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ABSTRACT

The effect of thermal surface cleaning on the Gilbert damping (a) of yttrium iron garnet (YIG), before capping with a metallic layer, has been
investigated. Our results show that a is strongly affected by relatively mild annealing conditions (T¼ 300 �C) when performed in a vacuum.
This increase needs to be taken into account when obtaining the spin-mixing conductance from spin pumping measurements. We measure
an increase in a by a factor of �8 when the YIG is vacuum annealed at 300 �C. No such changes in a are observed when annealed at the same
temperature in 1� 10�1 mbar of oxygen. We suggest that the main driver for the increase in a is the reduction of Fe3þ to Fe2þ, as demon-
strated by soft x-ray magnetic spectroscopy.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0244429

Research in the sub-field of magnon spintronics, where mag-
nons—the quanta of spin waves—are used to carry and process infor-
mation, has gathered pace in recent years.1–3 Magnons offer several
advantages over conventional spintronics, particularly in the develop-
ment of insulator-based devices with reduced energy consumption. In
these devices, the propagation of pure spin currents in magnetic insula-
tors, where dissipationless transport of the spin has been predicted,4

eliminates parasitic Joule heating. One magnetic insulator in particular,
yttrium iron garnet (YIG), is considered the most prominent material
in this field, being widely used in spin transport experiments5 due to its
exceptionally low damping, even in thin films.6 In order to combine
magnon spintronics and charge-based electronics, the latter crucial for
input–output functionality, it is necessary to create efficient converters
that transformmagnon spin currents into conventional charge currents.
Typically, spin pumping, which generates spin accumulation in a metal
by magnetization precession of an adjacent ferromagnet, and the inverse
spin Hall effect (ISHE), which transforms a pure spin current into a
charge current, are used for the input and output conversion processes,
respectively. According to the spin pumping theory,7 the spin current
sunk by a layer adjacent to a ferromagnet (FM) leads to an increase in
the Gilbert damping such that a ¼ aintrinsic þ asp, with

asp ¼
glB
4pMs

g"#eff
1

d
; (1)

where Ms is the saturation magnetization of the FM, d is the FM layer
thickness, g is the spectroscopic g-factor, and g"#eff is the effective spin-
mixing conductance that essentially governs the transfer of spin momen-
tum across an interface. Measuring the change in the Gilbert damping of
the YIG due to spin pumping (asp) into an adjacent metallic layer there-
fore allows a convenient experimental determination of g"#eff .

7–9

Previous studies on spin-mixing conductance at a YIG/Pt inter-
face demonstrated an enhancement by more than two orders of mag-
nitude by surface treatments, such as Piranha etch and heating the
sample at 500 �C in vacuum, prior to Pt deposition.10 The authors con-
sidered that the intrinsic Gilbert damping is the same for all samples,
irrespective of treatment method, so that changes in damping are
solely related to changes in g"#eff .

In this paper, we report increases in the Gilbert damping in YIG
thin films, due to either being subjected to vacuum thermal annealing,
or the subsequent deposition of a thin (2 nm) weak spin–orbit coupled
aluminum capping layer. The Gilbert damping is observed to increase
significantly for YIG, vacuum annealed at 300 �C for as little as
15minutes, whereas for YIG annealed at the same temperature in a
1�10�1 mbar partial pressure of oxygen, a is unaffected. In addition,
we notice that the deposition of Al on the YIG, irrespective of film heat
treatment, also increases a. We argue that such increases need to be
considered when forming spin pumping heterostructures as often the
YIG films are annealed in vacuum to remove physisorbed gas species
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(air, water vapor) from the surface prior to heavy metal deposition.
These increases in a may then be incorrectly attributed to asp, leading
to errors in g"#eff . We suggest that the main driver for the increase in a is
the reduction of Fe3þ to Fe2þ, consistent with vacuum annealing and/
or a displacement reaction between Fe oxide and Al. Changes in the Fe
L2;3 x-ray absorption spectra, with annealing conditions and capping
layer material, support this hypothesis.

