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Abstract: The atomically flat interface of Y3FesO12 (YIG) thin film and Gd3GasO12 (GGG)
substrate play a vital role in obtaining the magnetization dynamics of YIG below and above
the anisotropy field. Here, magneto-impedance (MI) is used to investigate the magnetization
dynamics in fully epitaxial 45 nm YIG thin films grown on the GGG (001) substrates using a
copper strip coil in the MHz-GHz frequency region. The resistance (R) and reactance (X),
which are components of impedance (Z), allow us to probe the absorptive and dispersive
components of the dynamic permeability, whereas a conventional spectrometer only measures
the field derivative of the power absorbed. The distinct excitation modes arising from the
uniform and non-uniform excitation of magnetization dynamics of the magnetization vector of
YIG, above and below the anisotropy field, are observed. The magneto-dynamics clearly shows
the visible dichotomy between two resonant fields below and above the anisotropy field and
its motion as a function of the direction of the applied magnetic field. A low value of the
damping factor ~ 4.7 — 6.1 X 10™* is estimated for uniform excitation mode with anisotropy
field of 65 + 2 Oe. Investigation of anisotropy field dependent magneto-dynamics across these
two different regimes, below and above anisotropy field, in the low-frequency mode can be

used in designing the YIG based resonators, oscillators, filters, and magnonic devices.
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I. Introduction

Yttrium iron garnet (YIG, Y3FesO12), is a well-known ferrimagnetic insulator with low
damping of ~107> and is among prevalent choices to study spin current related transport
phenomena such as spin Seebeck effect, spin Hall magnetoresistance, spin-orbit
magnetoresistance, spin pumping, and spin pumping - inverse spin Hall effect measurements,
etc'”’. The low Gilbert damping factor of YIG allows the transfer of the spin information over
a longer distance without unwanted spurious effects otherwise observed in metallic
ferromagnets' > 7. Further, structural quality of the YIG thin film and its magnetic properties
such as effective magnetization, gyromagnetic ratio, anisotropy fields, and magnon-magnon
interaction also play crucial role in realizing spin transport across YIG and its heterointerfaces
with heavy metals'®. Where, a comprehensive investigation of magnetization dynamics of YIG,
below and above the anisotropy field, is advantageous to gain detail insight and determine
unambiguously its magnetic properties!!"!2. The conventional technique employed to study the
magnetization dynamics and to estimate the aforementioned magnetic parameters is the
ferromagnetic resonance (FMR)'". In FMR measurements, usually, the high-frequency
magnetization dynamics are excited by applying magnetic field higher than that of the
anisotropy field of the magnetic material exhibiting the single domain behaviour!®. The low-
frequency magnetization dynamics excited below the anisotropy field of material, are very
sensitive to magnetic interactions and therefore require careful study'*'*. In particular, a clean
and atomically defined interface of the Gd3GasOi12 (GGG) and YIG with minimum lattice
distortion is also a prerequisite to excite magneto-dynamics below the anisotropy field of
YIG!®!"' Further, the alternative approach of magneto-impedance (MI) measurement
technique is recently used for the low-frequency magnetization dynamics and to characterize
the different magnetic properties of various thin film materials'>!°. The MI technique measures

the changes in complex impedance (Z = R + jX) of magnetic materials placed under the



external applied magnetic field (H), where R o< wuyu,’ is the oscillating resistance, X o< wugu;-
is the reactance, w is the frequency of the rf signal, fio and U defines the permeability of free

space and relative permeability of the material. The relative permeability u, = u; — ju,’
induces changes in impedance due to the changes in the absorptive component (i;’) as well as
changes in the dispersive component (u;.) of the permeability!>!’. The information regarding
the dispersion and absorption enables an unprecedented understanding of in-plane magnetic
anisotropy and magnetic interactions in different crystallographic directions in the material
under investigation.

