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(57) ABSTRACT 

Acoustically mediated pulsed radiation sources, phased 
arrays incorporating the radiation sources, and methods of 
using the radiation sources and phased arrays to generate 
electromagnetic radiation via magnetic dipole emission are 
provided. The radiation sources are based on a superlattice 
heterostructure that supports in-phase magnetic dipole emis
sion from a series of magnetic insulator layers disposed 
along the length of the heterostructure. 
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MAGNONIC ELECTROMAGNETIC 
RADIATION SOURCES WITH HIGH 

OUTPUT POWER AT HIGH FREQUENCIES 

BACKGROUND 

[0001] Millimeter wave (mmW), which refers to electro
magnetic radiation with a frequency of 30-300 GHz, has 
found numerous applications in modem society. For exam
ple, mm W spectroscopy has been used for chemical analysis 
because many chemicals exhibit signature resonance modes 
within the mmW band. Moreover, the small wavelength of 
mmW makes it suitable for use in high-resolution imaging. 
Due to the rich spectrum availability, mm W wireless com
munication supports wider bandwidth for data transmission 
and hence high data rates. Thus far, it has been demonstrated 
that mm W s with frequencies of 28 and 38 GHz can be used 
in the 5th cellular network technology (5G), with the data 
rate reaching the order of gigabytes per second (Gb/s). (Rap
paport, T. S. et al. IEEE access 1, 335-349 (2013).) More
over, mmW radar sensors utilizing a frequency range of 76-
81 GHz have been used for autonomous driving, allowing 
the transmission of a significantly larger amount of data than 
lower-frequency operation. (Hasch, J. et al. IEEE Trans. 
Mierow. Theory Tech. 60, 845-860 (2012).) Although the 
use of higher frequency mm Ws would enable even higher 
lateral resolution in imaging and a higher data rate in com
munication, the inverse power-frequency relationship of 
existing solid-state mmW emitters has led to limited output 
power at higher frequencies. For instance, the output power 
of the Impact ionization Avalanche Transit Time (IMPATT) 
diode, which produces the highest output power among 
existing mmW emitters, is proportional to l/f2 when the 
frequency f exceeds 100 GHz. (Aghasi, H. et al. Appl. 
Phys. Rev. 7, 21302 (2020).) This is mainly because the 
optimum junction area of the diode is proportional to 1/ f2 
due to the device-circuit impedance matching. Although this 
issue can be mitigated by fabricating multi-element emitter 
arrays to combine the signals of individual emitter spatially, 
a fundamental solution to improving the output power of an 
individual emitter would be more appealing. 

SUMMARY 

[0002] Acoustically mediated pulsed radiation sources, 
phased arrays incorporating the radiation sources, and meth
ods of using the radiation sources and phased arrays are 
provided. 
[0003] One example of a heterostructure includes: a metal 
layer; and a superlattice acoustically coupled to the metal 
layer, the superlattice comprising a series of adjacent 
bilayers disposed along a length axis, each bilayer compris
ing a magnetic insulator layer and a dielectric layer, wherein 
the magnetic insulator layers in the superlattice have equal 
thicknesses and the dielectric layers in the superlattice have 
equal thicknesses. 
[0004] One example of a radiation source for emitting 
electromagnetic radiation includes: a light-to-acoustic trans
ducer layer; and a superlattice acoustically coupled to the 
light-to-acoustic transducer layer, the superlattice compris
ing a series of adjacent bilayers disposed along a length axis, 
each bilayer comprising a magnetic insulator layer and a 
dielectric layer, wherein the magnetic insulator layers in 
the superlattice have equal thicknesses and the dielectric 
layers in the superlattice have equal thicknesses; and a fem-
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tosecond pulsed laser optically coupled to the light-to
acoustic transducer layer, opposite the thermal insulation 
layer. 
[0005] One example of a method of generating electro
magnetic radiation from a superlattice comprising a series 
of adjacent bilayers disposed along a length axis, each 
bilayer comprising a magnetic insulator layer and a dielec
tric layer, wherein the magnetic insulator layers in the super
lattice have equal thicknesses and the dielectric layers in the 
superlattice have equal thicknesses, includes the steps of: 
passing an acoustic pulse through the superlattice, along 
the length axis, the duration of the acoustic pulse being 
selected such that the acoustic pulse selectively excites an 
n = 1 mode standing spin wave in each magnetic insulator 
layer of the superlattice, and the n = 1 mode standing spin 
waves of the magnetic insulator layers are in-phase, wherein 
the in-phase standing spin waves generate electromagnetic 
radiation via magnetic dipole emission. 
[0006] One example of a phased array includes: a plurality 
of radiation sources for emitting electromagnetic radiation, 
the radiation sources including: a light-to-acoustic transdu
cer layer; and at least one magnetic layer optically coupled 
to the light-to-acoustic transducer layer; and a laser system 
comprising: at least one femtosecond pulsed laser for gen
erating a plurality of femtosecond pulsed laser beams that 
are optically coupled to the light-to-acoustic transducer 
layers of the radiation sources; and a time delay control sys
tem for introducing an adjustable time delay in the femtose
cond pulsed laser beams arriving at the light-to-acoustic 
transducer layers of the radiation sources. 
[0007] Other principal features and advantages of the 
invention will become apparent to those skilled in the art 
upon review of the following drawings, the detailed descrip
tion, and the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] Illustrative embodiments of the invention will 
hereafter be described with reference to the accompanying 
drawings, wherein like numerals denote like elements. 
[0009] FIG. lA is a schematic diagram of an acoustically 
mediated, superlattice-based radiation source that uses 
MAFO as a magnetic insulator in the superlattice and 
includes a dielectric substrate for epitaxial superlattice 
growth at its terminal end. FIG. lB is a schematic diagram 
of an acoustically mediated, superlattice-based radiation 
source that uses MAFO as a magnetic insulator in the super
lattice and includes a dielectric substrate for epitaxial super
lattice growth adjacent to a light-to-acoustic transducer 
layer. FIG. lC is a schematic diagram of an acoustically 
mediated, superlattice-based radiation source that uses 
MAFO as a magnetic insulator in the superlattice that 
omits the thermal insulator layer. 
[0010] FIG. 2 is a schematic diagram shown a perspective 
view (upper right panel) and a cross-sectional view (lower 
panel) of a phased array based on acoustically mediated 
electromagnetic radiation sources. The phased array can be 
formed from a corresponding multilayered heterostructures 
(upper left panel). 
[0011] FIG. 3 shows an acoustic pulse traversing a series 
of MAFO layers in a superlattice formed from MAFO/MAO 
bilayers. As shown in the figure, a portion of the acoustic 
pulse is reflected at the MAFO/MAO interfaces and the 
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acoustic pulse excites an n=l mode standing spin wave in 
each MAFO layer. 
[0012] FIG. 4 shows that the peak amplitude of the electric 
field component, E,(t), of the electromagnetic emission 
from an acoustically mediated, superlattice-based radiation 
source reaches maximum at 7 MAFO layers and saturates at 
12 MAFO layers. 
[0013] FIG. 5 shows the temporal profile ofEx(t) from the 
Al/MAO(substrate)/(MAFO)?/(MAO)6 superlattice of 
Example 1. 
[0014] FIG. 6 shows a single peak at frequency of 
130 GHz in the frequency spectrum of the Ex(t) from the 
Al/MAO(substrate)/(MAFO)?/(MAO)6 superlattice of 
Example 1. 
[0015] FIG. 7 shows the peak output power as a function 
of frequency for an MAFO superlattice-based radiation 
emitter and a single MAFO layer-based radiation emitter, 
compared with the peak output power of an IMPATT 
(IMPact ionization Avalanche Transit-Time) diode. 
[0016] FIG. 8A shows the design of a magnonic mmW 
pulsed emitter based on a metal/dielectric/magnetoelastic 
heterostructure, using an Al/MAO/MAFO heterostructure 
as an illustrative example. 
[0017] FIG. 8B shows the spatiotemporal profile of an 
acoustic pulse in the MAFO film of the magnonic mmW 
pulsed emitter of FIG. 8A. 
[0018] FIG. SC shows the spatiotemporal profile of an 
excited spin wave within t=0-33.2 ps of the magnonic 
mm W pulsed emitter of FIG. 8A. 
[0019] FIG. 8D shows the temporal evolution of the 
amplitude of a standing spin wave in the magnonic mmW 
pulsed emitter of FIG. 8A. 
[0020] FIG. SE (top panel) shows the corresponding fre
quency spectrum for the standing spin wave in the magnonic 
mm W pulsed emitter with a single peak at frequency 
/=130 GHz. FIG. SE (bottom panel) shows that the spectral 
amplitude of the acoustic pulse was only appreciable below 
300 GHz. 
[0021] FIG. SF shows the temporal evolution of the elec
tric-field component Ex(t) of the emitted electromagnetic 
wave in the free space above the MAFO film surface of 
the magnonic mmW pulsed emitter of FIG. 8A. 
[0022] FIG. 8G shows the frequency spectrum of the Ex(t) 
data in FIG. SF. 
[0023] FIG. 9A shows the peak amplitude of the emitted 
Ex(t) of a magnonic mmW pulsed emitter having the design 
shown in FIG. 8A, as a function of the MAFO film thickness 
d and the duration of the injected strain pulse T. 

