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A B S T R A C T   

Remote epitaxial growth via a graphene interlayer and subsequent mechanical exfoliation of a free-standing 
membrane is a recently developed technique used to transfer complex oxide thin films onto non-native sub-
strates to form heterogeneously integrated structures for various device applications. One such oxide is Yttrium 
Iron Garnet (YIG), a material of choice for a wide range of magnetoelectric and spintronic devices owing to its 
ferromagnetism with high Curie temperature as well as high quality factor and low losses in microwave fre-
quencies. YIG is predominantly grown on lattice matched Gadolinium Gallium Garnet (GGG) substrates, but by 
utilizing the remote epitaxy technique, high quality YIG films can be transferred from GGG onto another sub-
strate such as piezoelectric Lithium Niobate (LN). Mechanical strain coupling between the layers and magne-
tostrictive nature of YIG would allow for the investigation of the interplay in YIG/LN structures leading to the 
design of novel frequency agile magneto-acoustic devices. In this study functional properties of a YIG film grown 
using PLD on graphene-coated GGG substrate were investigated and compared to traditional YIG on GGG. Both 
materials were characterized in terms of crystal structure, surface morphology, FMR and Gilbert damping, and 
Raman and XAS spectroscopy. It was found that YIG on graphene-coated GGG exhibits significantly higher 
microwave losses than standard YIG on GGG (FMR linewidth 30.9 vs 2.1 Oe at 10 GHz, and Gilbert damping 
coefficient 15.4 × 10-4 vs 3.4 × 10-4 respectively), which was attributed to increased concentration of Fe2+

cations in YIG/Graphene/GGG. While the damping is higher in these studied films compared to YIG grown 
directly on GGG, the resulting properties are still very favorable compared to many other competing materials 
which can be grown without the need for lattice matched substrates, such as metallic ferromagnets.   

1. Introduction 

Multiferroics are a class of materials simultaneously exhibiting more 
than one ferroic property, such as ferromagnetism, ferroelectricity or 
ferroelasticity. These materials present significant research interests due 
to realization of magnetoelectric (ME) coupling, which allows direct 
manipulation of electric polarization through applied magnetic field, or, 
conversely, control of material magnetization via electric field. Most 
prominently the ME coupling is observed in thin film multiferroic 
composites consisting of piezoelectric and magnetostrictive layers. In 
such structures magnetization and polarization are strain-mediated due 

to strong mechanical clamping at the interface, any change in lattice 
parameter in one phase translates into the other bridging their ferroic 
properties [1–4]. 

Research progress in the area of multiferroic composites has led to 
development of novel multifunctional devices that utilize efficient 
magnetoelectric coupling. Thin film structures based on piezoelectric 
ZnO, AlN, AlScN, PZN-PT or magnetostrictive Metglass, FeGaB, FeGaC, 
CoFeC [5–13] materials have been investigated for practical applica-
tions in devices such as ME antennas, sensors, energy harvesters, 
magnetoelectric random access memory, tunable RF components etc 
[14]. In microwave applications the ferromagnetic component of the ME 
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device often operates at resonance conditions. For example, in a tunable 
filter device, the resonance condition indicates which frequency is 
filtered or blocked from the frequency spectrum of the filter device. 
Quality factor (Q) of the resonance condition is governed by the mi-
crowave loss or FMR (ferromagnetic resonance) line width of the 
ferromagnetic thin film. Recently several reports have shown the 
effectiveness of acoustic excitation of resonance condition in these thin 
film magnetoelectric composites [15,16]. Our recent study on a variety 
of magnetic materials (i.e. FeCo, FeCoGd, FeGaB, FeCoSiB) via the 
acoustically driven FMR (ADFMR) showed that each of these materials 
displays its own ADFMR signature [17,18] and how these materials at-
tributes could lead to the design of next generation surface acoustic 
wave (SAW) based frequency agile magnetoacoustic filters. 

