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Abstract

Metal-organic decomposition epitaxy is an economical wet-chemical approach suitable to
synthesize high-quality low-spin-damping films for resonator and oscillator applications. This
work reports the temperature dependence of ferromagnetic resonances and associated structural
and magnetic quantities of yttrium iron garnet nanofilms that coincide with single-crystal
values. Despite imperfections originating from wet-chemical deposition and spin coating, the
quality factor for out-of-plane and in-plane resonances approaches 600 and 1000, respectively,
at room temperature and 40 GHz. These values increase with temperature and are 100 times
larger than those offered by commercial devices based on complementary metal-oxide
semiconductor voltage-controlled oscillators at comparable production costs.

Keywords: ferromagnetic resonance, low-spin damping materials,
metal-organic decomposition epitaxy
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1. Introduction

Information and communications technology consumes
800 TWh worldwide and sees an ever-growing data traffic
that increases by a factor of one million every decade [1].
In order to enhance the rate of information transfer, channel
bandwidth or signal power have to be increased, or noise
power reduced. This leap in data rate will ultimately be
accomplished with the next generation of cellular devices
using radio frequencies between 24 and 70 GHz. To date,
most equipment manufacturers and cellular network oper-
ators have encountered technical difficulty with implement-
ing cellular in the (24 ~28) GHz band and defaulted to a
lower-frequency band, i.e. (3.45 ~4) GHz [2], also evident
from auctions by the Federal Communications Commission
totaling $1 trillion [3-5]. This is mainly because modern
technology uses complementary metal-oxide semiconductor
(CMOS) voltage-controlled oscillators [6] that generate a
considerable phase noise due to poor quality factors <5 which
become worse at higher frequencies [7]. The quality factor [8]
is the ratio of the resonator’s stored energy to its dissipated
energy per cycle at resonance and a measure for the oscillator’s
potential to generate phase noise [9]. Importantly, the quality
factor is identical to the ratio of resonance frequency or field
of the oscillator to the bandwidth of the generated signal [10].
A potent alternative is to design tunable oscillators [11] and
bandpass filters [12] with yttrium iron garnet (YIG, Y3FesOq5)
[13] and related garnets leveraging their outstanding mag-
netic characteristics. This materials class appeals not only to
cellular communications, but also to magnonic electronics
[14], transistors [15, 16], and logic gates [17] harnessing the
inverse spin Hall effect [18-20] and spin pumping [21-24].
The synthesis of single-crystal films [25] is generally based
on liquid-phase epitaxy [26, 27], pulsed laser deposition [19,
22, 28-32], and off-axis sputtering [33—38]—involving high-
vacuum fabrication tools that lack scalability for high-volume
manufacturing.

The high demand for tunable high-quality factor resonat-
ors led to commercial devices based on single-crystal YIG
microspheres with a more complicated fabrication and integ-
ration process. Transitioning from YIG spheres to YIG nan-
ofilms will simplify integration and lower the need for large
magnetic bias fields, generated by either a permanent magnet
or an electromagnet, due to different demagnetization factors
and a planar-film relation between resonance frequency and
magnetic field shifted toward higher resonance frequencies
[39, 40]. Importantly, the transformation of a sphere (sym-
metric resonance) into a truncated hemisphere (excitation of
higher modes on small-field side of main resonance) leaves
the linewidth of the main resonance unaffected [40]. A similar
effect should hold for thickness-modulated films. In pursuit of
an economical synthesis of high-quality factor ferromagnetic
resonators, we recently developed a wet-chemical approach
based on metal-organic decomposition epitaxy to grow epi-
taxial YIG films [41].

Here, we report the temperature dependence of ferromag-
netic resonances and associated physical quantities in YIG

films synthesized by repeated metal-organic decomposition
epitaxy. The homogeneity, surface roughness, local crys-
tal lattice orientation, dielectric function, and film thickness
are investigated by means of atomic force microscopy, elec-
tron backscatter diffraction, and spectroscopic ellipsometry.
Magneto-optical magnetometry unveils a 1 mm-wide corner-
/edge region with less optimal magnetic properties inherent
to wet-chemical deposition and spin coating. The coexist-
ence of sub-millimeter-sized single-crystal structures leads to
multi-peak ferromagnetic resonance spectra, which are fitted
using an appropriate number of symmetric and asymmetric
Lorentzians to extract saturation magnetization, spin damp-
ing, magnetocrystalline anisotropy, Landé factor, and quality
factor. This pragmatic approach is motivated by the need for
micrometer-sized low-spin-damping materials in microelec-
tronics resonator and oscillator devices.

