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Reflection of electromagnetic radiation from structured metallic magnets
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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 plied magnetic field, is found in the reflectivity.
Our calculations are done within the effective-medium

One of the most common methods used to characterizapproximatior?,a method which has had much application in
the magnetic, electronic, and elastic properties of materials igemiconductdr’ and magnetft-*? layered structures. In this
to measure the reflectivity of electromagnetic radiation fromapproximation the grooved material is replaced by an effec-
the material. For example, we note recent reflectivity studie§ive medium which has a dielectric tensor and permeability
of semiconductor superlattices have given information orfensor which depend on the fraction of the material which is
surface charge densitiéSimilarly reflection of infrared ra- Mmagnetic and conducting. The resulting reflectivity calcula-
diation has given information on the temperature dependendéons are straightforward and relatively simple. However, the
of the linewidth in insulating antiferromagnets’ effective-medium approximation makes use of certain as-

Unfortunately this method can not be used with manysumptions — essentially that the amplitudes of the E and B
magne[ic materials because they are also metallic. As a rélE|dS do not vary significantly across an individual material.
sult, the electron motion induced by the incident wave neaft is of interest to see if the basic results persist in the range
the surface of the sample screens the interior of the sampRf parameters where effective medium theory does not hold.
from interacting with the wave. In this case the reflectivity We have therefore carried out a calculation where the
remains near unity, independent of the existence of any madgirooved material is treated as a true superlattice, and the
netic excitation. This result also depends on the linewidth fo€lectromagnetic modes within this superlattice are calculated
the magnetic excitation. In principle if the linewidth were exactly. This calculation gives an effective dielectric tensor
narrow enough €20 G) magnetic features could be seen.Wwhich depends not only on the fraction of the material which
However, most magnetic, metallic materials seem to hav@ Conducting but also on the exact size of the Conducting and
quite large linewidths. We note that the method discusseonconducting materials. The resulting reflectivity shows
here shows significant magnetic features even in the presence

of very large linewidths. E

Thus to study the magnetic excitations in metallic systems / Pz / y=-d
one needs to reduce the screening effects of the electron B{
motion. One way to do this is to prevent large scale eddy A / / /
currents by fabricating a striped or grooved structure as H,z L X y=0
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 X d,
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 F|G. 1. Geometry considered in this paper. Thdield of the
electromagnetic reflectivity is very close to 1. However,wave is along thez axis as is the static external magnetic field
when the grooves are present, the reflectivity is significantlyH,. d, is the width of the magnetic stripe add is the width of the
reduced and a distinct magnetic signature, tunable with apgroove. The film has a thickness

substrate
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that the magnetic excitations can still be seen for structureA key feature of the effective-medium dielectric tensor is the

where the effective-medium approximation does not holdform for €,,. Sincee; for the metal is larg€éand imaginary,

The magnetic contribution to the reflectivity is, however, €,, is approximatelye,/f, and nearly independent of the

somewhat reduced, when compared to the effective-mediummetallic material. As we will see, it is this component of the

calculation. dielectric tensor that is relevant in the reflection calculation,
The methods discussed in this paper should be applicablend as a result the problems with the metallic reflectivity are

to a wide range of materials and for a wide range of frequeneliminated.

cies. We will generally refer to frequencies in terms of wave The magnetic permeability tensor for the magnet has the

numbers,w/27wc. The excitation frequencies for antiferro- form

magnets often lie in the infrared, around 37 ¢thfor Cr.

Rare earth magnetic systethgare also expected to have ex- Mxx  HMxy O
citations in the 10—40 crt range. Magnetic excitations for _| myx myy O
ferromagnets lie typically in the 10—30 GHz range GHz m= ' (4)

~0.3 cm 1), however, exchange influenced spin wave 0 0 1

modes may have much higher frequencies.