Ideally it is desired that the magnetic layer of the ME system has 
large magnetostriction constant, low coercivity, and narrow FMR line-
width. One of the materials with the lowest microwave damping is 
Yttrium Iron Garnett (YIG). Single crystalline YIG thin films have been 
extensively studied for potential application in spintronics, magnonics 
and related applications exploiting magnetization dynamics due to 
exceptionally narrow FMR linewidth, low Gilbert damping coefficient 
and strong magnetic properties [19–23]. Although the magnetostriction 
constant in YIG is relatively low (only 2–4 × 10-6 ppm) [24] it can still be 
very impactful to integrate ultra-high quality single crystalline YIG thin 
films in a magnetoelectric ADFMR device on a LiNbO3 (LN) platform 
similarly to the above mentioned FeCo-based system. The high Q reso-
nance in YIG films offers a unique ability for the design of frequency- 
notch or band-stop magneto-acoustic tunable devices. 

Complex oxide films such as garnets and ferrites are usually grown 
by various deposition techniques - liquid phase epitaxy [25], magnetron 
sputtering [26,27], pulsed laser deposition [22,28]. In order to produce 
high-quality crystalline films these traditional heteroepitaxy methods 
require a close match between film and substrate lattice constants. Ox-
ides grown on non-lattice matched substrates tend to have poor func-
tional properties, which limit the exploration of these films on device- 
friendly substrates. The substrate of choice for epitaxial YIG film 
growth is GdGa-garnet (GGG) due to its exceptionally close lattice 
constant match (difference less than 0.05%). On the other hand, 
attempting to deposit YIG directly onto piezoelectric LiNbO3 for ADFMR 
device fabrication will result in a poor quality film and thus poor 
functional properties [29]. Therefore a different solution is needed for 
the integration of YIG on lithium niobate without compromising its 
crystalline quality and low microwave damping. 

Recently a technique was shown to effectively transfer epitaxial 
quality complex oxide thin films on non-lattice matched substrates for 
magnetoelectric device applications. This technique utilizes remote 
epitaxial growth of the film of interest on its native substrate via a 
graphene interlayer and subsequent mechanical exfoliation of a free- 
standing single crystalline membrane [30–32]. The exfoliated mem-
branes can be used to build a stacked structure joining two materials 
with a large lattice mismatch or a unique property combination. 
Furthermore, being removed from a substrate, these artificial hetero-
structures become free from the substrate clamping effects which 
significantly limit piezoelectric or magnetostrictive properties of the 
constituent materials. 

Remote epitaxial growth of YIG on graphene-coated GGG substrate 
has been successfully attempted earlier and single crystal YIG mem-
branes with uniform out-of-plane orientation were demonstrated [31]. 
These are encouraging results and using the remote epitaxy technique 
opens up a possibility of high quality YIG film transfer onto LiNbO3 and 
fabrication of an ADFMR device. However, magnetic properties and 
microwave damping have not been evaluated for the remote epitaxial 
YIG. It is still unclear if the presence of graphene as an interlayer be-
tween YIG and GGG negatively affects the magnetic response in YIG, 
which may affect the overall ADFMR device performance after YIG 
exfoliation and transfer. 

The objective of our present work is to use this remote epitaxy 

method and develop the process to transfer YIG (and later NiZnAl- 
ferrite) thin films onto our LiNbO3-based ADFMR devices. As a first 
step, we have acquired graphene monolayer thin films on GGG sub-
strates and completed growth of epitaxial YIG films on GGG substrate 
with and without graphene monolayers. Subsequently we assessed the 
performance of both films to truly understand the effect of monolayer 
graphene on YIG films functional properties. Evaluation and comparison 
of FMR signatures, Gilbert damping, surface and crystalline quality, ion 
valence state balance between YIG films produced with and without the 
graphene interlayer are reported in this paper. 

2. Experimental 

YIG thin films were epitaxially grown on bilayer graphene-coated 
high quality GGG (111) substrates in a custom built ultra-high vac-
uum PLD system. Details on the graphene growth and transfer process 
can be found in work by Kim et al. [32]. The samples were placed into 
the PLD growth chamber via a load-lock under the base pressure of 10-7- 
10-8 Torr and heated to 775 ◦C at a rate of 20 ◦C/min using a contactless 
heater and temperature control based on the sensor reading at the back 
of the heated substrate holder. YIG growth was carried out using a λ =
248 nm excimer laser (Lambda Physik LPX 305i) at fluency ~ 2.7 J/cm2 

and 4 Hz pulse rate at a partial oxygen pressure of 100 mTorr. Laser 
power and pulse count were adjusted to obtain ~ 80 nm thick film. Prior 
to the deposition the 1-in diameter YIG target was pre-ablated for 2 min 
with a target to substrate distance of 6 cm. After the deposition the 
samples were cooled down to room temperature at 10 ◦C/min rate, 
removed from the PLD chamber and later annealed in oxygen at 875 ◦C 
for 1 h in a separate furnace. Additionally, another YIG sample was 
deposited on an identical graphene-coated GGG substrate at 875 ◦C but 
without any subsequent annealing. For each growth condition a control 
YIG sample was also prepared on bare (non-graphene coated) GGG 
substrate for property comparison. 

