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Recent progress has been made in creating terahertz magnons using ultrathin ferromagnetic layers. Due
to their short lifetimes, these can be difficult to measure. Here we detail a calculation that shows that
infrared magnons can be detected using standard reflection and attenuated total reflection measurements
from a thin-film heterostructure made up of alternating ultrathin magnetic and nonmagnetic layers. We use
an entire-cell effective-medium calculation to find the magnetic permeability of the heterostructure and
then use electromagnetic boundary conditions to calculate reflectivity as a function of frequency. There
are appreciable dips in the reflectivity at infrared magnon resonance frequencies, for realistic material
parameters. Moreover, the strong coupling of magnon photons indicates the possible use of 50 GHz—1 THz

magnons in integrated signal-processing devices.
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I. INTRODUCTION

Ferromagnets and ferrimagnets typically have resonant
frequencies in the 1-50 GHz range [1]. This range of
frequencies covers frequency bands that are used for
radar and satellite communication (typically ranges from
30 MHz to about 36 GHz) and local wireless communica-
tions. For example, WiFi operates at 2.4 GHz [2]. There
are large changes in the interaction of electromagnetic
radiation with magnetic materials as a function of fre-
quency or applied field near their resonant frequencies. For
example, transmission of a signal can vary by 80 dB/cm
with a change of field of under 500 Oe [3]. Since this
occurs precisely in the frequency bands of technological
interest, ferromagnets and ferrimagnets have been used to
make signal processing devices such as band-stop filters,
band-pass filters, and isolators [3—5]. Compared to other
technologies that produce similar devices, magnetic mate-
rials have the advantage of being tunable (on application of
external fields) and easily integrable into on-wafer devices.
Materials including yttrium iron garnet (YIG) [4,6], metals
such as iron and Permalloy [3,7,8], and barium-hexaferrite
[9-11] have all been used with particular advantages to
each material.

However, today there is a push to develop applica-
tions in the 50 GHz—1 THz range [12,13]. We call this
range of frequencies terahertz radiation, or far-infrared
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radiation. One reason for the push is that the 1-50 GHz
communication bands are becoming increasingly full with
the exponential increase in the number of wireless-enabled
devices in the world today. In particular, electronic engi-
neers are interested in 150-GHz frequencies as this is
below a strong absorption by water vapor that occurs at
180 GHz that limits wireless range [12]. For indoor appli-
cations, it is of particular interest [14]. There are many
other examples. Automotive radars [15] have moved to
the frequency range of 76-81 GHz. Similarly, atmospheric
research often takes place in the 92—100 GHz range.

All the components needed for wireless communication
are therefore required to be adapted for higher-frequency
operation. Antiferromagnets generally have higher reso-
nant frequencies than ferromagnets or ferrimagnets, but
these are typically in the range of 1-2 THz [16,17] so are
instead too high in frequency. In addition, antiferromagnets
such as FeF; or MnF, often have Néel temperatures well
below room temperature and would require substantial
cooling [18].

A possible solution for devices based on magnetic mate-
rials is to use wultrathin ferromagnetic layers. By “ultra-
thin” we mean that the magnetic layers are only 4-6
atomic planes thick. It is well known that ultrathin mag-
netic layers have standing waves, which can be at much
higher frequencies than those in bulk material—hundreds
of GHz—due to the contribution of the exchange interac-
tion [19-21]. In fact, materials can be designed, by a choice
of thickness, to have resonances that cover much of the gap
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in the frequency spectrum discussed above. The main con-
clusion of this theoretical paper is that realistic, structured
thin-film materials containing ultrathin ferromagnetic lay-
ers can have strong frequency-dependent interactions with
electromagnetic waves in the 50 GHz—1 THz region, which
is currently of great interest.

Before describing the system to be studied, we pause
to discuss another motivation for having magnetic mate-
rials with strong resonances in the 50 GHz—1 THz range.
Terahertz magnons are of interest not just for the electro-
magnetic signal-processing applications discussed above,
but also in the field of magnonics, whereby spin waves
are proposed to carry information and perform logic oper-
ations [22-25]. Terahertz magnons would lead to faster
computation than magnons in the 1-10 GHz range, but cur-
rently these magnons are not long lived and are difficult to
detect [26-28]. Here, we show that they may be detected
by reflection.

We consider a composite thin film of thickness d that
contains alternating ultrathin layers of a magnetic mate-
rial (N4 atomic layers thick) and nonmagnetic material (Np
atomic layers thick). This is illustrated in Fig. 1. Note that
we call the composite material (or heterostructure) a mag-
netic thin film with d = 30-300 nm, and this is not to be
confused with the ulfrathin magnetic layers that are only
4—6 atomic planes thick, which are stacked in order to form
the composite film. Within the ultrathin magnetic layers
(white layers in Fig. 1), standing magnetic waves form

FIG. 1. Reflection geometry of the layered structure. The x-y
plane is the plane of incidence for infrared radiation. The mag-
netic layered film has thickness d and is placed on top of a
semi-infinite substrate that extends y > 0. The effective magne-
tization of the structure, Mg, is directed along z. An externally
applied magnetic field Hy is also applied along z. The angle of
incidence in air 6 is the angle the wave vector of the incident
wave Kk; makes with the normal to the surface. Here we con-
sider the case of an incident transverse electric (TE) beam so
that the oscillating H field is in the x-y plane. The inset shows
a schematic of the first few even standing waves in an ultra-
thin film, which have some net moment that can couple with the
impinging light.
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FIG. 2. The geometry for attenuated total reflection is similar
to normal reflectivity (see Fig. 1), but includes a dielectric crystal
prism placed at a height dg,, above the magnetic thin-film com-
posite with thickness d. The wave vector of the incident light
inside the prism is denoted k, as opposed to the wave vector in the
air gap k; and the wave vector in the magnetic metamaterial k.