[0024] FIG. 9B shows the temporal profiles of the emitted 
Ex(t) from magnonic mmW pulsed emitters having 7-nm
thick, 14-nm-thick, and 20-nm-thick MAFO films under 
strain pulses of the same amplitude but different durations. 
[0025] FIG. 9C shows the peak amplitudes of the standing 
spin waves of the emitters of FIG. 9B. 

DETAILED DESCRIPTION 

[0026] Acoustically mediated pulsed radiation sources, 
phased arrays incorporating the radiation sources, and meth
ods of using the radiation sources and phased arrays are 
provided. The radiation sources are based on a superlattice 
heterostructure that supports in-phase magnetic dipole emis
sion from a series of magnetic insulator layers disposed 
along the length of the heterostructure. 
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[0027] The radiation sources can be designed to emit 
radiation with a high output power at a wide range of fre
quencies, including mm W radiation having frequencies in 
the range from 30 GHz to 300 GHz. As a result, the radia
tion sources are well suited for use in wireless communica
tion applications that require high data rates. For example, 
radiation sources emitting in the mm W range can operate 
with frequencies of 28 GHz and 38 GHz, which are useful 
for 5G applications. The radiation sources are also well sui
ted for high spatial resolution imaging and radar sensors for 
use in such applications as autonomous driving. 
[0028] A schematic diagram of one embodiment of an 
acoustically mediated pulsed radiation source 100 is 
shown in FIG. lA. The radiation emission is based on a 
superlattice 102 formed from a series of alternating layers 
of a non-magnetic dielectric material 106 and a magnetic 
insulator material 105 disposed along a length axis (L), 
with a bilayer 104 as the monolithic unit. (The ellipses in 
the figure indicate that additional bilayers may be included 
along the length axis.) In the superlattice, magnetic insulator 
layers 105 have equal thicknesses and non-magnetic dielec
tric layers 106 have equal thicknesses, such that each bilayer 
104 has the same thickness. (For the purposes of this disclo
sure, the thickness dimension is along length axis, L.) The 
superlattice structures can be represented as (MI),nl(DE)n, 
where MI stands for magnetic insulator, DE stands for 
dielectric, m is the number of magnetic insulator layers in 
the superlattice, and n is the number of non-magnetic dielec
tric layers in the superlattice. Notably, while m and n can be 
equal (as is the case in FIG. lA), they need not be. For 
example, a superlattice may include one additional magnetic 
insulator layer 105 or one additional dielectric layer 106. 
Moreover, although the first and last layer of superlattice 
102 in FIG. lA are magnetic insulator layers 105, it is also 
possible for the first layer of a superlattice to be a dielectric 
layer and/or for the last layer of a superlattice to be a dielec
tric layer. Radiation source 100 further includes a transducer 
layer 107 that serves as a light-to-acoustic transducer and, 
optionally, a thermal insulation layer 108 disposed between 
metal layer 107 and superlattice 102. The embodiment of 
the radiation source shown in FIG. lA includes a dielectric 
substrate 114 at the distal end of superlattice 102. Dielectric 
substrate 114 can serve as a growth substrate for the epitax
ial growth of superlattice 102 and, therefore, may be com
posed of a material upon which superlattice 102 can be epi
taxially grown. The substrate is transparent to the emitted 
radiation and can be used to protect the superlattice from 
mechanical damage. For a material to be transparent to the 
emitted radiation, it need not transmit 100% of the emitted 
electromagnetic wave. Rather, it need only transmit enough 
of the emitted electromagnetic wave to render the radiation 
source suitable for its intended purpose. Thus, materials that 
transmit at least 70% of the output signal, at least 80% of the 
output signal, or at least 90% of the output signal can be 
characterized as transparent. Other suitable support sub
strate materials include quartz, sapphire, glass, and silicon. 
[0029] An alternative embodiment of an acoustically 
mediated pulsed radiation source 100 is shown in FIG. 1B. 
This embodiment differs from the embodiment of FIG. lA 
in that dielectric substrate 114 is not located at the distal end 
of superlattice 102. Instead, in the radiation source of FIG. 
1B, dielectric substrate 114 is located next to light-to-acous
tic transducer layer 107 and serves as an epitaxial growth 
substrate for superlattice 102. If present, a dielectric sub-
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strate 114 in this position can also provide thermal insula
tion for superlattice 102. 
[0030] Yet another embodiment of an acoustically 
mediated pulsed radiation source 100 is shown in FIG. lC. 
This embodiment differs from the embodiment of FIG. lA 
in that it lacks thermal insulator layer 108. In each of the 
embodiments of the acoustically mediated pulsed radiation 
sources, superlattice 102 is acoustically coupled to light-to
acoustic transducer layer 107. For the purposes of this dis
closure, the phrase "acoustically coupled" means that the 
superlattice is positioned with respect to the light-to-acous
tic transducer layer such that acoustic pulses generated in 
the light-to-acoustic transducer layer are able to travel 
from the light-to-acoustic transducer layer into the superlat
tice. Acoustic coupling can be achieved by placing the 
superlattice directly adjacent to the light-to-acoustic layer, 
as illustrated in FIG. lC. However, a superlattice can be 
acoustically coupled to a light-to-acoustic transducer layer 
even if there are one or more intervening layers (for exam
ple, the thermal insulator layer 108 or dielectric substrate 
114 ofFIGS. lA and lB), provided that acoustic pulses gen
erated in the light-to-acoustic transducer layer can traverse 
the intervening layer and be injected into the superlattice. 
[0031] Thermal insulation layer 108 and/or dielectric sub
strate 114 may be composed of the same material as dielec
tric layers 106, although it will generally be thicker than 
those layers. If it acts as an epitaxial growth substrate for 
magnetic insulator layer 105, dielectric layer 114 will be a 