Crystal structure of the YIG films was characterized with high- 
resolution X-ray diffractometry on a PANalytical X’Pert PRO instru-
ment equipped with a Cu k-α radiation source, hybrid Ge(220) mono-
chromator and point scintillation detector. XRD scan range 2θ = 48 thru 
53◦ was selected to capture the film YIG (444) and substrate GGG (444) 
diffraction peaks. 

The FMR measurements were conducted with the samples placed 
face down on a broad band coplanar waveguide located in the middle of 
a scanning DC field electromagnet (GMW, model 3473-MRD). Sample 
was orientated in-plane with the applied magnetic field and exposed to 
excitation microwave signal at set frequencies up to 40 GHz (Keysight 
EXG analog signal generator, N5173B) superimposed with a weak low- 
frequency modulation AC field. The response (microwave power ab-
sorption rate) was detected with a lock-in amplifier (SRS, SR860) as a 
function of sweeping DC magnetic field. Each FMR signature was fit with 
a Lorentzian peak derivative function to extract the resonance field HP 
and the half-width at half-maximum (HWHM) linewidth ΔH. 

Morphological properties of both YIG samples were investigated 
with AFM technique using Asylum Research scanning probe microscope 
with high spatial and depth resolution. 

X-ray absorption spectroscopy (XAS) experiments were performed at 
beamline 29-ID of the Advanced Photon Source, Argonne National 
Laboratory. The beamline is equipped with a variable line spacing (VLS) 
ruled grating Si monochromator [33] with an experimental resolution 
~ 100 meV. Data were collected in two modes - total fluorescence yield 
(TFY) and total electron yield (TEY), however, only the TFY mode was 
deemed reliable due to the insulating nature of the YIG material. 

Raman spectral maps were collected in a Renishaw Raman micro-
scope with an excitation wavelength of 633 nm. Focusing was done with 
a 100x objective lens (corresponding to a spot size of 1 um). Two- 
dimensional Raman maps were collected over 20 × 20 um regions, 
with step sizes of 1 um. Spectra were collected with 3 s acquisition times 
and 2 accumulations, and the laser power was kept low (~1 μW) to 
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avoid laser heating. Analysis of the maps was performed in the Renishaw 
Wire software to generate 2D intensity maps as shown later in the main 
text. 

Crystallographic orientation analysis was conducted with a FEI 
Quanta 600 FEG scanning electron microscope (SEM) equipped with an 
EDAX Hikari electron backscatter electron (EBSD) camera. This analysis 
was conducted using a 20 kV accelerating voltage with spot size of 5 and 
scan resolution (step size) of 6 µm. Due to the insulating nature of the 
materials the microscope was run in low vacuum mode, where water 
vapor was introduced into the chamber at 0.13 mbar to mitigate charge 
accumulation on the sample surface. This approach provided the 
necessary beam stability without the usual method of coating with noble 
metal, which would interfere with the diffracted signal. The post- 
acquisition data processing was performed using EDAX OIM V7 soft-
ware to produce EBSD pole figures and inverse pole figure (IPF) maps for 
displaying the crystallographic orientation at the surface of the sample. 

3. Results and discussion 

3.1. X-ray diffraction (XRD) 

Crystalline structure of the first YIG films grown on graphene and on 
bare GGG substrate at 775 ◦C was probed with X-ray diffraction and 
compared (Fig. 1a). Since the growth temperature of 775 ◦C for these 
films was much lower than the optimal substrate temperature we didn’t 
observe YIG phase resolved in the XRD spectra of both as-grown YIG/ 
GGG and YIG/Graphene/GGG samples. After annealing at 875 ◦C the 
YIG (444) peak in YIG/Graphene/GGG sample became visible indi-
cating formation of the YIG phase (Fig. 1b). However, the broadness of 
this peak and absence of Laue fringes suggest poor crystalline quality of 
the film, which is additionally corroborated by the lack of FMR signal 
from YIG in either of the two samples. 