2. Structural, optical, and static magnetic
properties

The YIG films were synthesized using metal-organic decom-
position from a FeY-03(5/3) precursor solution (Kojundo
Chemical Laboratory Co., Ltd) [41, 42]. The solution con-
taining 1.6 wt.% Fe,03 and 1.4 wt.% Y,0O3 was spin-coated
(500 rpm for 10 s and 2000 rpm for 20 s) onto (5 x 5) mm?
gadolinium gallium garnet(111) (GGG, Gd;GasOj,) sub-
strates (purchased from University Wafer) and allowed to dry
24 h at room temperature and ambient conditions. Annealing
at 1100 °C for four hours in a quartz tube furnace in oxy-
gen atmosphere crystallizes the YIG film by decomposing the
metal-organic compounds (pyrolysis), eliminating the remain-
ing organic material, and promoting the atom migration to
form the cubic YIG lattice structure according to the underly-
ing GGG substrate (lattice constants: ayig = 12.38 A; agGg =
12.37 A). The structural film quality was quantified in terms
of topography and relative crystal orientation using an Asylum
Cypher Atomic Force Microscope and electron backscatter
diffraction with a step size of about 10 pm in an FEI Strata
235 dual-beam Focused Ion Beam, respectively.

The resulting YIG monolayer film is atomically flat
(figures 1(a) and (b)) and single-crystalline on the sub-
millimeter length scale (figure 1(c)). Importantly, repeated
spin coating and annealing to synthesize bilayer and trilayer
films leave the crystallinity intact without signs of boundary
layer discontinuity [41] or increased surface roughness cor-
roborating homoepitaxial growth. The root mean squares for
trilayer films is <0.3 nm compared with <0.35 nm for mono-
layers over an area of 4 um”. However, the most obvious dif-
ference in film quality for monolayer and trilayer emerges
in the ferromagnetic resonance linewidth (discussed below).
The extent to which this process or future refined proced-
ures can be repeated without compromising film quality is
unclear. Films prepared by seven repetitions of spin coating
and annealing (seven-layer) possess worse properties due to
texturing and percolation (figures 1(a)—(c)). Depending on the
region of interest, i.e. with or without areas containing holes,
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Figure 1. Structural properties of YIG nanofilms synthesized using
metal-organic decomposition epitaxy. (a) Topography retrieved with
atomic force microscopy unveiling atomically flat trilayers and
percolated/decorated seven-layer films. (b) Representative line
profiles for monolayer, trilayer, and seven-layer films corroborating
similar quality for the thinner films. (c) Electron backscatter
diffraction confirming epitaxial single-crystal growth of monolayers
and trilayers on the sub-millimeter scale and polycrystalline
texturing in seven-layer films.

the surface roughness is <1.2 nm or <0.6 nm over an area of
4 yum?. Topographical steps in the size of the YIG cubic lattice
constant [(1.2 +0.2) nm] occur on the sub-micrometer scale
and likely coincide with the reorientation of the local lattice
(figure 1(c)).