single-crystalline substrate, for example, a MAO single 
crystal can be used as a growth substrate for a MAFO mag
netic insulator layer. 
[0032] Without intending to be bound to any particular 
theory of the invention, the principles of operation of the 
radiation sources can be explained as follows. During opera
tion, a pulsed light source, such as a femtosecond (fs) laser, 
directs fs-time scale pulses oflight 110 onto a light receiving 
surface 112 of transducer layer 107. Transducer layer 107 
acts as a light-to-acoustic transducer to convert the femtose
cond timescale laser pulses into fast ( e.g., picosecond time
scale) acoustic pulses ( £22) that are injected into the first 
magnetic insulator layer of superlattice 102. (Acoustic 
pulses are also referred to herein as strain pulses.) As the 
acoustic wave traverses superlattice 102 along its length, it 
excites spin waves in magnetic insulator layers 105 through 
magnetoelastic coupling. (For this reason, magnetic insula
tor layers are also referred to herein as magnetoelastic 
layers.) The spin waves propagate together with the injected 
acoustic pulse along the magnetic insulator layers 105 and 
are completely reflected at the surfaces of the magnetic insu
lator layers 105. A standing spin wave forms due to the 
interference between the incident and the reflected spin 
waves. The standing spin waves give rise to the emission 
of electromagnetic wave through magnetic dipole radiation. 
[0033] Magnetic insulator layers 105 are composed of a 
magnetic material having a sufficiently strong magnetoelas
tic coupling between the spins and the strains to generate 
spin waves in the magnetic insulator. However, layers 105 
should also be electrical insulators in order to avoid the 
absorption of the emitted radiation. The magnetic insulator 
layers also desirably have sufficiently low magnetic damp
ing to allow the radiation sources to operate at the energy 
efficiency and duration requirements for their intended 
application, and to achieve excited standing spin waves 
with long lifetimes, including lifetimes of approximately 
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1 ns. MgA105Fe15 0 4 (MAFO) is one example of a low
damping magnetic insulator with high magnetoelastic cou
pling properties. However, other magnetic insulators, such 
as yttrium-iron-garnet (Y3Fe50 12; "YIG'') and gadolinium
iron garnet (Gd3Fe50 12; "GdIG") can also be used for at 
least some applications. 
[0034] The thickness of magnetic insulator layers 105 can 
be selected to support an n=l mode of a standing spin wave 
having a desired frequency, corresponding to the desired 
emission frequency of the radiation source. The n=l mode 
is then selectively excited by an acoustic pulse that has an 
appreciable spectral amplitude at that frequency. While the 
standing spin waves of other odd modes (n=3,5, ... ) can also 
produce non-zero net electromagnetic waves via magnetic 
dipole radiation, the n=l mode standing spin wave has 
higher radiation efficiency than higher-order modes. For 
this reason, the radiation sources are designed such that the 
injected acoustic pulse has a pulse duration that selectively 
excites the n=l mode standing spin wave. 
[0035] The ability to tailor the emission frequency by 
engineering the magnetic insulator layer thickness and the 
acoustic pulse duration makes it possible to design radiation 
sources that emit radiation across a broad range of frequen
cies. This approach to engineering the emission frequency 
based on layer thickness and pulse duration is illustrated in 
Example 2. Generally, thicker magnetic insulator layers pro
duce emission at lower frequencies, but with a higher peak 
amplitude of the electric field component (Ex(t)). Typical 
layer thicknesses for the magnetic insulator layers in the 
superlattice are in the range from 5 nm to 20 nm, and typical 
pulse durations include those in the range from 5 ps to 60 ps; 
however, layer thicknesses and pulse durations outside of 
these ranges can be used. 
[0036] The superlattice-based radiation sources are engi
neered such that the electromagnetic radiation waves 
emitted from the magnetic insulator layers are in-phase 
and interfere constructively in order to enhance the E,(t) 
and the peak output power density. In-phase emission results 
when the time it takes for the acoustic pulse to travel across 
bilayer 104 is equal to the period of the selectively excited 
n= 1 mode standing spin waves of magnetic insulator layers 
105. Thus, the thickness of dielectric layers 106 is chosen 
accordingly. This approach to engineering the bilayer thick
ness to achieve in-phase emission at a selected emission fre
quency is illustrated in Example 1. The optimal thickness 
for dielectric layers 106 will depend on the thickness of 
magnetic insulator layers 105 and on the magnetic insulator 
and dielectric materials being used. Generally, dielectric 
layer thicknesses in the range from 15 to 300 nm are suita
ble. However, layer thicknesses outside of these ranges can 
be used, depending on the particular materials selected. 
[0037] Dielectric layers 106 are composed of a non-mag
netic, electrically insulating material that does not appreci
ably absorb the emitted radiation. Moreover, it is desirable 
for the electrically insulating material to have a good acous
tic match with the magnetic insulator, so that the magnitude 
of the acoustic wave is not substantially reduced as it passes 
from dielectric layers 106 into magnetic insulator layers 
105. Further, the electrically insulating material of dielectric 
layers 106 should have a sufficiently close lattice match with 
the magnetic insulator material to allow for epitaxial growth 
of the magnetic insulator on the dielectric. This enables the 
epitaxial growth of a superlattice comprising high-quality 
crystalline layers. Thus, the particular dielectric material 
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used for dielectric layers 106 will depend on the magnetic 
insulator material. By way of illustration, the non-magnetic 
electrical insulator MgAbO4 (MAO) can be used as the 
dielectric material for radiation sources that use MAFO as 
the magnetic insulator. Other suitable dielectric materials 
include Gd3Ga5O12 (GGG). The epitaxial growth of the 