through the thickness. Radiation in the 50 GHz—1 THz
range can be resonantly absorbed by the standing waves
(to be discussed later). However, a sufficient amount of
material is needed for this interaction to be measurable,
which is why we consider a thin-film stack of these ultra-
thin layers. We consider exclusively iron as the material
making up the ultrathin magnetic layers. We also per-
formed calculations for insulating YIG but found that the
resonant frequencies could not be made high enough for
realistic YIG layers.

We use an entire-cell effective-medium calculation
[29-31] to characterize the effective permeability tensor
of the composite thin film (see Appendix A). We then
use the permeability tensor to calculate the reflectivity and
attenuated total reflectivity (ATR) of far-infrared radiation
from the metallic composite thin film on top of a dielectric
quartz substrate (see Appendix B). The reflectivity geom-
etry is shown in Fig. 1 and the ATR geometry is shown in
Fig. 2.

The reason we consider conducting films is that we con-
sider iron as the material in the magnetic layers. In thin
films [32] and metallic multilayers [33], the conductivity
can change from bulk values due to scattering of elec-
trons from interfaces, so we consider various values of the
conductivity in our calculations.

We find a number of important results. First, we note that
50 GHz—1 THz radiation normally has a reflection coef-
ficient near 1 for thick metallic films, independent of fre-
quency. In the composite thin film, this is not the case. As a
result of interaction between the radiation and the magnetic
material, together with the finite thickness of the compos-
ite film, one can find a dip in the reflectivity at particular
frequencies that correspond to standing spin excitations.
For simple reflectivity measurements, this dip can be on
the order of 10% of the background reflectivity. For atten-
uated total reflection measurements, the dip is deeper, on
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the order of 20%—30%, depending on the details of the lay-
ered structure. This is certainly measurable in experiments.
Finally, we note that the excitation frequencies can indeed
be designed to lie in the 50-600 GHz range.

The theory used is detailed in the appendices as it is
somewhat standard, however, the equations used to gen-
erate our results should be provided to the reader. In Sec.
II results are provided and discussed. Possible implications
to experiments are also described. In Sec. III conclusions
are given.

A. Reflection geometries

Before presenting the results, the geometries need some
explanation. We wish to calculate the reflection coeffi-
cients for 50 GHz—1 THz radiation from a magnetic com-
posite material, as shown in Fig. 1. Located at y = 0 is the
interface between a dielectric substrate (gray) with dielec-
tric constant €3 and the magnetic thin-film composite with
complex dielectric constant €, (w) and magnetic permeabil-
ity tensor fi(w). The composite extends a thickness d in the
—y direction. The composite contains alternating ultrathin
layers of a magnetic material and a nonmagnetic material.
Only five ultrathin layers are shown in Fig. 1 for simplic-
ity. The effective saturation magnetization of the composite
M. is directed along z, as is the static applied field Hy.
The incident wave vector k; is at an angle 6 from nor-
mal incidence in air. The plane of incidence for light is the
x-y plane. We focus on the case of transverse electric (TE)
incident radiation. That is, the electric field of the infrared
radiation is along the z direction and the oscillating H field
is in the x-y plane. Transverse magnetic (TM) reflection is
uninteresting in this geometry because the H field is along
the z direction, parallel to Mcg. This means that ., = 1 for
all frequencies and the incident radiation does not interact
with the magnetic properties of the material.

The inset in Fig. 1 shows an enlargement of a mag-
netic film with N, atomic planes and a nonmagnetic spacer
layer with Np atomic planes. Sketches of the exchange-
dominated standing spin waves are drawn, indexed by
integer n. Here, for symmetric magnetization pinning on
the top and bottom of the ultrathin film, it is the even
modes (n = 0,2,4,...) that have a net dynamic moment,
and which may couple with the incident radiation, leading
to changes in the material’s reflectivity at resonant frequen-
cies. The odd modes have zero moment and are not drawn
in this inset. The mode profiles are discussed in more detail
in the next section. At the standing waves’ resonant fre-
quencies, the Voigt permeability 1| [34] for the composite
material, namely
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has sharp peaks. (See Appendix B.) This indicates that
strong absorption of radiation at these frequencies is

possible. An understanding of the permeability therefore
leads to an understanding of the reflectivity results.

ATR can be more sensitive to the detection of
magnon-polaritons because it is more sensitive to material
absorptions at resonances [35]. We consider the addition
of a dielectric prism at a distance dg,, above the magnetic
composite material, as illustrated in Fig. 2, creating an air
gap in which evanescent infrared light may travel into the
composite. This is the so-called Otto ATR configuration
[35]. The incident angle is again labeled 6 but this time is
defined inside the prism. In Sec. II, the reader will see that
it is indeed more sensitive to detecting terahertz magnons
than simple reflectivity.

