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Abstract. The transmission of electromagnetic radiation at normal incidence through a finite
antiferromagnetic—nonmagnetic superlattice is considered for an applied field normal to the
interfaces (Faraday geometry) and for a field parallel to the interfaces (Voigt geometry). Besides
the transmission spectra, we present the calculations of the dispersion curves for a relevant infinite
superlattice to understand the features of the spectra. The transmission is weak or very weak at
frequencies in the stop bands of the corresponding infinite superlattice, and these stop bands only
appear at the Brillouin-zone edgé®: + 1)z /D, not at i/ D.

1. Introduction

The long-wavelength dynamics of a magnetic material is governed by the frequency-dependent
magnetic susceptibility tensog(w) which determines the magneto-optic properties. These
may be seen by a gyromagnetic Fabrgrd® resonator. For ferromagnets the interesting
frequency range is microwave, but it is far infrared for antiferromagnets. If the magnetic
film is not too thin exchange effects can be omitted and a complete account is given by a
magnetic susceptibility tensor depending only on frequency. For this case, [1] has presented
a comparatively complete theory and numerical calculations for the transmission of normally
incident electromagnetic radiation through ferromagnetic and antiferromagnetic Falwy—P
resonators in both the Faraday (applied magnetic field perpendicular to plate) and Voigt (field
parallel to plate) geometries. The results show that for unpolarized incident radiation, the
Fabry—Frot resonator can act as a tunable circular polarizer. When the film is very thin or the
wave numbek ~ 1/D is large, then exchange effects should be included. The susceptibility
tensor is a function of both frequency and wave number, that is, the system exhibits spatial
dispersion. With the exchange interaction included [2], computed transmission spectra show
that spin-wave fringes are unlikely to be observable for ferromagnets, but can be significant
for thin antiferromagnetic films.

Recently we extended this kind of calculation to a FabarePresonator in which the
active material is a ferromagnetic—-nonmagnetic superlattice [3,4], where we present the
explicit formulae for the bulk dispersion relation, and the transmission and reflection in
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normal incidence in the Faraday geometry (static field and ordering direction normal to the
interface). The numerical calculations are given for the two optical eigenmodes which are
the states of circular polarization. Electromagnetic propagation in a infinite superlattice is
governed by the Bloch theorem so that stop bands appear at the Brillouin-zone edges. For a
corresponding finite superlattice, the Bloch theorem, strictly speaking, is unavailable, but when
the superlattice contains many unit cells, the transmission of electromagnetic radiation through
it appears weak or may be very weak at frequencies in the stop bands of the relevant infinite
superlattice. Consequently the transmission and reflection spectra become more complicated.
In addition, although we omitted the effects of partial mirrors the fringes are still sharpened
around resonance [3] as compared with [1], because the interfaces in the superlattice act as
mirrors.

This paper extends the calculations in [3] and [4] to a Fabeyefin which the active
medium is an antiferromagnetic-nonmagnetic superlattice in the Faraday or Voigt geometry.
The antiferromagnetic layers have uniaxial anisotropy and the nonmagnetic layers are an
ordinary medium with magnetic permeability, = 1.0 and dielectric constant,. Here
we consider purely dipolarization effects and suppose that the power of the incident light is
such that no nonlinear effects occur. In the Faraday geometry, the anisotropy axis and static
magnetic field are taken perpendicular to the interfaces, and infrared electromagnetic radiation
is incident normally on the superlattice, but in the Voigt geometry the axis and field are taken
parallel to the interfaces and the incident radiation is still normal.

The finite superlattice, axes and notation to be applied are illustrated in figure 1 where
electromagnetic radiation is incident normally on the upper surface of the superlattice and
no matter which geometry we use, the anisotropy axis and static field are always parallel
to the direction of magnetic ordering. The field, anisotropy axis and direction of magnetic
ordering, however, are taken perpendicular to the interfaces in the Faraday geometry and
parallel to the interfaces in the Voigt geometry. The superlattice is made up of thickness
of antiferromagnetic and, of nonmagnetic layers and contaiNsunit cells (orN bilayers).

e, andp are the dielectric constant and magnetic permeability tensor of the antiferromagnetic
layers and:,, andu, (= 1.0) are the dielectric and permeability constants in the nonmagnetic
layers. D = d,, +d, indicates the size of the unit cells apgande, refer to the upper and
lower media.