superlattice can be carried out using, for example, molecular 
beam epitaxy (MBE), pulsed laser deposition (PLD), or 
magnetron sputtering. Other known methods can be used 
to form superlattices, including superlattices in which the 
magnetic insulator and/or dielectric layers are polycrystal
line or amorphous, rather than single-crystalline. However, 
single-crystalline superlattice layers will typically produce 
the best device performance and, so, are preferred. 
[0038] The peak amplitude of the emission from the radia
tion source increases as the number of magnetic insulator 
layers 105 in the superlattice increases, due to the construc
tive interference of the output radiation from each such 
layer. However, in practice, a maximum peak amplitude 
may be imposed due to an imperfect acoustic match between 
magnetic insulator layers 105 and dielectric layers 106. The 
number of magnetic insulator layers in the superlattice is 
desirably equal to or greater than the number of magnetic 
insulator layers needed to achieve the maximum achievable 
peak amplitude for the superlattice, but a lower number of 
layers can be used. Generally, a superlattice having from 5 
to 20 magnetic insulator layers is sufficient to achieve the 
maximum peak amplitude. 
[0039] Transducer layer 107 will typically be a metal 
layer. However, non-metals that can convert incident femto
second timescale laser pulses into picosecond timescale 
acoustic pulses can also be used. For the purposes of this 
disclosure, femtosecond timescale pulses include pulses of 
tens or hundreds of femtoseconds (i.e., pulses in the range 
from 10-15 to 10- 13 seconds), and picosecond timescale 
pulses include pulses of tens or hundreds of picoseconds 
(i.e., pulses in the range from 10-12 to 10-10 seconds). Metals 
from which transducer layer 107 can be made include alu
minum (Al), Iron (Fe), platinum (Pt), gold (Au), cobalt (Co), 
and nickel (Ni). Thermal expansion coefficients, electron
phonon coupling coefficients, and electronic specific heat 
coefficients are properties to consider when choosing mate
rials for use as a transducer layer. Specifically, to generate 
larger strains, it is better to simultaneously have a large ther
mal expansion coefficient, a large electron-phonon coupling 
coefficient, and a small electronic specific heat coefficient. 
Transducer layer 107 should have a thickness that is at least 
as large as the absorption depth of the laser pulses in the 
transducer layer in order to prevent the laser radiation 
from reaching thermally insulating layer 108 and/or the 
superlattice 102. However, excess thickness is generally 
not desirable because a thinner transducer layer provides a 
larger temperature gradient across the interface between the 
transducer layer and the thermal insulation layer. This is 
advantageous because it leads to the injection of larger elas
tic strains into the magnetic insulator layer, which results in 
electromagnetic radiation emission with a higher amplitude. 
The optimal thickness of the transducer layer will depend on 
the particular transducer material being used and the 
required magnitude of the output signal. However, by way 
of illustration, layer thicknesses in the range from about 
10 nm to about 100 nm, including thicknesses in the range 
from about 20 nm to 50 nm, are suitable. The transducer 
layer may be single-crystalline, polycrystalline, or amor-
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phous, and can be formed on the surface of the substrate 
using known deposition methods, such as magnetron sput
tering or electron beam (e-beam) evaporation followed by 
an anneal. 
[0040] Thermal insulation layer 108 is an optional layer 
that provides thermal insulation between transducer layer 
107 and the first layer of the superlattice (for example, the 
first magnetic insulator layer 105 of superlattice 102 in the 
illustrative embodiments of FIGS. lA and lB). If present, 
the thermal insulation layer 108 is desirably transparent to 
the emitted radiation and is desirably thick enough to shield 
the superlattice from most or all of the heat deposited into 
the heterostructure by the laser pulses. Since the transducer 
107 may reflect the radiation emitted from the magnetic 
insulator layers, the thickness of the thermal insulation 
layer 108 should not be close to or equal to n/J2, where 
n=l,2,3 ... is an integer number and A is the wavelength of 
the emitted radiation. This would ensure the radiation 
reflected by the transducer 107 does not interference 
destructively with the radiation originally emitted from the 
magnetic insulator layers 105. Rather, the thermal insulation 
layer 108 should desirably have a thickness that is equal to 
or close to naddA/4, where n0 drl,3,5, ... is odd integer num
ber and A is the wavelength of the emitted radiation. This 
would ensure the radiation reflected by the transducer 107 
interference constructively with the radiation originally 
emitted from the magnetic insulator layers 105. By way of 
illustration, thermal insulator layer thicknesses in the range 
from about 300 nm to about 500 µm are typically suitable; 
however, thicknesses outside of this range can be used. Ide
ally, suitable materials for use as the thermal insulation layer 
should simultaneously have low thermal conductivity (for 
better shielding from the heat), have a lower thermal expan
sion coefficient than the transducer (for obtaining larger 
strains), be electronically insulating ( for obtaining larger 
strains), and have a good acoustic match with the magnetic 
insulator layer (which usually means high speed of sound), 
such that the acoustic wave would not become smaller in 
magnitude after entering the magnetic insulator layer. 
[0041] A femtosecond laser is optically coupled to light
receiving surface 112 of transducer layer 107. As used 
herein, the term optically coupled is used to mean that the 
femtosecond laser is positioned to direct a beam of femtose
cond laser pulses 110 onto light-receiving surface 112, either 
directly or indirectly using, for example, reflective surfaces 
or other optical components to steer the beam from the laser 
to the light-receiving surface. Pulsed femtosecond (fs) lasers 
are known and commercially available. Such lasers generate 
a pulsed laser output at a frequency in the range from 10-15 

