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ABSTRACT 

 

Directional specific control on the generation and propagation of magnons is essential for 

designing future magnon-based logic and memory devices for low power computing. The 

epitaxy of the ferromagnetic thin film is expected to facilitate anisotropic linewidths which 

depends on the crystal cut and the orientation of the thin film. Here, we have shown the growth 

induced magneto-crystalline anisotropy in 40 nm epitaxial Yttrium Iron Garnet (YIG) thin 

films which facilitates cubic and uniaxial in-plane anisotropy in the resonance field and 

linewidth for ferromagnetic resonance measurments. The growth induced cubic and non-cubic 

anisotropy in epitaxial YIG thin films are explained using the short-range ordering of the Fe3+ 

cation pairs in octahedral and tetrahedral sublattices with respect to the crystal growth 

directions. This site-preferred directional anisotropy enables anisotropic magnon-magnon 

interaction and opens a new avenue to precisely control the propagation of magnonic current 

for spin transfer logics using YIG based magnonic technology. 
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Conduction-electron spin currents in metals dissipate within the spin-diffusion length, 

typically less than 100 nanometers, which therefore hinders their practical application in 

information transfer technologies1-3. Long range propagation of spin current is essential to 

transfer the information without much loss in conventional devices that extend laterally in the 

micrometer scale4-6. The decay of spin current in the metallic ferromagnets is mainly caused 

by scattering of conduction electrons 7. Magnonic currents in magnetic insulators, on the other 

hand, which are a collective motion of spins coupled by magnetostatic and/or exchange 

interactions, persist for long distances of up to a few millimeters (mm)4,8. Thus, the insulating 

ferromagnets provide a promising route towards the development of magnonic devices, 

powered by the high potential of beyond-CMOS technology9-12. 

Monocrystalline sub-100 nm thick Y3Fe5O12 (YIG) films typically exhibit ultralow 

Gilbert damping of the order ~ 10-4 which is further reduced to ~10-5 for ~ 1 µm thick relaxed 

films grown by liquid phase epitaxy technique10,13-15. Such a low value of Gilbert damping 

makes YIG a prevalent choice in the emerging field of magnonics and spin wave-based 

computation5-6,14-15. The ability to control the magnon-magnon interaction, reflected through 

the probing of the linewidth (dH) of the ferromagnetic resonance spectrum, in magnonic 

devices is interesting because it can allow us to have a better control over the generation and 

propagation of spin waves16-20. A significant development in this field was the recent 

observation of anisotropic Gilbert damping in ferromagnetic metals16,19 that can allow an 

additional degree of control over various resonance linewidth dependent phenomena like spin 

waves, auto-oscillations etc. Although, the anisotropic linewidths have been observed earlier 

in nanometer thick YIG thin films21-25, the facet dependent anisotropic linewidths variation (or 

anisotropic magnons) and the underlying magnetization relaxation mechanism remains 

unexplored. In this letter, we investigate the origin of tuning the dH by controlling the facet 

dependent epitaxial growth of 40 nm YIG thin film. Inductive ferromagnetic resonance (FMR) 



 

4 
 

spectroscopy was performed, which clearly shows the fourfold (cubic) anisotropy in the YIG 

(001) and combined uniaxial with cubic anisotropy in the YIG (011) for both the resonant field 

and the linewidth dH of the FMR spectra. The YIG (111) thin film exhibits relatively low 

anisotropy in dH and resonance field Hres. The influence of this site-preferred directional 

anisotropy on 2-magnon scattering provides a new potential for directional propagation of 

magnonic currents which is much needed for dissipation-less low power majority logics and 

computing devices. 

The 40 nm epitaxial YIG films were grown on different orientations of GGG substates. 

The detail of the deposition conditions and X-ray diffraction measurements of deposited thin 

film samples are given in the supplementary information S1 and S2, respectively. To 

investigate the interface of the YIG (001)/GGG (001), YIG (011)/GGG (011) and YIG 

(111)/GGG (111), atomically resolved high-angle annular-dark-filed (HAADF) scanning 

transmission electron microscopy (STEM) was employed, and results are shown in Figure 1. 

The cross-sectional samples for the STEM measurements were prepared using a Zeiss 

Crossbeam 540 focus ion beam (FIB) and details are given in supplementary information S326.  

