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We present theoretical calculations for the reflection of electromagnetic waves from structured magnetic
materials which are metallic. Normally one expects that electromagnetic probes of metallic materials are not
helpful because of the high background reflectivity. We show that if the electron motion can be limited by the
structuring then one can see distinct features in the reflectivity which arise from the magnetic excitations. This
is in sharp contrast to the case for unstructured metallic magnetic materials where the reflectivity is near unity.
The calculations are carried out primarily within effective-medium theory, but by an exact calculation in a
special case, we show that the general results hold true for parameters well beyond the limits of validity of
effective-medium theory.

I. INTRODUCTION

One of the most common methods used to characterize
the magnetic, electronic, and elastic properties of materials is
to measure the reflectivity of electromagnetic radiation from
the material. For example, we note recent reflectivity studies
of semiconductor superlattices have given information on
surface charge densities.1 Similarly reflection of infrared ra-
diation has given information on the temperature dependence
of the linewidth in insulating antiferromagnets.2–4

Unfortunately this method can not be used with many
magnetic materials because they are also metallic. As a re-
sult, the electron motion induced by the incident wave near
the surface of the sample screens the interior of the sample
from interacting with the wave. In this case the reflectivity
remains near unity, independent of the existence of any mag-
netic excitation. This result also depends on the linewidth for
the magnetic excitation. In principle if the linewidth were
narrow enough (,20 G! magnetic features could be seen.
However, most magnetic, metallic materials seem to have
quite large linewidths. We note that the method discussed
here shows significant magnetic features even in the presence
of very large linewidths.

Thus to study the magnetic excitations in metallic systems
one needs to reduce the screening effects of the electron
motion. One way to do this is to prevent large scale eddy
currents by fabricating a striped or grooved structure as
shown in Fig. 1. If the stripes are perpendicular to the elec-
tric field, then the electron motion is limited and the screen-
ing is significantly reduced.

In this paper we calculate the electromagnetic reflectivity
from grooved metallic magnetic films. We consider particu-
lar geometries so that the screening effect of the electron
motion is largely prevented, while the interaction of the elec-
tromagnetic wave with the magnetic excitations in the mate-
rial is still strong. We present calculations for both metallic
ferromagnets applicable to materials such as Fe, Co, or Gd
for example, and for metallic antiferromagnets, Cr for ex-
ample. In both cases we will see that without the grooves the
electromagnetic reflectivity is very close to 1. However,
when the grooves are present, the reflectivity is significantly
reduced and a distinct magnetic signature, tunable with ap-

plied magnetic field, is found in the reflectivity.
Our calculations are done within the effective-medium

approximation,5 a method which has had much application in
semiconductor6,7 and magnetic8–12 layered structures. In this
approximation the grooved material is replaced by an effec-
tive medium which has a dielectric tensor and permeability
tensor which depend on the fraction of the material which is
magnetic and conducting. The resulting reflectivity calcula-
tions are straightforward and relatively simple. However, the
effective-medium approximation makes use of certain as-
sumptions — essentially that the amplitudes of the E and B
fields do not vary significantly across an individual material.
It is of interest to see if the basic results persist in the range
of parameters where effective medium theory does not hold.
We have therefore carried out a calculation where the
grooved material is treated as a true superlattice, and the
electromagnetic modes within this superlattice are calculated
exactly. This calculation gives an effective dielectric tensor
which depends not only on the fraction of the material which
is conducting but also on the exact size of the conducting and
nonconducting materials. The resulting reflectivity shows

FIG. 1. Geometry considered in this paper. TheE field of the
wave is along thez axis as is the static external magnetic field
H0 . d1 is the width of the magnetic stripe andd2 is the width of the
groove. The film has a thicknessd.
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that the magnetic excitations can still be seen for structures
where the effective-medium approximation does not hold.
The magnetic contribution to the reflectivity is, however,
somewhat reduced, when compared to the effective-medium
calculation.

The methods discussed in this paper should be applicable
to a wide range of materials and for a wide range of frequen-
cies. We will generally refer to frequencies in terms of wave
numbers,v/2pc. The excitation frequencies for antiferro-
magnets often lie in the infrared, around 37 cm21 for Cr.
Rare earth magnetic systems12 are also expected to have ex-
citations in the 10–40 cm21 range. Magnetic excitations for
ferromagnets lie typically in the 10–30 GHz range~1 GHz
'0.3 cm21), however, exchange influenced spin wave
modes may have much higher frequencies.