For normally incident electromagnetic radiation, the electromagnetic field is proportional
to exp(+ik,z — iwt) in the magnetic layers, exfik,z — iwt) in the nonmagnetic layers,
exp(Zikiz — iwt) in the medium above the superlattice and@kfpz — iwt) in the medium
below it, where + and- refer to waves propagating in the + anrd directions. The wave
numbers are given by a general formula

w2

k? = ZeH (1)
where ¢ is a dielectric constant and a magnetic permeability. « is a constant for a
nonmagnetic medium, but it is a function of frequeneyor the antiferromagnetic layers.
In the Faraday geometry there are two eigenmodes corresponding te 1 + x+ and
u_ =1+ x_, sothat bothk andu in (1) carry the subscript + or. For the Voigt geometry
w=[Q2+x++x)?— (x+ — x=)21/[2(2 + x+ + x—)] which is the effective permeability, .
x+is[1]

_ZwmwA(l + 772) + i(znwwm)
e =3 2_ 2 2y 4] 2)
w? £ 2wwg + (0 — wg) (L +1%) + 12nw (wg + w,a)
wheren represents the Landau—Lifshitz damping arRdw, andwg are related to the static
magnetic, anisotropy and exchange fielddy = y Hp, wy = yHy andwg = yHg.
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Figure 1. Finite antiferromagnetic—nonmagnetic superlattice with axes and notation used in the
paper. Description in detail is presented in the text.

wr = /2w + @7 is the antiferromagnetic resonance frequencyjargithe gyromagnetic
ratio. In contrast to [2], here the exchange tedk?) is omitted.

The calculations and discussion for the dispersion relation is presented in the second
section, where we give the dispersion relation of the relevant infinite superlatisafunction
of w). In section 3, we first recall briefly the main theoretical results for the transmission and
then the numerical results and discussion are presented. Finally we put the conclusion in
section 4.

2. Dispersion relation

As the previous section describes, the optical properties of an infinite superlattice are governed
by the Bloch theorem, but for multilayers of finite thickness this theorem, strictly speaking, does
not apply. However, if the finite system contains many unit cells, phenomena similar to those
resulting from the theorem, may appear in different degrees and some of these phenomena
are seen from the transmission spectra of electromagnetic radiation. Thus we first discuss
the dispersion relation of an infinitely extended antiferromagnetic—-nonmagnetic superlattice
together with numerical results.

According to the transformation matrix method [4,6] (see the appendix) for
electromagnetic radiation propagating normal to the interfaces of the superlattice

U U
v o [ 4y
(i) =7 () g
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where af and b} represent the amplitudes of waves at the upper surface ofittne
antiferromagnetic Iayerf is the transformation matrix

- ( AD ) (@)
S\ B* A*
B* andA* are the complex conjugates Bfand A, which are determined as
i(1+A2%) |
A =8 | ————= sink,d, + cosk,d, (5)
2A
and
11— A% |
B =481 =" sink,d, 6
=5 } ©)

by using the general electromagnetic boundary conditions between two different layers. In
(5) and (6)§ = exp(ik,d,) andA = &,k,,/enk,, and the subscripta andn indicate the
antiferromagnetic and nonmagnetic layers respectively. The dispersion relation is given by

COS QD) = Tr(T)/2 = (A + A*)/2 @)

with Q the Bloch wave vector. Equations (5) to (7) are the main theoretical results in this
section. In order to see clearly the physics included in this equation, we now present numerical
calculations. The parameters are taken as follawys= 5.5, Hy = 19.7 T, H = 533 T,

M, = 0.056 T andy = 1.05 (cnT! T~1) corresponding to FeE s, = 5.5, Hy = 3.15 M,

or Hy = 0.0. For an antiferromagnet, like Fglbr MnF,, with a perfect crystal structure at

low temperature, the damping is very weak so that it is often omitted when one calculates
the dispersion relation, but for the calculations of transmission, reflection spectra or the ATR
spectra, one has to add the damping’s effects in the calculations [5]. Recently, there have
been some works [8, 9] dealing with the effects of the damping on the dispersion properties
of metal magnetic systems, where the damping is larger. In this section, we omit the damping
for calculations of the dispersion relation.