The change in structural and chemical order manifests in
the optical, static and dynamic magnetic properties. Both real
and imaginary parts of the dielectric function (figure 2(a))
were determined from spectroscopic ellipsometry [43] using
multiple sample analysis [44, 45] without the need for band
structure calculation to model the dielectric function or guess
the latter. The reflected intensity was recorded with a charge-
coupled device based spectroscopic ellipsometer with syn-
chronized dual rotating compensator (RC2 by J.A. Woollam
Co., Inc.) at various angles of incidence (45°, 55°, 65°, 75°)
and in the spectral range (194 ~ 1240) nm. For isotropic sys-
tems, such as YIG(111) on GGG(111), additional angles of
incidence do not provide further information but increase the
signal-to-noise ratio, which was found to suffice. The spec-
tral evolution of the complex reflectance ratio r,/r, of p- and
s-polarized light is analyzed in terms of the Mueller matrix
elements [46] using a commercial software (WVASE32 from
J.A. Woollam Co., Inc.). The analysis relies on an ambient-
layer(-layer)-substrate configuration and requires knowledge
about the dielectric function of the GGG(111) substrate. The
agreement between experimental and modeled Mueller mat-
rix elements for monolayers and trilayers is remarkable and
underlines their crystal quality (figures 2(b) and (c)). The
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Figure 2. Optical characterization of film thickness and magnetic
hysteresis loops. (a) Real (¢1) and imaginary (2) components of
dielectric function of YIG nanofilms obtained with spectroscopic
ellipsometry. Spectral evolution of Mueller matrix elements of

(b) YIG monolayer, (c) trilayer, and (d) seven-layer films.
Experimental ellipsometry and modeled data are plotted as color and
black curves, respectively. Deviations in the visible light range for
seven-layer films originates from depolarization of the probe beam
due to polycrystallinity. (e) Spatial dependence of room-temperature
magnetic coercive field obtained with magneto-optical Kerr effect
magnetometry expressed in terms of the distance from the corner of

(5 x 5) mm? pieces. The vertical lines indicate the coercive field
observed in all samples (regions) with presumably poor film quality.

polycrystallinity of seven-layer films (figure 1(c)) causes
slightly worse behavior evident in the visible light range due
to depolarization of the probe beam (figure 2(d)). Assuming
the same dielectric function for monolayer, trilayer, and
seven-layer films, the film thickness could be quantified with
sub-nm resolution. The extracted film thickness for mono-
layer [(41.49 +0.08) nm], trilayer [(129.63 +0.11) nm], and
seven-layer [(279.99 £ 0.05) nm] films coincide with previ-
ously reported x-ray diffraction-based values [41] but are two
orders of magnitude more precise.

Using magneto-optical Kerr effect magnetometry [47] with
a spatial resolution <0.5 mm allowed for probing the mag-
netization reversal process, i.e. magnetic hysteresis loop and
coercive field (figure 2(d)). The displayed curves are averaged
over 500 consecutive scans owing to the weak Kerr signal
in oxides for red light (639 nm continuous-wave diode laser)
(figure 2(a)) despite intensity modulation at 1.4 kHz (probe)
and 1.68 kHz (reference) with a mechanical chopper and
dual-phase lock-in amplification (Stanford Research SR830).
The hysteresis loops reveal a strong dependence of the coer-
cive field on the distance from the corner and edge. This
correlation is likely due to the inevitable thickness gradient
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characteristic to spin-coated films and associated poorer crys-
tallization. In monolayer and trilayer films, the edge region
is less than 1 mm in width and marked by an abrupt, non-
continuous transition from a perfectly soft central area with
vanishing coercive field to a stepwise increase in coercive field
up to 1.3 kA m~!. The latter corroborates the existence of sub-
millimeter-sized single-crystal films. While monolayer films
possess rectangular hysteresis loops, trilayers feature slanted
flanks with the same coercive fields near the corner. The same
slanting is observed in seven-layer films. However, the seven-
layer films are homogeneous on the sub-millimeter length
scale with a coercive field matching that of the edge regions in
monolayers and trilayers (figure 2(d)). These observations are
consistent with the spatial variation of the lattice orientation
(figure 1(c)) likely to cause grain boundary domain wall pin-
ning. Both structure and magnetometry analysis suggests the
occurrence of multiple ferromagnetic resonances in the spectra
since corner/edge and central regions exhibit distinct coercive
field, film thickness, and saturation magnetization.