Subsequently we increased the substrate growth temperature to 
875 ◦C and deposited YIG on Graphene/GGG substrate at conditions 
identical to the optimal YIG growth on bare GGG. No annealing was 
done on these samples. The new films showed well defined crystalline 
structure in XRD (Fig. 1c) with YIG (444) peaks present on both Gra-
phene/GGG and control bare GGG samples. Strong Laue fringes in the 
case of the control YIG sample are indicative of a high crystalline quality 
film with well-defined crystallographic layers and high ordering. On the 
other hand, the slightly lower peak intensity and weaker Laue oscilla-
tions in the YIG/Graphene/GGG sample suggest degradation in the film 
crystallinity and surface quality, which is also supported by AFM results 
(Fig. 6) revealing 10 times higher surface roughness and defect density 
for the graphenated films. Based on the fringe periodicity the YIG 
thickness in both samples was estimated at approximately 80 nm. Close 
similarity in thickness between the above two samples points to similar 

growth kinetics (at identical PLD conditions) even with the graphene 
present in the YIG/Graphene/GGG sample. It is possible to expect the 
YIG nucleation process to be different on the graphene-coated GGG, 
which would alter the overall thickness of the film. However, as sup-
ported by DFT calculation results from Kum[31], the bilayer graphene 
used in our experiments does not significantly affect atomic potential 
field of the substrate allowing for similar YIG nucleation process as in 
the case of bare substrate. 

Unlike YIG films grown at 775 ◦C, the FMR signal was detected for 
the films grown at 875 ◦C and we were able to quantify the FMR line-
width broadening as a function of frequency for the YIG/Graphene/GGG 
sample as discussed in the next section. 

3.2. Ferromagnetic resonance (FMR) 

We measured the FMR microwave properties of YIG/Graphene/GGG 
and control YIG/GGG samples. There was no FMR signal detected in our 
first set of samples (grown at 775 ◦C), including the YIG on graphene- 
coated substrate after annealing. However, the second set (grown at 
875 ◦C) showed distinct FMR response. Example FMR signatures 
measured from both YIG/Graphene/GGG, and control sample are shown 
in Fig. 2. Typical results extracted from these measurements are FMR 
peak-to-peak linewidths ΔHpp, which are characteristics of magnetic 
damping in the material. YIG is like a gold-standard for low magnetic 
damping and is the most favored attribute for microwave device appli-
cations allowing higher sensitivity and more stable signal processing 
[19,20]. The standard YIG on bare substrate showed ΔHpp = 2.1 Oe at 
10 GHz excitation frequency, this value is among the lowest reported in 
the literature for sub 100 nm YIG thin films [21] and has consistently 
been achieved in our previous experiments based on the PLD growth 
optimization [22]. 

On the contrary, ΔHpp in the graphenated YIG sample showed a 
much higher value of 30.9 Oe (at 10 GHz). Large FMR linewidth 
observed in YIG on graphene-coated GGG indicates potential degrada-
tion in quality of the film compared to control YIG, which could depend 
on a number of characteristics such as stoichiometry, film surface uni-
formity, grain structure, defect concentration etc. Even though the 
increased damping is not desired for practical YIG applications we still 
consider this a promising result since our measurable FMR response in 
this novel YIG/Graphene/GGG structure is being reported for the first 
time. Furthermore, we tried to investigate the root cause of the increased 
damping in YIG on graphene-coated GGG in a series of measurements 
presented below. 