Figure 2 illustrate the dispersion properties of the infinite superlattice in a static magnetic
field normal to the interfaces (Faraday geometry) and figure 3 shows those of the superlattice
in a static magnetic field parallel to the interfaces (Voigt geometry). We should note that the
magnetic anisotropy axis is parallel to the field in each geometry, so the anisotropy axes in the
two geometries are different. Whéefy = 0 the dispersion figures for the two states of circular
polarization in the Faraday geometry are the same (see figure 2(a)). The dispersion curve
shows a very narrow stop band at the resonance frequegcy 52.45 cnt?! together with
stop bands at the zone faces. The superlattice pé&risgmaller by a factor of 10 in figure 2(b)
compared with figure 2(a) and the frequency scale is correspondingly expanded by a factor of
10. In contrast to the ferromagnetic/nonmagnetic superlattice [3], the stop bands only appear at
(2n + 1)z / D while there are no stop bands at2/ D wheren = 0, 1, 2, 3, . ... This property
is distinctive. In a non-zero fieldl, in the Faraday geometry the usual Zeeman splitting [5]
appears between the two circular-polarization states but there are no other significant changes
so the dispersion curves are not shown.

In the Voigt geometry the propagating eigenmodes are the plane-polarization states, the
state withh field transverse tdHy being coupled to the magnetic resonances and the state
with i along Hy uncoupled [1]. The dispersion curves shown are for the former. There is
a double resonance neag due to the Voigt permeability,y, and otherwise stop bands are
seen at the zone edges. As in figured) 2(nd 2p), non-zero stop bands occur only at odd-
integer multiples ofp D/n and as in those figures, the difference in frequency scale between
figures 3(a) and 3(b) is due to a factor of ten differencP irfFor a finite magnetic superlattice,
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Figure 2. Dispersion curves of the infinite superlattice in the Faraday geometryi,,(&) d,
= 0.01 cm andHp = 0.0, (b)d,, = d, = 0.001 cm andHy = 3.15 M; for the + state of circular

polarization.
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Figure 3. Dispersion curves of the infinite superlattice in the Voigt geometry:dfar d,
= 0.01 cm andHyp = 3.15 M5, (b) d,,, = d, = 0.001 cm andHp = 3.15 M.

the Bloch theorem, strictly speaking, is unavailable, but the transmission of electromagnetic
radiation through the superlattice is weak, maybe very weak, at frequencies in the stop bands
of the relevant infinite superlattice. This point can be seen from the figures in the next section.

3. Transmission spectra

We assume that the finite superlattice contaihanit cells (thicknessv D) with medium 1
above and medium 2 below. Incident and reflected electromagnetic radiation are in medium 1
and transmitted radiation in medium 2. According to the transformation matrix method (see the
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appendix for the main points), the relation between coefficierjtsh{) in the first magnetic
layer and ¢}, bY,) in the Nth magnetic layer is

() =) = o o) () @
by, bl Dy1 Dyy) \ b}
with T given by (4),D;; being the elements af¥-1. When using the boundary conditions

to derive the expression of transmission coefficienwe should note that the last layer is a
nonmagnetic layer. Thus we obtain the transmission amplitude

t =[4AA2(D12D21 — D11D22)]/[8(g — A2h)[(D11 — D12) — A1(D11 + D12)]

+571(g" + Aoh*")[(Da1 — D22) — Ar(Da1 + D3p)]] 9)
whereA; = g1k, /enk1, Ax = g2k, [e,ko2,

g = cosk,d, +iA sink,d, (10a)
and

h = Acosk,d, +isink,d,. (10b)

As before§ = exp(ik,,d,,) andA = ¢,k /enk,.

In numerical calculations, we take = ¢, = 1.0 and the other parameters have been
given the last section. For calculations of the transmission coefficient, one should consider the
effects of damping in (2) and we let the damping factgr= 0.0001.

We find in the Faraday geometry that, except that the +-arsthtes of electromagnetic
radiation have different resonant frequencies in a static magnetic field, their transmission
patterns are basically the same. Thus we only present the figures for the + state in figure 4
where the transmission is described By= |t|?. Ford,, = d, = 0.01 cm andN = 10,
figure 4(a) shows a narrow transmission zero at the resonance frequency and also transmission
anomalies at the positions of the stop bands related to the Brillouin-zone@aigeb) /D in
figure 2(a). No anomalies appear f@mear to 0 because the system with ten superlattice cells
is much more different from a infinite superlattice. Fyr= d, = 0.001 cm andV = 100,

N

Figure 4. Calculated transmission curves for the Faraday geomeayi,( = d, = 0.01 cm,
Hp = 3.15 M; and N = 10 for the + state of circular polarizatiorb)(d,, = d, = 0.001 cm,
Hp = 3.15M; andN = 100 also for the + state.
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from figure 4(b) one can see the resonance zero and a well developed zeto Ht0 cn?!
corresponding to the stop band in figure 2(b). Fringes resulting from the overall thidkiiess
are seen elsewhere.