The paper is outlined as follows. In Sec. II the theoretical
results for reflectivity are obtained within the effective-
medium approximation. In Sec. III we present results for
reflection from grooved antiferromagnets and ferromagnets.
In Sec. IV we develop a method for going beyond effective
medium and apply the results to reflection from antiferro-
magnets as an example. In Sec. V we present conclusions.

II. THEORY

The geometry is illustrated in Fig. 1. The electric field is
in the z direction, always parallel to the surface and perpen-
dicular to the spacer films/grooves. The applied static exter-
nal magnetic field,H 0 , is also in thez direction. The effec-
tive medium film has thicknessd and sits on a thick
nonmagnetic substrate. The width of the metallic strips is
d 1 and the width of the nonmetallic strips is given byd2 .

The dielectric tensor for the metal is taken to be diagonal
and have valuee1 . Similarly the dielectric tensor for the
nonmetallic region is also diagonal and has a valuee2 . Fi-
nally the dielectric constant for the substrate is denoted by
es . When we consider the alternating metallic/nonmetallic
region as a layered structure, we may obtain a dielectric ten-
sor for a resulting effective material given by5,6

e5S exx

eyy

ezz
D

5S f 1e11 f 2e2 0 0

0 f 1e11 f 2e2 0

0 0 S f 1e1
1
f 2
e2

D 21D , ~1!

where f 1 is the fraction of the film occupied by the metallic
magnet and is given by

f 15
d1

d11d2
. ~2!

Similarly f 2 is the fraction of the film which is grooved and
is given by

f 25
d2

d11d2
. ~3!

A key feature of the effective-medium dielectric tensor is the
form for ezz. Sincee1 for the metal is large~and imaginary!,
ezz is approximatelye2 / f 2 and nearly independent of the
metallic material. As we will see, it is this component of the
dielectric tensor that is relevant in the reflection calculation,
and as a result the problems with the metallic reflectivity are
eliminated.

The magnetic permeability tensor for the magnet has the
form

m5S mxx mxy 0

myx myy 0

0 0 1
D , ~4!

while in the grooves and the substrate the permeability is
unity. The precise expressions for the components of the per-
meability tensor depend on the material, however, the gen-
eral structure for the tensor is the same for both ferromagnets
and uniaxial antiferromagnets when the applied field is in the
z direction. The permeability tensor for the effective medium
formed by the grooves and the magnetic materials is then
given by10,11

m5S m1 im2 0

2 im2 m1 0

0 0 1
D

5S f 1mxx1 f 2 f 1mxy 0

f 1myx f 1myy1 f 2 0

0 0 1
D . ~5!

The calculation for the reflectivity is straightforward. We
assume electric fields in the three regions are given by

EW ~xW ,t !5 ẑ~1eik'~y1d!1Re2 ik'~y1d!!ei ~kx2vt ! ~6!

above the film,

EW ~xW ,t !5 ẑ~E1e
iqy1E2e

2 iqy!ei ~kx2vt ! ~7!

in the film,

EW ~xW ,t !5 ẑTeiQyei ~kx2vt ! ~8!

in the substrate.
The parallel component of the wave vector,k, is the same

in all three regions. The perpendicular components are found
by using the dispersion relation for each medium separately.
One finds

k'5Av2/c22k2, ~9!

q5A@~m1
22m2

2!/m1#~ezzv
2/c2!2k2, ~10!

Q5A~v2/c2!es2k2. ~11!

We note that for the effective medium film only theezz ap-
pears. This is important becauseezz is not dominated by the
metallic conductivity as discussed earlier.
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For each electric field one may find an associatedH field
through the use of Maxwell’s equations. Using
¹3EW 52(1/c)]BW /]t andBW 5mJHW we obtain a general con-
nection betweenE andHx to be

Hx~x,t !5
c

iv~m1
22m2

2!
Fm1

]E

]y
1 im2

]E

]x G . ~12!

This equation must be applied with the appropriate perme-
abilities in each region.

One now applies the boundary conditions. Continuity of
Hx at y50 andy52d leads to

QT5k1E11k2E2 , ~13!

k'~12R!5k1e
2 iqdE11k2e

1 iqdE2 , ~14!

where

k65
6m1q1 im2k

m1
22m2

2 . ~15!

Similarly, continuity of tangentialE at the boundaries gives

E11E25T, ~16!

11R5E1e
2 iqd1E2e

1 iqd. ~17!

After some algebra, the four boundary condition equations
yield the amplitudeR

R5
C21

C11
, ~18!

where

C5k'F Fe22iqd11

k1Fe
22iqd1k2

G ~19!

and

F52SQ2k2

Q2k1
D . ~20!

