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ABSTRACT

The spectroscopic g-factor of epitaxial thin film Yttrium Iron Garnet (YIG) has been studied using a combination of ferromagnetic resonance
spectroscopy and x-ray magnetic circular dichroism. The values obtained by the two techniques are found, within experimental error, to be in
agreement using Kittel’s original derivation for the g-factor. For an insulating material with an entirely Fe** configuration, a spin mixing correc-
tion to Kittel's derivation of the spectroscopic g-factor, as recently shown by Shaw et al. [Phys. Rev. Lett. 127, 207201 (2021)] for metallic
systems, is not required and demonstrates that the spin mixing parameter is small in YIG due to negligible spin-orbit coupling.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0099477

1. INTRODUCTION

The efficient generation and control of spin currents are key
drivers in spintronics research. Current focus has been directed at
spin-orbit coupling (SOC) to achieve both' and has led to a rapid
rise in the sub-field of spin-orbitronics. SOC manifests itself in
many observables of fundamental importance and is responsible
for a variety of phenomena in ferromagnets and heavy metals such
as magnetocrystalline anisotropy, the spin Hall effect, and the spin
mixing of electronic states.””* Regarding the latter, the spin mixing
parameter, b’ is central to the Elliot-Yafet theory of spin relaxation
where the spin-relaxation time T is related to the Drude relaxation
time 7 via b® such that T, = P—fj and p is a proportionality constant

in the order one. The SOC-induced spin mixing has also been
shown to determine the damping of ultrafast magnetization
dynamics.” However, in order to obtain the values of the spin-orbit
coupling constant, it is necessary to quantify or at least obtain a
ratio of the spin and orbital moments in a magnetic material. This
is particularly important in thin films where interfaces and reduced
symmetries can have dramatic effects.” Ferromagnetic resonance
(FMR) spectroscopy and x-ray magnetic circular dichroism
(XMCD) are the two primary techniques used to determine the
ratio of orbital and spin moments. Assuming the spin moment (ug)
is known a priori, the orbital moment (u;) can be obtained via the

FMR spectroscopic g factor using10

mo_g-2 W

Us 2

By employing synchrotron-based core level spectroscopy such
as XMCD, the orbital and spin moments can also be obtained via
the magneto-optical sum rules,'" allowing for a complementary
measurement of both the orbital to spin moment ratio and the
spectroscopic g factor. However, recent work by Shaw et al.'* has
highlighted that the orbital to spin moment ratio, determined by
the two techniques, differs for ferromagnetic metals. In order to
reconcile the differences, the authors suggest and provide evidence
that a modification of Kittel’s equation [Eq. (1)], relating g to the
ratio of the orbital and spin moments, is required. This modifica-
tion, an additional higher order term to Eq. (1), takes into account
the spin mixing of states, which Kittel originally ignored as a weak
second-order effect. Motivated by the findings, ” in this Letter, we
report and compare values of g obtained using both XMCD and
in-plane VNA-FMR spectroscopy for a single crystalline YIG thin
film. Ratios of orbital-to-spin moment (and g) found with both
methods are shown to agree within experimental error using
Kittel’s original equation. It is shown that higher-order corrections
involving b°—used to account for spin-mixing in ferromagnets
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such as Co and Ni'*—are very small (if not zero) for the insulating
ferrimagnet YIG that contains Fe’*.

Il. SAMPLE FABRICATION

The crystalline YIG film was grown by pulsed laser deposition
(PLD) on a (111)-oriented gadolinium gallium garnet (GGG) sub-
strate. An amorphous YIG layer was deposited at room-
temperature in a chamber with a partial oxygen pressure of
2.5% 107> mbar, ablating a stoichiometric polycrystalline YIG
target. The frequency quadrupled Nd:YAG ablation laser operated
at a wavelength of 266 nm with a repetition frequency of 10 Hz and
fluence of approximately 3.0 J cm™ (100 mJ per pulse). The sample
was steadily rotated during deposition at 6 RPM. Post-deposition,
the amorphous YIG/GGG sample was annealed ex situ in a tube
furnace. Following Ref. 13, annealing was performed in air (atmo-
sphere) at 650 °C for 3 h, after which a crystalline YIG thin film
was produced. An additional 2nm platinum capping layer was
deposited after FMR measurements were performed to allow total
electron yield (TEY) detection for XAS/XMCD spectroscopy. We
note that the addition of Pt did not affect the value of the g factor
obtained by FMR. The Pt layer was grown at room-temperature
using PLD, by ablating a pure Pt target in vacuum at a base pres-
sure of 8 x 10™% mbar.

