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Yttrium iron garnet (YsFesO12, YIG) has a unique combination of low magnetic damping, high spin wave conductivity,
and insulating properties that make it a highly attractive material for a variety of applications in the fields of magnetics
and spintronics. While the room temperature magnetization dynamics of YIG have been extensively studied, there are
limited reports correlating the low temperature magnetization dynamics to the material structure or growth method.
Here we investigate liquid phase epitaxy grown YIG films and their magnetization dynamics at temperatures down to
10 K. We show there is negligible increase in the ferromagnetic resonance linewidth down to 10 K which is unique
when compared with YIG films grown by other deposition methods. From the broadband ferromagnetic resonance
measurements, polarized neutron reflectivity, and scanning transmission electron microscopy, we conclude these
liquid phase epitaxy grown films have negligible rare-earth impurities present, specifically the suppression of Gd-
diffusion from the Gds;GasO1, substrate into the Y3FesO1, film, and therefore negligible magnetic losses attributed to
the slow relaxation mechanism. Overall, liquid phase epitaxy YIG films have a YIG/GGG interface that is 5 times
sharper and have 10 times lower ferromagnetic resonance linewidths below 50 K than comparable YIG films by other
deposition methods. Thus, liquid phase epitaxy grown YIG films are ideal for low temperature
experiments/applications that require low magnetic losses, such as quantum transduction and manipulation via

magnon coupling.



[. INTRODUCTION

Yttrium iron garnet (Y3FesO1z, also known as Y1G) has received a lot of attention in the magnetics and spintronics
communities due to its low magnetic damping parameter and high magnon/spin wave conductivity at room
temperature.’® The intrinsic magnetic damping parameter is as low as a =~ 3 x 107°45 while the lowest reported
magnetic damping parameter to date for thin films is o= 5.2 x 107°.% The low magnetic damping in Y1G enables long
spin wave decay lengths in excess of 100 um.”® In addition to the low magnetic damping parameter and high
magnon/spin wave conductivity, YIG is of interest with respect to its spin-current related behavior. Namely,
magnetization excitations in YIG films can inject a pure spin current into adjacent nonmagnetic metal through spin
pumping or the spin Seebeck effect.®1% Additionally, injected charge current in a nonmagnetic metal can be converted
to spin current through spin orbit coupling and subsequent applied spin-torque on the adjacent YIG.! Therefore, there
is extensive research focused on the magnetization dynamics in YIG/Pt bilayer structures via spin pumping, spin

torque, and laser-driven excitations.'?

Thin film YIG has been grown with a variety of deposition methods including pulsed laser deposition,*8-2°
magnetron sputtering,®2* molecular beam epitaxy,?>% and liquid phase epitaxy (LPE).?*?> Scalability is essential for
commercial integration of YIG, therefore magnetron sputtering and LPE?® are two viable deposition approaches of
particular importance. A key challenge for commercial YI1G integration is the lattice-matching requirement for epitaxy.
Most YIG films must be grown on GdsGasO1, (GGG) since GGG has the same garnet structure as Y1G with a lattice
constant of 12.383 A.2"-2 Additionally, in the (111) orientation there is only a 0.06% in-plane lattice mismatch between
Y1G and GGG. While the GGG substrate allows for heteroepitaxial growth of YIG films, the GGG substrate can serve
as a source of contamination in the YIG films. Polarized neutron reflectivity studies on YIG/GGG revealed there is
selective Gd diffusion from the GGG substrate into the YIG film which locally suppresses the magnetization, leading
to a ~5 nm magnetic dead layer.3%-%2 Magnetic dead layers in YIG films can also form from selective Ga diffusion into
the YIG film.% Another source of contamination in YIG films is from the pulsed laser deposition or sputtering target
material impurities. For example, a Y203 target with 99.99% purity can contain Dy atoms at a concentration of 5x10°
534 Rare-earth impurities are known to serve as an additional loss mechanism in YIG films at low temperatures, known
as the slow-relaxation phenomenon.®%3 The relaxation depends on the exchange coupling between spins of the Fe-
sites and the impurity elements present as well as the coupling of the impurity spins to the lattice.®® While
magnetization dynamics of thin film YIG have been extensively studied at room temperature, there are limited
temperature dependent studies. Many studies on YIG films, both undoped and intentionally doped with rare-earth

elements, report signatures of slow-relaxation due to the presence of rare-earth dopants and/or impurities.?:33:3537

