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Interfacial modulation of spin pumping in YIG/Pt
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Spin transfer across the interface of magnetic insulator/heavy metal is dominated by the magnetic state at
interface. Utilizing aberration corrected scanning transmission electron microscopy and electron energy loss
spectroscopy, we demonstrate the existence of metallic Fe0 atoms at YIG/Pt interface. The observed spin
pumping signal is linearly proportional to total Fe0 magnetic moments at YIG/Pt interface, revealing the critical
role of the interfacial magnetic moments on spin transfer. In addition, PtFe alloying might contribute to a channel
of spin sink at YIG/Pt interface.
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Interfaces of magnetic structure play a fundamental role in
spin-based technologies [1]. By creating the interface between
ferromagnetic (FM) thin films and nonmagnetic metal (NM)
thin films with strong spin-orbit coupling, the rich physics
are involved in FM/NM bilayers and abundant spin-current-
related phenomena have been reported. Yttrium iron garnet
Y3Fe5O12 (YIG) thin films are the most prominent candidates
for spintronics, magnonics, and spin-caloritronics due to their
exceptionally low magnetization damping [2,3]. Magnetic
excitations in YIG layers can inject pure spin current into the
adjacent NM layers through spin pumping [4] or spin Seebeck
effect [5], and spin-orbit coupling in NM layers converts
pure spin current to the transverse charge current. Charge
current can also be converted to spin current by spin-orbit
coupling in NM layers and exerts spin torque on adjacent
YIG, inducing spin-orbit torque [6] and spin Hall magne-
toresistance (SMR) [7]. All these spin-current-related phe-
nomena require a high efficiency of transferring spin angular
momentum across YIG/NM interface, i.e., a high spin mixing
conductance [8]. According to local moment model [9], spin
mixing conductance is dominated by local magnetic moments
at YIG/NM interface where spin transfer acts locally on mag-
netic ions. Therefore, insertion of a thin FM metallic layer at
the YIG/NM interface is expected to enhance significantly the
spin mixing conductance. However, experimental studies have
shown the contradictory results that the existence of metallic
thin FM could significantly reduce spin pumping [10] or en-
hance spin pumping [11]. It is important to point out that such
a puzzling situation is mainly due to a lack of characterization
of the magnetic state at the YIG/NM interface, which may
obstruct the road to a higher spin mixing conductance and a
better performance of spintronics devices. Different YIG/NM

*These authors contributed equally to this work.
†Corresponding author: p-gao@pku.edu.cn
‡Corresponding author: jiali83@pku.edu.cn

interfaces due to different fabrication conditions could easily
result in different chemical profiles and magnetism at the
interface (e.g., interfacial alloying, contaminations at interface
or interfacial chemical reconstruction) [12–15], leading to
contradictory experimental results [16]. Therefore, a local and
direct probe of YIG/NM interfacial properties (e.g., structural,
electronic, and magnetic profiles) is crucial to the under-
standing of spin-current-related phenomena at the YIG/NM
interface.

In this work, we present an atomic-scale investigation
of YIG/Pt interface by aberration corrected scanning trans-
mission electron microscopy (STEM) and electron energy
loss spectroscopy (EELS). A structurally sharp YIG/Pt in-
terface was confirmed. The existence of metallic Fe0 atoms
at YIG/Pt interface was revealed unambiguously. Tailoring
YIG/Pt interface by postannealing, the linear dependence of
spin pumping signals and total Fe0 magnetic moments was
demonstrated, revealing the critical role of the interfacial
magnetic moments on spin mixing conductance. Furthermore,
spin pumping signal was found to return to zero prior to total
Fe0 magnetic moments, indicating a channel of spin sink at
YIG/Pt interface. Such spin sink effect may be attributed to
the curtailed spin diffusion length in PtFe.

Figure 1(a) shows a low magnification STEM image of
gadolinium gallium garnet (GGG)/YIG/Pt sample along the
[112] direction. The atomically resolved STEM-high-angle
annular dark-field imaging (HAADF) image in Fig. 1(b)
shows an atomic sharp interface between YIG and Pt.
Figures 1(c) and 1(d) reveal a high-quality single-crystalline
YIG film grown epitaxially on GGG substrate [17]. From the
Z contrast (Z refers to atomic number) of STEM-HAADF
image, the bright atoms are identified to be Y and Fe atom
columns. In addition, polycrystalline Pt film (7 nm) grown on
GGG/YIG was confirmed. In order to gain a deep insight into
the chemical environment of Fe ions in YIG films, Fe L-edge
spectra were measured by EELS at different locations as the
following: “1” spot on Pt side at YIG/Pt interface; “2” spot
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FIG. 1. (a) Low magnification STEM image of GGG/YIG/Pt
sample along [112] direction. Atomically resolved STEM-HAADF
image of (b) YIG/Pt atomic sharp interface, (c) GGG/YIG interface
and (d) high-quality single-crystalline YIG film with labeled atom
planes. (e) Fe L-edge spectra measured by EELS at three different
locations labeled in (a). Fe L3-edge spectra were fitted by the com-
bination of two Lorentzian curves [orange curves in (e)], marked as
peak A at 705.2 eV and peak B at 706.6 eV. The black curves (sum
of peak A and peak B) in (e) show the best fitting of Fe L3-edge
spectra.