to 10-13 seconds. As discussed above, the optimal acoustic 
pulse duration and, therefore, the optimal laser pulse dura
tion, will depend on the particular materials and layer thick
nesses of the superlattice. By way of illustration, fs pulses 
having a duration in the range from 10 fs to 30 fs may be 
used. However, fs pulses with durations outside of this range 
can also be used. 
[0042] A plurality of acoustically mediated radiation 
sources can be incorporated into a phased array in which 
the collective emission from the radiation sources generates 
an output beam of electromagnetic radiation, the direction of 
which is electrically steerable. 
[0043] It should be noted that, while the radiation sources 
used in the phased array can be the acoustically mediated, 
superlattice based radiation sources, acoustically mediated 
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radiation sources that include only a single magnetic layer 
for emission, rather than a superlattice structure, can also be 
used. Examples of single magnetic layer, acoustically 
mediated radiation sources are described in Example 2 and 
in Zhuang, Shihao, et al. ACS Applied Materials & Inter
faces 13, 48997-49006 (2021). As illustrated schematically 
in FIG. 2, these radiation sources 200 are based on a multi
layered heterostructure that includes a light-to-acoustic 
transducer layer 207, a thermal insulation layer 208, a mag
netic layer 205, and, optionally, a dielectric substrate 214. 
[0044] Like the superlattice-based radiation emitters, the 
single magnetic layer radiation emitters generate electro
magnetic waves through magnetic dipole radiation. 
Although the inventors do not intend to be bound to any 
particular theory, the principles of operation of the single 
magnetic layer-based radiation sources are similar in some 
respects to those of the superlattice-based radiation sources. 
However, the single magnetic layer sources do not rely on 
the constructive interference of the emitted electromagnetic 
waves from multiple magnetic layers. The mechanism can 
be summarized as follows: layer 207 acts as a light-to
acoustic transducer to convert fs timescale laser pulses inci
dent upon its outermost surface, which is referred to herein 
as a light-receiving surface, into fast (e.g., ps timescale) 
acoustic pulses that are injected into magnetic layer 205, 
giving rise to a strain wave (also referred to as an acoustic 
wave) in magnetic layer 205. This strain wave excites spin 
waves in magnetic layer 205 through magnetoelastic cou
pling and short-range exchange coupling. Strong interac
tions between the spin waves and the strain wave produce 
high frequency exchange spin waves propagating in mag
netic layer 205. High frequency exchange spin waves inci
dent upon the far surface of magnetic layer 205 are reflected, 
and the incident and reflected exchange spin waves produce 
a high-frequency standing spin wave, which leads to the 
emission of electromagnetic waves through magnetic dipole 
radiation. 
[0045] The materials and layer thicknesses for the light-to
acoustic transducer layer, the thermal insulator layer, and 
the dielectric substrate in the non-superlattice radiation 
sources may be the same as those for the corresponding 
layers in the superlattice-based radiation sources. However, 
the magnetic layer in the non-superlattice-based radiation 
sources need not be composed of an electrical insulator 
and, therefore, magnetic metals and metal alloys having 
strong magnetoeleastic coupling can be used, as well as 
magnetic insulators. Suitable materials for magnetic layer 
205 include an Fe metal, an FeGa alloy, a CoFeB alloy, a 
CoFe alloy, MgO, and GGG. Magnetic insulators, such as 
MAFO, YIG, and GdIG, can also be used. If magnetic layer 
205 is grown epitaxially on thermal insulating layer 208 or 
dielectric substrate 214, those layers can be selected to pro
mote epitaxial growth. 
[0046] Typical thickness of magnetic layer 205 is in the 
range from 5 nm to 20 nm for emitting electromagnetic 
radiation with a frequency of 30-300 GHz. However, the 
optimal thickness will depend on the particular magnetic 
material being used because the frequency of the emitted 
radiation depends on the magnetic parameters and the thick
ness of the magnetic layer 205. 
[0047] A schematic illustration of a phased array that 
includes a plurality of (in this case, nine) radiation sources 
is shown in FIG. 2. The radiation sources may be superlat
tice-based or single magnetic layer-based sources of the 
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types described herein. A perspective view of the phased 
array that includes nine radiation sources is shown in the 
upper right panel and a cross-sectional view of the phased 
array is shown in the lower panel. The upper left panel of 
FIG. 2 shows the original heterostructure from which the 
array of radiation sources can be formed lithographically. 
Although the radiation sources depicted in FIG. 2 include 
only a single layer of magnetic material 205, superlattice
based radiation emitters of the type illustrated in FIGS. lA 
and 1B can also be used. In the illustrative example of FIG. 
2, radiation sources 200 share a common dielectric substrate 
214. Illustrative width and height dimensions for the array 
of radiation sources, including the dimensions of the radia
tion sources themselves, as well as the spacing between 
neighboring radiation source, are provided in the figure. 
However, arrays of radiation sources having dimensions 
and spacings different from those shown in the figure can 
be used depending on the frequency of the radiation, the 
desirable steering angle, angular resolution, and output 
power. For purposes of illustration only, typical dimensions 
for both the lateral dimensions and the spacing between 
neighboring radiation source are set to be ¼th of the wave
length of the emitted radiation, which would be 0.75 mm for 
a 100-GHz radiation (with a 3 mm wavelength). As illu
strated in FIG. 2, arrays of radiation sources having a 
small footprint ( e.g., lateral dimensions in the range from 
0.1 mm to 10 mm or smaller; where the lateral dimensions 
are orthogonal to the length axis of the radiation source) can 
be fabricated using the radiation source design described 
herein, and such small arrays are useful for a variety of 
applications. Such miniature-sized patterned arrays can be 
conveniently fabricated from a corresponding continuous
film-based multilayer stack (for example, the structure 
shown in the upper left panel of FIG. 2) via standard micro
fabrication techniques such as electron beam lithography or 
the use of shadow masks during thin-film deposition. 
[0048] The phased arrays use a plurality of individual 
radiation sources 200 that are separately triggered by femto
second pulsed laser beams 210 to cumulatively produce an 
output electromagnetic wave that is highly directional. Time 
delays (llt) are introduced in the different pulsed laser 
beams (FIG. 2, lower panel), such that the electromagnetic 
waves 220 emitted from individual radiation sources 200 
constructively interfere in a given direction and destruc
tively interfere in other directions. The direction of the 
resulting output beam wavefront can be controlled by 
adjusting the time delays between the pulsed laser beams 
210. Each radiation source 200 may be triggered by an asso
ciated femtosecond pulsed laser that is optically coupled to 
the radiation source's light-to-acoustic transducer layer. 
However, it is not necessary for each radiation source 200 
to have a dedicated laser. Instead, the pulsed beam from a 
laser could be spilt into multiple sub-beams for actuating the 
radiation sources. The phased array may further include a 
time-delay control system, such as a time-delay circuit, 
that controls the timing of each pulsed laser 210 to sequen
tially actuate the pulsed lasers. The number of radiation 
sources and their spatial arrangement in the phased array 
may be chosen to provide the desired constructive and 
destructive interference and output beam directionality 
range. Typical geometric patterns in which the radiation 
sources can be arranged include, but are not limited to, 
rows and columns, including more specifically, grid arrays 
of different symmetry (for example, hexagonal, square) in 
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the film plane. The shape of the individual radiation source 
can include, but are not limited to, cuboid and circular disk. 