Crystalline YIG films were grown via pulsed laser deposition
(PLD) on (111)-oriented gadolinium gallium garnet (GGG) substrates.
Following Refs. 11 and 12 an amorphous YIG layer was deposited at
room temperature, in a partial oxygen pressure of 2.5�10�3 mbar, by
ablating a stoichiometric polycrystalline YIG target. Ablation was per-
formed using a frequency quadrupled Nd:YAG laser (k¼ 266 nm)
with a fluence of approximately 1 J cm�2, at a repetition frequency of
10Hz. The sample was rotated at 6 RPM during deposition. Following
deposition, the amorphous YIG samples were ex situ annealed in
atmospheric conditions, at 850 �C for 3h, to recrystallize the YIG. This
technique was used to produce four YIG films with nominal thick-
nesses of (656 3) nm for FMRmeasurements.

Post FMR, the four epitaxial single crystal YIG films were sub-
jected to surface treatments, as summarized in Table I. Two films, (b)
and (d), were annealed in vacuum (base pressure of 5 � 10�8 mbar),
using in situ laser heating in the PLD chamber. Film (b) was annealed
at 150 �C, while film (d) was annealed at 300 �C: both for 15min. The
temperature was ramped at approximately 4 �C/min by adjusting the
duty cycle of a pulsed 10.6lm CO2 laser directed onto the back of
the samples. The third film, (c), was annealed at 300 �C under an
oxygen partial pressure of 1�10�1 mbar, following the same proce-
dure. The fourth film (a) was annealed at 150 �C under the same oxy-
gen partial pressure, and served as a control. FMR measurements were
then repeated on the treated films to observe changes to the magnetic
damping. These thermal annealing treatments were repeated on two
additional sets of recrystallized YIG films to ensure repeatability.

To facilitate total electron yield (TEY) detection for x-ray absorp-
tion spectroscopy (XAS)/x-ray magnetic circular dichroism (XMCD)
spectroscopy measurements, an additional 2 nm aluminum capping
layer was then deposited on three of the treated YIG films (b–d) by
sputtering a pure Al target at room temperature. The fourth YIG film
(a), used as a control, was capped with a 2 nm platinum capping layer
deposited at room-temperature using PLD, ablating a pure Pt target in
vacuum (base pressure of 5�10�8 mbar). A final set of FMR measure-
ments was performed on the four capped YIG films, prior to XAS/
XMCDmeasurement.

The Gilbert damping of the YIG was measured using in-plane
FMR spectroscopy by mounting the samples face down onto a 50X
coplanar waveguide (CPW), connected to a two-port vector network

analyzer (VNA) and centered between the poles of a 2D vector mag-
net. Details of the system can be found in Ref. 13. The microwave
transmission S-wave parameter, S12, was measured over a frequency
range of 0.001–15GHz. The applied magnetic field ranged from 0 to
4 kOe, with a field step of 0.2Oe, producing a 2D frequency-field reso-
nance map, as shown in Fig. S1 of the supplementary material. All
FMR measurements were performed at an RF power of þ7dBm. Field
linescans at constant frequency were extracted from the FMR
frequency-field maps and fitted using an asymmetric Lorentzian func-
tion14,15 to determine the corresponding resonance field (Hr) and line-
width (DH), see Fig. S1. Fe L2;3 XAS and XMCD measurements were
performed on beamline I06 at the Diamond Light Source.16 The XAS
was measured in normal incidence, which reduces the effect of self-
absorption on the spectra,17 in a 6T field applied collinear to the x-ray
helicity vector by total electron yield (TEY). At the L2;3 absorption
edges of 3d transition metals, the probing depth for TEY detection is
approximately 6 nm.