The HAADF-STEM imaging enables us to directly visualize the interface roughness, interface 

distortion due to lattice mismatch and lattice symmetry. The darker area in the STEM images, 

in Figure 1(a)-(c), represent YIG thin films while the brighter area represents the GGG 

substrate. The thickness of all YIG thin films is ~ 40 nm. Atomically resolved STEM images 

of YIG (001)/GGG (001), YIG (011)/GGG (011) and YIG (111)/GGG (111) interfaces along 

ሾ010ሿ, ሾ011തሿ, and ሾ112തሿ  zone axis directions are shown in the Figure 1(d)-(f) respectively. 

Atomically sharp interfaces are observed with no visible interlayer diffusion between YIG and 

GGG.  The roughness of the YIG/GGG interfaces are of one-unit cell. High resolution 

HAADF-STEM image of the YIG (001), YIG (011) and YIG (111) with their overlapped 

atomic model created using YIG crystal structure, highlighting the atom positions of Y and Fe 
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in the YIG unit cell, are shown in the Figure 1(g)-(i) respectively. Thus, combining atomic 

models with atomically sharp interfaces further confirm the perfect epitaxial growth of YIG 

thin film along [001], [011] and [111] on corresponding GGG substrate with smooth surfaces 

and similar roughness. 

 

Figure 1. HAADF-STEM images of (a) YIG (001)/GGG (001), (b) YIG (011)/GGG 

(011) and (c) YIG (111)/GGG (111). High resolution images showing sharp interface (d) YIG 

(001)/GGG (001), (e) YIG (011)/GGG (011) and (f) YIG (111)/GGG (111). Magnified view 

showing overlapped atomic model highlighting the Y (red) and Fe (green) atomic positions for 

(g) YIG (001), (h) YIG (011) and (i) YIG (111). 

The deposited thin films were then subjected to flip-chip ferromagnetic resonance 

(FMR) method for magnetization dynamics studies27,28. The measurement schematic with the 
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orientation of the relevant quantities is given in Figure 2(a).  All measurements are performed 

in static fields well above the in-plane anisotropy fields so that magnetization M of the 

ferromagnetic layer can be considered parallel to external magnetic field Hex. During 

magnetization precession, the ferromagnetic system absorbs a part of the applied microwave 

power thereby giving rise to the recorded FMR spectrum. Typical spectra recorded for the YIG 

(001), YIG (011) and YIG (111) samples are shown in Figure 2(b). Subsequently the recorded 

FMR spectra are fitted assuming it to be a sum of symmetric and antisymmetric contributions29-

30: 

𝑆11ሾ𝐻ሿ ൌ
𝐿 ൈ 𝑑𝐻ଶ

ሺ𝐻௘௫ െ 𝐻௥௘௦ሻଶ ൅ 𝑑𝐻ଶ ൅
𝐷 ൈ 𝑑𝐻 ൈ ሺ𝐻௘௫ െ 𝐻௥௘௦ሻ

ሺ𝐻௘௫ െ 𝐻଴ሻଶ ൅ 𝑑𝐻ଶ  ,                      ሺ1ሻ 

where L and D are the Lorentzian and dispersive weights of the FMR lineshape respectively 

and Hres is the resonance field. 

FMR linewidth and magnon excitation are strongly dependent on the excitation power 

used in the FMR measurements31. So, we first performed a power dependent FMR 

measurement in our samples to understand the difference between FMR in the linear and non-

linear regimes in YIG thin films. The power dependent spectra and corresponding Hres and dH 

obtained by fitting the spectra using the Eq. (1) is plotted in Figure 2(c) and (d) respectively. 

Above an input power Pin > 5 dBm, the FMR intensity, Hres and dH deviates from a constant 

value. For Pin > 5 dBm, the FMR intensity reduces with an increase in both Hres and dH. The 

amplitude of the FMR spectra depends on the absorbed microwave power which changes the 

susceptibility χ of the magnetic material. This can be understood from the equation 
ఞ′′