In the present paper, we employed the MI measurements to record the change in the
impedance Z (w, M) of YIG as a function of frequency and the orientation of the magnetization
M in high-quality epitaxial YIG(001) film making an atomically flat interface with bottom
GGG(001) substrate. The experimentally obtained MI data perpetually exhibits the dependence
of the impedance, and thereby magnetization dynamics, of YIG on applied rf frequency and
subsequently different magnetic properties including effective magnetization, gyromagnetic
ratio, anisotropy field and the damping factor of epitaxial YIG thin film are characterized. The
low-frequency magnetization dynamics enables the direct estimation the anisotropy field of the
YIG thin film as well as the relative angle of local magnetization with applied magnetic field.
Thus, the MI measurements provide an additional way to accurately investigate the magnetic
properties and order parameters of the YIG material in low-frequency regime suitable for

various applications such as resonators and microwave filters.

I1. Experimental Section

Epitaxial YIG (001) thin film with thickness ~ 45 nm was grown on the GGG substrate
with (001) orientation using high-vacuum rf sputtering. Before deposition, the substrates were
rinsed with acetone and precleaned with ethanol using sonication for 5 minutes. Thereafter, the

room temperature deposition was carried out in partial oxygen pressure to maintain the oxygen



stoichiometry. The rf power during the YIG deposition was kept at 100 Watt. The deposited
YIG thin film was then subjected to optimized thermal annealing at 750 °C for 4 hours with
the ramp rate of 8 °C/minute under the ambient atmospheric conditions, followed by the
cooling up to 400 °C at a rate of 1 °C/minute. After 400 °C, the sample was allowed to cool
naturally to room temperature. To examine the epitaxial growth of YIG (001) thin film and
interface roughness, the X-ray diffraction (XRD) and X-ray reflectivity (XRR) measurement
was performed by Bruker D8 Discover using Cu Kq x-ray source. High resolution transmission
electron microscopy (TEM) measurements were conducted using a JEOL Grand ARM300 with
a cold FEG gun at 300 kV. The cross-sectional sample for the TEM studies was prepared using
a Focused Ion Beam (FIB) milling®°. The lamella fabrication was done using a Zeiss Crossbeam
540 FIB equipped with a dual gun and an in-Situ micromanipulator for transferring the cross-
section sample to the TEM half-grid. MI measurements were performed using an Agilent
E4991A impedance analyzer. Room temperature M-H hysteresis loops were traced using
vibrating sample magnetometer. Next, an indirect approach to measure the impedance while
sweeping the DC magnetic field (Hdc) for a given rf frequency (to provide oscillating magnetic
field, Hrr) varied from 500-2000 MHz range is utilized'”. The sample size of 3 mm x 3 mm was
placed in between the copper coil which affects the magnetic flux distribution and thereby coil
impedance due to the changes in the permeability of YIG thin film during the excitation of

magnetization dynamics.

ITI.  Results and Discussion

Figure 1a shows the XRD pattern of GGG (001)/YIG sample recorded in lock-coupled
mode for 26 = 20° to 70° range. The presence of Bragg reflections corresponding to (004) and
(008) YIG planes confirms the formation of epitaxial YIG (001) thin film without any
additional phases. However, the observed two small additional peaks around 44° and 64° are

from substrates holder, which is confirmed by performing the XRD scan after removing the



sample, while keeping all the conditions same. The magnified view around 20 = 28.7° and 260
=59.5° in Figure 1b and 1c¢ respectively unveiled the distinct appearance of characteristic YIG
reflections observed together with the resolved Kai and K2 peaks for (004) and (008) GGG
planes. To further access the epitaxy of YIG, cross-sectional TEM imaging is shown in Figure
1d. The thickness of the YIG thin film was found to be 45 nm. The lattice planes resolved TEM
image, refer Figure le, across the interface of the GGG (001) substrate and YIG film confirms
the epitaxial growth, consistent with the XRD results. An atomically sharp interface between
the GGG and YIG is observed where very small lattice mismatch between YIG and GGG
around ~0.05%, enables the favourable growth of epitaxial YIG thin film without any
dislocations and distortions. The selected area electron diffraction along [100] zone axis, shown
in Figure 1f, illustrates the anticipated cubic symmetry of highly crystalline and single-phase

epitaxial YIG thin film.
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Figure 1. (a) XRD pattern of GGG(001)/YIG(001) sample recorded in lock-coupled mode. The
magnified view showing (hkl) reflections for YIG (001) and resolved Ka1/Ka2 peaks of GGG
(001) for (a) (004) peak and (b) (008) peak. (d) Cross-sectional TEM image of GGG(001)/YIG
interface displaying epitaxial (001) growth. High-resolution TEM displaying atomically
defined interface marked with white dotted line. (f) Selected area electron diffraction of YIG
film describing high crystallinity with cubic phase.