I1l. EXPERIMENTAL RESULTS
A. XRD

The YIG thin film was structurally characterized using x-ray
diffraction (XRD) around the (444) reflection to confirm epitaxial
crystallization of the YIG on the GGG substrate. As bulk materials,
the lattice mismatch between YIG and GGG is minimal
(Aa=0.06%). As shown in Fig. 1, the corresponding overlap
expected between YIG and GGG Bragg reflections is evidenced by
the presence of Pendellosung oscillations close to GGG (444)
reflection. The overlap is so significant that the YIG and GGG
peaks cannot be individually separated. Transmission electron
microscopy (TEM) cross-sectional images at the YIG/GGG inter-
face, see inset of Fig. 1, indicate high-quality epitaxial growth of
YIG on GGG. The interface is seen to be smooth, with interfacial
roughness below 1 nm and minimal lattice mismatch between the
YIG and GGG. X-ray reflectivity (XRR) measurements were per-
formed to determine the thickness and average roughness for the
YIG layer. Measurements were performed by scanning 26 —
below 6°, and the acquired reflectivity fringes were fitted using the
GenX software package.'” XRR of the YIG layer was measured
prior to the deposition of Pt to avoid the higher density Pt domi-
nating the XRR response. Measured and fitted Kiessig fringes are
shown in Fig. 2, with an accompanying scattering length density
(SLD) simulation from the extracted fitting parameters. For the
fitting procedure, fixed densities of 7.08 and 5.17 gcm™ were used
for GGG and YIG, respectively. From Fig. 2, an average YIG thick-
ness of (49.9+0.1) nm was obtained with an RMS roughness of
(0.6 £ 0.1) nm. GGG substrate roughness came to a similar value at
(0.7 £0.1) nm, in agreement with the TEM image in Fig. 1.
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FIG. 1. 26 — ® XRD measurement about the (444) reflection for YIG(50 nm)/
GGG(111). Inset: Cross-sectional TEM images of the YIG/GGG interface, along
the [11—2] zone axis.

B. FMR

The spectroscopic g-factor was obtained using vector network
analyzer (VNA)-based FMR spectroscopy for an in-plane geometry.
Placing the YIG sample face down on the co-planar waveguide, the
microwave transmission parameter, S;,, was measured over a fre-
quency range of 0.001-15GHz in 1601 equally spaced frequency

10°
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SLD (r,/A%)
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102

10’

10°

200 (°)

FIG. 2. XRR measurement (blue) with a fitted curve (red) for YIG/GGG. Inset
shows SLD against sample depth (Z) simulated from the XRR fitting parameters
for YIG/GGG.
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steps. A magnetic field range of 0-3 kOe was covered with a field
step of 0.1 Oe to measure resonance below 15 GHz. All VNA-FMR
measurements were performed at an RF power of +7dBm.
Linescans at constant frequency were extracted from the FMR
frequency-field maps and fitted using an asymmetric Lorentzian
function'” to determine the corresponding resonance field (H,).
The resonance frequency as a function of field is fit to the easy-axis
in-plane Kittel equation for a (111) orientated film, given by

o = 2ry\/H(H + 4wMey), 2)

where the gyromagnetic ratio, y = gup/h, and My is the effective
magnetization where 4zM; = 4rMs — ﬁ_, M, is the saturation
magnetization (136 + 1 emu/cc), and K is the cubic magnetocrystal-
line anisotropy constant (—6100 erg/cc for YIG).'® M, determined
from the Kittel curve fit agrees within error with independent mag-
netometry measurements of the sample using vibrating sample
magnetometry. v