The low temperature performance of magnetic insulators is critical for applications related to quantum
transduction. The coherent interaction between phonons, photons, spin-wave modes, and qubits can enable complex
hybrid systems.®*4° Such proposed quantum transduction platforms require low temperatures to mitigate acoustic
losses, and to reduce thermal noise that may lead qubits to decohere. An advantage of utilizing YIG in such a hybrid

quantum system is that the low magnetic losses can enhance the cooperativity and strength of coupling for these



hybridized modes.3® However, if the YIG suffers significantly from the slow-relaxation phenomenon at the operation
temperatures of interest, this can greatly increase the loss rate of the system due to the increased magnetic losses.
Thus, the YIG films need to have minimal contributions to magnetic loss due to rare-earth impurities. Here we report
LPE grown YIG films with minimal rare-earth impurity contributions compared with other state-of-the-art YIG thin
films. We show there is a negligible increase in ferromagnetic resonance linewidth down to 10 K, which to our
knowledge, is the only YIG film reported in literature with such low magnetic loss at these low temperatures. We
substantiate our film quality with additional characterization, i.e., X-ray diffraction (XRD), polarized neutron
reflectivity (PNR), and scanning transmission electron microscopy (STEM), which indicate there is suppressed Gd
diffusion across the YIG/GGG interface unlike other comparable films.

II. RESULTS AND DISCUSSION

The YIG films were grown by LPE at INNOVENT in Jena, Germany, on GGG (111) substrates from a PbO-
B,0s-based high-temperature at about 800°C via the standard isothermal dipping technique. 2*** The purity of the
Y203 source material was 99.999% (referenced with respect to the total amount of rare-earth oxides). The epi-ready
GGG substrates purchased from Luxium Solutions in clean room packing were placed in the substrate holder prior to
growth and immediately transferred into the furnace to keep them free of contamination. For further details on the
liquid phase epitaxy deposition of YIG on GGG (111) we refer to Ref. 24.2* The X-ray reflectivity (XRR)
characterization was performed on a Rigaku SmartLab Diffractometer with a CuKa source and the X-ray diffraction
(XRD) characterization was performed on a Bruker D8 Discover Diffractometer with a CuKa source. The thicknesses
of the films explored here were determined to be approximately 48 nm (used for magnetic measurements) and 50 nm

(used for PNR and STEM) via XRR measurements with an average root mean square roughness of ~ 0.32 nm. The
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FIG 1. (a) X-ray reflectivity data and model fit for YIG/GGG. (b) X-ray diffraction spectra of YIG/GGG at the (444)
Bragg reflection. (c¢) X-ray diffraction spectra of YIG/GGG at the (888) Bragg reflection. Both (b) and (c) show
pronounced Laue oscillations and the reflections of the film and substrate are perfectly superimposed with no
resolvable lattice misfit.



representative raw data and model for the XRR measurement is provided in Figure 1(a). The XRD pattern is provided
in Figure 1(b). We observe in these (111)-oriented films pronounced Laue oscillations at the (444) and the (888) Bragg
reflections. The Laue oscillations are caused by the phase difference between the X-rays reflected from the sample
surface and those reflected at the interface with the substrate. They only occur in the case of highly uniform, single-
crystalline ordered films with smooth interfaces. The overlap of the (444) and (888) reflections seems to be perfect,
as the YIG and GGG peaks cannot be separated from each other. Therefore, these results indicate that the YIG film
grew perfect lattice-matched on the GGG substrate. From the (444)-peak and the (888)-peak position we find that the
average out-of-plane spacing between adjacent YIG (111) planes is 7.135 A, and assuming the cubic garnet structure
that the a-lattice constant is 12.358 A which is quite close to the YIG bulk a-lattice constant of 12.376 A.
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FIG 2. Displayed are the model profile for nuclear (pn), imaginary part of the nuclear (pn,i), and magnetic (pm) scattering length
density for measurements taken at (a) 300 K, and (d) 100K, the Fresnel reflectivity plots for spin-up and spin-down neutrons along
with their model fit for measurements taken at (b) 300 K, and (e) 100 K, and the spin-asymmetry along with the model fit for
measurements taken at (c) 300 K, and (f) 100 K. Error bars represent +1 standard deviation.