ఞబ
′′ ൌ ெೝ೐ೞ

ெೞ
ൌ

൬1 ൅
ఊమℎೝ೑

మ

ଶగ௙మ ൰
ିଵ

32,33. Here,  is the gyromagnetic ratio, hrf is the microwave field. At low 

excitation powers (i.e. at low hrf), the precession cone angle is small and therefore, Mres will be 

equal to saturation magnetization Ms. This results in a constant amplitude of FMR spectra. 
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However, as the excitation power is increased above a certain threshold, due to a larger 

precession cone angle we obtain a decrease in the FMR signal amplitude. This can be 

quantitatively understood using the ൬1 ൅
ఊమℎೝ೑

మ

ଶగ௙మ ൰
ିଵ

dependence, which shows that at high values 

of hrf, it deviates from a constant behavior34. A similar power dependence is also observed for 

the YIG (001)/GGG (001) and YIG (011)/GGG (011) samples. To eliminate contributions from 

such non-linear effects, we use an input power Pin = 0 dBm to study the magnetization dynamic 

properties using the FMR spectroscopy. 

 

Figure 2. (a) Schematic of the experimental geometry used in the ferromagnetic resonance 

(FMR) measurements showing the direction of microwave current in coplanar waveguides 

below the YIG thin film Irf, an illustrative Oersted field hrf and the orientations of magnetization 

M and in-plane external field Hex with respect to the co-ordinate axes. (b) Typical spectra 

obtained from the vector network analyzer (VNA) based FMR measurements in the YIG 

samples at f = 7 GHz and  = 60°, along with fit to Eq. (1). (c) The corresponding input power 
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dependence of FMR spectra. Inset shows the values of normalized peak to peak amplitudes of 

S11 spectra. (d) Power dependence of resonance fields Hres and FMR linewidths dH. The data 

shown in (c) and (d) corresponds to YIG (011). Similar behavior is seen for YIG (001) and 

YIG (111) as shown in the supporing information section S4. 

Frequency dependent FMR spectra were recorded for the three orientations of epitaxial 

YIG thin films and the corresponding Hres obtained are plotted in Figure 3(a). The monotonous 

increase with frequency f that agrees well with the Kittel formula 𝑓 ൌ

ఊ

ଶగ ඥ𝐻௥௘௦ሺ𝐻௥௘௦ ൅ 4𝜋𝑀௘௙௙ሻ confirms the excitation of FMR35. The values of effective 

magnetization Meff obtained from fitting the Hres vs f for each sample, keeping 
ఊ

ଶగ
ൌ 28.5 

GHz/mT , is presented in the inset. However, the difference in Meff with values of the saturation 

magnetization of 175 mT indicates the presence of magnetic anisotropy fields in the YIG thin 

films. The obtained values of dH are plotted in Figure 3(b). A linear increase in the linewidth 

is observed up to 10 GHz. Thereafter, this linear dependency is suppressed for higher 

frequencies above 10 GHz for all our epitaxial thin films. Such a frequency dependence 

indicates the presence of 2-magnon scattering in the magnetization relaxation processes36. 

Additionally, in the same figure, we observe a strong dependence of the dH on the epitaxy of 

the thin films despite being deposited simultaneously under similar conditions on the three 

different substrates. This indicates that the epitaxy of the thin film plays a role not only on the 

magnetic anisotropy fields, but also on the dynamical magnetization relaxation processes. 

We performed an angular dependent FMR measurement to understand the facet 

dependent magnetic anisotropy and its effect on the magnetic damping. The magnetic 

anisotropy of the cubic YIG crystal is given by 𝐸௔ ൌ 𝐾ଵሺ𝛼ଵ
ଶ𝛼ଶ

ଶ ൅ 𝛼ଶ
ଶ𝛼ଷ

ଶ ൅ 𝛼ଷ
ଶ𝛼ଵ

ଶሻ ൅ 𝐾ଶ𝛼ଵ
ଶ𝛼ଶ

ଶ𝛼ଷ
ଶ. 

The K1 and K2 are the first and second order magneto-crystalline anisotropies of the cubic 

system and 1, 2, and 3 are direction cosines with respect to the magnetization vector. The 
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observed resonant field at f = 7 GHz is plotted as a function of  in the 2D contour color maps 

shown in Figure 3(c)-(e). Three distinct behaviors are observed. In case of the YIG (001), we 

observed a dominant four-fold angular dependence which is well matched with the first order 

anisotropy field given by 𝐸௔ ൌ ௄భ

଼
ሺ1 െ cos 4ሻ for the YIG grown along (001). The angular 

dependence for YIG grown along (011) shows a dominant two-fold symmetry along with the 

tiny four-fold symmetry. The observed combination of the two-fold and four-fold symmetry in 

the YIG (011) is in accordance with Eୟ ൌ ୏భ

ଷଶ
ሺ7 െ 4cos 2 െ 3cos 4ሻ. On the other hand, the 

FMR spectra of YIG grown in (111) direction shows almost angle independent behavior. The 

first order anisotropy for (111) facet is calculated to be independent of the angular rotation of 

magnetization which is equal to K1/4.  Such a  dependence indicates the presence of growth 

direction dependent uniaxial H2 and cubic H4 in-plane anisotropy fields. 