3. Ferromagnetic resonance spectroscopy

The ferromagnetic resonances up to 40 GHz were probed
via broadband spectroscopy in the temperature range
(100 ~370) K using a CryoFMR (NanOsc Instruments)
inside a DynaCool Physical Properties Measurement System
(Quantum Design). The samples were placed face-down on
a coplanar waveguide that probes an area of roughly 1 mm?
along its 250 pm-wide conductor. To enhance sensitivity,
the field derivative of the absorption intensity, also known as
the power absorption derivative dP/dH, was detected using
a constant-frequency excitation field via two Helmholtz coils
and sweeping the dc magnetic bias field H across the reson-
ance. Each spectrum is fitted with a set of m derivatives of the
sum of symmetric (L;"™") and asymmetric (L") Lorentzians
to isolate contributions from regions, e.g. central and edge
regions, with different structural and magnetic properties.
Simultaneously, this approach allows to extract the reson-
ance fields H._., intensities, and full widths at half maximum

res?

(FWHM) AH; [48]:

ar & dLY™(H dL™(H
:Z[ai i ()+bi . (H)

dH = dH dH ’
, 1AH; ?
L™ (H) = — (22 ) — M
— (3AH;)" + (H — Hi)
L?Sym(H):L?ym(H)~ 1_H;es.
IAH,

The coefficients a; and b; describe the mixing of symmetric
and asymmetric Lorentzians. The number of resonances m
used to fit the spectra and their resonance magnetic field are
indicated in each spectrum by vertical lines; the main reson-
ance is highlighted by a reddish line. Analyzing the in-plane
resonances in monolayer films reveals three distinct reson-
ances (figure 3(a)) owing to spatial variations in coercive field,
film thickness, and saturation magnetization (figure 1(c)). In
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= 05 3 £
£ : 3
T
= 0 X =
T 3 I
i i z
A—-0.5 Q
< " (d)

J E
215 220 225 230 5
Magnetic field [kA/m] =
(b)*° :
v = 0.222 MHz/(A/m) 20
T 45 E
T

[} (e)
; S
g 20 s100K | G
P 2200 K | '
& 10 300K | =
a370K | 3

. 370 ES .

0 500 1,000 0 10 20 30 40

Magpnetic field [kA/m] Resonance frequency [GHz]
Figure 3. In-plane ferromagnetic resonances in YIG monolayers.
(a) Spectrum taken at 300 K revealing one main resonance (reddish
line) and two minor resonances (gray lines) that are fitted using a set
of three derivatives of the sum of symmetric and asymmetric
Lorentzians. (b) Dependence of the main ferromagnetic resonance
on magnetic bias field exhibiting temperature-independent
gyromagnetic ratio . (c¢) Full width at half maximum of main
resonance, (d) integrated power absorption derivative, and

(e) quality factor of main resonance. The non-linear dependence of
the resonance width at high temperatures originates from
two-magnon scattering. The sizable increase in resonance width at
low temperatures and small fields coincides with the destructive
interference of the coexisting resonances.

fact, all samples, except for the in-plane resonances in seven-
layer films, require m > 1.
The relations between ferromagnetic resonance frequency

and applied bias field Al (H) and f5,(H) for in-plane and out-
of-plane geometry, respectively, are assembled to quantify
the saturation magnetization Mj, the (isotropic) in-plane (H)))
and perpendicular (H | ) magnetic anisotropy fields related to
the respective anisotropies via K = % woM H, and the gyro-
magnetic ratio v = gug/h with the Bohr magneton up and
Landé factor g. This analysis is done with the main reson-
ance. For in-plane spin precessions in a thin film, the relation

reads [39, 49]:

2 fll = Wto\/ (Hl+ H))(Hl + H —HL +M,). ()
The out-of-plane counterpart is [39, 49]:
27 fro = ho(Hrgy — HL — M) 3)

In this notation, positive and negative H | refer to easy-axis
and easy-plane anisotropy, respectively. The dominance of the
main resonance (central region) over one, two, or multiple
minor resonances (edge regions) is reflected by both amplitude
and resonance field. In most cases, the extracted saturation
magnetization and anisotropy fields of the main resonance are
identical for any choice of m, including m = 1. The gyromag-
netic ratio v =0.222 MHz (Am~")~! is independent of film
thickness, (main or minor) resonance, geometry, and temper-
ature. The in-plane frequency-field relation is virtually linear
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and approaches 40 GHz at H=1000 kA m~! (figure 3(b)). It
shifts toward smaller dc bias fields with decreasing temperat-
ure due to increasing saturation magnetization.