To further characterize the structural and magnetic quality of the LPE grown YIG/GGG, we performed PNR
using the Magnetism Reflectometer at the Spallation Neutron Source at Oak Ridge National Laboratory.*>*® PNR is
sensitive to the depth profiles of the nuclear (pn) and magnetic (pm) scattering length densities (SLDs) of the
heterostructure. The nuclear SLD is determined by the density and composition of the scattering material, while the
magnetic SLD is determined by the net in-plane magnetization. Simultaneous depth-resolved information (resolution
of 0.5 nm) about the heterostructure composition, density, and magnetization can therefore be obtained by fitting the

PNR data, making it an ideal technigue for obtaining information about the YIG film and the YIG/GGG interface.



Measurements were conducted in a closed cycle refrigerator equipped with an electromagnet. For these measurements,
the samples were saturated in a field of 0.5 T, far exceeding the saturation field of the sample of < 0.5 mT. For the
PNR measurement, a spin polarized neutron beam was incident on the sample, while a spin flipper was used to select
the incoming neutron spin state so that measurements could be performed with both spin-up and spin-down neutrons.
The spin-dependent neutron reflectivity spectra, R+ (neutron spin parallel) and R— (neutron spin antiparallel to the
direction of the external magnetic field), were measured as a function of the wavevector transfer vector, Q = 4xsin(6)/4,
along the direction normal to the film surface. The measurements were collected at 300 K first, and then the sample
was field cooled at 0.5 T down to 100 K where the second measurement was performed. The sample size was 8 mm
x 8 mm for the PNR measurements in an effort to reduce the neutron count time required for the high-Q measurements.
The reflectivity data was fit using the Refl1d software package as shown in Figure 2. From the model fit we obtained
the nuclear and magnetic SLDs as a function of the distance from the substrate. Initially, our model consisted of a
GGG substrate, an additional layer at the interface, and the YIG film, which is the model obtained by other PNR
studies on YIG/GGG by Mitra et al and Cooper et al. 33! However, comparison with a simpler two-layer model,
consisting of just the GGG substrate and the YIG film, revealed that the additional interfacial layer did not significantly
improve the fit for these samples. This is in stark contrast to previous reports in the literature on sputtered YIG films,
which strictly require the inclusion of a chemically and magnetically distinct interfacial layer to achieve a good fit.
30,31 The distinction between our model and that of the models in literature obtained for sputtered Y1G/GGG is that
our nuclear and magnetic SLD profile exhibits a sharp transition across the Y1G/GGG interface at both 100 K and 300
K, as shown in Figure 2(d). Previous results on sputtered YIG/GGG report a negative magnetic scattering length
density across the YIG/GGG interface indicative of Gd diffusion and antiparallel Gd moment ordering with respect to
the YIG moment below 150 K, and significant magnetically dead layers above this temperature. *° From our PNR
measurement we can conclude that the LPE grown YIG film on GGG has an abrupt interface without any significant
Gd diffusion or magnetization suppression and therefore the LPE YIG/GGG interface is superior to sputtered films.
Additionally, we can calculate the in-plane magnetization at saturation of the YIG film because the magnetic SLD,

pwm, IS related to the magnetization, M — the relation is given in Equation (1) and Equation (2).