An exemplar frequency-field map recorded along the [112]
easy axis is shown in Fig. 3, with a 10 GHz linescan inset. A narrow
resonance of AH(10 GHz) = (6.0 +0.2) Oe was measured at an H,
of 2740 £ 1 Oe. Following Refs. 18 and 19, the gyromagnetic ratio y
is determined by fitting the Kittel curve with Eq. (2) yielding
y=(2.83+0.02) MHz/Oe and M. of (140 +1)emu/cc in agree-
ment with other YIG FMR studies.”  is close to the free-electron
value of 2.802 MHz/Oe and agrees well with other FMR studies of
YIG deposited by various techniques: PLD,” sputtering,”’ and
LPE.** From the gyromagnetic ratio, a g-factor of 2.02 £0.01 is
obtained. This g-factor is consistent with Ref. 22, where an aniso-
tropic g-factor is measured to be of 2.022 from in-plane FMR and
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FIG. 3. In-plane VNA-FMR frequency-field map for the YIG/GGG thin film. Inset

shows a field linescan taken at 10 GHz and fitted to an asymmetric Lorentzian
function.
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2.012 from out-of-plane FMR (averaged to a g of 2.016). Similar
g-factors are reported in Ref. 20.

C. XAS and XMCD

XAS and XMCD spectroscopy was performed on the BLADE
(110) beamline at the Diamond Light Source. The XAS/XMCD was
measured at Fe L,; absorption edges in order to determine
valency, co-ordination, and the magnetic properties of Fe cations.
In L-edge XAS, electrons are excited from a 2p core level to the
unoccupied 3d valence states of the element of interest by circular
polarized x rays at the resonant transition energies. The difference
in absorption for opposite circular polarizations (XMCD) gives a
direct and element-specific measurement of the projection of the
3d magnetic moment along the x-ray polarization vector.'' The
absorption cross section is conventionally obtained by measuring
the decay products, typically electrons in TEY, of the photo-excited
core hole. The type of decay product measured determines the
probing depth of the technique, and for transition metals at L,
absorption edges, the probing depth in TEY detection is approxi-
mately 3-6 nm. All measurements were performed at normal inci-
dence, in order to reduce the effect of self-absorption on the
spectra,”” and in a 5 T field applied collinear to the photon helicity
vector. XAS and XMCD spectra are shown in Fig. 4. The XMCD
line shape agrees well with other YIG XMCD found in the litera-
ture.”>* Integration of the XMCD and application of the XMCD
sum rules,

a_ 29
ts  9p—6q°

(©)

where p and q are the integrated intensities of the XMCD over

-
o
T

XAS & XMCD (arb. units)
o
N
T

700 710 720 730 740
Photon Energy (eV)

FIG. 4. Experimental XAS/XMCD spectra with XMCD integral for a 50 nm
YIG/GGG thin film. TEY at normal incidence in H=5T at 300 K. A calculated fit
to the Fe L3, XMCD from atomic multiplet calculations is also shown.
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Lsand L, ; edges, respectively, yield values of (up/us) = 0.012 + 0.006.
The value of q in the XMCD integral is proportional to the orbital
magnetic moment contribution, which is almost completely
quenched in the YIG film. This follows the expected zero orbital
moment for a 3d° configuration. The small deviation from zero may
arise from hybridization of Fe cations with the ligands. A corre-
sponding g-factor of 2.02 +0.01 is calculated from the XMCD ratio
of orbital-to-spin moment using Eq. (1), which is consistent with
our FMR data and (Ref. 25) where a g-factor of 2.01 was obtained
via a similar XMCD sum rules analysis of YIG. We note that the Pt
capping layer may introduce an orbital moment that is measured by
the surface-sensitive XMCD but not the bulk-sensitive FMR.
However, given the spectroscopic g-factors agree within error, we
conclude that an induced orbital moment, if any, is very small and
well within the uncertainty of our measurement. A further indication
of this conclusion stems from the fact that the XMCD spectra mea-
sured in this study are identical to that measured in Ref. 25, where
there was no capping layer.