Other application-relevant materials properties, such as the
Gilbert spin damping constant «, inhomogeneous line broad-
ening AH), and frequency and temperature dependence of the
quality factor Q [8], are retrieved from the FWHM resonance
linewidth of the main resonance:

AH = AHy + 4maf/y+ AHp. 4)

The quality factor is defined as the ratio of resonance field
or frequency to the respective FWHM, i.e. Q = H,.s/AH or
O = fres/Af [10]. The third term on the right of equation (4)
causes, for in-plane resonances, a strong non-linearity with
the excitation frequency and describes the line broadening of
uniform spin precession modes due to two-magnon scattering
[50-54] on defects [55-57]:

(fi‘es)z +f%/[ _flﬂl/l

N

with fiyy = yuoM;/27. The coefficient I' weighs the two-
magnon scattering contribution, which is for the investigated
samples between 0.5 and 2. While the choice of m does not
affect the frequency-field relation and related physical quant-
ities, it has a notable influence on the linewidth of the main
resonance. Its quality factor is 20% smaller for single-peak
fitting compared with multi-peak fitting (m = 3). Moreover,
linewidths retrieved from single-peak fits exhibit a pronounced
non-linearity, which is strongly suppressed in case of multi-
peak fitting. A clear two-magnon scattering contribution is
only observed at 300 and 370 K (figure 3(c)). The partial
destructive interference of the superimposed power absorp-
tion derivatives for low excitation frequencies prevents proper
fitting of the low-temperature linewidth and determination of
non-linear contributions. This cancelation is evident from the
integrated power absorption derivative | ]%MH, i.e. power
absorption due to ferromagnetic resonance (figure 3(d)). It
significantly broadens the linewidth (figure 3(c)) and, by
extension, reduces the quality factor (figure 3(e)) at low fre-
quencies and small bias fields. This has direct implications
to the magnitude and uncertainty of the Gilbert damping.
Hence, to accurately quantify the magnetic properties of indi-
vidual single-crystalline regions, it is imperative to extrapolate
linewidth and quality factor based on the frequency/magnetic
field dependence of main and minor ferromagnetic resonances
over a large range, e.g. 2-40 GHz. Aside from the discussed
low-frequency deviations, the power absorption remains con-
stant independent of the temperature up to 30 GHz and slightly
declines for larger excitation frequencies (figure 3(d)). The dip
around 18 GHz is due to the coplanar waveguide transmission
amplitude and appears in all spectra.

AHp =T'sin™! (5)

4. Thickness dependence of ferromagnetic
resonances

Although the film thickness changes by merely a factor of 3
from (41.49+0.08) nm to (129.63+£0.11) nm, the trilayer
films reveal a peak absorption signal that is 20 times lar-
ger for both in-plane and out-of-plane geometry than those
observed in monolayers (figures 4(a) and (b)). Similar to
the monolayer films, the power absorption for in-plane res-
onances is temperature- and nearly frequency-independent
(figure 4(d)). For out-of-plane geometry, the ferromagnetic
resonance intensity decreases with increasing frequency and
matches the in-plane values near 10 GHz. Even at its low-
est point, the sensitivity is larger than in monolayer films at
any resonance frequency. The ferromagnetic resonances for
in-plane geometry are with respect to the monolayer films
shifted toward smaller dc bias field indicating a larger satur-
ation magnetization (figure 4(c)). The improved crystal struc-
ture requires only double-peak fitting (m = 2) yielding a nearly
linear increase of the linewidth with frequency for both high
and low temperatures (figure 4(e)). Overall, the resonances
are narrower and the high-temperature quality factor linearly
increases with resonance frequency exceeding 600 for 40 GHz
and T 2 300 K (figure 4(e)). At 100 K and high excitation fre-
quencies, the quality factor settles in at 200; low-frequency
spectra exhibit a broadened linewidth due to partial destruct-
ive interference, discussed above. Aside from 100 K, all in-
plane quality factors exhibit the same temperature dependence
in the entire frequency range Q(f,7) = 1.5 - [T/(1 K) + 100] -
0O(f)/0(40 GHz). The 100 K data are well described for res-
onance frequencies below 10 GHz owing to the two-magnon
scattering contributions. Remarkably, the absorption peak
intensity of out-of-plane resonances is even larger than those
of the in-plane geometry because of a significantly smaller
linewidth that is temperature-independent and, for frequencies
2 20 GHz, frequency-independent (figure 4(f)). This leads to
an unprecedented quality factor exceeding 1000 at 40 GHz
for operation temperatures between 200 and 370 K in spite
of changing saturation magnetization and resonance field.