The paper is outlined as follows. In Sec. Il the theoreticawhile in the grooves and the substrate the permeability is
results for reflectivity are obtained within the effective- unity. The precise expressions for the components of the per-
medium approximation. In Sec. Il we present results formeability tensor depend on the material, however, the gen-
reflection from grooved antiferromagnets and ferromagnetsgral structure for the tensor is the same for both ferromagnets
In Sec. IV we develop a method for going beyond effectiveand uniaxial antiferromagnets when the applied field is in the
medium and apply the results to reflection from antiferro-z direction. The permeability tensor for the effective medium
magnets as an example. In Sec. V we present conclusionsformed by the grooves and the magnetic materials is then

given by91!
Il. THEORY .
M1 imp O

The geometry is illustrated in Fig. 1. The electric field is —ip, pg O
in the z direction, always parallel to the surface and perpen- ~=
dicular to the spacer films/grooves. The applied static exter- 0 o 1
nal magnetic fieldH ¢, is also in thez direction. The effec-
tive medium film has thicknessl and sits on a thick fiptgxt o friay 0
nonmagnetic substrate. The width of the metallic strips is fou fiup+f, O
d; and the width of the nonmetallic strips is given Oy. 1yx 1y ™12 : (5

The dielectric tensor for the metal is taken to be diagonal 0 0 1
and have values;. Similarly the dielectric tensor for the
nonmetallic region is also diagonal and has a vaipe Fi- The calculation for the reflectivity is straightforward. We

nally the dielectric constant for the substrate is denoted byssume electric fields in the three regions are given by
es. When we consider the alternating metallic/nonmetallic
region as a layered structure, we may obtain a dielectric ten- E()Z,t) =3(1ek V) 4 RgIk Y+ gilkx—ot) (6)
sor for a resulting effective material giveny
above the film,
€xx

=(X,t)=2 i —igyy i (kx— ot
€ €vy E(X,H)=2(E,eW+E_e 'W)e!(ko @)

€5 in the film,
f161+ f2€2 0 0
0 fie +f 0 .
- L i€ .|, @ inthe substrate.
0 0 (E f_z) The parallel component of the wave vectorjs the same

€ € in all three regions. The perpendicular components are found

. ) ] . by using the dispersion relation for each medium separately.
wheref, is the fraction of the film occupied by the metallic gne finds

magnet and is given by

E(x,1) =2TeWel(kxob ®

| k, = Jw?/c?— K2, 9
1
dy+d a=I(xi-ud/ml(ep’c?) -k, (10
Similarly f, is the fraction of the film which is grooved and
is given by Q= V(wc?)es—k". 1y
d We note that for the effective medium film only tle, ap-
2

fo= . 3) pears. This is important becausg, is hot dominated by the
d;+d; metallic conductivity as discussed earlier.
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For each electric field one may find an associdtefield , , ,

through the wuse of Maxwell's equations. Using 1.0 =70
- - - 2 i =1
VXE=—(1/c)dB/ot andB= xH we obtain a general con- 0.8 I a)aH =200G i
nection betweert andH, to be 06
Hy(X,1) > % s 12 04
Xt)=———— | 1 — Fip—]|.
x iw(uf—pud) | Moy T2 ax os
>
This equation must be applied with the appropriate perme- § 0.0
abilities in each region. 8 1.0
One now applies the boundary conditions. Continuity of @
0.8
H, aty=0 andy=—d leads to
0.6
QT=k,E,+k_E_, (13 04l
k. (1-R)=k,e '%E, +k_e"E_, (19 o.2*%
=0
where 0.0 ' : ‘ .
36.5 37.0 375 38.0
= paQ+ipok o (b

k+:

72 (195
M1™ Mo
L. . . . . FIG. 2. Reflectivity from a structured antiferromagnet as a func-
Similarly, continuity of tangentiakE at the boundaries gives on of frequency for different values df,. The parameters for the

calculation arel=10 um andH,=0. f;=1 corresponds to the case

E.+E =T, (16) of a uniform metallic and magnetic film.
1+R=E,e 99+ E_g*iad (17 Herew, is the antiferromagnetic resonance frequency given
After some algebra, the four boundary condition equation?y
ield the amplitudeR
y P wo=yVHL(Hat 2Hy), (25)
R— C-1 (18) which is appropriate for an uniaxial antiferromagnet. In the
S C+1’ aboveH, is the exchange field{ , is the anisotropy field\
is the saturation magnetization of an individual sublattice,
where y is the gyromagnetic ratio, aniiH is the resonance line-
Fe-2iad 1 width.
C=K, | ———eg—— (19) For our metallic antiferromagnet we také,=434 kG,
ki Fe 299k H,=149 kG, andM = 0.6 kG. The dielectric function for the
and metal is given by
Q-k_ e=1+i— (26)
F:_(Q—k+ . (20) 1 wEn

where the right-hand side is all given in terms of mks units
for convenience. Note that the sign in the previous equa-
Yion depends on our choice of sign for the wave where we
have taken exp {iwt). The conductivity is taken to be
0.78<10" (Qm) 1. In our examples we will also take
IIl. RESULTS €,=1, ande;=5. We have taken the thickness of the effec-