EXAMPLES 

Example 1: Illustrative Example of an Acoustically-
Mediated Superlattice-Based Radiation Source 

[0049] This example computationally demonstrates a 
mmW pulsed emitter based on acoustically mediated opti
cally induced excitation of spin waves in a magnetoelastic 
superlattice heterostructure. The peak output power of such 
a magnonic mm W emitter can maintain the same order of 
magnitude over the entire frequency span of 30-300 GHz, 
not subjected to the l/f2 scaling. The emitter is based on a 
magnetoelastic superlattice, which integrates repetitive 
stacks of the low-damping magnetic insulator 
MgA10_5Fe15O4 (MAFO) and a non-magnetic insulator 
MgAbO4 (MAO). The computations demonstrate that the 
emitter can deliver a peak output power of about 106 times 
higher than that of the IMPATT diodes over the entire mmW 
band. This magnonic mmW pulsed emitter therefore repre
sents a fundamentally new solution to the generation of the 
much-needed high-power mmW pulses especially at a high
frequency (100-300 GHz) regime. 
[0050] The structure of the superlattice heterostructure 
based on MAFO is shown in FIG. 3. As seen, a MAFO/ 
MAO bilayer was used as a repetitive unit and was repeated 
along the thickness direction (L) of the superlattice. The 
superlattice was deposited on an MAO substrate (the left
most MAO layer in FIG. 3), into which a strain pulse was 
injected by exciting an Al metal transducer (not shown) pre
sent on the opposite side of the MAO substrate. The right
most layer in the superlattice was an MAFO thin film, as 
shown in FIG. 3, and the superlattice could also terminate 
in an MAO thin film. The superlattice shown in FIG. 3 
included 7 MAFO layers with thicknesses of 10 nm and 
6 MAO layers with thicknesses of 51.4 nm. The acoustic 
pulse had a duration of 12.6 ps and a peak amplitude of 
0.3 % in MAO layers. (More information with respect to 
the selection of appropriate magnetic insulator layer thick
nesses and acoustic pulse durations is provided in Example 
2.) 
[0051] When the strain pulse traveled across the 
MAO/(MAFO)?/(MAO)6 structure (subscripts m and n 
refer to the number oflayers), standing spin waves (SSWs) 
in each MAFO layer were excited in order. When the time 
for the strain pulse to travel across one repetitive unit 
(MAFO/MAO bilayer) was exactly the period of the SSW 
ofmoden=l, the excited SSWs ofmoden=l ineachMAFO 
layer, and hence their emitted electromagnetic waves, were 
in phase. The frequency of the n=l mode SSW, and hence 
the emitted radiation, was determined by the thickness and 
materials parameters of the magnetic insulator layer MAFO. 
Therefore the thickness of the MAFO needed to be selected 
based on the desired frequency of the emitted radiation. For 
example, in FIG. 4, a 10-nm-thick (001) MAFO layer thick
ness gave rise to a frequency of 130 GHz. Once the thick
ness of the MAFO layers is fixed, in order to obtain in-phase 
SSW in all MAFO layers, the thickness of the MAO layers 
needs to be selected accordingly. Specifically, the desirable 
thickness of the MAO layer (dMAo) can be calculated as 
dMAo =vMAo [(1/ l-,)-( dMAco/vMAI'o )].where dMAFO is the thick
ness of each MAFO layer, and vMAo and vMAFo are sound 
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speeds in MAO and MAFO, respectively. Ideally, the peak 
amplitude of the emitted radiation, represented by 
E;'"' .would increase linearly as the number of MAFO layer 
increase, because the electromagnetic waves emitted from 
each MAFO layer were in phase and interfered 
constructively. 
[0052] However, the partial reflection of the injected strain 
pulse at the MAO/MAFO interfaces, as shown in FIG. 3, 
will complicate and eventually impede the desirable in
phase construction. As a result, there exists an optimum 
number of MAFO layers that yields the maximum peak 
amplitude of the radiation. As shown in FIG. 4, as the num
ber of MAFO layers increased, the E;'""increased at first and 
reached a maximum at 7 MAFO layers. After that it 
decreased and eventually saturated when there were more 
than 12 MAFO layers. Specifically, when the strain pulses 
reflected at the MAO/MAFO or MAFO/MAO interfaces 
return to the MAFO layers, they will perturb the SSW in 
these MAFO layers excited by the originally injected strain 
pulses, which could shift the phases of these SSWs. As the 
number of MAFO layers increases, more interfaces will be 
created. The accumulation of the phase shift caused by mul
tiple reflected strain pulses, which could reduce the 
E;'"' .would eventually outweigh the gain in the E;'""from the 
in-phase construction induced by the originally injected 
strain pulse. The details of the nature of such competition 
will vary with the thickness and material parameters of each 
individual layer, as well as the amplitude and duration of the 
injected strain pulse. 
[0053] The temporal profile of Ex(t) from the 
MAO/(MAFO)?/(MAO)6 structure is shown in FIG. 5. As 
seen, after the major portion of the strain pulse left the 
superlattice at t - 100 ps, the amplitude of the Ex(t) contin
ued to increase for - 600 ps due to the increasing amplitude 
of the SSWs. After that, the amplitude of the Ex(t) monoto
nically decreased due to magnetic damping. The frequency 
spectrum of the Ex(t) shown in FIG. 6 presents a single peak 
of 130 GHz, corresponding to the frequency of the SSW of 
mode n = 1. 
[0054] FIG. 7 shows the maximum peak output power 
from the MAFO/MAO superlattice-based magnonic mmW 
emitters as a function of peak frequency fl', where the peak 
power density is calculated as IE;'"' 1

2 
; 1/and TJ = 3 77 n is free 

space impedance and the emission area is assumed to be 
5 mm x 5 mm (the lateral size of the MAFO layers). For 
comparison, the peak power density for a magnonic emitter 
based on a single MAFO layer is also shown. As seen, the 
MAFO/MAO superlattice-based emitter enhanced the peak 
output power by 10 - 60 times compared to the single-layer 
MAFO-based emitter. Moreover, the peak output power 
from the MAFO/MAO superlattice-based emitter is in the 
order of 106 W, which is 105 to 106 larger than that that 
from a IMPATT diode. Furthermore, the MAFO/MAO 
superlattice-based magnonic emitters maintained the same 
order of magnitude of output power over the entire mmW 
band, and the output power does not decrease with increas
ing frequency in the range of about 200-300 GHz. 

Example 2: Illustrative Guidance for the Selection of 
Magnetic Insulator Layer Thickness and Acoustic 