Equation~18! gives the amplitudeR for the reflected wave
when the incident wave has an amplitude of unity. We thus
takeR*R as our measure of the reflectivity.

III. RESULTS

We first present results for a model uniaxial antiferromag-
net which as a resonance frequency similar to Cr. The ele-
ments of the permeability tensor for an antiferromagnet are
given by13

mxx5myy5124pMHa~X1Y!, ~21!

mxy52myx54pMHa~Y2X!, ~22!

where

X5@~v1gH01 igDH !22v0
2#21, ~23!

Y5@~v2gH01 igDH !22v0
2#21. ~24!

Herev0 is the antiferromagnetic resonance frequency given
by

v05gAHa~Ha12He!, ~25!

which is appropriate for an uniaxial antiferromagnet. In the
aboveHe is the exchange field,Ha is the anisotropy field,M
is the saturation magnetization of an individual sublattice,
g is the gyromagnetic ratio, andDH is the resonance line-
width.

For our metallic antiferromagnet we takeHe5434 kG,
Ha5149 kG, andM50.6 kG. The dielectric function for the
metal is given by

e1511 i
s

ve0
, ~26!

where the right-hand side is all given in terms of mks units
for convenience. Note that the1 sign in the previous equa-
tion depends on our choice of sign for the wave where we
have taken exp (2 ivt). The conductivity is taken to be
0.783107 ~Vm! 21. In our examples we will also take
e251, andes55. We have taken the thickness of the effec-
tive medium film to be 10mm, although thicknesses down to
1 mm give reasonable signals. The strength of the signal can
also be tuned somewhat by altering the dielectric constant of
the substrate. We have also taken the angle of incidence to be
45° in all cases.

In Fig. 2 we present results for the reflectivity as a func-
tion of frequency depending on the fraction of the material
occupied by the magnet and on the linewidth of the magnetic
excitation. Generally we expect that values aroundf 150.9
will be the best choice to see the magnetic excitation. This
interrupts the motion of the electrons and thus reduces the
screening, but the magnetic response is basically unchanged.
In Fig. 2~a!, the f 150.9 curve shows the general features
associated with a magnetic excitation in an antiferromagnet.

FIG. 2. Reflectivity from a structured antiferromagnet as a func-
tion of frequency for different values off 1 . The parameters for the
calculation ared510mm andH050. f 151 corresponds to the case
of a uniform metallic and magnetic film.
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The dip at low frequencies corresponds to the magnetic
Brewster angle; the nearly flat peak corresponds to a rest-
strahl band — a gap between bulk magnetic polariton bands.
The slight decrease in reflectivity through this band comes
from the change in penetration depth with frequency. At fre-
quencies just past the resonance,m1 is negative and decreas-
ing in magnitude. This decrease leads to a greater penetration
depth and so the reflectivity is reduced. For the low damping
case seen in Fig. 2~a!, it is clear that thef 150.5 case has a
different shape than thef 150.9 case. This is becausef 1 is
now small enough that the magnetic permeability is also in-
fluenced by the grooves. This generally reduces the width of
the reflectivity peak. It is interesting to note that changing the
f 1 parameter also sets the ‘‘background’’ reflectivity.
Figure 2~b! shows equivalent results for a higher line-

width of DH51000 G. In this case the signal from the com-
pletely metallic structure is essentially constant. It is obvious
that there is a significant advantage for the effective medium
material which continues to show clear signals even at this
high linewidth. It is not obvious what a typical linewidth for
an antiferromagnetic metal might be, but linewidths in ferro-
magnetic thin films14 can be as low as 50 G but are typically
in the 200–300 G range.

In Fig. 3 we show the reflectivity as a function of fre-
quency in an applied magnetic field. In the presence of a
magnetic field the reflectivity can be distinctly nonreciprocal
in that reversing the direction of propagation changes the
reflectivity.4 In our geometry reversing propagation is
equivalent to a reversal of the applied field. We see that the
nonreciprocity is very clearly displayed in the results shown
in Fig. 3 for the effective medium material. However, the
equivalent metallic film displays virtually no structure in the
reflectivity.

We now turn to a study of a model ferromagnet. In this
case the permeability tensor elements are given by15

mxx512
4pH0M

~v/g1 iDH !22H0
2 , ~27!

mxy52mxy5 i
4pvM

~v/g1 iDH !22H0
2 . ~28!