II. RESULTS

Results are presented for a composite metallic struc-
ture comprised of alternating ultrathin layers of iron and
some nonmagnetic, metallic material. The thickness of the
iron films is N, atomic layers and the thickness of the
nonmagnetic films is Ny such that the superlattice can be
described as N,/Np, as shorthand notation. The exchange
constant used for iron is Ap. = 2.05 puerg/cm, which is
a value averaged from multiple reported values [36—40].
Iron has a lattice constant ¢ = 0.2856 nm and this value is
assumed for the nonmagnetic spacer material as well. Iron
also has a gyromagnetic ratio y = 2.92 GHz/kOe, and
saturation magnetization M, = 1700 emu/cm? [41]. The
exchange field between neighboring ferromagnetic lay-
ers is therefore Hey = A/(a*My) = 1500 kOe. The applied
field strength considered throughout is Hy = 1000 Oe. A
damping parameter of I' = 1073 is used, which is an order
of magnitude larger than that found in ultralow-damping
materials, such as metallic Fe,Co;_, alloys [42,43]. The
damping is considered to be linear with frequency (see
Appendix A). The uniaxial anisotropy K is neglected here
as its contribution is small compared to the exchange
interaction.

A pinning field is applied to the top and bottom atomic
planes in each magnetic ultrathin layer, and the strength
of this pinning greatly affects the frequency of excited
spin waves in the system. No exchange coupling is con-
sidered here between different magnetic layers, through
the nonmagnetic layers between them. This is a simplifi-
cation because in reality it is common for metallic inter-
layers exchange coupling to occur, for example through
Ruderman-Kittel-Kasuya-Yosida coupling [44,45]. One
may argue that the surface pinning fields are a phenomeno-
logical way to describe ferromagnetic exchange coupling
through spacer layers. For example, Ref. [46] found an
effective surface anisotropy field—or pinning field—equal
to 20 kOe averaged over a whole thin film, with this value
markedly increased if it influences just the surface layer of
spins.
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In this work, we primarily consider a pinning field
that is one quarter of the strength of the exchange field
(Hpin = 0.25Hc). Surface pinning can be large for thin
magnetic layers, with the possibility of the magnetization
being completely pinned at an interface [47]. Note that
here we assume the pinning field is the same at the top
and the bottom atomic planes for simplicity, but that due to
the order of growth of the alternating thin films, these pin-
ning fields may be different. This pinning allows the profile
of the lowest frequency (n = 0) magnetic standing wave
to have a curvature and therefore an exchange contribu-
tion. As mentioned earlier, it is the exchange contribution
that pushes the standing-wave frequencies into the infrared
frequency range.

This is illustrated in Fig. 3. The real part of the Voigt per-
meability u, calculated using entire-cell effective-medium
theory (see Appendix A), is plotted as a function of fre-
quency for three different composite heterostructures. Each
composite comprises an ultrathin layer of iron with vary-
ing thickness, and two atomic planes of some nonmagnetic
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FIG. 3. The real part of the effective Voigt permeability pu; =

(Moxx iy + Mﬁy) /1y of heterostructures as a function of fre-
quency. The results for alternating four atomic layers of iron and
two atomic layers of a nonmagnetic material is shown by the
solid (blue) line (so called 4/2 superlattice). The results for 5/2
and 6/2 superlattices are shown by the long-dashed (red) line and
the fine-dashed (green) lines, respectively. There are peaks in the
Voigt permeability where the lowest standing wave in the ultra-
thin magnetic films is resonant. Insets show the form of the n = 0
standing waves in the ultrathin iron films with six and four atomic
layers, respectively.

spacer, repeated to form a superlattice. The solid blue line
shows the results for a 4/2 composite, the long-dashed
red line shows the results for 5/2, and the fine-dashed
green line shows the results for 6/2. Peaks in the per-
meability correspond to where standing spin waves are
resonant in the ultrathin layers. The frequencies of these
standing waves are in the far-infrared region (greater than
300 GHz). Notice that as the iron layers are made thicker,
the resonant frequency decreases. This is because the mis-
alignment of neighboring magnetic moments is less for the
thicker ultrathin layers, meaning they have less exchange
energy.

The maximum value for the real part of the Voigt perme-
ability is 37 in Fig. 3 for the 6/2 superlattice (fine-dashed
green line), compared to 21 for 4/2 (solid blue line). There
are two reasons for this. Firstly, 6/2 represents a compos-
ite material that is 75% iron, compared to 66.7% iron for
4/2, and therefore is expected to have a larger permeabil-
ity. Secondly, the resonance for the 6/2 superlattice occurs
at almost half the frequency as that for 4/2. The magnetic
damping is linear with frequency, meaning that at lower
frequencies the magnetization has a larger response to a
perturbing field, the magnetic susceptibility is larger, and
therefore the permeability is larger.

The lowest-order (n = 0) standing-wave profiles for the
iron layers with six (green) and four (blue) atomic planes
are shown in insets above the plot in Fig. 3, above their
corresponding frequencies. One can see the effect of the
surface pinning to bend them. Without surface pinning,
these standing waves would be flat and the lowest magnon
frequency would be in the low GHz region, rather than
in the infrared. One can estimate the frequency of these
modes using f ~ yDk?, where D = 24 /M, [48] and the
wave number k can be estimated by the shape of the mode.
Doing this for the mode profiles drawn in the insets yields
estimates for the frequencies that are the correct order of
magnitude.