- m
Pu = F5—7uB @
M = p,/(2.853 x 107° A2 m/kA) 2

In Equation (1) m is the moment, % is Planck’s constant, u is the neutron magnetic moment (—1.913x5.051x107%7
Joule/Tesla), and B is the magnetic field. Note that 1 cm3/emu = 1 m/kA. Based on Equation (2) the magnetization at
300 K is determined to be 1757 Gauss (1 kA/m = 4z Gauss), which is consistent with the usually reported saturation
magnetization of YIG/GGG films at 1750 Gauss.! At 100 K the YIG magnetization increases to 2458 Gauss. The
advantage of using PNR to extract the true magnetization value is that it is for the YIG film alone and is not convoluted

with the moment arising from the strongly paramagnetic GGG substrate.
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FIG 3. (a) HAADF-STEM representative image of the YIG/GGG interface. (b) EELS spectra across the YIG/GGG interface. The
arrows in (a) correspond to the atomic plane of each consecutive spectra in (b). (¢c) HAADF and EELS intensity profiles across
the YIG/GGG interface. Note that the Y signal comes from the Y L-edge at ~2080 eV. The HAADF intensity is provided in the
gray trace, the Gd in the pink trace, Ga in the blue trace, Y in the green trace, and Fe in the gold trace.

We performed high angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) to
confirm the interfacial sharpness of the YIG/GGG interface that was inferred through the PNR measurement and
modeling. The cross-sectional STEM specimen was prepared with the standard focused ion beam (FIB) lift-out
method, using a Thermo Fisher Scientific (TFS) Helios G4 X FIB, with final thinning performed at 2 kV. HAADF-
STEM and electron energy loss spectroscopy (EELS) measurements were obtained using an aberration-corrected TFS
Titan Themis 300 X-FEG, equipped with a Gatan GIF Tridiem energy filter. The microscope was operated at 300 kV,
with < 100 pA beam current, and a convergence semi-angle of 30 mrad. The HAADF-STEM images of the interface
observed along the [112]-type axis reveal a sharp transition of the intensity from the GGG substrate across to the YIG
film as previously shown by Dubs et al. for an 11 nm thin LPE YIG layer;?* a representative image is shown in Figure
3(a) and this sharp interface is observed throughout the entire sample. Note for the HAADF image in Figure 3(a), a
stack of 20 images was collected, aligned, and summed. In the HAADF-STEM imaging mode the contrast scales with
the atomic number, Z, of the material, where the most significant Z-contrast is between the Y and Gd sites. Therefore,
inspection of this image provides reliable qualitative evidence that the YIG/GGG interface is sharp with limited Gd
diffusion relative to reported observations in equivalent sputtered films (typical to have 5 nm-10 nm wide
interdiffusion regions at the sputtered Y1G/GGG interface).3%3! The EELS measurement provides further confirmation
that the Gd remains tightly confined within the GGG substrate. The EELS data in Figures 3(b) and 3(c) were taken
from a 2D spectrum image. The data was summed parallel to the interface over 14 nm to improve the signal-to-noise
ratio. A power-law background subtraction was performed, as implemented in Gatan Digital Micrograph. For Figure
3(b) the extracted EELS spectra show the Fe L-edge, the Ga L-edge, and the Gd M-edge. As marked with the colored

arrows in Figure 3(a), the spectra are spaced 0.35 nm apart, therefore we can map the chemistry of each (222) plane



across the interface. There are a few atomic planes that show the coexistence of Fe and Gd, however the Gd signal
decays rapidly within the YIG film. Shown in Figure 3(c) are the EELS line profiles for Fe, Y, Gd, and Ga, as well as
a HAADF line profile across the interface. For all the signals, the normalized signal intensity falls from 0.9 to 0.1
within a 1.2 nm distance, hence, the measured interface thickness is =1.2 nm. However, given the specimen chemistry
and thickness, ~0.5 nm of signal delocalization is expected.*! Thus, the true interface thickness is likely < 1 nm. This
interface thickness is consistent with the previously obtained transition width of 1.9 nm + 0.4 nm for 11 nm thin LPE
Y1G.2% This value is considerably lower than those found in sputtered films, which show interfacial regions on the
order of 5 — 10 nm. To estimate the Gd composition across the interface we analyze the intensity of the Gd Ms peak
after background subtraction. By assuming that the GGG substrate is stoichiometric (with a Gd concentration of 15
atomic %), we convert the measured Gd peak intensities to Gd atomic % for EELS measurements across the interface.
For the spectra shown in Figure 3(b), the estimated layer-resolved Gd compositions in atomic % are: (starting in the
GGG substrate and moving into the YIG film) 15.1, 15.0, 14.9, 14.4, 11.6, 5.8, 2.2, 1.0, 0.6, < 0.2, < 0.2, with an
estimated measurement uncertainty of 0.2 atomic %. The exceptionally sharp interface with minimal Gd interdiffusion
explains the absence of a magnetic dead layer, as determined from PNR. A zoomed-out image highlighting the
uniformity of the YIG film and the YIG/GGG interface is provided in the Supplemental Material (S1). See
Supplemental Material for additional the STEM image.*