This growth induced magneto-crystalline anisotropy (MCA) can be explained using the 

framework of short-range ordering of the Fe3+ cation pairs in the garnet film during the 

crystalline growth. Two types of relevant rare earth Fe3+ pair ordering- tetrahedral and 

octahedral, are present in the films, which arises from the bonding between Fe3+ and O2-. The 

arrangement of the tetrahedral and octahedral sublattices in the YIG lattice are given in the 

supplementary section S5. The ordering of both tetrahedral and octahedral sublattices in YIG 

(001) show a cubic symmetry. However, for YIG (011), tetrahedral and octahedral ordering 

shows a cubic and uniaxial symmetry, respectively. Based on this, we can conclude that the 

tetrahedral and octahedral Fe3+ sublattices have a dominant contribution to cubic and uniaxial 

MCA respectively. 
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Figure 3. (a) Resonance fields as a function of frequency for the three YIG samples along 

with Kittel fits at   = 60 degree. Broken vertical line at 170 mT shows the saturation 

magnetization of the YIG.  Inset shows the values of effective magnetization Meff obtained for 

YIG (001), YIG (011) and YIG (111). (b) Frequency dependence of linewidths dH at  = 60 

degree. 2D contour color maps ((c)-(e)) of magnitude of resonance field as a function of  for 

YIG (001), YIG (011) and YIG (111) obtained from S11 spectra.  

An in-plane angular dependence of Hres at a fixed frequency enables us to quantify in-

plane anisotropy fields with greater accuracy compared to that obtained from the Kittel fit of 

the Hres vs f dependence because H2 and H4 are typically about 1-2 orders smaller than the 

demagnetizing field18. The resonance fields at f = 7 GHz as a function of  for the three samples 

are shown in Figure 4(a)-(c). To obtain the anisotropy fields in YIG (001), YIG (011) and YIG 

(111), the  dependence of Hres is fitted using 23: 

ቀ
ఠ

ఊ
ቁ

ଶ
ൌ ቄ𝐻 ൅ 𝐻ସ∥ cos 4𝜙 െ 𝐻ଶ∥ cos ቀ2𝜙 െ

గ

ଶ
ቁቅ ቄ𝐻 ൅ 4𝜋𝑀𝑒𝑓𝑓 ൅

ுర∥ሺଷାୡ୭ୱ ସథሻ

ସ
൅ 𝐻ଶ∥ sinଶ ቀ𝜙 െ

గ

ସ
ቁቅ        ሺ2ሻ   
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The values of µ0H4 are ~ -4.5 mT for YIG (001), ~ 4.1 mT for YIG (011) and ~ 0.08 mT for 

YIG (111), while the value of µ0H2 are ~0.9 mT for YIG (001), ~ -9.0 mT for YIG (011) and 

~ -0.7 mT for YIG (111). The linewidths of the FMR spectra are plotted as a function of  for 

the respective samples in Figure 4(d)-(f). A striking resemblance in the periodicity of the 

linewidths and the resonance fields are observed. This indicates that MCA, which arises from 

the epitaxial nature of the thin films, plays a role in the resonance linewidths. The phase 

difference between periodicity of Hres and dH is found to be 180o. In the following section we 

explain the anisotropic linewidths as arising from an epitaxy dependent 2-magnon scattering 

process in our samples. 