We first present results for a model uniaxial antiferromag-tivé medium film to be 1Qum, although thicknesses down to

net which as a resonance frequency similar to Cr. The elel #M give reasonable signals. The strength of the signal can

ments of the permeability tensor for an antiferromagnet ar@/S0 be tuned somewhat by altering the dielectric constant of
given by the substrate. We have also taken the angle of incidence to be

45° in all cases.
Mxx= tyy=1—4TMH(X+Y), (21 . In Fig. 2 we present re;ults for the reﬂectivity as a fun.c-
tion of frequency depending on the fraction of the material
Boy= — Hyx=4TMH (Y —=X), (22 occupied by the magnet and on the linewidth of the magnetic
excitation. Generally we expect that values arodipe 0.9
where will be the best choice to see the magnetic excitation. This
B ) 9 29-1 interrupts the motion of the electrons and thus reduces the
X=[(o+yHo+iyAH)*—wp] 7, (23 screening, but the magnetic response is basically unchanged.
In Fig. 2(@), the f;=0.9 curve shows the general features
Y=[(0—yHo+iyAH)?—wg] *. (24 associated with a magnetic excitation in an antiferromagnet.

Equation(18) gives the amplituddR for the reflected wave

take R* R as our measure of the reflectivity.
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FIG. 4. Reflectivity from a structured ferromagnet as a function

FIG. 3. Reflectivity from a structured antiferromagnet as a func- ) - ¢ > .
frequency for different thicknesses, of the effective-medium film.

tion of frequency for+ Hy and—H;. The additional parameters for
the calculation ard=10 um, f;=0.9,AH=500 G, andH,=1 kG. AroM

Hoxy™= — Mxy=| ; 2-

The dip at low frequencies corresponds to the magnetic ’ 7 (@l y+iAH)?-Hg
Brewster angle; the nearly flat peak corresponds to a rest- \we yse the following parameters=1.7 kG and
strahl bad — a gap between bulk magnetic polariton bands.;=1x 10" (Q m) . For frequencies in the 10-20 GHz
The slight decrease in reflectivity through this band comesange this gives a skin depth due to the metallic conductivity
from the change in penetration depth with frequency. At fre-which is on the order of um
guencies just past the resonanae,is negative and decreas- In Fig. 4 we examine the reflectivity as a function of the
ing in magnitude. This decrease leads to a greater penetratidhicknessd, of the effective medium film. For the structured
depth and so the reflectivity is reduced. For the low dampingnaterial, the reflectivity shows a significant change even for
case seen in Fig.(d), it is clear that thef;=0.5 case has a films as thin as Jum. In contrast, a completely metallic film
different shape than the;=0.9 case. This is becaudg is  shows, again, a reflectivity which is independent of fre-
now small enough that the magnetic permeability is also inguency and thus has no information about magnetic excita-
fluenced by the grooves. This generally reduces the width dion. For the structured ferromagnet, the dip in the reflectiv-
the reflectivity peak. It is interesting to note that changing thety occurs very close to the frequency which defines the
f, parameter also sets the “background” reflectivity. upper edge of the bulk spin wave band,

Figure Zb) shows equivalent results for a higher line- @s=¥(Ho(Ho+4mM))* Because of the large value bf
width of AH=1000 G. In this case the signal from the com- this frequency can be quite high compared to that for garnets
pletely metallic structure is essentially constant. It is obvioud M for YIG (yttrium iron garnetis around 130 G and thus
that there is a significant advantage for the effective mediunthe structured ferromagnet could be promising for high fre-
material which continues to show clear signals even at thiluency signal processing.
high linewidth. It is not obvious what a typical linewidth for ~ We note that the thickness required to see a reasonable
an antiferromagnetic metal might be, but linewidths in ferro-reflectivity depends critically on the magnetization. This is
magnetic thin film&* can be as low as 50 G but are typically Pecause the components of the permeability tensor in the
in the 200—300 G range. ferromagnet are essentially proportional Nb. As a result