To understand how the sharper interface influences the temperature dependent magnetization dynamics, we
measured the ferromagnetic resonance (FMR) response using a broadband coplanar waveguide with a flipped-chip
configuration installed in a physical property measurement system with a He cooling capability. Magnetic field sweep
FMR measurements yielded a differential absorption spectrum at each frequency (f) and here we focused on the
derivative peak corresponding to the main resonance uniform mode. The frequency used in the FMR measurement
varied from 3 GHz to 12 GHz, and the sample temperature ranged from 10 K to 300 K. The FMR spectra and data fits
(Gilbert damping and Kittel) are provided in the Supplemental Material (S2-S7).** The effective in-plane
magnetization and gyromagnetic ratio was extracted from the FMR data using the Kittel equation provided in Equation

(3), where Hges is the resonance field, y is the gyromagnetic ratio and 4M, ¢ is the effective in-plane magnetization.

f= |V/27T|\/HRES(HRES + 4TMerr) 3)



In Figure 4(a) the extracted in-plane magnetization is plotted as a function of temperature for the YIG/GGG.
Additionally, Figure 4(a) includes the magnetization values extracted from the PNR data using Equation (1). The data
was fit on the basis of the traditional Bloch T%? law, which describes the temperature dependence of the magnetization
for materials with spontaneous magnetic ordering. We conclude that there is no significant magnetization suppression
at the YIG/GGG interface since the magnetization versus temperature data follows the Bloch law dependence. We
cannot comment on the Curie temperature, because we have only probed the effective magnetization from the FMR
measurement, which includes the anisotropy field contribution not determined here since we can only access an in-
plane orientation here.*>#6 In Figure 4(b) the extracted gyromagnetic ratio is plotted as a function of temperature for
the YIG/GGG. The gyromagnetic ratio is typically assumed to be 28 GHz/T for magnetic materials. Here we see a
slight temperature dependence in the gyromagnetic ratio with an approximate 0.2 GHz/T decrease from room
temperature to 10 K in contrast to the trend found in bulk Y1G.*” The Gilbert damping constant was extracted from a
linear fit to AH/Af as a function of frequency using the relation provided in Equation (4), where AHgpy yp 1S the
uniform mode linewidth, AH, is the inhomogeneous linewidth broadening, and y is the gyromagnetic ratio (extracted

from Kittel equation).*®

2na
AHFWHM = AHO + 7

(4)
In Figure 4(c) and (d) the extracted damping parameter and inhomogeneous linewidth broadening are shown

respectively. The damping parameter increases as a function of decreasing temperature with a peak damping parameter

at ~25 K. In contrast, Haidar et al reported that the damping parameter decreases with decreasing temperatures for

pulsed laser deposited YIG films.3* However, the films in Haidar et al have an order of magnitude higher damping
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FIG 4. (a) The extracted in-plane magnetization is plotted as a function of temperature for the YIG/GGG. The orange line is the
fitting to the Bloch Law of M(T)=M(0)[1 —(T/Tc) %], assuming Tc is 560 K. (b) The extracted gyromagnetic ratio is plotted as a
function of temperature for the YIG/GGG. (c) The calculated Gilbert damping parameter is plotted as a function of temperature.
The shaded region represents the 95% confidence interval. (d) The calculated inhomogeneous linewidth is plotted as a function
of temperature. The shaded region represents the 95% confidence interval. Note that 1 Oe = 1E3/(4w) A/m.