Figure 4.       FMR resonant field as a function of  obtained by fitting the S11 spectra at f = 7 

GHz for (a) YIG (001), (b) YIG (011) and (c) YIG (111).  The solid lines shown in (a)-(c) are 

the fitting of resonant field as a function of , using the Eq. (2). The corresponding values of 

resonance linewidths dH are plotted in (d)-(f) respectively. The solid lines shown in (d)-(f) are 

fitting using Eq. (3). The anisotropy values obtained from the fitting are given in Table 1. 
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FMR linewidths can be expressed as the sum of contributions from inhomogeneous 

broadening, Gilbert damping, mosaicity and the 2-magnon scattering:  𝑑𝐻 ൌ 𝑑𝐻଴ ൅

𝑑𝐻௠௢௦௔௜௖ ൅ 𝑑𝐻ீ௜௟௕௘௥௧ ൅ 𝑑𝐻ଶି௠௔௚௡௢௡ 36,37. The effect of field-dragging i.e., the case where M 

is not parallel to the Hex can be ignored because the applied magnetic fields during resonance 

are well above the MCA in the in-plane magnetized films. The effect of inhomogeneous 

broadening on the anisotropic linewidth behavior can be ignored because it is independent of 

 30. The mosaicity effect on linewidths which arises due to the non-uniformity of the sample 

parameters such as thickness and internal magnetic energies, is zero along the easy in-plane 

direction30. A relatively higher value of resonance linewidths compared to completely relaxed 

thin films indicates the presence of extrinsic contributions from 2-magnon scattering, as has 

also been observed from the frequency dependent linewidths. The 2-magnon process arises 

from the scattering of resonant modes with k = 0 into non-uniform k ≠ 0 magnon modes at thin 

film interfaces. Such a magnon wavevector k lies in the film plane and the strength of the 

scattering process increases as the angle between magnetization vector and k decreases below 

the critical angle ξ = sinିଵ ቀ ୌ౨౛౩

ୌ౨౛౩ାସπ୑౛౜౜
ቁ

଴.ହ
 38. For our YIG films, we can estimate the value of 

ξ ~ 50 degree. Since the measurements are performed for in-plane magnetized films ( = 0 

degree), the 2-magnon contribution is expected to be maximized. We fitted the in-plane  

dependent linewidths of our samples with the  dependence of 2-magnon scattering process 

using the equation37-41: 

dH ൌ dHୱ୳୫ ൅ ൣA ൅ B cos 2 ൫ െ ୳୬୧൯ ൅ C cos 4 ൫ െ ୡ୳ୠ൯൧ sinିଵ ቌ
୤

ට୤మା୤బ
మା୤బ

ቍ         (3) 

where, the dHsum is the sum of angular independent inhomogeneous broadening, Gilbert 

damping and mosaicity contributions. The second term corresponds to 2-magnon scattering 

which has been written as the sum of three terms with A and C being contributions from the 
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four-fold cubic anisotropy and B being contribution from a two-fold uniaxial anisotropy. The 

obtained values from the fitting of the linewidths using Eq. (3) is given in Table 1. In case of 

the YIG (111), where µ0H2 = 0.7 mT and µ0H4 = 0 mT, we can fit the data using only the term 

that has twofold uniaxial symmetry. For the YIG (001) and YIG (011) samples, we need to 

factor in contributions from all the three terms i.e., angle independent (A), two-fold (B) and 

four-fold (C) terms. A and C which correspond to contributions from a fourfold symmetry 

increases with increasing H4 and are highest for YIG (001). On the other hand, B is maximum 

for YIG (011), which has the highest value of H2. Our results clearly demonstrate the facet 

dependent anisotropic linewidth in the YIG thin film. Such an observation indicates that the 

YIG/GGG interface dislocations could be dependent on the corresponding epitaxy and 

therefore gives rise to an anisotropic 2-magnon scattering process which is dependent on the 

facet. 

Table 1. Summary of values obtained from fitting using Eq. (2) and (3) for FMR measurements 

at f = 7 GHz. 

YIG facet µ0H2  (mT) µ0H4 (mT) A (mT) B (mT) C (mT) 
(001) 0.9 -4.5 110 55 40 
(011) -9.0 4.1 75 80 25 
(111) -0.7 0.08 0 50 0 

 

In conclusion, we have demonstrated and explained the origin of facet dependent 

anisotropic magnon-magnon interaction reflected in ferromagnetic resonance linewidths - a 

fundamental parameter for the magnetization relaxation process. The highly epitaxial thin films 

of YIG (001), YIG (011) and YIG (111) with atomically sharp interfaces was successfully 

grown and confirmed using X-ray diffraction and scanning transmission electron microscopy 

studies. The YIG (001) thin films clearly reveal four-fold anisotropic linewidth whereas the 