In Fig. 3 we show the reflectivity as a function of fre- ferromagnets with smaller values &fl, for instance Ni
guency in an apphed magnetic field. In the presence of thel’eM:480 G, would need Significantly thicker films to
magnetic field the reflectivity can be distinctly nonreciprocalProduce the same size reflectivity signal.
in that reversing the direction of propagation changes the We have examined how the reflectivity signal depends on
reflectivity* In our geometry reversing propagation is the important parameters of the physical system. In Fig. 5 we
equivalent to a reversal of the applied field. We see that th&tudy how the reflectivity depends on the linewidth. We see a
nonreciprocity is very clearly displayed in the results shownvery sharp signal at a linewidth of 100 G. As the linewidth is
in Fig. 3 for the effective medium material. However, the increased, the dip becomes broader, but even at a linewidth

equivalent metallic film displays virtually no structure in the of 500 G there is still a significant signal. The frequency of

(28)

reflectivity. the reflectivity dip can be shifted by the external field as we
We now turn to a study of a model ferromagnet. In thishave seen above. Our calculations show that as the field is
case the permeability tensor elements are given by increased from 1 kG to 10 k@vith d=5um, f;=0.9, and

AH=250 G the dip becomes only slightly deeper.
47HM One finds nonreciprocal reflection in the ferromagnet as
fy=1— ~ 0 5 , (27 well as in the antiferromagnet. In Fig. 6 we show how the
(wly+iAH)—Hg reflectivity changes when the propagation direction is re-
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0.40 IV. BEYOND EFFECTIVE-MEDIUM THEORY

Hy=1kG 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-
ot0 | AH=250G | lation to a system where the permeability tensor in the
magnetic material is diagonalAn antiferromagnet in zero
field satisfies this restriction With this geometry we can
restrict the electromagnetic field componentsitp E,, and
0% 0 Y o2 Y 08 E, . In this case the exact dispersion relation for propagation
o (ml) within the superlattice is given B

0.30 -

0.20 -

Reflectivity

AH=500G

AH=100G

FIG. 5. Reflectivity from a structured ferromagnet as a function (1+ "2) . .
of frequency for different linewidths. A distinct magnetic signal is 1= c0%0d1)cogk, dp) — — —sin(qdy)sin(k, dz).
seen even for fairly large linewidths. (29)

versed. Note that the dip in reflectivity is slightly shifted ) ) ]
depending on the propagation direction. For the parametefdéreq andk, are given as previously in Eqé9) and (10)
used here, the major factor controlling the nonreciprocity isout with u,=0 andu, being that for the magnetic material
the thickness of the effective medium film. A thicker film only. The ratior, is given by
leads to a much larger nonreciprocity.

In an effort to keep the problem simple and concentrate ek
on the main ideas, we have not included a number of factors p= (30)
in our calculations for the ferromagnet. For example the in- €2q
fluence of bulk and surface anisotropy fields has been
neglected®!’ In addition, we have not included the effects Sinceq andk, are functions ok, Eq.(29) yields an implicit
of static demagnetizing fields. Anisotropy fields and demagdispersion relation fow as a function ok. In the effective-
netizing fields could be substantial and produce shifts in th%edmm approximation one expands the sine and cosine
resonance frequency. Nonetheless, the general features defgrms in Eq(29) based on the assumption that the arguments
onstrated in our calculation are expected to remain. The calye small. One then obtains an explicit dispersion relation. In

culation of the demagnetizing fields depends critically on thee simplest case this relation is then compared to that ex-
exact geometry, the width of the cut and the overall dimen-

’ ected for an electromagnetic wave in a simple medium, i.e.,
sion of the sample, and are beyond the scope of the prese%t g P
work. Demagnetizing fields are not expected to play as large
. . . 2k2
a role in the antiferromagnet when the surfaces contain both , C
up and down spins. T etten

(31)

0.40

When the arguments of the sine and cosine terms inZ3).

Ho=10kG are not small, the equation must be solved numerically. The
AH =250 G resulting solution can then be compared to B{) and the
080 | g =10 +H, 1 producte.suo Can then be obtained. In our reflection calcu-

lation we see that not only is the produgizuo; required,
but the individual values fog.4 and we as well. To find this
we initially solve Eq.(29) with the magnetism “turned off.”
This gives e for the structure. We then solve EQ9)
again, but with the magnetism “turned on.” This gives the
producteqsuo and dividing this result by« then results in
Meff -
In Fig. 7(a), we present results fo.4 as a function of
frequency for different values af;. In all the calculations
‘ ‘ ‘ , d,;=d, so the effective-medium filling factof;=0.5. At
10 12 14 18 18 20 low d; values @;<500 A) the effective-medium results and
the exact results agree as expected.dAds increased the
magnetic resonance seenni becomes weaker but is still
FIG. 6. Reflectivity from a structured ferromagnet as a functionpresent even for values df = 5000 A. Physically the reason
of frequency for+H, and —Hy. for this is that the electromagnetic wave does not penetrate