The Voigt-geometry transmission graphs for the plane polarization that couples to the
magnetic properties are shown in figures 5(a) and 5(b), which correspond to the dispersion
curves of figures 3(a) and 3(b). The former shows narrow transmission zeros at about 50 and
56 cnT! resulting from the two resonance frequencies and also low-transmission intervals
arising corresponding to the stop bands at 32, 54 and 74 anfigure 3(a). In figure 5(b) the
resonance zeros are still seen and, in addition, the quasi-stop band from 105 to 118 cm
very well developed because of the larger valu&vofThe reason is that for a larger value of
N, the superlattice is more similar to the relevant infinite superlattice so that the transmission
is more difficult.

1
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Figure 5. Calculated transmission curves for the Voigt geometd) d, = d, = 0.01 cm,
Hp = 3.15M, andN = 10; (b) d,, = d, = 0.001 cm,Hp = 3.15 M, andN = 100.

4. Conclusion

We have investigated the transmission spectra of the finite antiferromagnetic-nonmagnetic
superlattice in both the Faraday geometry and Voigt geometry and, in order to understand their
features, presented the numerical calculations of the dispersion relation for the relevant infinite
superlattice. The parameters selected for numerical calculations are those,¢pZ ier
superlattices. Generally speaking, the range of interesting frequency for antiferromagnets
is the far infrared so that frequency scanning is practical for transmission spectra [5]. Our
system can be considered as a FabgrePetalon, without the mirrors, made of a finite
antiferromagnetic—-nonmagnetic superlattice so that the properties described in the paper can
be studied experimentally, as in [7] where San@¢ed measured transmission of FIR radiation
through discs of Fef

Itisinteresting thatthe stop bands only exist at the Brillouin-zone e@ge4)x/ D, butdo
notappearatzr/D (Wheren = 0, 1, 2, 3, .. .) for the infinite antiferromagnetic—-nonmagnetic
superlattice. For a fixed thickness of the finite superlattice, the more unit cells are contained
in the superlattice, the weaker the transmission, at frequencies in the stop bands of the infinite
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superlattice, is. In addition, the stop bands are wider and clear in the Voigt geometry than in
the Faraday geometry.

Strictly speaking, the Bloch theorem is unavailable for a finite superlattice, but the
transmission of electromagnetic radiation through the finite superlattice must be difficult at
frequencies in the stop bands of the relevant infinite superlattice. For a superlattice with a very
large value ofN, the quasi-stop bands can be seen clearly from the transmission spectra or
reflection spectra.
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Appendix

Inthis appendix, we present the main points of the transfer matrix method in the text. According
to figure 1, we write the electromagnetidields in terms of the incident amplitude as

h = hoexp(ikiz) + rho exp(—iki1z) upper medium (A1)
h = a),1ho explik, (z — nD)] + by, 1 ho expl—ik,, (z — nD)]
= a’, hoexplik, (z — nD — d,)] + b2, ho expl—ik, (z — nD — d,,)]
antiferromagnetic layer + 1 (A2)
h = ch . hoexplik,(z —nD — dy)] + d; . ho expl—ik,(z —nD — d,,)]
= b, hoexplik,[z — (n + 1) D]} + d°,1ho exp{—ik,[z — (n + 1) D]}
nonmagnetic layer + 1 (A3)
h = thoexplikz(z — nD)] lower medium (A4)

It simplifies the formalism to use amplitudeg'¢, »-*) and ¢**, d") containing a phase

factor relating to alocaj origin at the top4) and bottom#g) of the layer; equivalent amplitudes
are related by simple phase matrices:

<2>=(gai>(z> (A5)
(i):(? ;J(i) (A6)

wheres, = exp(ik,d,) ands is given in the text. The complex amplitudes in the different
layers are related by the electromagnetic boundary conditions at the interfaces. Within the
superlattice these give

and

a, +b, = ¢, +d, (A7)
A(ab —bby =" —a" (A8)
a‘y b =c+db (A9)

Aayy — bty =c) —d} (A10)
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with A defined inthe text. Combining (A5) to (A10) we find the transfer matrix for propagation
across a unit cell of the superlattice, or

- A B
(o) (A11)

(an+l) :% (an> (A12)

n1 by

with A andB given by (5) and (6) in the text. The dispersion relation of the infinite superlattice,
then, is

and

cos QD) = 3Tr(T) (A13)
whereQ is the Bloch wave vector. For transmission across the whole superlattice we have

at < ay D D ay
()= ()= (22 (3)

by by D1 Dy by
These are the main idea and formulae of the transfer matrix method. Using these formulae,
we can obtain the main theoretical results in the text.
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