compared to best-in-class LPE YIG films, and below 10 K the damping values are three times higher than LPE YIG
films. Therefore, the behavior cannot be directly compared since subtle effects may be masked by the large damping

reported in Haidar et al.®*

To understand how the sharper interface influences the FMR linewidth versus temperature trend we collected
differential absorption spectrum at a set frequency (8 GHz and 12 GHz) and performed a magnetic field sweep at
multiple temperatures, such that the data was collected with a finer step size at lower temperature. The temperature
dependent magnetic losses are shown in Figure 5(a). The temperature dependent FMR revealed there are additional
relaxation channels (not consistent with intrinsic gilbert-like damping of the Y1G) in the LPE-grown YIG films evident
by the increase in the FMR linewidth at low temperatures in Figure 5(a). There are several explanations for the
increased FMR linewidth at low temperature in the films. One possibility is the influence of a spin ice state in the
GGG substrate due to the hyperkagome lattice configuration of the Gd-ions.*® However, the spin-glass transition
temperature is Tq = 0.14 K and the spin-liquid state exists at approximately T = 0.175 K,%%! both of which are far
below the relevant temperature regimes measured here. Another possibility is the dipolar coupling of the YIG spin

waves to the spin system of the paramagnetic GGG substrate.>>>* This coupling is proportional to 1/T,% while our
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data show (in Figure 5) a maximum below 50 K (peak-like dependence) in the FMR linewidth temperature
dependence. We therefore conclude that the dominant origin is either fast or slow relaxing impurities.*557 If there are
rare-earth impurities with large orbital momentum in the YIG film, then their exchange coupling with the iron ions
introduces an additional relaxation channel into the system. There are fast and slow relaxing impurities, however most
impurities have been experimentally determined to be slow relaxors.* For fast relaxing impurities the characteristic
temperature, Tcy, is independent of frequency.5® In contrast, for slow relaxing impurities the characteristic
temperature, Tcn, increases with increasing resonance frequency.*”*® We distinguish between these two options by
examining that Tcw might change with frequency. For the 8 GHz frequency the FMR linewidth decreases with
decreasing temperature until ~75 K, then there is a Tcn peak in the FMR linewidth at ~28 K (denoted by the blue line
in Figure 5(a)). For the 12 GHz frequency the FMR linewidth decreases with decreasing temperature until ~100 K,
then there is a Tcn peak in the FMR linewidth at ~42 K (denoted by the orange line in Figure 5(a)). Based on the
variation in the Tcn between 8 GHz and 12 GHz, we can conclude that there are FMR linewidth contributions present
at low temperature due to slowly relaxing impurities in the YIG film — similar results have been reported for YIG
spheres.*” Therefore, we can rule out the fast-relaxing Fe?* and Fe** ions as contaminants in the YIG films. It is likely
the rare-earth impurities come from contaminants from the source materials in the LPE process that may be below the
EELS limit of detections (EELS limit of detection claimed here is 0.2 at % for Gd and other lanthanide series
elements). We compared our experimental results for LPE grown YIG films with other results on YIG films reported
in literature, namely C.L. Jermain et al.,?' E. Shigematsu et al.,>® Y.T. Fangchiang et al., and T. Liu et al.°' — the
comparison is plotted in Figure 5(b). All these state-of-the-art YIG films display significant FMR linewidth increase
at cryogenic temperatures due to the presence of rare-earth impurities despite their desirable low magnetic damping
at room temperature.?%3%-6! Perhaps the most interesting observation is the magnitude of the peaked feature in the
linewidth. Specifically, the low-temperature peak in linewidth is negligible for the LPE Y1G when compared to other
state-of-the-art YIG films in literature, which show approximately an order of magnitude increase in the FMR
linewidth at low temperatures. It is likely that one possible source of the impurities in the films of namely C.L. Jermain
et al.,*" E. Shigematsu ef al.,® Y.T. Fangchiang et al.,* and T. Liu ef al,°' is from Gd-ion diffusion from the GGG
substrate into the YIG film. The Gd>" is a rare earth element with ionic radius of 1.05 A which is similar to Y>* with
ionic radius of 1.02 A, so that Gd*" may readily replace the Y** in the YIG lattice. Thus, in the YIG lattice the Gd*>"
substitutes for the Y**in the C-sites and orders antiparallel to the net moment in the YIG arising from the A- and D-
sites.®® It is possible that the Gd diffusion is the source of the significant linewidth increase observed at low
temperatures for the aforementioned films. The Gd diffusion may be related to the deposition method and
temperatures. As previously mentioned, Mitra et al and Cooper et al demonstrated that sputtered YIG suffers from
Gd-ion diffusion which influences the bulk magnetic properties at low temperature. 33! To confirm this hypothesis
further studies are required to investigate the low temperature FMR linewidth of sputtered and pulsed laser deposited
films as a function of thickness and with/without the use of diffusion buffer layers. The suppression of the Gd diffusion
in the LPE process may be due to the fundamental differences between this deposition approach and that of pulsed
laser deposition and sputtering. LPE growth occurs near equilibrium conditions, while for pulsed laser