FMR frequency sweep measurements were performed on both sam-
ples to investigate dependence of the FMR linewidth and resonant field 
on frequency (Fig. 3). Theoretically the field-swept FMR linewidth is 
proportional to the Gilbert damping constant α, which is an intrinsic 

Fig. 1. (a) Initial XRD spectra of YIG/GGG and YIG/Graphene/GGG films grown at 775 ◦C substrate temperature, no YIG peaks are observed indicating amorphous 
nature of the films; (b) Comparison between as grown (at 775 ◦C) and annealed (at 875 ◦C) YIG/Graphene/GGG samples, onset of YIG phase formation is evident in 
the annealed sample; (c) XRD data comparison for the YIG/GGG and YIG/Graphene/GGG films grown at 875 ◦C; both samples show well-defined crystalline YIG 
peaks and Laue fringes. 
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measure of how fast the spin precession around an applied magnetic 
field decays over time. It has a linear dependence on the FMR frequency, 
which can be approximated by the following equation (1) in the Landau- 
Lifshitz model [34]: 

ΔH = ΔH0 +
α
γ

f (1)  

where ΔH is the FMR linewidth (half-width at half-maximum, HWHM), f 
is frequency in MHz, γ = 2.8 MHz/Oe is the gyromagnetic ratio. A linear 
fit was applied to our experimental data (in the range between 10 and 
30 GHz) in order to extract the Gilbert damping coefficient α and the 
inhomogeneous broadening ΔH0. The calculated fitting parameters 
were α = 15.4 × 10-4, ΔH0 = 19.7 Oe (for YIG/Graphene/GGG) and α =
3.4 × 10-4, ΔH0 = 0.3 Oe (for YIG/GGG). The Gilbert damping coeffi-
cient for our control YIG on bare GGG is well within the range of 1–5 ×
10-4 reported for other high quality YIG thin films with thickness below 
100 nm, and the inhomogeneous contribution ΔH0 is one of the lowest 
reported [21,35]. 

Comparing the above numbers we can see that the linewidth 
broadening in YIG/Graphene/GGG is dominated by the external non- 
homogeneous parameter ΔH0. This contribution is related to the sam-
ple inhomogeneity due to local variation of magnetization, various 

surface or interface non-uniformities and defects. In other words, if 
different parts of the sample have dissimilar FMR response then the 
cumulative FMR peak would be broadened. Large value of ΔH0 is 
consistent with the inferior film crystalline quality observation based on 
the XRD data and higher surface roughness observed with AFM. The 
Gilbert damping coefficient α is also higher for the YIG on graphene. 
Although the origin of Gilbert damping is not well understood, factors 
like strength of the spin–orbit coupling and local deviations of the ionic 
charge state do impact damping in these films. We hypothesize that 
graphenated YIG film may contain regions with Fe2+ cation presence 
instead of purely Fe3+, which degrades and broadens the FMR response 
and thus increases damping. To confirm this hypothesis XAS measure-
ments are discussed below in the next section. 

3.3. X-ray absorption spectroscopy (XAS) 

XAS is a powerful technique that allows characterization of the local 
environment around the probing atoms and can be used to distinguish 
the chemical species and oxidation states of Fe, i.e. it is a direct measure 
of the element valence state [36,37]. Analysis of these data will quan-
titatively give us information on Fe2+: Fe3+ ratio in control YIG and 
graphenated YIG films and thereby confirm our hypothesis for the cause 
of increased damping. 

Our experimental XAS data probing the Fe-L2,3 edges are shown in 
Fig. 4. The TFY lines for the YIG/GGG represent a typical response from 

Fig. 2. Example FMR curves for YIG/GGG (left) and YIG/Graphene/GGG (right) measured at 10, 20 and 30 GHz. FMR linewidth for the two samples is shown in the 
inset table. The distinct FMR response from YIG on graphenated GGG is being reported for the first time, displaying significantly larger FMR linewidth than YIG 
on GGG. 

Fig. 3. Frequency dependence of the FMR linewidth (ΔH, HWHM) and reso-
nance field (HP) for the YIG/GGG and YIG/Graphene/GGG films. Linear fit was 
applied to ΔH vs frequency data in order to extract Gilbert damping coefficient 
and inhomogeneous broadening parameter for both samples. 

Fig. 4. XAS spectra of YIG/GGG and YIG/Graphene/GGG thin films taken in 
fluorescence yield. The spectra indicate the differences in the Fe2+ and Fe3+

ions in the complex oxide film which may explain the increase in damping in 
the YIG/Graphene/GGG film. 
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Fe showing main Fe3+ peak around 712 eV. A weak shoulder on edge at 
710 eV is indicative of Fe2+ but it also overlaps with a small peak with 
similar energy due to multiplet structure of Fe3+ in octahedral sites. The 
data for the graphenated YIG is similar in spectral features, however, 
noticeable increase in the edge shoulder and decrease in the main Fe3+

peak intensity implies presence of the Fe2+ component. Additionally 
there is a slight shift of the L-edges towards lower photon energy. These 
findings point to potential deviation from YIG stoichiometry in the 
graphenated sample, which in turn contributes to the increased micro-
wave damping observed in the FMR measurements earlier. 