Resonant frequencies were extracted from the frequency-field
maps for each applied field and are plotted in Fig. 1 for the YIG films
prepared under different conditions. We also include an additional
sample,18 annealed at 300 �C in O2 and capped with 2 nm of Pt for
completeness. The FMR resonance frequency as a function of field is
fit to the easy-axis in-plane Kittel equation for a (111) orientated film,
given by

x ¼ c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðHðH þ 4pMeff ÞÞ
q

; (2)

with the gyromagnetic ratio c ¼ glB=�, and the effective magnetiza-
tion Meff ¼ 4pMs � K=Ms, where Ms is the saturation magnetization
of the YIG, and K is the cubic magnetocrystalline anisotropy constant
(�6100 erg/cc for YIG).19 For three of the YIG films (a–c), the FMR
resonant field (measured at 10GHz) of all three stages differ by less
than 8Oe, with the Kittel curves almost lying on top of each other.
The variation in the Kittel curves are so small that they display as a sin-
gle overlapping curve, i.e., the parameters such as the saturation mag-
netization (Ms), the anisotropy (K), and gyromagnetic ratio (c) are the
same within error, leading to Kittel curves that are almost overlapping.
A zoomed in version of Fig. 1 at 10GHz is shown in the supplemen-
tary material, Fig. S2. However, for YIG vacuum annealed at 300 �C
[Fig. 1(d)], a more significant decrease in resonant field (Hr) of 95Oe
is observed, with an additional decrease in 18Oe following aluminum
capping. Nevertheless, Kittel curve fits for all four films produce values
for Ms that agree within error with independent measurements of the
films using vibrating sample magnetometry, (1316 6) emu/cc. The
three films with similar Kittel curves also produce a similar g-factor of
(2.026 0.01) across all processing stages of these three samples, close
to the expected value of 2 for a d5 ion.20–22 However, the 300 �C
vacuum-annealed YIG film produces a larger g-factor of
(2.0506 0.005).

In samples where two-magnon scattering is negligible, the mag-
netic linewidth (DH) of the FMR resonance follows a linear depen-
dence with microwave frequency, such that23,24

DHðf Þ ¼ DH0 þ
2paf

c
; (3)

where DH is the half width at half maximum (HWHM) of the reso-
nance, a is the intrinsic Gilbert damping, c is the gyromagnetic ratio,

TABLE I. Summary of annealed YIG/GGG thin film samples, with 2 nm metallic cap-
ping layers.

YIG sample In situ annealing (15 min) Capping layer

(a) 150 �C, Oxygen (1�10�1 mbar) Pt

(b) 150 �C, Vacuum (5�10�8 mbar) Al

(c) 300 �C, Oxygen (1�10�1 mbar) Al

(d) 300 �C, Vacuum (5�10�8 mbar) Al

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl
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and DH0 is the frequency independent extrinsic damping. The experi-
mental data for magnetic linewidth as a function of microwave fre-
quency are shown in Fig. 2.

Fitting Eq. (3) to the data in Fig. 2 allows for the extraction of the
Gilbert damping (a) and frequency independent extrinsic damping
(DH0) for each of the treated YIG conditions. DH vs f is linear for all
samples (prior to Al deposition), indicating that two-magnon scatter-
ing is not significant in our samples, even those annealed in vacuum.
We observe no significant increases in the Gilbert damping that arise
from in-vacuum annealing of the YIG at 150 �C [Fig. 2(b)]. However,
in-vacuum annealing at 300 �C [Fig. 2(d)]—even for only 15min—
dramatically increases the Gilbert damping, by almost an order of
magnitude upon re-measurement of the FMR: from (5.06 0.6)�10�4

to (386 1)�10�4. In contrast, for annealing performed at 300 �C in
1�10�1 mbar of pure oxygen [Fig. 2(c)], the Gilbert damping was
found to be, within error, unchanged. This is an important observation
and highlights the sensitivity of YIG FMR to preparation conditions,
such as thermal cleaning of physisorbed species, that may be used
when depositing multiple layers for magnonic devices. No obvious
relationship between annealing treatment and extrinsic damping was
inferred from the FMR data, prior to deposition of the capping layer.