To augment these experimental data and explore the
maximal quality factor possible at a reasonable resonance
intensity, we performed micromagnetic simulations using
Boris Computational Spintronics [58] and the Landau-—
Lifshitz-Gilbert formalism at 0 K on an NVIDIA Quadro
RTX 8000. The materials parameters were chosen accord-
ing to the room-temperature experimental data for trilayer
films (figure 6): perpendicular magnetic anisotropy K| =
—568 Jm™3 (in-plane), and M, = 136 kKAm~', a=0.0005,
and 7=0.222 MHz(Am~'")~! and Heisenberg exchange
J=3.7 pJm~! [26]. All films are modeled as a rectangu-
lar film (I pmx1 pumxt) with periodic boundary condi-
tions along x and y axes and film thickness = 10,60, 130
and 200 nm. The mesh discretization along all three direc-
tions is at least half the magneto-static exchange length, i.e.

17/A/(310M?) ~ 9 nm. The ferromagnetic resonance spec-

tra are obtained as the Fourier transform of the temporal evolu-
tion of the x-component of the magnetization following a pulse
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Figure 4. Ferromagnetic resonances in YIG trilayers obtained in
in-plane and out-of-plane geometry. (a) In-plane and (b) out-of-
plane ferromagnetic resonance spectra taken at 300 K consisting of
two nearby resonances highlighted by vertical lines (reddish line
refers to main resonance). (c) Dependence of the main
ferromagnetic resonance frequency on applied bias field in in-plane
and out-of-plane geometry with the same gyromagnetic ratio
v=0.222 MHz (Am™ H=1 (@) Integrated power absorption
derivative for out-of-plane resonances highlighting decrease with
resonance frequency. Black curve shows in-plane representative.
(e), (f) Full width at half maximum and quality factor of main
resonance in the presence of an (e) in-plane and (f) out-of-plane
magnetic bias field. The quality factor at low temperatures is
particularly enhanced in out-of-plane geometry approaching the 0 K
value determined by micromagnetic simulations.

excitation sinc{2nf.(t —t;/2)} kKAm~!. The pulse is applied
along x and perpendicular to the dc magnetic field (y for in-
plane, z for out-of-plane). A simulation time # = 100 ns and a
cutoff frequency f. =400 GHz are used to provide sufficient
temporal and frequency resolution. Informed by the experi-
mental data, the dc magnetic field is varied from S0 kAm~" to
1500 kA m~! in steps of 25 kA m~"'. The linewidth of out-of-
plane low-frequency/small-field resonances is enlarged in both
numerical and experimental data. This suggests that superim-
position of multiple resonances can occur even in perfect crys-
tals without grain boundaries and defects. The modeled qual-
ity factor Q = fi.s/ Af for out-of-plane resonances, expressed
in terms of driving frequency, is film thickness-independent
and, for high frequencies, frequency-independent (figure 4(f)).
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Figure 5. Comparison of ferromagnetic resonances in seven-layer
films in the presence of in-plane and out-of-plane magnetic bias
fields. (a) In-plane and (b) out-of-plane ferromagnetic resonance
spectra taken at 300 K revealing broad distribution of resonance
fields (polycrystallinity) and discrete field values, respectively. All
frequency-field relations exhibit the same gyromagnetic ratio
~+=0.222 MHz (A m~!)~!. Resonance fields are highlighted by
vertical lines (reddish line indicates main resonance).