To quantify the XAS results more accurately we performed additional 
analysis by fitting the experimental data with a linear superposition of 
theoretical XAS spectra for each Fe+ state expected in the YIG crystal 
structure (i.e. tetrahedral and octahedral sites, Fe2+ and Fe3+ valence 
states, in an ideal YIG only the Fe3+ states are expected). This type of 
fitting has shown to provide insight on Fe+ ionic charge content in other 
systems like magnetite, hematite, and also in complex oxides [38,39]. 
We applied this technique to estimate any deviation from stoichiometry 
in the present graphenated YIG and control YIG samples. 

Fig. 5 shows the fitting results for both samples. Control YIG was 
modelled by taking theoretical XAS curves [40] for the Fe3+ octahedral 
(Oh) and tetrahedral (Td) sites in the known ratio 2:3 and fitting them to 
match the intensity of the main Fe-L3 edge (~712 eV). Although stoi-
chiometric YIG only has Fe3+ ions, we allowed for possible off- 
stoichiometry by adding Fe2+ curves (also in the 2:3 Oh:Td ratio) to 
the linear combination to adjust for the pre-peak feature at 711 eV. 
Double step background approximated by arctangent function was also 
included. With the best match to the experimental data the simulations 
indicate that the control YIG film consists of 91% Fe3+ with a 9% 
contribution of Fe2+ states. Ideally in the crystalline YIG film we would 
expect only the Fe3+ content, however, since the TFY measurement 
probes the full thickness of the film the cation ratio is averaged over the 
entire sample and the 9% Fe2+ contribution could originate from regions 
such as interface or surface with much larger Fe2+ content. 

An analogous approach was taken for the graphenated YIG sample. 
In this case, the Fe2+ content was estimated at 29%, which is signifi-
cantly higher than in the control YIG on bare GGG. We believe that 
higher concentration of Fe2+ in the graphenated YIG could occur due to 
several reasons. Initial coating of the GGG substrate with graphene in-
volves a transfer process using PMMA and there is a possibility of the 
organic residue present on the graphene surface after the transfer. This 
may affect the chemistry of YIG at the interface region but not neces-
sarily in the rest of the film. Another possible reason is graphene 
oxidation occurring as the substrate is heated to high temperature 
(875 ◦C) in partial O2 atmosphere just before YIG deposition. We spec-
ulate that the above factors can result in the shift of Fe+ ion balance but 
with the majority of the Fe2+ concentrating in the vicinity of the YIG/ 
substrate interface and the rest of the film having the desired YIG stoi-
chiometry. Since the XAS probes the whole thickness of the film we still 

see the Fe2+ presence in the spectral intensity data. 
As described earlier, the YIG/Graphene/GGG sample exhibits 

significantly increased FMR linewidth broadening compared to standard 
YIG (ΔHpp of 30.9 vs 2.1 Oe respectively at 10 GHz). Our XAS results 
indicate evidence of strong deviations in Fe+ balance and charge 
relaxation process, which we can attribute to the increased loss in the 
graphenated YIG. This mechanism is also called the valence-exchange 
relaxation and occurs in crystals with Fe2+ and Fe3+ ions on equiva-
lent sites, its physical origin is 3d-electron hopping between the Fe ions 
[41,42]. 