In all three annealing treatments, the changes in extrinsic damping are
either within error, or insignificantly small, with DH0 of (1.56 0.5) Oe
for all cases, see Table II. This suggests that the annealing temperatures
used, despite being high enough to affect the Gilbert damping when
performed in vacuum, does not significantly promote the formation of
defects in the bulk of the YIG film.

Interestingly, the addition of an aluminum layer causes a notable
increase in Gilbert damping for all the YIG films. At first consider-
ation, this is not expected as aluminum (Z¼ 13) is non-magnetic with
a weak spin–orbit coupling and therefore would not be a natural
choice for a spin-sink. The low layer thickness (2 nm) and natural oxi-
dation, after removal from the sputtering chamber, precludes signifi-
cant eddy current damping as the cause. In addition, we rule out
radiative damping25,26 as significant, as we obtain arad ¼ 2� 10�5

from Eq. (6) in Ref. 26 for our geometry. However, an unexpected sec-
ond FMR resonance mode was observed in the oxygen-annealed YIG
film following aluminum deposition, see Fig. S3 in the supplementary
material. The presence of this second mode restricted the frequency
range across which the HWHM linewidths of the Kittel mode could be
accurately determined to below 10GHz as reflected in Fig. 2(c), as
above this frequency, the two modes significantly overlapped

FIG. 1. Kittel curves (frequency vs field) for the (black) as-grown, (red) annealed
YIG films, and (blue) annealed YIG films after capping with 2 nm metal layer. (a)
YIG/Pt, (b) YIG (vac, 150 �C)/Al, (c) YIG (O2, 300

�C)/Al, and (d) YIG (vac, 300 �C)/
Al samples. The open circles in (a) are from an additional YIG/Pt sample annealed
at 300 �C in O2: We note that only 1 in 50 of the data points are plotted for clarity.

FIG. 2. FMR linewidth (DH) vs frequency for the (black) as-grown, (red) annealed
YIG films, and (blue) annealed YIG films after capping with 2 nm metal layer. (a)
YIG/Pt, (b) YIG (vac, 150 �C)/Al, (c) YIG (O2, 300

�C)/Al, and (d) YIG (vac, 300 �C)/
Al samples. The open circles in (a) are from an additional YIG/Pt sample annealed
at 300 �C in O2 for completeness.
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broadening the resonance. The cause of this second resonance is not
clear, but we speculate that it may be due to an inhomogeneous Al
layer or a slight increase in the roughness of the YIG film at the YIG/
Al interface, induced by the sputtering process. However, it is clear
from the slope of DH vs frequency and values of the Gilbert damping
that there is little change in a after annealing at 300 �C in oxygen prior
to deposition of the capping layer.

To gain a detailed understanding of the annealed YIG, XAS/
XMCD measurements were performed at the Fe L2;3 absorption edges
in order to determine the valency, coordination, and magnetic proper-
ties of the 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 circularly polarized x-rays at the resonance energy of the transition.
The difference in absorption for opposite chirality (rþ, r�) of the
polarizations (XMCD) gives a direct and element-specific measure-
ment of the projection of the 3d magnetic moment along the x-ray hel-
icity vector.27 Due to the optical selection rules, the electric-dipole
transitions from the ground state can reach only a limited subset of
final states. It therefore results in a local probe with a high sensitivity
to the crystal field, spin–orbit interaction, oxidation state, and site sym-
metry as evidenced by spectral shifts of the absorption peaks.

Figure 3 shows XAS data for the (a) YIG/Pt, (b) YIG (vac,
150 �C)/Al, (c) YIG (O2, 300