We pause here to consider other standing-wave modes.
The odd modes have no net magnetic moment—for pin-
ning that is the same on the top and bottom surfaces
only—so do not couple to the electromagnetic radi-
ation. However, higher-order even modes have a net
moment—as long as pinning is nonzero—and so these res-
onances correspond to peaks in the permeability. A plot of
the Voigt permeability ., is shown in Fig. 4 for a 20/2 het-
erostructure. The iron layers are much thicker than in Fig. 3
so that the n = 2 standing wave is lowered in frequency to
around 600 GHz. Three different values of surface pinning
H,,;, are considered. As a percentage of the exchange field,
these are 25% (dot-dashed line), 15% (solid green line),
and 5% (dashed red line).

First, notice that the size of the permeability peaks in
Fig. 4 are 20 to 40 times smaller compared to those shown
in Fig. 3. This is because the » = 2 modes have a much
smaller net magnetic moment than the » = 0 modes. In the
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FIG. 4. The real part of the effective Voigt permeability w; of
20/2 heterostructures as a function of frequency. The peaks in this
figure correspond to the n = 2 standing wave in the 20-atom-
thick iron film being resonant. Plots are shown for a pinning
field, which is 25% (dot-dashed line), 15% (solid green line), and
5% (dashed red line) of the exchange field. The n = 2 standing-
wave profile is drawn in the two insets above for weak pinning
(Hpin = 0.05H, left) and for strong pinning (Hpin = 0.25H.y,
right). The shading in the right inset indicates the atomic layers
that contribute to a net dynamic moment of the mode.

insets at the top of Fig. 4, the mode profiles are shown for
two of the pinning fields. For H;, = 0.25H,, (right panel)
the outermost atomic planes contribute a net magnetic
moment (shaded regions) whereas the magnetic moment in
the center of the film averages to zero. For Hyi, = 0.05Hcx
(left panel) the net moment is close to zero because the
magnetic boundaries are essentially free, and one sees a
dramatic reduction in the height of the permeability peak.

Second, as the pinning field is reduced, the res-
onant frequency of the n =2 mode decreases from
645 GHz for Hpi, = 0.25H (black dot-dashed line) to
roughly 500 GHz for Hpi, = 0.05H., (red dashed line).
This is because the wavelength is getting longer for
weaker pinning (compare the standing-wave profiles in
the insets) and so the exchange energy contribution is
getting less. As discussed earlier, the frequency goes as
f ~ yDi.

For thinner iron layers, the » = 2 mode moves to much
larger frequencies, but damping is therefore larger and the
permeability gets even smaller. The effect on the reflec-
tivity is negligible. It is for these reasons that we focus
on the fundamental » = 0 standing wave in the rest of the
article. We also choose to keep the pinning field constant
at Hyi, = 0.25H, in order to have resonant frequencies in
the 300600 GHz range.
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FIG. 5. The reflectivity from a 343-nm-thick composite film

with ¢ = 10° Sm™! on top of a dielectric substrate (¢; = 4.5) in
(a) standard reflection and (b) ATR. In the ATR geometry, there
is a 5-pum air gap between the film and a prism with € = 3. The
angle of incidence is 45° in air for standard reflection and in the
prism for ATR. The same three heterostructures are considered
as in Fig. 3, namely 4/2 (solid blue lines), 5/2 (dashed red lines),
and 6/2 (fine-dashed green lines).

Next, the regular reflectivity from the composite mate-
rial on top of a quartz substrate [49] (e3 = 4.5 [50]) is
considered (see Fig. 1). The permittivity of the compos-
ite is taken to be that of a metal with €; = 1 + (io) /(€yw),
with the value of the conductivity ¢ in SI units [34]. In
thin films [32] and metallic multilayers [33], the conduc-
tivity can change from bulk values. For this reason, at first
we consider 0 = 10° Sm™! for the heterostructures, which
is lower than the value of 107 S m~! typically quoted for
iron. (We vary the conductivity later.) Results for the same
three composite materials studied in Fig. 3, as a function
of frequency, are considered in Fig. 5(a). A 343-nm-thick
composite film (this corresponds to between 150 and 200
repeats of the Fe/nonmagnetic ultrathin layers) is on top of
the semi-infinite quartz. Radiation is incident at 6 = 45°.
One sees that there are dips in the reflectivity of roughly
8% for the 6/2, 5/2, and 4/2 composites, all of the same
343 nm thickness.

The reason that the reflectivity dips are the same for all
these three different composite materials can be explained
using the semianalytic expression for the reflectivity from
a semi-infinite magnet, given in Eqs. (B8) and (B9). For
a constant incident angle, one can see that the reflection
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The magnitude of ¢, decreases with frequency, and we
have already seen that the peak in the Voigt permeabil-
ity u; decreases with frequency. These two trends cancel
each other out to give reflectivity dips that are roughly
constant for the various heterostructures. This is promis-
ing as it means that magnon frequencies can be pushed to
higher frequencies in metals, without an appreciable loss
in signal.

Figure 5(b) shows results for the calculation repeated,
but this time for an ATR geometry with a silicon prism
(e = 11.56) positioned with a 5-um air gap above the 343-
nm-thick composite film (see Fig. 2). The reflectivity dips
appear at the same frequencies, but the dips are deeper,
measuring roughly 24%. This shows that the measurement
of infrared magnons can be enhanced by a factor of 3 using
ATR. The angle of incidence is 45° inside the prism. The
angle of incidence can be varied with smaller angles giv-
ing a little larger reflectivity dips. The air gap can also be
varied but does not dramatically change the results on this
scale as the wavelength of light at these frequencies is in
the millimeter range.