YIG (011) thin films show a dominant two-fold symmetry along with the tiny four-fold 

symmetry.  The observed facet dependent anisotropic resonance linewidth will enrich the 
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understanding of the magnetization relaxation mechanism in the YIG thin films much required 

for the spin transport in the epitaxial YIG thin films interfacing with heavy metals42,43. This 

will also enable direction specific generation, propagation and relaxation of magnonic current 

and will push forward the YIG as an important material, for power efficient magnon-based 

logic and memory applications41-47. Therefore, our demonstration of epitaxy dependent 

anisotropic linewidths is very important for nanoscale magnetism and provide a route towards 

to design YIG based low loss spintronics devices in future.  
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S1. Deposition and characterization techniques 

Prior to deposition, GGG substates with different facets i.e. GGG (001), GGG (011) and GGG 

(111) were cleaned using ethanol in ultrasonic bath for 5 minutes and then dried with nitrogen 

flow and placed in the sputtering chamber. The deposition was carried out at 100 W rf power 

in the presence of partial oxygen pressure of 1 Pa to maintain the oxygen stoichiometry of YIG 

thin films. The deposited YIG thin films were then annealed at 750 °C for 4 hours with the 

ramp rate of 8 °C/minute under the ambient atmospheric conditions, followed by cooling down 

to 400 °C at a rate of 1 °C/minute.  Thereafter, the samples were cooled down to room 

temperature without controlling the cooling rate. It was a natural cooling in the ambient 

atmosphere. It is important to highlight that all YIG thin films on the GGG substrates of 

different orientations are deposited and annealed at same time to avoid any mismatch 

processing conditions. To examine the crystallographic properties of deposited YIG thin films, 

symmetric and asymmetric X-ray diffraction (XRD) measurements were performed using 

Bruker D8 Discover. The magnetic properties of the thin films were estimated by broadband 

FMR measurement set-up using a vector network analyzer (VNA, Model: Agilent N5222A). 

In this method, 2×2 mm2 pieces of YIG thin film samples grown on a GGG substrate with 

different orientations, is placed on a coplanar waveguide (CPW), that has a 50 µm wide signal 

line, with the substrate facing away from the CPW. Microwave signal of fixed frequency f is 

applied to the CPW. The direction of the microwave current Irf flowing in the CPW sets up an 

in-plane hrf acting on the magnetic layer. The reflection coefficient S11 spectra were recorded 

using the VNA at fixed f by the varying in-plane static magnetic field Hex. 

S2. Crystallographic studies 
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The XRD measurements were performed in locked coupled mode to investigate the epitaxy of 

the thin film. For YIG (001)/GGG (001), two distinct peaks corresponding to YIG (004)/GGG 

(004) and YIG (008)/GGG (008) were observed as shown in Figure 1(a). Further, high 

resolution (2θ–) XRD scans of YIG (001) reveals the presence of YIG (004) at 28.63° and 

YIG (008) at 59.43°, together with resolved Kα1 and Kα2 peaks of GGG (004) and GGG (008) 

as shown in the Figure 1(b). The YIG grown on the GGG (011) and GGG (111) also shows the 

hkl reflections corresponding to (011) (Figure 1 (c) and (d)) and (111) (Figure 1 (e) and (f)), 

respectively. This confirms the formation of single phase epitaxial YIG thin film as per the 

orientation of GGG substrates. 

 

Fig 1. Symmetric XRD pattern for (a) YIG (001)/GGG (001) sample showing the Bragg 

reflections corresponding to (004) and (008) planes. (b) High resolution 2θ– for YIG 

(001)/GGG (001). (c)  Symmetric XRD pattern and (d) High resolution 2θ– of YIG 

(011)/GGG (011). (e) Symmetric XRD pattern and (f) High resolution 2θ– of YIG 

(111)/GGG (111). 