The aberration-corrected (AC) - scanning transmission electron microscopy (STEM)

image of the YIG thin film is shown in Figure 2a. The AC-STEM images are recorded using a



high angle annular dark field (HAADF) detector, which reflects image contrast according to
atomic number (material density). Here the bright area corresponds to bottom GGG (001), and
the darker area is showing grown YIG (001) thin film. Further the zoom view in inset verifies
the perfectly epitaxial growth of YIG (001) along the z-axis with atomically resolved cubic
lattice without any visible dislocations. In addition, distinct Kiessig fringes observed in XRR
data (refer Fig 2b) for the YIG film provide a strong evidence of sharp interface and excellent
surface quality of entire thin film. The interface roughness of GGG/YIG is estimated to be 0.13
nm by simulating the experimental data (open circles) as shown by overlapping spectra (red
line) in Figure 2b assuming a bilayer model GGG/YIG. Next, the M-H hysteresis loops at
different azimuthal angles (®) were traced by varying the external magnetic field (Hbc)
direction (red arrow) with respect to YIG crystallographic [100] orientation (white arrow) as
depicted in figure 2(c). Figure 2d shows azimuthal angular dependent M-H hysteresis loops
that proves the in-plane easy axis and hard axis of the YIG is parallel to [100] (®=0°) and [110]
(®=45°) orientation respectively. Moreover, the ® dependence of coercive field plotted in
Figure 2e clearly shows the in-plane biaxial anisotropy related to the cubic crystallographic
four-fold symmetry. The coercive field of the YIG thin film along [100] and [110] is found to

be ~ 1.9 Oe and 1.3 Oe respectively.
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Figure 2. (a) Aberration corrected (AC)- Scanning Transmission Electron Microscopy (STEM)
showing the cubic lattice of the 45 nm YIG (001) thin film. (b) X-ray reflectivity measurements
of YIG (001)/GGG (001). (c) Schematic showing the in-plane angle (®) between the [100] and
applied magnetic field. (d) M-H loop and (e) coercive field as a function of ®.

MI measurements were performed to study low frequency magnetization dynamics of
epitaxial YIG (001) thin film. Figure 3a shows cartoon representation of one-turn inductor
made up of copper strip which was specifically designed to measure the impedance change
during the dynamics. Upon passing It current in this designed strip coil, the distribution and
strength of generated rf magnetic field defined by Hx, Hy, and Hz along x, y and z direction

respectively was also simulated using the RF module of COMSOL Multiphysics. The Hy is

determined to be 0.13 Oe with negligible amplitude in x and z-direction. Further invariant



amplitude of all rf field components up to 2000 MHz as shown in Figure 3b, suggest the
reliability of present MI measurements performed along different crystallographic directions
of YIG, while sweeping the DC magnetic field (Hpc) along with different excitation rf
magnetic field (Hir). As mentioned before, the Iif current passing through the copper strip coil
creates an Hir along the axial direction and therefore the sample GGG (001)/YIG placed in the
strip coil will experience an in-plane Hrr magnetic field (refer Fig 3c). The angle between the
H:r and applied DC magnetic field (Hpc), with Hpc initially applied along [100] direction, is
given by ¢. Further, to understand the magnetization dynamics in the YIG, MI measurements
were performed as a function of excitation frequency for a given direction of applied magnetic
field i.e, $=0° (for [100]) and $=45° (for [110]). The angular dependent MI measurements are
carried out by moving the electromagnets to vary azimuthal angle (¢) at 1000 MHz while
varying in-plane Hpc as shown in Figure 3d. The similar value of the resonant fields along
[110] (for ¢ =45°) and [-1-10] (for ¢ = —45°) direction of YIG film (Figure 3e) which further

