geometry for the ATR calculation, 0 is the incident
angle.
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moves entirely into the middle bulk continuum, as seen in
Fig. 3(c). This kind of magnetic surface mode is rare. An-
other feature is that as the magnetic fraction f, is lowered the
upper surface mode on the —k side becomes obvious, which
is contrary to the property of the corresponding surface mode
in the superlattice with a surface parallel to the layers. '
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III.ATTENUATED TOTAL REFLECTION SPECTRA

Attenuated total reflection (ATR) spectroscopy has proved
effective in investigating surface modes. ' ' In Fig. 4 we
show the geometry with incident light at an angle 0 to the Y
axis in a prism of dielectric constant e . 0 is larger than the
critical angle 9,= sin(1/e~). The prism and superlattice are
separated by a vacuum spacer of thickness d. In our geom-
etry the in-plane wave vector is in the direction of the x axis
and

0.6

0.4

0.2

0=19'

0= —19

k,'=k= e„" (co/c)sin&,

k' = e„" (co/c)cos8.

(22)

(23)
~ e i I s I s s t j s s ~ I g ~ ~ ~0

0.995 1 1.005 1.01 1.015

When we calculate ATR spectra, it is necessary to include a
damping term in p, and p,~, so that co in (3) and (4) is
replaced by co+iI .

The expression for ATR reAectivity can easily be obtained
with the method given in Ref. 6 and here it is

FIG. 5. Attenuated total reAectivity as a function of frequency
for Ho=0 2kG, 8=~19', .and d=0.03 cm. (a) ft=0.6 and (b)
f&

——0.4. The frequency is quoted in co„.

with

R = (4 —I )/(A + 1) (24)

A = ik'[F+ exp(2nod)]/([no(F —exp(2nod)]). (25)

Using (14), F is simply expressed as

F= [no(p, p, —/j )+ p, k —ntu ]/[no(Ju /gyy p )

+p, a' —p, yk)j, (26)

where a and no are determined by (12) and (14), respec-
tively. The interesting reflected ATR is ~R~ .

For numerical calculations we take a Si prism (e„=11.6
and 8, = 17.1') with a gap d = 0.03 cm and damping
I = 10 G. Computed ATR reAectivities in a field of
HO=0. 2 kG are shown in Figs. 5 for f, =0.6 and 0.4; the
corresponding dispersion curves are shown in Figs. 3(b) and
3(c).

The ATR frequency scan at fixed angle is along the line in
the cu-k plane given by (22). Because of the very fine fre-
quency scale in Fig. 3, this is accurately represented by
k=1.1 in the units of that figure. The corresponding scan
lines for + 8 and —9 are shown in Figs. 3(b) and 3(c). In
practice it is the direction of the applied field H0 rather than
0 that would be reversed but the effect is the same. The rules
for qualitative interpretation of an ATR spectrum are these.
Where the scan line is in a bulk continuum, ~R~ (1 because
some power is transmitted into bulk modes. Between bulk
continua, that is, a stop band for the bulk modes, ~R~ =1
since no power can be transmitted. However, where the scan
line intersects a surface-polariton line a dip in ~R~ is seen
because power can couple into the surface polariton. It can
be seen that Figs. 5(a) and 5(b) are indeed "mappings" of
Figs. 3(b) and 3(c) in this sense. For example, the
0= —19' curve in Fig. 5(a) starts at a low frequency and
with ~R~ (1 because the scan line [Fig. 3(b)] is in the lower
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bulk continuum. The spectrum then rises towards unity as the
scan line enters the lower stop band, but then dips sharply at
the first surface mode. The dip corresponding to the second
surface mode appears within the region ~R~ ~1 of the sec-
ond bulk continuum. R~ then rises to near 1 at the position
of the narrow higher stop band before falling again to
~

R
~

(1 in the highest bulk continuum.
We remark finally that simple oblique-incidence reAectiv-

ity can be a very effective probe of antiferromagnetic reso-
nance lines. ' ' Calculation of such spectra is a very
straightforward matter, given the form of p, , and we have
chosen not to present results of this kind.

IV. CONCLUSION

We have studied the surface modes for the lateral
antiferromagnetic/nonmagnetic superlattice, and the com-
puted dispersion curves and attenuated total reAectivities are
consistent. Our results apply for kL&& 1 where the LANS can
be considered as a single effective medium. Comparing the
results in this paper with those for the pure antiferromagnet
and antiferromagnetic/nonmagnetic superlattice with the sur-
face parallel to the layers (ANS), ' one can find some inter-
esting differences. First, unlike ANS s and the pure antifer-
romagnet, for 1)f,)0.5 and field Ho =0, the surface mode
is isolated, or is completely separated from the bulk con-
tinuum; for f, (0.5, no virtual surface mode (without mag-

netostatic limit) is found. Second, for H&WO and f, (1, the
surface mode can partly enter the middle bulk continuum. In
particular, for f, ~0.5, only two surface modes are seen, and
they are virtual and in the middle bulk continuum.

We believe that the calculations presented here are timely
in that techniques are already available for the sample prepa-
ration and the measurements. Epitaxial superlattices of anti-
ferromagnetic FeF2 and CoF2, ' CoO/NiO, ' and
Fe304/NiO (Refs. 21—23) have been successfully prepared
and their properties studied. Clearly, the preparation of epi-
taxial angle films by these techniques is possible. Processing
into a LSL structure is then a lithographic problem. The
final question concerns feasibility of ATR measurements. As
is to be expected for antiferromagnets, the frequency scales
in Figs. 3 and 5 are very fine. For FeF2, with a resonance
frequency of about 50 cm ', the full horizontal scale in Fig.
5 runs from 49.75 to 50. 75 cm '. Fourier-transform spectra
of bulk FeF2 with a resolution of 0.06 cm ' have been
published' ' and a resolution of Q.Q2 cm ' is available. We
therefore believe that measurement of spectra on the fre-
quency scale of Fig. 5 is practical.
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