To further support the epitaxial growth of the deposited YIG thin film and identify the 

in-plane crystallographic directions, out of plane asymmetric XRD scans were performed. The 
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Bragg reflection (888) was accessed for YIG (001) and YIG (011) thin film using high 

resolution (2θ–) XRD scan, as shown in Figure 2(a)-(b). The presence of (888) reflection at 

2 =118.21° (for YIG (001, refer Figure 2 (a)) and 2 = 118.22° (for YIG (011, refer Figure 2 

(b)) matches well with the symmetric (888) plane of YIG (111) centred at 2 =118.21° (refer 

Figure 1 (f)). Similarly, asymmetric XRD scan for Bragg reflection (088) for YIG (111) is 

observed at 2 =88.99° as shown in Figure 2(c), which also matches well with symmetric scan 

of (088) of YIG (011) cantered at 2 =88.99° shown in Figure 1(d). Thus, XRD measurement 

confirm the deposition of single phase epitaxial YIG (001), YIG (011) and YIG (111) thin film 

on their respectively GGG substates. Further, to mark the in-plane stereographic projections in 

the YIG (001)/GGG (001), YIG (011)/GGG (011) and YIG (111)/GGG (111), asymmetric 

XRD scans were recorded as function of in-plane angle from 0° to 360°. The in-plane 

projection of the (888) plane in the YIG (001) shown in Figure 2(d) would result in the in-plane 

[011] direction. However, projection of YIG (888) in YIG (011) thin film shown in Figure 2(e) 

would result in in-plane [001] direction.  The angle dependent asymmetric scan of YIG (088) 

for YIG (111) thin film results in three-fold symmetry as shown in Figure 2(f). The projection 

of asymmetric scan of (088) result in the in-plane ሾ112തሿ direction. 
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Fig 2. Asymmetric 2θ– XRD pattern (a) YIG (001)/GGG (001), (b) YIG (011)/GGG (011) 

and (c) YIG (111)/GGG (111). Asymmetric phi scan for (d) (888) Bragg reflection of YIG 

(001)/GGG (001), (e) (888) Bragg reflection of YIG (011)/GGG (011) and (f) (088) Bragg 

reflection of YIG (111)/GGG (111). 

 

S3. Cross-sectional TEM sample preparation 

The epitaxial growth of the films is characterized by atomically resolved high-angle annular-

dark-filed (HAADF) scanning transmission electron microscopy (STEM) measurements 

performed in double corrected JEOL Grand ARM300 equipped with cold FEG gun at 300 kV. 

The cross-sectional samples required for the TEM characterization were prepared using a Zeiss 

Crossbeam 540 FIB equipped with dual gun and an in-situ micromanipulator for transferring 

the cross-section sample to the TEM half-grid  as shown in Figure 3 (a). In-order to protect the 

sample from damage due to the ion beam, 2 Pt layers were deposited sequentially -first with 

the electron beam and then the ion beam. The cross-sectional samples were prepared and 

thinned down to electron transparency as shown in the Figure 3 (b). The milling current was 
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reduced from 30 kV, 700 pA to 50 pA until the thickness of the lamella was ~ 600 nm. The 

milling was then done at 5 kV and 10 pA to minimize gallium implantation. 

 

Figure 3.  Sample preparation using focused ion beam (a) lamella lift off (using omni probe) 

from trench created in FIB and (b) lamella attached to TEM half grid, thinned down to electron 

transparency. 

S4. Power dependent resonant field and linewidth 

 

Figure 4: Resonant field and linewidth of  (a) YIG (100) and (b) YIG (111) as a function of 

excitation power. 

S5. Schematic showing the origin of anisotropy 

This growth induced magneto-crystalline anisotropy (MCA) can be explained using the 

framework of short-range ordering of the Fe3+ cation pairs in the garnet film during the 

crystalline growth. Two types of relevant rare earth Fe3+ pair ordering- tetrahedral and 
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octahedral, are present in the film as shown in Figure 4(a), which arises from the bonding 

between Fe3+ and O2-. The arrangement of the tetrahedral and octahedral sublattices in the YIG 

lattice for the three kinds of epitaxial growths are shown in Figure 4(b)-(d). While the ordering 

of both tetrahedral and octahedral sublattices in YIG (001) show a cubic symmetry, only the 

tetrahedral ordering in YIG (011) has a cubic arrangement with the octahedral showing a 

uniaxial symmetry.  

 

Figure 5. (a) Schematic of the octahedral and tetrahedral sublattices of a YIG crystal lattice 

showing the arrangement of Y3+, Fe3+ and O2- ions. Arrangement of the sublattices in YIG (b) 

(001) (c) (011) and (d) (111). Octahedrons are denoted by red while the tetrahedral sublattices 

are depicted by blue. 

 