0.20 -

Reflectivity

0.10

0.00
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4.0 ; ; d, values above 1000 A, the size of the magnetic reflectivity
<+ effective medium is reduced but is still clearly visible at, =5000 A.

d,= 1,000 A The skin depth for the metal is controlled, to a large ex-
e 20 d.=2000A i tent, by the conductivity of the metal. For our model antifer-
o 1= ¢4, . X
= romagnet, the skin deptfaway from the magnetic reso-
0.0 | nance is on the order of 1000 A. Yet there is a clear
magnetic signal in the reflectivity for structures which have
widths on the order of 5000 A.
-2.0 | ; :
= o V. SUMMARY AND CONCLUSIONS
b)d =154 d,=5,000 A
_g 0.2 effective medium W i We ha\_/e seen |_n_th|s paper that magnetic excitations can
5 be seen in reflectivity measurements for metallic magnetic
2 films. This is accomplished by interrupting the electron mo-
c 0.1 T 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.

£ 03 . The grooved structure discussed here could be made in
B o2+ d,;=1,000 A ] several different ways. One could imagine growing a super-
T d,=5,000 A lattice structure with alternating films of metal and insulator.

o il J This structure could be cut and looked at edge on. In this

way one could get very narrow insulating films between
0.0 : thicker magnetic films. Alternatively, one could grow a uni-
36.5 37.0 37.5 38.0 form magnetic film and then cut grooves in the film by the
o (em) usual photolithographic and etching methods. We have
. . . shown in our calculations for Cr that such a structure should
FIG. 7. Comparison of results from effective-medium theory - even if the widths of the grooves and the magnetic
?ndoi’xalct supec:attnge E:a)lculatlome= 300 G’f fHO:O' an? films are on the order of 0.mm, a width which should be
1=0.5 always sal,;=d,. (a) un as a function of frequency for . . ) ! -
different values ofi; andd,. As d; andd, get larger than the skin é)_bta_lnabl_e by conventional means. If WEe are _Ioo_kln_g_ at ex-
itations in rare-earth metals, the conductivity is significantly

depth,u.¢ deviates from the effective-medium result, but a distinctI d hat th di
magnetic signal remaingb) Normal incidence reflectivity as a ower and we can expect that the corresponading structures

function of frequency for the effective-medium material and for cOUId be even larger. . _

d=15.m. Here thed;=d,=0.5 um case actually gives a larger Finally, many other geometries remain to be explored.
magnetic signal than the effective-medium res(dr.Normal inci- ~ This is true even for ferromagnets and antiferromagnets. In
dence reflectivity as a function of frequency. Here 30 um. For  this work we considered a geometry where the magnetization

this thickness the effective-medium signal is larger than thewas in the surface plane. It is also of interest to look at
d,=d,=0.5 um case. structures where the magnetization would be perpendicular

to the surface plane, and indeeddifis very thin, this is the
. . . , likely configuration. In addition other magnetic systems
completely into the magnetic material as the thickn@ss  gnoy1q pe investigated. Many of the rare-earth metals are

gets larger than the skin depth. As a result the electromags, , netic at low temperatures, with ferromagnetic, helical, or

netic wave which propagates in the superlattice structure I3 0ne shaped ordering. It is expected that these materials

less strongly influenced by the magnetic permeability and th&
resulting,ug ,}f/is weaker y g P y could also be studied by appropriate structuring. We note that
e .

In Figs. 7b) and 7c), we plot the normal incidence re- the present work is similar in spirit, though significantly dif-

flectivity for each of the differentl; values considered in ferent |n.detalls, to severgl earherlstud’r@ét. In p.art|cular, .
Fig. 7(a). Figure 7b) corresponds to d=15 um while Fig we mention the work by Sievers using a foil grating to obtain

7(c) hasd=30 um. Again for values ofd;<500 A the re- infrared signals from the magnetic excitations in Dy and

19
flectivity agrees with the effective-medium reflectivity. In Tb.
Fig. 7(b), we see that the_ refl'ectlylty calculated without the ACKNOWLEDGMENTS
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