Contributions to YIG magnetism from tetrahedral and octahe-
dral Fe* sites were evaluated from atomic multiplet calculations
using the CTM4XAS software.”” Following Ref. 28, a Slater parame-
ter reduction of 70%, 80%, and 80% was used, with a 10Dq value
of 1.6 and —0.6eV for O;, and Ty co-ordination, respectively. A
Lorentzian broadening of 0.15eV was used for the L; edge and
0.3 eV for the L, edge, with Gaussian broadening of approximately
0.2 eV. As shown in Fig. 4, the atomic multiplet calculations have a
high level of agreement with the experimental XMCD data at the
Ls; edge for a relative occupation of 0:60:40 (Fe** Oy:Fe’* Ty:Fe’
Oy), with a 5% tolerance on each. This is the expected 3:2 ratio of
T4:0n Fe** in stoichiometric YIG. The Fe** contribution is zero. It
is worth noting that the small disagreement between the theory
and experiment for the spectral structure is mainly due to effects
that are not included in the calculation. The linewidth broadening
of each individual peak depends on its decay probability. This
increases gradually with higher photon energies as for the excited
state increasingly more decay channels open up. Also, the calcula-
tion does not include hybridization with configurations that are
higher in energy and their presence might, therefore, be responsible
for spectral differences in the range of 710-715¢eV. The spectral
appearance of the L, edge can be changed by the Coster-Kronig
interaction between the discrete states 2p;,;3d” and continuum
states 2p3/23d"_1k, where k is a continuum electron. This interac-
tion has not been accounted for in the calculated spectra except for
a larger Lorentzian line broadening for the L, structure; however, it
should also influence the spectral shape. As a result, although the
calculation is reliable for the peaks of interest in the L; region, the
structure at higher energies is less suitable for the quantitative
analysis.

Additional hard x-ray absorption was performed on the core
XAS beamline B18 at the Diamond Light Source. XANES was mea-
sured over the Fe K-edge to probe the bulk of the film and provide
complementary information on the valence of Fe cations in the
YIG film. The sample was mounted at approximately 45° to the
incident x-ray beam (beam size, 200 x 250 ,umz), and x-ray fluores-
cence was measured as the incident x-ray energy was swept from
6.8 to 7.5keV. Fluorescence data were collected in the continuous
scan mode using an emission spectrometer in dispersive Von
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FIG. 5. XAS for YIG/GGG taken over the Fe K-edge. Inset shows pre-edge
XANES 1s — 3d transition feature, following spline subtraction. Peak fiting tends
to a Gaussian centered at 7114.2 eV, indicating a Fe>"/SFe approaching 1.

Hamos geometry and a Medipix quad chip detector. The spectrom-
eter was configured to focus the Fe K,, signal (while photons of dif-
ferent energies were defocused) and a region of interest was defined
around the focal point to extract the fluorescence counts from the
images acquired for each energy point. The use of the spectrometer
offered a better energy resolution with respect to a monolithic Ge
detector and helped remove the interference from substrate diffrac-
tion peaks in the XAS spectrum. 16 separate scans were averaged
to improve the signal-to-noise ratio. XAS data over the Fe K-edge
are shown in Fig. 5. The dominant Fe valence was inferred from
the analysis of the 1s to 3d pre-edge XANES feature, following the
methods of Refs. 29 and 30. XAS data were normalized using the
ATHENA program”' at the K-edge step. A spline fit to the tail of
the absorption edge was subtracted as a background to isolate the
Is to 3d pre-edge feature. The spectral shape of the pre-edge
feature was fitted to a convolution of two pseudo-Voigt functions
to evaluate Fe** and Fe’* species contributions: initially centered at
7112 and 7114.5eV, respectively, with Gaussian and Lorentzian
contributions allowed to vary. All fittings tended toward a single
Gaussian of Fe’" valence with an energy centroid of 7114.2 €V. The
lack of convolution in the pre-edge spectral shape (and fit) indi-
cates a very high Fe’*/XFe ratio approaching 1; an Fe’*/XFe of 0.87
still shows significant skew from 7114 eV toward lower x-ray ener-
gies,”” which is not evident in the data presented here. An Fe’*/SFe
approaching 1 also agrees with atomic multiplet calculations fitted
to the XMCD data, where Fe** contributions are zero.