The composite thickness d = 343 nm used to gener-
ate Fig. 5 is very thick as it corresponds to 200 repeats
of the 4/2 ultrathin layers or 150 repeats of the 6/2 lay-
ers. Therefore, in Fig. 6 we compare the ATR results with
d = 343 nm (solid line) to a more realistic heterostructure
that is just 34.3 nm thick (20 repeats of the 4/2 superlat-
tice, thick dashed line). Only the 4/2 heterostructure results
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FIG. 6. ATR reflectivity from a 4/2 heterostructure of varying
thickness: 34.3 nm (thick dashed line), 343 nm (solid line), and
semi-infinite (fine dashed line). ATR parameters are the same as
those quoted in Fig. 5.

are shown here as the results are very similar for other
heterostructures. By making the metallic thin film much
thinner, the overall reflectivity drops from 0.93 to 0.49.
Moreover, the dip in reflectivity that was 24% drops to 4%.
It is promising for experiments that just 20 repeats of the
ultrathin films produces a reflectivity dip that is theoreti-
cally measurable. The more repeats that can be grown, the
easier it is to detect infrared magnons.

We also show in Fig. 6 the limit of a semi-infinite het-
erostructure (finely dashed line). One sees that near the
standing-wave resonance at 540 GHz, the ATR reflectivity
matches with that from the 343-nm film. That is because
all films that are thicker than the skin depth behave in
roughly the same way to absorb radiation and the skin
depth becomes really short near the ferromagnetic res-
onance [51]. Also, at roughly 560 GHz, the reflectivity
goes to 1 for the semi-infinite film. This is the so-called
antiresonance frequency [52] where the real part of the
Voigt permeability p; crosses zero (see Fig. 3), the skin
depth diverges, and the reflectivity therefore goes to 1
[see Eq. (2)]. This frequency is interesting for creating
band-pass filters [53,54].

We consider varying the electrical conductivity o of the
composite. Results are shown in Fig. 7(a) for the ATR
reflectivity from a 343-nm-thick 4/2 heterostructure on
semi-infinite quartz. The angle of incidence is again 45°
inside the silicon prism (¢ = 11.56). A standard value for
the conductivity of iron is 10’ S m™!, but in thin films with
a large surface area, the conductivity can be 1 or 2 orders of
magnitude lower [32,33]. Furthermore, if the nonmagnetic
material used between the iron layers is nonconducting,
then the effective conductivity of the thin-film composite
can be lower [55]. We therefore plot results with conduc-
tivity 10’ S m~! (thick solid black line), 10° S m~" (solid
blue line), 10° S m~! (thick-dashed line), and 10* S m~!
(fine-dashed line). As the conductivity is reduced, the over-
all reflectivity drops from close to one to almost zero,
because more light is transmitted through the magnetic het-
erostructure film. The dip is roughly the same magnitude
for the larger three values of the conductivity, and becomes
a peak for the smallest value. In fact, for o = 10° S m™!
(thick-dashed line) the dip represents a drop of almost 50%
in the background reflectivity, as compared to 24% for the
more metallic case of 10° S m~' (solid line). To see the
largest response at the standing-wave frequency, one there-
fore requires a material with conductivity that is weakly
metallic.

In Fig. 7(b) we plot the results for o = 10* S m™!
from (a) again, this time for angles of incidence in the
silicon prism equal to +45° (fine-dashed line) and —45°
(solid line). One sees large nonreciprocity in the reflec-
tivity. The reflectivity dip goes almost to zero for 6 =
—45°, but does not go below 0.2 for 6 = +45°. The
nonreciprocity decreases as the conductivity is increased.
Such nonreciprocity was discovered in antiferromagnetic
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FIG.7. (a)ATR reflectivity—as a function of frequency—from

a 323-nm-thick 4/2 heterostructure of varying conductivity:
107 S m~! (thick solid black line), 10° S m~! (solid blue line),
10° S m~! (thick-dashed line), and 10* S m~! (fine-dashed line).
The ATR parameters are the same as those quoted in Fig. 5. In
(b), the 0 = 10* S m™! result is shown for the angle of inci-
dence inside the ATR prism equal to +45° (fine-dashed line) and
—45° (solid line) to show nonreciprocal effects that appear for
low values of conductivity.

insulators some decades ago [18,56]. A related phe-
nomenon that is often seen in magnetic insulators in this
frequency range is the existence of surface waves [57—59].
Although this nonreciprocity on reflection is related to sur-
face effects, we find that true surface waves only appear in
this composite material if the conductivity is made smaller
(0 < 10* S m™") and if the composite is made 100 um
thick. Neither of these parameters are realistic for this
specific study as we focus on iron (a metal) and because
100 wm corresponds to over 10 000 repeats of the ultrathin
iron layers.