3.4. Atomic force microscopy (AFM) 

Surface morphology of both control YIG and graphenated YIG sam-
ples were investigated with AFM technique (Fig. 6). AFM topography 
has not shown any significant surface variations in the control YIG 
sample, and the AFM contrast was uniform with RMS roughness lower 
than 0.2 nm, which is less than the lattice parameter and is on par with 
other high quality YIG films reported in literature [22,35]. These find-
ings indicate good surface quality of the control YIG film and are 
consistent with the observed low loss in the FMR measurements. On the 
other hand, the graphenated YIG film showed significantly higher sur-
face roughness and inhomogeneity (RMS roughness 2.2 nm with spikes 
over 20 nm high). It might appear that the graphene surface on GGG 
substrate has non-idealities which may translate into further defects in 
the YIG grown on top. For example, discontinuities in the graphene layer 
could lead to polycrystalline nature of the YIG film and thus cause 
increased FMR linewidth broadening due to variation of crystallo-
graphic orientation between individual grains and defects on their 
boundaries. Based on the above AFM observations we decided to 
investigate the quality of the underlying graphene layer with Raman 
spectroscopy. This Raman mapping of graphene-coated GGG sample was 
done on a different sample without YIG film growth. The graphene 
growth and transfer on GGG substrate is presumably identical in this 
sample as compared to the graphenated YIG sample. 

3.5. Raman spectroscopy 

To confirm the assumption whether there are inhomogeneities 
within the graphene layer on GGG substrate we performed confocal 
Raman mapping of the graphene/GGG surface (prior to growing YIG). 
Raman spectroscopy is an essential tool for investigation of properties of 
graphene [43]. It is relatively simple and allows non-destructive 
detection of chemical modifications, structural damage, local stress 
and strain, atomic structure and electronic properties among many other 
uses. The graphene Raman spectrum features two distinct bands: 2D and 
G; the intensity and position of these bands measured across the gra-
phene surface provide specific information such as layer thickness and 
interlayer orientation [44]. 

Fig. 5. Experimental XAS data fitting for YIG/GGG and YIG/Graphene/GGG using linear combination of theoretical spectra for individual Fe+ states. The YIG on 
graphenated GGG shows higher proportion of Fe2+ ions, which is believed to cause deviations from stoichiometry and contribute to the increased damping in 
this sample. 
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The Raman mapping results measuring G and 2D band intensity as 
well as their ratio 2D/G are shown in Fig. 7. The G and 2D bands are 
labeled and all other peaks correspond to GGG. We observed primarily 
uniform spatial peak intensity distribution, and particularly it is 
important to note the uniformity of the 2D/G ratio since it is closely 
related to the number of graphene monolayers. These results indicate 
that graphene surface is pristine and possibly less likely to cause 
excessive surface roughness in graphenated YIG films. However, the 
spatial resolution of Raman mapping was only around ~ 1 μm per step, 
which might be too low to detect any surface defects on the nanoscale. In 
fact the AFM data presented earlier in the paper (Fig. 6) reveal features 
on YIG/Graphene/GGG surface around 100 nm in size imaged at nm- 

scale resolution. These may originate from the imperfections in the 
underlying graphene not visible by Raman due to limited mapping 
resolution. In addition, the Raman mapping was performed only at room 
temperature before the YIG deposition (at 875 ◦C) and it does not reflect 
any temperature-related changes in the graphene surface quality. 

In our experience we were able to deposit high quality smooth YIG 
films on GGG substrates using optimized PLD growth conditions. In the 
case with the YIG on graphenated GGG the significant film surface 
roughness is definitely due to the presence of the graphene interlayer. As 
mentioned previously in the discussion there is a chance of residual 
PMMA remaining on the graphene surface after the substrate coating 
process. These residual organics will affect the surface roughness of the 

Fig. 6. (top row) AFM images of the YIG/GGG film showing very smooth surface, RMS roughness below 0.2 nm; (bottom row) AFM images of the YIG/Graphene/ 
GGG revealing strong non-uniformities (up to 20 nm in height), surface RMS roughness of 2.2 nm. 

Fig. 7. Raman mapping of Graphene/GGG surface to assess the quality of graphene layer. Example spectrum (top) and G, 2D and 2D/G spatial maps (bottom). The 
observed uniform spatial peak distribution is indicative of pristine graphene surface. 
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subsequently grown YIG film. Additionally, the graphene layer may lose 
its surface integrity because of the large difference in thermal expansion 
coefficients compared to GGG substrate (αGGG = 9.2 × 10-6 K− 1, αgraphene 

bilayer = -3.4 × 10-6 K− 1) [45] during the heating process, which may 
cause graphene wrinkling and will affect the surface quality of the 
deposited YIG as well. 