support the observed crystallographic cubic four-fold symmetry from TEM results.
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Figure 3. (a) Simulated RF magnetic field inside the copper strip coil along x, y and z directions
using COMSOL simulation. (b) Estimated RF magnetic field as a function of excitation
frequency. (c¢) Schematic showing the film is in x-y plane and the M and the Hpc make the
elevation angles of 0 and 3 with respect to the normal to the film plane respectively while their
projections on the x-y (film) plane make the angles ¢ and a with respect to x-axis respectively.
(d) The angular dependent MI measurements while varying the in-plane azimuthal angle ¢ at
1000 MHz. (d) Resonant field as a function of ¢.

Figure 4a and 4b delineate the resonance field - frequency dispersion of
GGG (001)/YIG sample recorded for $=0° and ¢p=45°, respectively, over a frequency range of
500-2000 MHz, with in-plane magnetic field sweep. For ¢=0°, two well-separated resonant
peaks were observed in the low-frequency regime, up to 800 MHz, where the applied magnetic
field is less than the saturation magnetic field (Hs) required for YIG. The peak observed at the
lower magnetic field is marked as peak “p1” in Figure 4a. For excitation frequency, 900 MHz
and above, the single resonance peak is observed confirming uniform Kittle excitation mode.
However, for $=45°, no resonant peak(s) were observed at lower frequencies up to 800 MHz,
and only single resonant peaks were observed for all excitation frequencies above 800 MHz as
shown in Figure 4b. The origin of the peak at lower applied magnetic fields (peak p1 in Figure
4a) in low-frequency range is due to the excitation of spin-dynamics when the magnetization
vector of YIG is not aligned along the external field due to its magnetocrystalline anisotropy
(MCA) field. As the applied magnetic field is increased, the external magnetic field overcomes
the internal MCA field and results in a parallel alignment of magnetization with the external
field. The resonance at higher fields corresponds to the ferromagnetic resonance where the
magnetization direction of the YIG and the applied magnetic field are aligned. To check the
effect of rf driving magnetic field on the resonant peaks below and above the anisotropy field,
the power-dependent MI measurements at two distinct frequencies i.e, 800 MHz and 1000 MHz
was performed, as shown in Figure 4¢,d. Here we chose 800 MHz and 1000 MHz frequencies

based on the excitation modes observed in Figure 4a. Notably, the power-dependent MI spectra



recorded for both frequency showed no change in the resonant field with excitation power,

confirming the uniform magnetization precession in linear excitation regime.
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Figure 4. Impedance spectra of the copper strip coil for (a) ¢$=0° along [100] and (b) ¢=45°
along [110]. Power dependent magneto-impedance spectra of the copper strip coil for along
YIG [100] direction at (c) 800 MHz and (d) 1000 MHz excitation frequencies.

The resonance field (Hr) and resonance linewidth (AH) are extracted by fitting MI

spectra with the sum of the derivatives of antisymmetric Lorentzian function

AH(H-HR)
(AH)2+(H-HR)2

X(H) =X, (D ), where D is the intensity of the antisymmetric component?'. The
extracted Hr values are plotted against frequency for both $=0° and ¢=45° and are shown in
Figure 5a by hollow blue squares and solid red circles, respectively. As expected, two distinct
resonance peaks are observed for the low-frequency range from 500 to 800 MHz for ¢=0°.