We mention in this work that infrared radiation is
absorbed when the Voigt permeability becomes large at
standing-wave resonant frequencies. To see this in another
way, we plot the ATR fields inside the composite in Fig. 8,
for two different frequencies: 535 GHz (just off resonance,
left panels) and 539 GHz (on resonance for the 4/2 het-
erostructure, right panels). The real part of E, is plotted
in the top panels and the real part of H, is plotted in
the bottom panels. Air (white), magnetic composite film
(343-nm shaded region) and quartz (white) regions are
shown along the horizontal axis. As mentioned earlier,
the wavelength of the far-infrared radiation used is far
longer than the composite thin film so the electric field is

@) f=535GHz (b) =539 GHz (resonance)
£
§ 0.12 0.12
S Magnetic
% 0.08} Air Composite|Quartz 0.08
0,04 K
< 0.04 0.04
& 0.00 0.00
©) === (d)
5 40 N 407\
Q \ 1
230 \ 3.0 \
520 . 20 \‘
210 N\ 1.0 3
& \, .,
0.0 h< 0.0 i
-04 -02 00 0.2 -04 -02 00 02
¥ (um) ¥ (pum)
FIG. 8. ATR electromagnetic field components inside the

material as a function of distance y. Fields are shown just off
resonance [left panels (a) and (c)] and on-resonance [right pan-
els (b) and (d)]. The top panels show the real part of £, and the
bottom panels show the real parts of H,. A 323-nm-thick 4/2
heterostructure (shaded region) is considered with o = 10% S/m.

constant on these length scales, apart from near the reso-
nant frequency. At resonance, the fields abruptly change
their shape and decay exponentially in the magnetic com-
posite. One also sees an increase in the magnitude of E,
at the air-magnet interface—compare (a) and (b)—which
is indicative of the increased absorption of radiation at
precisely this frequency.

III. CONCLUSION

We theoretically show that high-frequency magnons
can be detected using standard infrared measurements in
heterostructures containing ultrathin ferromagnetic layers.
For iron parameters, the heterostructures only need to
contain 20 repeats to show appreciable dips in the reflec-
tivity. ATR measurements in the Otto geometry are at
least three times more sensitive than standard reflectivity
measurements.

The frequencies of the infrared magnons depend on the
thickness of the ultrathin magnetic layers and on surface
pinning fields. Larger pinning fields and thinner layers
create larger frequencies for the standing waves through
the magnetic thickness due to shorter wavelengths and
therefore larger exchange energy contributions. Further-
more, although iron is the only material considered here,
a ferromagnetic material with a large exchange constant
is the best choice for pushing magnons to larger frequen-
cies. Cobalt or an iron-cobalt alloy may therefore be good
candidates.

To maximize the reflectivity dips, one requires both
a low magnetic damping and also a moderate value for
the conductivity (that of a poor metal, for example). The
introduction of many surfaces in a heterostructure usually
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increases the damping (due to two-magnon scattering pro-
cesses) while simultaneously decreasing the conductivity.
Therefore, there is a trade-off between these two desired
properties and stacks of ultrathin layers should be carefully
engineered to have significant reflectivity dips.

The ATR reflectivity depends on a range of parameters,
including the incident angle of light, the air-gap thickness,
the prism dielectric constant and the thin-film superlattice
thickness d. The results presented here are a summary of
the trends and there remains a vast parameter space to be
explored in order to find the optimal experiment to detect
infrared magnons.

This work also shows that heterostructures made up of
ultrathin magnetic layers, which are easily integrated into
circuits and on-wafer devices, have the ability to be used
for signal-processing applications. Although magnetic ele-
ments are widely present for applications in the 1-50 GHz
[9—11] this opens the way for those applications to be
extended to much higher frequencies between 50 GHz and
1 THz.
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APPENDIX A: ENTIRE-CELL
EFFECTIVE-MEDIUM METHOD

An entire-cell effective-medium method [29-31] is used
to find the magnetic susceptibility of the magnetic compos-
ite material, so that the material’s interaction with infrared
radiation can be calculated in the next Appendix. This
method works by writing down magnetization equations
of motion for each atomic layer, and coupling these with
the dynamic magnetic fields in each layer, with Maxwell’s
boundary conditions obeyed between neighbors.

Let there be N, atomic magnetic layers and N atomic
nonmagnetic layers, and these layers are repeated to make
up the composite. We define unit vectors parallel to
the magnetization M’ direction in each magnetic layer i
according to

m=_— (A1)

where M is the saturation magnetization of the material.
The magnetic energy density £ [in centimetre-gram-
second (cgs) units] of a layer i of the ultrathin film is

altered depending if the layer is inside the film (£’), on the
top interface ('), or on the bottom interface (). These
three options are given by

. A\ A\ .
81 - _ < Uz ml . ml+1 _ 1,12 ml X ml*l
a a

— K (m)* = (Ho + W) - m'M,, (A2)
El=— (ALZZ) m' - m? —K(mzl)2
a
— (Ho+h'")-m'My — Hyin -m'M,,  (A3)

An,—1N 2
5NA - _ ( A ; »1V4 mNAfl . mNA _K(miVA)
a

— (Hp + h™) - mM M,

— Hyin - m™ M. (A4)
In Eq. (A2), 4;;+1 is the exchange coupling constant
between two magnetic layers in erg/cm, a is the atomic
lattice spacing in the magnet, K is the uniaxial anisotropy
constant with units of erg/cm?, H is the constant external
field, and h' is the high-frequency driving field in layer i,
in the x-y plane. It is due to the incident radiation H, but
can have different values in each atomic layer due to the
interaction with the magnet.

Equation (A3) for the top layer of the magnetic film is
altered compared to Eq. (A2) for interior layers by the fact
that there is exchange coupling to only one layer below,
not to two layers. Also, we assume that there is a surface
pinning field Hy;, at the interface with the nonmagnetic
material. As mentioned in the main text, the magnetization
can be completely pinned at an interface [47]. Equation
(A4) for the bottom layer has similar changes as the top
layer. Note that here we assume the pinning field is the
same at the top and the bottom layer for simplicity.