We use the following parameters:M51.7 kG and
s513107 (V m! 21. For frequencies in the 10–20 GHz
range this gives a skin depth due to the metallic conductivity
which is on the order of 1mm

In Fig. 4 we examine the reflectivity as a function of the
thickness,d, of the effective medium film. For the structured
material, the reflectivity shows a significant change even for
films as thin as 1mm. In contrast, a completely metallic film
shows, again, a reflectivity which is independent of fre-
quency and thus has no information about magnetic excita-
tion. For the structured ferromagnet, the dip in the reflectiv-
ity occurs very close to the frequency which defines the
upper edge of the bulk spin wave band,
vB5g(H0(H014pM ))1/2. Because of the large value ofM
this frequency can be quite high compared to that for garnets
@M for YIG ~yttrium iron garnet! is around 130 G#, and thus
the structured ferromagnet could be promising for high fre-
quency signal processing.

We note that the thickness required to see a reasonable
reflectivity depends critically on the magnetization. This is
because the components of the permeability tensor in the
ferromagnet are essentially proportional toM . As a result
ferromagnets with smaller values ofM , for instance Ni
whereM5480 G, would need significantly thicker films to
produce the same size reflectivity signal.

We have examined how the reflectivity signal depends on
the important parameters of the physical system. In Fig. 5 we
study how the reflectivity depends on the linewidth. We see a
very sharp signal at a linewidth of 100 G. As the linewidth is
increased, the dip becomes broader, but even at a linewidth
of 500 G there is still a significant signal. The frequency of
the reflectivity dip can be shifted by the external field as we
have seen above. Our calculations show that as the field is
increased from 1 kG to 10 kG~with d55mm, f 150.9, and
DH5250 G! the dip becomes only slightly deeper.

One finds nonreciprocal reflection in the ferromagnet as
well as in the antiferromagnet. In Fig. 6 we show how the
reflectivity changes when the propagation direction is re-

FIG. 3. Reflectivity from a structured antiferromagnet as a func-
tion of frequency for1H0 and2H0 . The additional parameters for
the calculation ared510mm, f 150.9,DH5500 G, andH051 kG.

FIG. 4. Reflectivity from a structured ferromagnet as a function
frequency for different thicknesses,d, of the effective-medium film.
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versed. Note that the dip in reflectivity is slightly shifted
depending on the propagation direction. For the parameters
used here, the major factor controlling the nonreciprocity is
the thickness of the effective medium film. A thicker film
leads to a much larger nonreciprocity.

In an effort to keep the problem simple and concentrate
on the main ideas, we have not included a number of factors
in our calculations for the ferromagnet. For example the in-
fluence of bulk and surface anisotropy fields has been
neglected.16,17 In addition, we have not included the effects
of static demagnetizing fields. Anisotropy fields and demag-
netizing fields could be substantial and produce shifts in the
resonance frequency. Nonetheless, the general features dem-
onstrated in our calculation are expected to remain. The cal-
culation of the demagnetizing fields depends critically on the
exact geometry, the width of the cut and the overall dimen-
sion of the sample, and are beyond the scope of the present
work. Demagnetizing fields are not expected to play as large
a role in the antiferromagnet when the surfaces contain both
up and down spins.

IV. BEYOND EFFECTIVE-MEDIUM THEORY

As discussed in the Introduction, the use of effective-
medium theory implies that the electromagnetic fields within
a given material do not change too rapidly. In this section we
explore how well the idea of using grooves to reduce the
conductivity works when effective-medium theory is not
valid.

We consider a simple geometry in which a transverse-
magnetic electromagnetic wave propagates parallel to the su-
perlattice structure. Furthermore, we also restrict the calcu-
lation to a system where the permeability tensor in the
magnetic material is diagonal.~An antiferromagnet in zero
field satisfies this restriction.! With this geometry we can
restrict the electromagnetic field components toHy , Ez , and
Ex . In this case the exact dispersion relation for propagation
within the superlattice is given by18

15cos~qd1!cos~k'd2!2
~11r 2!

2r
sin~qd1!sin~k'd2!.

~29!

Hereq andk' are given as previously in Eqs.~9! and ~10!
but with m250 andm1 being that for the magnetic material
only. The ratio,r , is given by

r5
e1k'

e2q
. ~30!

Sinceq andk' are functions ofk, Eq.~29! yields an implicit
dispersion relation forv as a function ofk. In the effective-
medium approximation one expands the sine and cosine
terms in Eq.~29! based on the assumption that the arguments
are small. One then obtains an explicit dispersion relation. In
the simplest case this relation is then compared to that ex-
pected for an electromagnetic wave in a simple medium, i.e.,

v25
c2k2

eeffmeff
. ~31!