IV. DISCUSSION

As discussed earlier, the recent work on Co and Ni thin films
has demonstrated large discrepancies between the g factor obtained
from FMR and XMCD measurements,'” with a second-order spin
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mixing correction to the original derivation of g'’ required to rec-
oncile the two experimental values. Although such discrepancies
were found to be smaller in metallic Fe thin films, they are still con-
sidered large enough that second-order corrections are deemed
necessary. Blume et al.”> had also shown that second-order correc-
tions are needed when considering electron paramagnetic reso-
nance (EPR) of some transition metal ions in paramagnetic salts.
According to Ref. 30, the spectroscopic splitting factor g may be
written as

g= (L, +2S)/S,, (4)

where 8, is the z component of the fictitious spin in the spin
Hamiltonian and S, is the expectation value of the real spin. To
first order in the SOC coupling, ie., to (0|H - L|n)(n|AL - §|0)/A,
where |0) is the ground state, |n) is the excited state, and A is the
energy difference between ground and excited states, S; =S,
which re-produces Eq. (1). However, to second order in A (ie., for
non-zero b® terms), the initial spin state |S,) may be mixed with
|S.+1) and |S,—1) so that S, # S, requiring b’ corrections to
Eq. (1), which can be sensitive to the crystal field. Co** in octahedral
crystal fields is an example in which §, # S, and Eq. (1) requires
corrective second-order terms.'

Using Eq. (1), our data show that FMR and XMCD yield the
same value of the spectroscopic g factor for Fe** in YIG within the
associated experimental error of each technique. For an insulating
material with an entire Fe>* configuration, a spin mixing correction
following Ref. 12 is not required for the g-factor obtained by XMCD.
To first order, the orbital moment should be zero for 3d° configura-
tion leading to negligible first-order SOC.'”** The spin mixing of
states is a second-order effect and arises from the second term on
the right hand side of the spin-orbit operator as shown in Eq. (5),

1
AL-S=A|L:S: + (AB. + BLA)|, (5)

where A and B are the raising and lowering operators that mix the
upper states with the ground state. The small value of A for Fe’*
(0.05eV) and large energy separation, ~3 eV, between the 55/
ground state and the P, excited state (which is the obvious mixing
state due to the same J) provides the reason for negligible spin
mixing; the spin-orbit coupling constant is small and the energy-
level separation between ground and excited states is large. As such,
one would intuitively expect a spectroscopic g factor close to the free
electron value of 2 and observed in both the experimental FMR and
XMCD measurements without the need of second-order corrections,
in agreement with the experimental data. However, we note that the
experimental uncertainties also translate into an uncertainty in b
For completeness, we include the spin mixing of states into Kittel’s
original equation so that Eq. (1) may now be written as'”

ng(l—f—ﬂ) — 4[b]. (6)
Hs

Figure 6 shows the effect of the spin mixing parameter, b%, on
the spectroscopic g-factor. From the overlap of error bounds, we
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FIG. 6. (Black) Spectroscopic g-factor as a function of the spin mixing parame-
ter obtained from Eq. (6) and the XMCD data. (Red) Spectroscopic g-factor
obtained from the FMR data. Error bounds are shown as dashed lines.

obtain a lower and upper limit for b> as 0 and 0.006, respectively.
Even the upper limit is significantly lower than the value of the
spin mixing parameter obtained for ferromagnetic metals'” (0.02
for CoFe and Py).

Further work in order to verify the validity of Eq. (1) for other
ferromagnetic oxides, both conducting and insulating/semicon-
ducting, will enable the importance of spin mixing corrections to
the spectroscopic g factor, measured by XMCD, to be obtained
across a wide range of materials via simple ionic substitutions.
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