deposition/sputtering the growth occurs under non-equilibrium conditions and involves atomic species with very high



kinetic energy. The equilibrium growth allows for the LPE films to be essentially defect-free, so they have little to no
grain boundaries or dislocations — this is consistent with our STEM images (see Supplemental information S1) and
with previous findings of near microstructural perfection in 11 nm thin LPE YIG.2*** While for the pulsed laser
deposited/sputtered films there may be a higher concentration of grain boundaries and dislocations that serve as
pathways facilitating impurity diffusion from the GGG substrate into the YIG films, thus promoting greater Gd
diffusion depths (interfacial regions on the order of 5 — 10 nm). Overall, our results revealed that LPE YIG films are
minimally affected by slowly relaxing impurities at low temperature likely arising from the suppressed Gd diffusion

across the YIG/GGG interface.

Ill. Conclusion

In summary we have studied LPE YIG films (~48 to 50 nm thickness) grown on GGG (111) substrates. From the
PNR, HAADF-STEM, and STEM-EELS characterization we determined that there is essentially a sharp interface
between the GGG substrate and the LPE YIG film with seemingly significant suppression of Gd-diffusion in the YIG
film (<1 nm). From the temperature dependent PNR and FMR we found that the temperature dependent magnetization
in-plane is consistent with Bloch’s law and does not suggest the emergence of a magnetic dead layer typically seen in
cases of Gd-ion diffusion across the YIG/GGG interface. 33 The temperature dependent FMR revealed there are
additional relaxation channels (not consistent with intrinsic gilbert-like damping of the YIG) in the LPE grown YIG
films. Since there is a frequency dependence to the impurity characteristic temperature, the relaxation channel was
determined to be due to slowly relaxing impurities. The rare earth impurities in the LPE YIG films are likely due to
the Y203 source material (99.999% purity) as it is near impossible to fully separate rare earth elements from one
another and purify them.®* While we do observe some contribution to the FMR linewidth at low temperatures due to
slowly relaxing impurities, the linewidth increase is insignificant when compared to other state-of-the-art YIG films
in literature, which show approximately an order of magnitude higher increase in the FMR linewidth at low
temperatures. We attribute the minor impact of slow relaxation in our LPE grown films to the lack of Gd diffusion
across the YIG/GGG interface and we believe that sputtered and pulsed laser deposited films suffer from Gd-ion
diffusion. Overall, our results revealed that LPE YIG films are impacted minimally by slowly relaxing impurities at
low temperature likely arising from the suppressed Gd-diffusion across the YIG/GGG interface. Therefore, these films
are well suited for cryogenic experiments/applications that require low magnetic losses, such as quantum transduction

and manipulation via magnon coupling.3%:40:62-64
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