Pulse Duration 

[0055] This example illustrates the selection of an appro
priate magnetic insulator layer thickness and acoustic pulse 
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duration for an acoustically mediated, superlattice-based 
radiation source. Radiation sources that include only a sin
gle magnetic conductor layer ( e.g., a metal; FeGa) or only a 
single magnetic insulator layer ( e.g., MAFO) were used as 
proof of principle. 
[0056] FIG. 8A shows the design of a magnonic mmW 
pulsed emitter based on a metal/dielectric/magnetoelastic 
heterostructure, using an Al/MAO/MAFO heterostructure 
as an illustrative example. The Al film converts an incident 
fs laser pulse into a ps acoustic pulse via thermal expansion. 
The injection of this ultrashort acoustic pulse into the MAO 
and MAFO layers was modelled by applying a time-depen
dent mechanical displacement at the Al/MAO interface 
(z=0) in the form of Gaussian function, uz(z=0, t)=umax
exp(-t2/cr2), which leads to a bipolar longitudinal strain 
"zz =clu2 /clzpropagating in the MAO substrate and then the 
MAFO film. A bipolar Gaussian-shaped strain pulse can 
excite standing spin waves (SSW) confined along the thick
ness direction of a single magnetoelastic film, with wave
number k=un/d (n=l, 2, 3 ... ) where dis the film thickness. 
(Azovtsev, A. V & Pertsev, N. A. Phys. Rev. Mater. 4, 64418 
(2020).) This example demonstrates that such SSW can emit 
a high-power mmW electromagnetic pulse via magnetic 
dipole radiation under appropriate pulse duration 1: and 
film thickness d. 
[0057] FIG. 8B shows the spatiotemporal profile of the 
strain pulse E22(z,t) in a 10-nm-thick MAFO film. The strain 
pulse had a duration Fl2.6 ps and peak amplitude 
Emax=0.3% in MAO substrate. As seen, the strain pulse pro
pagated into the MAFO film from its front surface (z= 0 nm) 
at t=0 ps and exited at t"='2t0+Fl6.6 ps; t0=d/vs is the time 
for the strain pulse to travel across the MAFO film, where d 
is the MAFO thickness and Vs = 5240.5 mis is the longitu
dinal sound velocity in MAFO. The spatiotemporal profile 
of the excited spin wave within t=0-33.2 psis shown in FIG. 
SC. Within the first 16.6 ps (the lifetime of the strain pulse in 
the MAFO film), the strain pulse enabled the formation of 
non-uniform magnetization distribution via magnetoelastic 
coupling, creating a spin wave that propagated together with 
the strain pulse along the z axis. The formation of the SSW 
started at t"='t0=1.9 ps, which was also the moment the 
excited spin wave started to be reflected from the stress
free MAFO back surface. The SSW formed due to the inter
ference between the incident and reflected spin waves. The 
SSW formation completed at t"='2t0+Fl6.6 ps, which was 
also the moment the strain pulse left the MAFO. FIG. 8D 
shows the temporal evolution of the SSW amplitude, which 
was approximated by the difference in the my values at the 
front and back film surfaces, i.e., mv(z=d)-my(z=0). As seen, 
the SSW amplitude peaked near t=l6.6 ps, and then gradu
ally decreased due to magnetic damping. The corresponding 
frequency spectrum (the top panel of FIG. SE) shows a sin
gle peak at frequency f=l30 GHz, which is the same as that 
for the MAO/MAFO superlattice radiation source with 10-
nm-thick MAFO. To excite SSW of a specific frequency 
mode (e.g., the frequency at n=l), the frequency spectrum 
of the strain pulse should have an appreciable spectral 
amplitude at the same frequency f, and the SSW amplitude 
in time-domain was found to be proportional to the spectral 
amplitude of the driving strain pulse at that particular fre
quency. For the illustrative case of 10-nm-thick MAFO film 
excited by a strain pulse with Fl2.6 ps herein, only the n=l 
mode SSW with a frequency of 130 GHz can be excited. 
This is because the spectral amplitude of the strain pulse 
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was only appreciable at below 300 GHz, as shown in the 
bottom panel of FIG. SE, while the frequencies of the 
higher-order SSW all exceeded 300 GHz, e.g., 525.1 GHz 
for n=2 mode, 1183.5 GHz for n=3 mode, and so forth. FIG. 
SF shows the temporal evolution of the electric-field com
ponent Ex(t) of the emitted electromagnetic wave in the free 
space above the MAFO film surface, which had the same 
profile as the excited n=l mode SSW (c.f. FIG. 8D) and 
for the frequency spectrum (FIG. 8G). Specifically, the 
amplitudes of both the SSW and Ex(t) decreased to 1/e of 
their peak amplitudes at -837 ps. 
[0058] FIG. 9A shows the peak amplitude of the emitted 
Ex(t) as a function of the MAFO film thickness d and the 
duration of the injected strain pulse 1:, where a variation of 
d from 6 nm to 20 nm enabled covering the majority of the 
mmW band from 365 GHz to 30 GHz for the radiation. The 
maximum peak amplitude of the Ex(t) always appeared 
when a selective excitation of the n=l mode SSW was 
achieved. To do that, the pulse duration needed to be in an 
intermediate range. If the duration was too long, the n=l 
mode SSW or higher-order (n >l) modes could not be 
excited (see the 'No SSW' region) because the frequency 
range of the strain pulse would remain below the SSW fre
quency. Instead, there would only be lower-frequency spin 
waves that travel together with the strain pulse, which barely 
emits electromagnetic waves. If the duration was too short, 
the frequency range of the strain pulse would encompass the 
frequencies of both the n=l mode and the higher-order 
modes, and therefore would excite SSW of more than one 
mode. 
[0059] FIG. 9B shows the temporal profiles of the emitted 
Ex(t) from 7-nm-thick, 14-nm-thick, and 20-nm-thick 
MAFO films under strain pulses of the same amplitude 
(Emax=0.3% in MAFO) but different durations F5.6 ps, 
23.8 ps, 50.4 ps, respectively, which are the optimal duration 
1: for maximizing the peak amplitude ofEx(t). It can be seen 
that the Ex(t) emitted from thicker MAFO films had a higher 
peak amplitude E;'"'and longer duration (indicated by the '1/ 
e' label) but lower frequency. The inverse frequency-thick
ness relation arose due to the fact that the wavenumber of 
the n=l mode SSW in the MAFO film followed the k=n/d 
relation. Moreover, since the damping coefficient of the 
MAFO is assumed to be independent of film thickness for 
simplicity, the perturbed local magnetization vectors would 
undergo the same number of cycles of damped precession 
back to equilibrium. In this case, the lower-frequency SSW 
(and hence the emission) lasted longer because they have 
longer duration per cycle. Furthermore, the E;'""was larger 
in thicker films because the injection of longer-duration 
strain pulse leads to larger-amplitude SSW due to the more 
sufficient interaction between local strain and local magne
tization. As shown in FIG. 9C, the peak SSW amplitude, my 
(z=d)-my(z=0), was about six times larger in the 20-nm
thick MAFO than the one in the 7-nm-thick MAFO. 