(c) Dependence of the main resonance on magnetic bias field in
in-plane and out-of-plane geometry. (d) Atomic force microscopy of
frequently observed YIG grains that are likely the cause for the
second high-field resonance in (b). (¢) Full width at half maximum
and (f) quality factor of main resonance showing significant
enhancement in out-of-plane geometry owing to narrower and
stronger absorption (a), (b).

While the experimental and numerical quality factors match at
40 GHz (=1000), the linear increase of the experimental data
with resonance frequency suggests the potential to outperform
the modeled films at higher frequencies.

The polycrystalline structure of seven-layer films
(figure 1(c)) yields a vast number of close localized resonances
[57] that merge into one broad in-plane resonance (figure 5(a)).
In contrast, triple-peak fitting (m = 3) is needed to properly
capture the out-of-plane spectra (figure 5(b)) where uniform
spin precessions can dephase without affecting those in adja-
cent regions. Aside from percolation, decoration, and tex-
turing (figures 1(a) and (c)), the seven-layer films contain
YIG islands in the form of pyramids with lateral expansions
(500 x 750) nm? and height >100 nm (figure 5(d)). The cor-
responding demagnetization factors of these embedded nano-
structures are spatially dependent due to their curved shape
and could vary by up to 200% (~ 10 kAm™") [40], which
is comparable with the magnetocrystalline anisotropy fields,
causing a relation between ferromagnetic resonance and mag-
netic bias field that is distinct from continuous thin films.
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This coexistence could explain the discrete set of out-of-plane
resonances (figure 5(b)). The shoulder on the left side of the
main resonance (smaller fields) is assigned to higher-order
spin precession modes, including perpendicular standing spin
wave resonances. In contrast to monolayer and trilayer films
that exhibit small prominent resonances (figure 4(b)), the
inhomogeneity and polycrystallinity of the seven-layer films
give rise to a featureless shoulder that prevents a quantifica-
tion of the exchange stiffness. The linewidth for in-plane and
out-of-plane resonances are virtually frequency-independent
for any temperature. In-plane resonances at low temperature
reveal a larger inhomogeneous line broadening (offset) and an
increased linewidth at low frequencies (figure 5(e)). The latter
is likely due to partial destructive interference. The resulting
quality factors increase linearly with the resonance frequency
(figure 5(1)).

A quantitative comparison between monolayer, trilayer,
and seven-layer films is given in figure 6. To illustrate the
change in resonance amplitude, width, and shape, the power
absorption derivatives at ~10 GHz are plotted around their
main resonance field for 300 K and in-plane and out-of-plane
geometry (figure 6(a)). The experimental frequency-field rela-
tions are overlaid with numerical simulations revealing excel-
lent agreement (figure 6(b)). Quantifying physical quantities,
such as saturation magnetization, spin damping, inhomogen-
eous line broadening, and perpendicular and in-plane aniso-
tropy, demonstrates superior materials properties of the tri-
layer films. This confirms the leading role of crystallographic
order instead of film thickness, which is corroborated by
micromagnetic simulations. The room-temperature value for
the saturation magnetization of trilayer films (136 kAm™")
(figure 6(c)), extracted using equations (2) and (3), is identical
with the bulk value for YIG (140 kAm™"') and films grown
by liquid phase epitaxy [26, 27], pulsed laser deposition [19,
28, 31], and off-axis sputtering [35, 38, 59]. The saturation
magnetization increases linearly with decreasing temperature
in the temperature range (200 ~ 370) K. Seven-layer films
have expectedly a significantly smaller saturation magnet-
ization. Surprisingly, the monolayers reach a magnetization
of 140 kAm~! only at 200 K. In contrast to trilayer and
seven-layer films, the YIG monolayers unveil the same quality
factor and linewidth for in-plane and out-of-plane resonances
(figure 6(d)). The extracted inhomogeneous line broadening
and Gilbert damping show a clear distinction between mono-
layer, trilayer, and seven-layer films (figure 6(e)). The large
experimental uncertainty of the 200 K data for monolayers
stems from the existence of multiple resonances that destruct-
ively interfere at low temperature preventing a differentiation
by fitting (figure 3(c)). The given values are estimates obtained
from the high-frequency regime with an inherently large
fitting error. The perpendicular magnetic anisotropy of all
samples (K (300 K) ~ —600 Jm~3) (figure 6(f)) resembles
the first-order cubic (in-plane easy-plane) anisotropy constant
of YIG single-crystals K = —610 I m~3 [32, 60] and increases
with decreasing temperature as the magnetocrystalline aniso-
tropy increases ten-fold from 370 to 100 K [61]. The largest
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Figure 6. Materials parameters for monolayer, trilayer, and
seven-layer films extracted from ferromagnetic resonance
spectroscopy. (a) Spectra shifted around resonance field displaying
shape, width, and magnitude differences of ferromagnetic
resonances driven at ~210 GHz and 300 K. (b) Corresponding
frequency-field relations at 300 K with overlaid simulated values
demonstrating leading role of structural/chemical order.