When the arguments of the sine and cosine terms in Eq.~29!
are not small, the equation must be solved numerically. The
resulting solution can then be compared to Eq.~31! and the
producteeffmeff can then be obtained. In our reflection calcu-
lation we see that not only is the producteeffmeff required,
but the individual values foreeff andmeff as well. To find this
we initially solve Eq.~29! with the magnetism ‘‘turned off.’’
This gives eeff for the structure. We then solve Eq.~29!
again, but with the magnetism ‘‘turned on.’’ This gives the
producteeffmeff and dividing this result byeeff then results in
meff .

In Fig. 7~a!, we present results formeff as a function of
frequency for different values ofd1 . In all the calculations
d15d2 so the effective-medium filling factorf 150.5. At
low d1 values (d1,500 Å! the effective-medium results and
the exact results agree as expected. Asd1 is increased the
magnetic resonance seen inmeff becomes weaker but is still
present even for values ofd155000 Å. Physically the reason
for this is that the electromagnetic wave does not penetrate

FIG. 5. Reflectivity from a structured ferromagnet as a function
of frequency for different linewidths. A distinct magnetic signal is
seen even for fairly large linewidths.

FIG. 6. Reflectivity from a structured ferromagnet as a function
of frequency for1H0 and2H0 .
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completely into the magnetic material as the thicknessd1
gets larger than the skin depth. As a result the electromag-
netic wave which propagates in the superlattice structure is
less strongly influenced by the magnetic permeability and the
resultingmeff is weaker.

In Figs. 7~b! and 7~c!, we plot the normal incidence re-
flectivity for each of the differentd1 values considered in
Fig. 7~a!. Figure 7~b! corresponds to ad515mm while Fig.
7~c! hasd530 mm. Again for values ofd1,500 Å the re-
flectivity agrees with the effective-medium reflectivity. In
Fig. 7~b!, we see that the reflectivity calculated without the
effective-medium approximation is actually larger than that
found in the effective-medium method. More typically, how-
ever, the effective-medium calculation overestimates the re-
flectivity signal from the structure as is seen in Fig. 7~c!. For

d1 values above 1000 Å, the size of the magnetic reflectivity
is reduced but is still clearly visible atd155000 Å.
The skin depth for the metal is controlled, to a large ex-

tent, by the conductivity of the metal. For our model antifer-
romagnet, the skin depth~away from the magnetic reso-
nance! is on the order of 1000 Å. Yet there is a clear
magnetic signal in the reflectivity for structures which have
widths on the order of 5000 Å.

V. SUMMARY AND CONCLUSIONS

We have seen in this paper that magnetic excitations can
be seen in reflectivity measurements for metallic magnetic
films. This is accomplished by interrupting the electron mo-
tion by introducing grooves into a magnetic film. If the
grooves are narrow, then we can find reflection geometries
where the measured magnetic permeability of the film will
be essentially unchanged while the dielectric function is re-
duced significantly in magnitude.

The grooved structure discussed here could be made in
several different ways. One could imagine growing a super-
lattice structure with alternating films of metal and insulator.
This structure could be cut and looked at edge on. In this
way one could get very narrow insulating films between
thicker magnetic films. Alternatively, one could grow a uni-
form magnetic film and then cut grooves in the film by the
usual photolithographic and etching methods. We have
shown in our calculations for Cr that such a structure should
work even if the widths of the grooves and the magnetic
films are on the order of 0.5mm, a width which should be
obtainable by conventional means. If we are looking at ex-
citations in rare-earth metals, the conductivity is significantly
lower and we can expect that the corresponding structures
could be even larger.

Finally, many other geometries remain to be explored.
This is true even for ferromagnets and antiferromagnets. In
this work we considered a geometry where the magnetization
was in the surface plane. It is also of interest to look at
structures where the magnetization would be perpendicular
to the surface plane, and indeed, ifd1 is very thin, this is the
likely configuration. In addition other magnetic systems
should be investigated. Many of the rare-earth metals are
magnetic at low temperatures, with ferromagnetic, helical, or
cone shaped ordering. It is expected that these materials
could also be studied by appropriate structuring. We note that
the present work is similar in spirit, though significantly dif-
ferent in details, to several earlier studies.19,20 In particular,
we mention the work by Sievers using a foil grating to obtain
infrared signals from the magnetic excitations in Dy and
Tb.19
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