The energy density in Eqs. (A2)—(A4) is used to find the
response of the magnetization in each magnetic layer using
the torque equation,

1
O i By = — Iy [ x (<Y€, (A9
where y is the gyromagnetic ratio, and the effective mag-
netic field in each layer H.; is found by taking the negative
variational derivative of the energy density with respect to
the magnetization vector.

The entire set of equations for the N, layers are lin-
earized by assuming a static component of the magnetiza-
tion along the applied static field, m, ~ 1, and by assuming
the dynamic magnetization and driving fields have time
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dependence e, Two linearized equations of motion for
an interior ferromagnetic layer indexed by i are given by

. —iw . . . .
h, = Tm; + (Ho + Hy + H' + HE) m,

— (M i+ HE i, (A6)
. iw . . . .
W= —m o+ (Ho + Ho o+ Hol' + H) m,
— (H'm + H mit) (A7)

Here, H, is the static applied field strength, H, = 2K /M,
is the effective uniaxial anisotropy field, and HE! =
Ajr1/ (a*M,) are exchange fields acting on layer i due to
layers i £+ 1.

The effects of damping can be included phenomenolog-
ically with the addition of a frequency-dependent damping
term. This is done by letting @ —> w(1 4 il"), where I' =
2« and « is the Gilbert damping parameter [60].

Maxwell’s boundary conditions in the long wavelength
limit are applied to the system in order to relate the mag-
netic field in each layer. The magnetic field component
tangent to each surface 4., and the magnetic induction field
component normal to each surface b, must be continuous.
In other words, we have

h}c: Zhi\/A :C)h
hiVA+1 R hiVA+NB =C,, (A8)
hy +4xMom), = ... = K" + 4x Mom)* = C,,
Wt == =G (A9)

where C; and C, are independent constants.

The magnetization equations of motion [Egs. (A6) and
(A7), plus Egs. (A8) and (A9), form a total of 3N, + 1
equations with the same number of unknowns. The entire
system of equations can be put into the form of a set of
2N, inhomogeneous linear equations by eliminating all 4,
and h,,. The components of m’ can be found numerically by
choosing a value for the angular frequency of the driving
fields w and inverting the resulting matrix.

To find the net response of all layers to a driving
field, and therefore the effective magnetic susceptibility
of the entire structure, the magnetization and driving-field
components found are averaged over all magnetic and
nonmagnetic layers. These averages are

Ny
M, .
<M>—m(zm)’

i=1

1 Ny Np
h)= ——— h + ) hVav A10
N4 + Np ; ]; ( )

To deconvolve the four components of the effective mag-
netic susceptibility, we first choose C,, # 0, Cy = 0 [30] to
find two components

= s Xy = ) All
Koy ) Xy ) (A1)

Then, the constant C, is changed to some nonzero value
and the system of equations is solved a second time,
so that the remaining two components of the magnetic
susceptibility can be found as

(M) — Xxy (hy>

, Al2
() (A1

Xox =

(My> — Xy (hy)
(hy)
To perform reflection calculations (see the next subsec-

tion), the magnetic permeability tensor is used, which has
the cgs form

Xyx = (A13)

f(w) =T+ 47 % (w) (A14)
Moxx Mexy 0

=| —Ho Hy 0], (A15)
0 0 1

where there is symmetry in the off-diagonal components
Mxy = —[byx, DUt Ly 7 [y, since the confinement of the
thin-film geometry allows for greater response of the mag-
netization in the plane of the film than perpendicular
to it.

APPENDIX B: REFLECTIVITY CALCULATION

Magnon-polaritons are often observed as large changes
in the reflectivity of magnetic media when the frequency
of the incident beam couples with that of magnetic reso-
nances [16]. In order to find the reflectivity from the system
sketched in Fig. 1, we write the TE radiation’s electric field
in each of the three regions of interest (air, composite film,
and substrate) assuming plane-wavelike solutions, namely

E,.(r,f) = 3 ([eikyly +Re—iky|y) ei(kxx—a)t),
Efiim(r,7) =2 (E+eiky2y + E_e oy ) elthex—en

Eqp (1, 1) = 2 (Te) e/Bx=en, (B1)
where the in-plane wave vector k, is the same in each
region and is given by k, = koe,’” sin 6, with ¢, being the
dielectric constant of the incident medium (here €; = 1 for
air) and ky = w/c.

To solve for the reflectivity of the system, boundary con-
ditions must be applied. Namely, the electric field E and
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magnetic field H parallel to the surface of the film must
be continuous. The components of H, need to be found in
each material in terms of the components of E given in Eq.
(B1). The Maxwell-Faraday equation yields

10B 19 _ o
VXE=—-———=——— (tH) = —uH,
c

B2
c ot c ot (B2)

where B = i H.

Both the incident medium (air) and the substrate are
nonmagnetic, so that it = 1 and Eq. (B2) gives, for our
geometry,

c 0F,
iw 0y

In the magnetic composite, however, [t is given by the
effective-medium tensor in Eq. (A15), so that Eq. (B2)

yields
c 1\ 0, 1\ 9F,
H=—|— +(— . (Bd)
iw [ \pu1/) 9y ma2) 0x
where
Mhcx by + 12 Prldyy + 12
= — 2T and py = — 2T (BS)
Hyy Mexy

and w is referred to as the Voigt permeability [34].