(c) Saturation magnetization, (d) quality factor (300 K), and

(e) inhomogeneous line broadening and Gilbert damping for
in-plane resonances divulging superior properties of trilayer
nanofilms. The large uncertainty of the Gilbert damping for
monolayers at 200 K originates from the destructive inference of
multiple resonances. (f) In-plane and out-of-plane magnetic
anisotropy corroborating weak crystallographic anisotropy with a
preferential in-plane easy-plane spin orientation. Solid and
dash-dotted curves in (a), (b), and (d) refer to data obtained for
in-plane and out-of-plane geometry, respectively.

deviation is observed for the seven-layer films, which pos-
sess similar in-plane and out-of-plane anisotropy values con-
sistent with a cubic anisotropy. The in-plane anisotropy of
monolayer and trilayer films is significantly smaller and
is directly correlated with the inhomogeneous line broad-
ening. For trilayers, the latter is <1 kAm~'. Both Landé
factor and gyromagnetic ratio are the same in all samples,
at all temperatures, and both geometries indicating the same
crystal cubic symmetry and spin—orbit coupling in in-plane
and normal direction that does not change in the investig-
ated temperature range. The non-vanishing anisotropy energy
at 300 K is consistent with MOKE magnetometry that
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unveiled slanted hysteresis flanks for trilayer and seven-layer
films.

In conclusion, the YIG nanofilms synthesized by metal-
organic decomposition epitaxy are soft-magnetic, low-spin-
damping materials that can function as ferromagnetic resonat-
ors up to 40 GHz in both in-plane and out-of-plane geometry.
Each deposited layer is roughly 40 nm thick yielding (41.5 &+
0.1) nm-thick monolayers, (129.6 +0.1) nm-thick trilayers,
and (280.0 £ 0.1) nm-thick seven-layer films. The saturation
magnetization and magnetocrystalline anisotropy coincide
with values for single-crystals and epitaxial films grown by
liquid phase epitaxy, pulsed laser deposition, and sputtering.
While the quality factor for in-plane resonances shows a tem-
perature dependence due to two-magnon scattering, the out-of-
plane quality factor is virtually temperature-independent and
approaches 1000 at 40 GHz. The investigated YIG films pos-
sess a 100 times larger quality factor compared with commer-
cial devices based on CMOS voltage-controlled oscillators.
This is equivalent to a 40 dB phase noise advantage for any
realistic operation and/or outdoor temperature, e.g. (—75 ~
100) °C, at comparable production costs. With respect to
films grown by liquid phase epitaxy, pulsed laser deposition,
and off-axis sputtering, the YIG nanofilms exhibit a slightly
smaller quality factor with the advantage of relying on a
scalable low-cost fabrication process suitable to synthesize
submicrometer-thick films. The inhomogeneous line broaden-
ing and, hence, quality factor can be further enhanced using
more expensive GGG(111) substrates with superior crystallo-
graphic order [41]. It is also possible to refine the synthesis
procedure for thick film growth by lowering the annealing tem-
perature to suppress texturing and percolation and increase the
quality factor. The resonance frequency, currently defined by
film thickness, can be tuned by an external magnetic bias field,
temperature, nanostructuring, or crystalline order. In reference
to microelectronics applications, the fine tuning of resonance
frequency can be accomplished using a Peltier element for
temperature control of the saturation magnetization.
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