However, above 800 MHz, a single resonance peak is observed for both the value of ¢, i.e.,

$=0° and $=45°. In order to deduce cubic anisotropy field Hx, we solved the Smit-Beljers

02F 92%F ( 0%F

2
o~ \a 0«1)) ) 22 for magnetic free energy (Feubic) expressed

. (R _ . 1-2
relation (;) = [M; sin 0] (
as the sum of the Zeeman, demagnetizing and cubic anisotropy energy terms given by

Feubic = % [—2H(sin 8 sin B cos( o — ¢) + cos B cos B) + 41M, cos? 0] + %Hk cos? ¢ sin? ¢]



where M;s is the saturation magnetization,  and 0 are the elevation angles of the external field
and the magnetization respectively with respect to the normal of the film plane (as shown in
Figure 3(c)), o and ¢ are the azimuthal angles of the external field and the magnetization

respectively with respect to the x-axis on the film plane (refer Figure 3(c)). Thereby we can
2
obtain the simplified expression; (5) = (Hcos(a — ¢) + Mg)(Hcos(a — ¢) + Hy cos 4 ¢),

which shows a fourfold symmetry as is expected from cubic anisotropy fields. Here f is the
excitation rf frequency and y is the gyromagnetic ratio. At high fields where the magnetization

direction of the ferromagnets and the applied magnetic field is parallel, i.e (a — ¢ = 0), this

2
expression is reduced to (5) = (H + Mg)(H + Hy cos 4 ¢).

Further, substituting the value of ¢ = 0° and ¢ = 45°, we obtain the expressions

(%)2 = (H + Mo)(H + Hy 100) and (5)2 — (H + Mo)(H — Hy150) for [100] and [110] direction
respectively on the film plane. The derived expressions were used to estimate the anisotropy
fields Hk,100 and Hx,110 along [100] and [110] directions, respectively, by fitting the obtained
resonance fields as a function of excitation frequencies as shown in Figure 5a. Fittings were
performed by letting the gyromagnetic ratio and anisotropy fields as free parameters for the
fixed value of Ms=1400 Oe. A similar value of anisotropy fields ~ &+ 65 = 2 Oe is found for
both Hk,100 and Hk 110. The gyromagnetic ratios are found to be 2.739 MHz/Oe (for [100]) and
2.741 MHz/Oe (for [110]) which are in good agreement with fitting. For the case where
magnetization is not parallel to the external magnetic field marked by dotted black box region
in Figure 5a, we observe a decrease in the resonance frequency with increasing applied

magnetic field. Such a decrease is because of the decrease in additional (o — ¢) term, as shown

in the inset of Figure 5a, that is otherwise zero for high field regime. For the low field regime

2
in ¢ = 45°, we can obtain (5) = (Hcos(45 — a) + M) (H cos(45 — a) — Hy). Assuming a



linear increase of a with increasing Hpc, we can fit the experimental data using this expression
to a good level of accuracy. The corresponding fit is shown by the line in Figure 5a. Thus, the
MI measurements provide a precise and effective way to investigate the magnetic properties
such as anisotropy field, effective magnetization, of the magnetic material by exciting the
magnetization dynamics. The method can be widely used for metal, semiconductors, and

insulators'>1% 23,

Subsequently, we plot the values of linewidth, AH, as a function of frequency when
Hpc is along [100] and [110] as shown in Figure 5b. Along the [100] direction, when the Hr >
Hx, 100, an anticipated linear increase in the AH as a function of excitation frequency is observed.

A low damping factor of a~ 4.7 x 10~* is estimated by fitting the obtained AH as a function of

frequency using the equation: AH = AH, + ?f 2124 However, at low frequency, when Hr <

Hk.100, high values of AH are observed. The higher value of the observed AH is due to non-
collinear precession below the anisotropy field, where the applied magnetic field and
magnetization vector are not parallel to each other, shown in the inset of Figure 5a. This non-
collinear precession of the magnetization is expected to provide the non-linear behaviour of the
AH as a function of frequency below the anisotropy field as shown in the dotted red box in
Figure 5b. A similar value of a ~ 6.1 X 10™* is also estimated when the magnetic field is
applied in along the [110] direction. One order higher value of damping factor ~ 4.7-6.1x10
as compare to bulk YIG ~ 3x107 is observed. This ultralow value of Gilbert damping of 3x10-
3 is possible in the fully relaxed thin film. The observed higher value of damping factor may
also attribute to the presence of the extrinsic damping factors such as two-magnon scattering
in the in-plane excitation geometry of epitaxial YIG thin films. The non-homogenous linewidth
(AHo) along the [100] and [110] is found to be 0.8 Oe and 0.6 Oe, respectively which confirms

the good quality of the epitaxial thin film of YIG.
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Figure 5. (a) Dispersion of resonance field with frequency when Hac || [100] and Hqc || [110]
direction. Inset shows the relative angle between the magnetization and applied magnetic field.
(b) linewidth as a function of excitation frequency used to estimate the effective damping (o)
for Hac || [100] and Hac || [110]. The x-y axis for inset and main Figure are the same. The black
dotted box denoted the linewidth for the MI spectra below the anisotropy field.