We can now apply the conditions for the continuity of
tangential E and tangential H at each interface. By set-
ting y = 0 at the film-substrate interface and the film-air
interface at y = —d, one has

air
y:—d 4 EZ |y:—d

Eflm |y=0 — EZSUb|y:0'

— Hﬁlm

Hair|y=_d = H!

X

= E" 4

H™ o = H™], o
This yields four boundary condition equations, forming
an inhomogeneous linear system of equations. By setting
I =1 in Eq. (B1), the coefficients R, T, E, and E_, for
radiation reflected in air, transmitted through the substrate,
and inside the magnetic composite, respectively, can be
found as solutions to the matrix equation

e*ikyzd eikyzd 0 _eikyld
(’2 + k_) o—ikiad (k_ _ ’2) ehad ) end
©1 w2 w2 ©1 Y
—1 0
ko |k k kyo
2e o A YL —
(Ml + Mz) (Mz H1 3 0
E+ e*ikyld
E_ k 1€_ik—"1d
X = y B6
T 0 (B6)
R 0

Here we are primarily interested in the reflectivity, given
by R*R = |R|.

In Eq. (B6), the component of the wave vector &, in each
of the three materials must be found in terms of the mate-
rial parameters and the radiation frequency w, in order to
find the reflectivity. These dispersion relations are found
by looking for solutions of plane-wave form, as in Eq.
(B1), to the electromagnetic wave equation. This process
is detailed in Ref. [61]. The result for air, the composite
and the substrate, respectively, is

2
kfl =k -k = (%) cos® 6, (B7a)
k}z,z = k(%GZMl - k)%(/ixx/liyy)a (B7b)
K = ekl — K = <§>2 (€ —sin?6) . (B7¢)

It is interesting to note that if the substrate is removed,
and the magnetic composite could be made semi-infinite,
then the reflectivity has a simple analytic form, which pro-
vides both a check of the calculation and some insight into
the final results. One finds a reflectivity coefficient

1_
R=-—"1 (BS)
1417
1 [k ky
i)
kyi \ e p2
\/egm — M—xxsinzé and
n an
= 2 + , (B9)

1 cos 6 M2

where 6 is the angle of incidence for infrared radiation in
air.

First, to use this expression as a check, examine the
limit that the semi-infinite material is made nonmagnetic
(I/u2 — 0 and puy = pyy = py =1). Then Egs. (BS8)
and (B9) reduce to the Fresnel equation for s-polarized
light [62].

Second, to gain some intuition, one sees that the reflec-
tion coefficient—and therefore the reflectivity—depends in
a complicated way on all the various components of the
permeability tensor. In particular, we show that the Voigt
permeability 1, has a large variation near a magnetic res-
onance, and therefore the reflectivity has a large dip at the
frequency where this occurs, which may be obvious from
examining Egs. (B8) and (B9). Note that x, and the ellip-
ticity 1), //4x also vary with frequency, but in a far less
dramatic way, and so they are less important in controlling
the size of n than the Voigt permeability.

The dips in the reflectivity at infrared magnon fre-
quencies will be smaller for a thin film of the magnetic
composite, than those for the semi-infinite material used
to derive the simple Egs. (B8) and (B9). This is because
more of the incident radiation can “leak” through to the
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substrate. The thicker that the composite can be made, the
easier it is to detect infrared magnons.

Now we turn to the ATR geometry shown in Fig. 2, in
the so-called Otto configuration. Two additional boundary
conditions from the prism-air interface must be considered,
but the calculation proceeds in an identical manner as for
the regular reflectivity, detailed above.

The electric field in the prism is defined in an analogous
way in Eq. (B1) and is given by

Eprism = 2 (I,e™Y + R, e 7 glher=en (B10)
where £k, is the y component of the electromagnetic wave
vector in the prism. Let €, be the dielectric permittivity

of the prism and 6 be the angle of incidence inside the
prism, rather than inside air. Then the dispersion relations

J

analogous to Eq. (B7) are

2

kﬁl =k - = (%) (1 — ¢, sin*0), (B11a)
2

= (2) [em — g sin0ua/ny)],  (BLIb)

k§3 = ek — k= (%)2 (63— € sin’ 6), (Bllc)

K, (%)2 (€, — €, sin?0) = (%)26,, cosd. (Blld)

This time, we set the incoming wave amplitude /, = 1
and find R, to calculate the reflection coefficient and then
the reflectivity. The matrix Eq. (B6) containing the elec-
tromagnetic boundary conditions becomes, for the ATR
geometry,

B _efikypdj- e—ikyldT eikyldT 0 0 0
. . . R
kypelkwdr kyle iky1dr _kylelkyldT 0 0 0 D
_oikid _oihyid o-ikad ad 0 ]12
—iky1d iky1d ko |k —ikypd k kv \ ikpd
— ‘y1 y1 L Ax y2 A X2 ‘y2
0 kyle kyle (m + Mz) € (Mz w )€ 0 E,
0 0 0 1 1 —1 E_
ko |k k ky2 T
e T fx 22 —_
L 0 0 0 (m + /Q) (uz i »3 ]
—ikypd
e~ Wpdr
kyp e—ikypd]‘
0
= 0 , (B12)
0
0

where dr = (dgap + d) is short-hand notation for the total
thickness of the air gap plus the magnetic composite thin
film. The reflectivity R;Rp = |Rp|2 can be found as a
function of all the various materials parameters and fre-
quency of the incident radiation using a numerical software
package such as Mathematica.
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