Methods 

[0060] An in-house fully coupled Multiphysics model that 
considers the coupled dynamics of elastic waves, spin 
waves, and electromagnetic wave emission was used to 
simulate the spatio temporal profiles of the local mechanical 
displacement, local magnetization, and EM wave. In this 
model, the evolution of local mechanical displacement u is 
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described by elastodynamic equation incorporating the mag
netostrictive stress, given by, 

(1) 

(2) 

(3) 

where p is the mass density; cu, c12 and c44 are the elastic 
stiffness coefficients. p and care different in different layers 
of the metal/dielectric/magnetoelastic heterostructure. 
B, = -15,\00 ( c;';'-cfg)and B2 = -3,\ 11c!"!are the magnetoelastic cou
pling coefficients of the magnetoelastic film (A100 and Am 
are its magnetostrictive coefficients); m=M/Ms is the nor
malized local magnetization vector. The evolution of local 
magnetization m(z,t) is governed by the Landau-Lifshitz
Gilbert (LLG) equation, 

The total effective magnetic field He.ff is contributed by the 
magnetocrystalline anisotropy field Hanis, magnetic 

h r fi ld H"'h 
2
A" V 2 1 . . exc ange coup mg e = µoM, m,magnetoe astlc am-

sotropy field Hmel, magnetic dipolar coupling field Hdip, the 
external magnetic field Hex,, and the magnetic field compo
nent of the emitted electromagnetic wave Hemw_ For mag
netic materials with a cubic high-temperature parent phase, 
one has (i = x, y, z, and j -f. i, k -f. i,j), 

(5) 

(6) 

where µ0 is vacuum permeability; K 1 and K2 are magneto-

11 . . ffi . . 1 l8u au1 J crysta me amsotropy coe c1ents; stram 6 ,; = 2 a/ + Bi A 

bias magnetic field was applied along the z axis 
(H"'=H;'')to lift magnetizations off the xy plane by 45° before 
acoustic excitation, so that the torque exerted by the effec
tive magnetoelastic field on the magnetizations was maxi
mized. The dipolar coupling field is calculated as Hd;p = 
(0, 0, -Msmz)- In electrically insulating heterostructures, 
the H;~w ( z=z',t )at location z' contributed by the magnetic 
dipole at location z = z0 is approximated as 

(8) 

(9) 
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where the upper sign is for z' > z0 and the lower sign is for z' 
< z0 . The total Hemw(z=z',t) is contributed by the magnetic 
dipoles at different location z0 and calculated as an integral 
ofH;::'wover the entire heterostructure. 
[0061] The electric field component Ex(t) of the magnetic 
dipole radiation is obtained by an inverse Fourier transfor
mation of its frequency domain component Ex( co), which is 
obtained via solving the plane wave equation, 

(10) 

where Eo and µ0 are vacuum permittivity and permeability, 
£,(co) is frequency-dependent relative permittivity contain
ing both the real and imaginary parts, with Er(co) 
=; (cu)+ ie;( cu) The Eq. (10) is numerically solved using a 
transfer-matrix algorithm. (Michalski, Krzysztof A. Journal 
of Quantitative Spectroscopy and Radiative Transfer 226 
(2019).) 
[0062] The word "illustrative" is used herein to mean ser
ving as an example, instance, or illustration. Any aspect or 
design described herein as "illustrative" is not necessarily to 
be construed as preferred or advantageous over other 
aspects or designs. Further, for the purposes of this disclo
sure and unless otherwise specified, "a" or "an" can be con
strued to mean only one or can be construed to mean "one or 
more". Embodiments of the inventions consistent with 
either construction are covered. 
[0063] The foregoing description of illustrative embodi
ments of the invention has been presented for purposes of 
illustration and of description. It is not intended to be 
exhaustive or to limit the invention to the precise form dis
closed, and modifications and variations are possible in light 
of the above teachings or may be acquired from practice of 
the invention. The embodiments were chosen and described 
in order to explain the principles of the invention and as 
practical applications of the invention to enable one skilled 
in the art to utilize the invention in various embodiments and 
with various modifications as suited to the particular use 
contemplated. It is intended that the scope of the invention 
be defined by the claims appended hereto and their 
equivalents. 

1. A heterostructure comprising: 
a metal layer; and 
a superlattice acoustically coupled to the metal layer, the 

superlattice comprising a series of adjacent bilayers dis
posed along a length axis, each bilayer comprising a 
magnetic insulator layer and a dielectric layer, wherein 
the magnetic insulator layers in the superlattice have 
equal thicknesses and the dielectric layers in the super
lattice have equal thicknesses. 

2. The heterostructure of claim 1, wherein the magnetic 
insulator layers are MgA10 5Fe1.5O4 layers and the thermal 
insulation layers are MgAbO4 layers. 

3. The heterostructure of claim 2, wherein the 
MgA10 _5Fe1.5O4 layers have a thickness in the range from 
5 nm to20nm. 

4. The heterostructure of claim 2, wherein the superlattice 
has 5 to 20 MgA10 _5Fe1.5O4 layers. 

5. A radiation source for emitting electromagnetic radiation 
compnsmg: 

a light-to-acoustic transducer layer, wherein the light-to
acoustic transducer layer is a metal layer; and 
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a superlattice acoustically coupled to the light-to-acoustic 
transducer layer, the superlattice comprising a series of 
adjacent bilayers disposed along a length axis, each 
bilayer comprising a magnetic insulator layer and a 
dielectric layer, wherein the magnetic insulator layers 
in the superlattice have equal thicknesses and the dielec
tric layers in the superlattice have equal thicknesses; and 

a femtosecond pulsed laser optically coupled to the light-to
acoustic transducer layer, opposite the thermal insulation 
layer. 

6. The radiation source of claim 5, further comprising a 
thermal insulation layer between the light-to-acoustic trans
ducer layer and the superlattice. 

7. (canceled) 
8. The radiation source of claim 5, wherein the magnetic 

insulator layers are MgA10 _5FeuO4 layers and the thermal 
insulation layers are MgAbO4 layers. 

9. The radiation source of claim 5, wherein the light-to
acoustic transducer layer is an aluminum layer. 

10. The radiation source of claim 5, wherein the magnetic 
insulator layers have thicknesses in the range from 5 nm to 
20nm. 

11. The radiation source of claim 5, wherein the superlattice 
has from 5 to 20 magnetic insulator layers. 

12. The radiation source of claim 8, wherein the 
MgA10_5Fe15O4 layers have thicknesses in the range from 
5nm to20nm. 

13. The radiation source of claim 12, wherein the superlat
tice has from 5 to 20 MgA10 5FeuO4 layers. 
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14-19. (canceled) 
20. A phased array comprising: 
a plurality ofradiation sources for emitting electromagnetic 

radiation, the radiation sources comprising: 
a light-to-acoustic transducer layer, wherein the light-to

acoustic transducer layer is a metal layer; and 
a superlattice optically coupled to the light-to-acoustic 

transducer layer, the superlattice comprising a series 
of adjacent bilayers disposed along a length axis, 
each bilayer comprising a magnetic insulator layer 
and a dielectric layer, wherein the magnetic insulator 
layers in the superlattice have equal thicknesses and 
the dielectric layers in the superlattice have equal 
thicknesses; and 

a laser system comprising: 
at least one femtosecond pulsed laser for generating a 

plurality of femtosecond pulsed laser beams that are 
optically coupled to the light-to-acoustic transducer 
layers of the radiation sources; and 

a time delay control system for introducing an adjustable 
time delay in the femtosecond pulsed laser beams 
arriving at the light-to-acoustic transducer layers of 
the radiation sources. 

21. ( canceled) 
22. The heterostructure of claim 1, wherein the metal layer 

is directly adjacent to a first magnetic insulator layer of the 
superlattice. 