�C)/Al, and (d) YIG (vac, 300 �C)/Al
samples at the Fe L2;3 edges. The XAS shows multiplet structure typical
of YIG. Two main peaks, one negative and one positive, are present in
the XMCD spectra at the L3 edge, identical to that found in other
XMCD studies of YIG.20,28–30 These peaks correspond to contributions
from Fe3þ in octahedral (Oh) and Fe3þ in tetrahedral (Td) sites. For
the ferrimagnetic garnet structure, spins located on the Td sites are
aligned antiparallel to the spins on the Oh sites in a ratio of 3:2. Hence,
the negative peak in the XMCD at the L3 edge is due to tetrahedrally
coordinated Fe3þ. However, on annealing in an increasingly reducing
environment, we notice a change in both the XAS and XMCD close to
the pre-edge region of both the L3 and L2 edges, as shown in the gray
boxed regions of Figs. 3 and 4. This change is subtle for the low tem-
perature vacuum annealed film and 300 �C O2 film but significant for

the 300 �C vacuum annealed film. The clear increase in spectral weight
that occurs toward lower photon energies is indicative of an increase
in Fe2þ, similar to the XMCD of a mixed valence Fe oxide containing
Fe2þ and Fe3þ, such as Fe3O4,

15 that shows the relative energies of the
Fe ions in different valence states around the Fe L3 edge. The increased
spectra weight at lower energies, in both XAS and XMCD data, is con-
sistent with annealing in a reducing vacuum environment and/or a dis-
placement reaction between iron oxide and metallic aluminum. To
further demonstrate this, we integrate the XMCD in the pre-edge
region of the L3 edge (gray box). For the Pt capped sample, the integral
is slightly positive, shown in Fig. 4, but becomes increasingly negative
as the samples are progressively reduced. This indicates an increasing

TABLE II. Values of Gilbert (a) and extrinsic (DH0) damping of annealed YIG/GGG
thin film samples, with 2 nm metallic capping layers, extracted from Fig. 2.

Sample/treatment a (�10�4) DH0 (Oe)

(a) YIG (5.26 0.7) (1.86 0.2)

YIG (O2, 150
�C)/Pt (206 2) (2.76 0.6)

YIG (O2, 300
�C)/Pt (266 2) (0.46 0.6)

(b) YIG (26 1) (2.06 0.4)

YIG (Vac, 150 �C) (4.96 0.5) (1.06 0.2)

YIG (Vac, 150 �C)/Al (16.16 0.9) (1.86 0.3)

(c) YIG (3.76 0.6) (1.16 0.2)

YIG (O2, 300
�C) (36 1) (1.36 0.5)

YIG (O2, 300
�C)/Al (66 2) (5.16 0.5)

(d) YIG (5.06 0.6) (1.86 0.2)

YIG (Vac, 300 �C) (366 2) (1.96 0.7)

YIG (Vac, 300 �C)/Al (386 1) (3.46 0.5) FIG. 3. Circular polarization-dependent XAS at the Fe L2;3 edges for the (a) YIG/Pt,
(b) YIG (vac, 150 �C)/Al, (c) YIG (O2, 300

�C)/Al, and (d) YIG (vac, 300 �C)/Al sam-
ples. Pre-edge regions of the L2,3 edges shown in gray. The spectra have been off-
set for clarity.

FIG. 4. XMCD spectra at the Fe L2;3 edges for (a) YIG/Pt, (b) YIG (vac, 150 �C)/Al,
(c) YIG (O2, 300

�C)/Al, and (d) YIG (vac, 300 �C)/Al samples. Pre-edge regions of
the L2,3 edges shown in gray. The spectra have been offset for clarity.
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amount of Fe2þ, aligned parallel to the Td Fe
3þ in the near surface

region. As Fe2þ has a larger orbital moment compared to Fe3þ, any
increase in the former would provide an additional relaxation mecha-
nism to the lattice,31–33 thereby enhancing the Gilbert damping, con-
sistent with the FMR results.

In conclusion, we demonstrate that moderate vacuum annealing
of YIG or the addition of an aluminum capping layer significantly
increases the Gilbert damping. For the former case, this increase needs
to be taken into account when obtaining the spin-mixing conductance
from spin pumping measurements. We suggest that the main driver
for the increase in a is the reduction of Fe3þ to Fe2þ, as demonstrated
by soft x-ray magnetic spectroscopy.

See the supplementary material for further details of the FMR
analysis.
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