Real ([R(€2)]) and imaginary ([X(€2)]) part of the MI spectra showing the two distinct
resonant fields observed at 800 MHz excitation frequency is given in Figure 6 (top left). Careful
analysis revealed that the X component changes its sign below the anisotropy field while the R
component maintains the same sign. It is well established that the R component is directly
proportional to the power absorbed by the sample through y;’, and hence R displays a positive
peak at both the resonances. The opposite signs of X line shape differ significantly from the
trend observed in y, for the acoustic (AM) and optic mode (OM) in interlayer exchange
coupled systems®® . In this system, the sign of p. remains the same for both AM and OM.
Similarly, in inverse spin hall effect-spin pumping experiments, the FMR modes at below and
above Hk show the same voltage sign®. Thus, the line shape of X gives additional spin

information with regards to the magnetization which can be used to design magnonic devices.

It is important to note that the second resonance mode feature below the anisotropy
fields are very sensitive to the frequency of excitation and direction of the applied magnetic
field. In order to take a closer look at multiple resonant states and dominant anisotropy field

resulting in it, MI measurements were performed as a function of azimuthal angle “¢”. It is



worthwhile to note that the resonance field-frequency dispersion color map shown in
Figure 6 (b-1) delineate the substantial change within -10° < ¢ < 10°. A systematic change in
the visible dichotomy, where resonant modes for Hr < Hk100 and Hr > Hk 100 merges, is
observed with different orientation of the applied magnetic field. The mode occurring for Hr <
Hx 1001s known as a soft mode which occurs when the magnetization of YIG film is not aligned
with the applied magnetic field. The behavior of these soft modes reveals important
information regarding magnetization switching. The resulting disappearance of the resonant
mode corresponds to the magnetic domains for a fixed value of excitation frequency. Thus, the
azimuthal orientation of the magnetic field relative to the YIG [100] axis of the epitaxial YIG
thin film, shows a sharp change in the magnetization dynamics. This provides us a better way
to control the magneto-dynamics for low-frequency range and its implementation to estimate
the anisotropy field, and related spin transport effects in the YIG and other ferromagnetic

materials.
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Figure 6. (a) Real and imaginary part of the MI spectra showing the two distinct resonant fields
observed for 800 MHz excitation frequency. (b) to (1) resonance field-frequency dispersion
color map for -10°< ¢ < 10° with the step size of 2° showing the change in the visible dichotomy
with ¢.

To conclude, we examine the magneto-dynamics of an epitaxial 45 nm YIG thin films
using the magneto-impedance technique. A low value of the damping factor ~ 4.7 — 6.1 X
10~* is estimated for the resonant field higher than the anisotropy field of ~ 65 Oe. The
magneto-dynamics clearly shows the visible dichotomy between two resonant fields for Hr <

Hx, 100 and Hr > Hk 100 and its motion as a function of the direction of the applied magnetic field.



A good agreement between the analytic model fitting and the experimental data is demonstrated
for both cases; (1) when the M is not parallel to the Hpc (Hr < Hk,100), and (2) when the M is
parallel to the Hpc (Hr > Hk,100). Thus, the MI measurements provide a precise and effective
way to investigate the magnetic properties such as anisotropy field, effective magnetization,
gyromagnetic ratio, Gilbert damping of the magnetic material by measuring the impedance of
the strip coil. Understanding the anisotropy field dependent resonance mode dispersions in the
low-frequency mode could be helpful for designing the YIG based low-frequency resonators,
oscillators, filters and magnonic devices?’*!. The method can be widely used for metals,

semiconductors and insulators.
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