3.6. Electron backscatter diffraction (EBSD) 

Electron backscatter diffraction (EBSD) is a technique that allows 
crystallographic orientations, misorientations, texture trends and grain 
boundary types to be characterized and quantified on a sub-micron scale 
using scanning electron microscope (SEM) [46]. Applying this analysis 
to the YIG/GGG and YIG/Graphene/GGG films will allow an additional 
insight into the crystalline quality of our samples. This technique is 
highly surface sensitive with the data being collected from the depth of 
only few tens on nanometers, which in turn is well suited for investi-
gating the present YIG films with the thickness around 80 nm. 

Inverse pole figure maps were plotted for both samples (Fig. 8) 
spanning an area of a few mm2. For the standard YIG/GGG these results 
show highly uniform 〈111〉 crystallographic orientation (color coded in 
blue) throughout the whole area. More detailed texture analysis using 
pole figures reveals exceptionally well-textured film in {111} direction 
all together suggesting excellent YIG crystalline quality. The YIG/Gra-
phene/GGG film also showed uniform 〈111〉 orientation without any 
visible deviations over large area and similar well-defined pole figure 
features indicating very good crystallographic alignment along {111} 
direction. Worth noting is a slight (~3◦) misfit of the central [111] pole 
figure marker with respect to the center of the figure, which can be most 
likely attributed to sample alignment error during mounting on the SEM 
stage. This could be further verified by reciprocal space mapping mea-
surements using XRD in order to rule out the misorientation between 
YIG and GGG substrate. 

A minor difference of 0.3% between the YIG/GGG and YIG/Gra-
phene/GGG crystallographic (444) plane spacing was detected earlier 
by XRD (Fig. 1) and we expected it to be reflected in the EBSD pole 
figures as well. We looked at the angular spacing between {100} pole 
figure markers using the EBSD software to quantify a potential differ-
ence in lattice strain between the two samples. The angles were 
measured 90.11 ± 0.22◦ and 90.08 ± 0.29◦ for YIG/GGG and YIG/ 
Graphene/GGG respectively, and within the given error bars we could 
not resolve any mismatch. 

The above EBSD mapping results clearly show that presence of 

graphene was not detrimental to highly textured epitaxial YIG growth, 
and the crystallographic alignment of the YIG/Graphene/GGG is nearly 
identical to its standard counterpart. 

4. Summary and conclusion 

In this study we demonstrated PLD growth of a YIG film on a gra-
phenated GGG substrate as a step towards remote epitaxial transfer of 
highly crystalline YIG film from GGG substrate onto other device- 
friendly substrates (such as Lithium Niobate). The key aspect of this 
process is to maintain pristine crystallinity of YIG films with excep-
tionally low damping when separated from its native GGG substrate. 
However, even the initial growth of YIG on graphene proved to be 
challenging. Our films deposited on graphene at optimal PLD conditions 
showed average crystalline quality in the XRD measurements (evi-
denced by broad peak and weak Laue fringes) and significantly higher 
FMR linewidth broadening compared to the control YIG/GGG. We 
conducted a series of experiments to gain understanding of the root 
cause of such large damping in YIG on graphenated GGG. 

FMR frequency sweep analysis showed that there is a strong non- 
homogeneous component to the linewidth broadening in YIG/Gra-
phene/GGG sample, likely as a result of crystalline defects and surface 
roughness. Gilbert damping coefficient is also higher compared to the 
control YIG, which could stem from stoichiometry deviations and un-
wanted change in Fe+ ion balance. AFM topography revealed significant 
roughness of the new YIG film, but interestingly enough, the initial 
graphene layer prior to YIG deposition seems to be in pristine shape 
according to confocal Raman mapping, and the YIG grown on graphene 
preserved its preferred (111) out-of-plane orientation as seen in EBSD 
analysis. Valence state of Fe+ was also probed with XAS technique, and 
in fact these results showed noticeable increase of the Fe2+ to Fe3+ ratio 
in the YIG/Graphene/GGG sample. 

The above discussed data under this study suggests that the func-
tional properties of YIG films grown on graphene monolayer degraded 
due to the deviation in stoichiometry and high Fe2+ to Fe3+ ion ratio in 
the films and thereby transferred YIG films will have degraded func-
tional properties as well. Substrate growth temperature may very well 
be a contributing factor for these phenomena. 
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