on YIG side at YIG/Pt interface and “3” spot in bulk YIG. In
Fig. 1(e), Fe L3-edge recorded at spot “1” exhibits the metallic
Fe0 nature (an asymmetrical peak A), indicating the diffusion
of Fe0 atoms into Pt layer. Fe L3-edge recorded at spot “3”
shows the Fe3+ feature of a major contribution from peak B
and a minor contribution from peak A. If Fe3+ valence was
mixed by Fe2+, the intensity of peak A (IA) would increase
with respect to the intensity of peak B (IB). We calculated
the intensity ratio of Fe L3 and L2 white lines (L3/L2 ratio)
from these Fe L-edge spectra measured by EELS. The L3/L2

ratio is 5.8 in bulk YIG (spot “3”), corresponding to Fe3+
valence state (all Fe atoms should be Fe3+ cations in YIG)
[3,18]. The L3/L2 ratio is 3.76 in the interfacial Pt layer (spot
“1”), confirming the existence of Fe0 in Pt layer (L3/L2 ratio
is ∼ 3.8 for pure Fe metal) [18]. This is direct evidence of
Fe0 diffusion into Pt layer, which is also supported by oxygen
K-edge spectra. The oxygen prepeak and main peak at the
K edge are absent in the interfacial Pt layer, which can help
to exclude the possible artifacts in EELS measurements of
the Fe L edge (see Supplemental Material Fig. S4(g) [19]).

The L3/L2 ratio is 5.08 on the YIG side at YIG/Pt interface
(spot “2”), which is in between the values found for Fe2+
and Fe3+ (the L3/L2 ratio is ∼4.6 for Fe2+ and 5.8 for Fe3+)
[18]. The presence of Fe2+ states at YIG/Pt interface has been
reported in the literature [20,21], and the correlation between
the formation of Fe2+ cations and oxygen deficiency was
suggested, which might be attributed to the deposition of Pt
on YIG. Fe L3-edge spectra recorded at spot “1”, “2”, and
“3” manifest that the distribution of element Fe is broad even
YIG/Pt interface is atomic sharp, and Fe0 diffusion into Pt
layer is confirmed.

The L3/L2 ratio is related to the number of holes on Fe
d bands at Fermi level, thus behaves similarly to magnetic
moment per Fe atom [18]. Changing Fe valence from Fe3+
(3d5) to Fe2+ (3d6) reduces the number of holes on Fe d
bands, resulting in a reduced magnetic moment per Fe atom
(from ∼5 to ∼4 μB), which can be characterized by a reduced
L3/L2 ratio from 5.8 to 4.6 [9,22]. Further reducing the num-
ber of holes on Fe d bands yields Fe0 and a further reduced
magnetic moment per Fe atom (2.2 μB), corresponding to
L3/L2 ratio ∼3.8. Such monotonic (not linear) dependence of
magnetic moment per Fe atom and L3/L2 ratio encourage us
to qualitatively characterize Fe magnetic moment by L3/L2

ratio [23].
To reveal the evolution of Fe valence state throughout the

GGG/YIG/Pt sample, Fe L-edge spectra were recorded by
EELS line scan with 0.25 nm for each step (see Supple-
mental Material Fig. S4(b) [19]). L3/L2 ratios at different
locations of sample were calculated based on these Fe L-
edge spectra. As shown in Fig. 2(b), YIG layer and YIG/Pt
interface can be divided into three regions, according to the
profile of the calculated L3/L2 ratios. Region I presents Fe3+
valence state in bulk YIG. As described in the previous
paragraph, region II contains the mixed valence state of Fe2+
and Fe3+. A steep decline in L3/L2 ratios was observed at
YIG/Pt interface (from region II to region III), indicating a
sharp interface between oxidized Fe and metallic Fe0. Such
a sharp interface can also be confirmed by a steep decline
of oxygen K-edge prepeak at the YIG/Pt interface (Supple-
mental Material Fig. S4(g) [19]). Therefore, a structurally
sharp interface between YIG and Pt was demonstrated un-
ambiguously. Region III was marked by a gradient shadow
in Fig. 2(b). L3/L2 ratios are ∼3.8 close to the YIG/Pt
interface, thus magnetic moment per Fe0 atom is expected
to be ∼2.2 μB adjacent to YIG/Pt interface in region III. To
simplify the following discussion, such a fraction adjacent to
YIG/Pt interface is called the Fe0 enrichment zone (∼1-nm
thick). On the contrary, L3/L2 ratios decrease drastically in
region III away from YIG/Pt interface, indicating the drastic
reduction of Fe0 magnetic moments deep inside the Pt layer
(1.5 nm away from YIG/Pt interface) that is called the Fe0

depletion zone. The drastic reduction of L3/L2 ratios in the
Fe0 depletion zone arises from the reduction of Fe d-band
holes, which results from the electron transfer between Fe
and Pt, indicating PtFe alloying in region III. This electron
transfer indicates an effectual hybridization between Fe 3d
bands and Pt 5d bands [24], leading to a possible magnetic
proximity effect (MPE) at YIG/Pt interface [25]. Such a
MPE will be discussed in the Supplemental Material S7
[19].
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FIG. 2. Chemical profiles of YIG/Pt interface. (a) Illustration of
composition profile at YIG/Pt interface. (b) The profiles of L3/L2

ratios and (c) the normalized peak A intensities (IA) throughout the
GGG/YIG/Pt sample, for as-grown sample, sample after postan-
nealing at 100 °C (Tann = 100 ◦C), sample after postannealing at
200 °C (Tann = 200 ◦C). IA in region III is entirely assigned to the
contributions of Fe0 in Pt layer. The horizontal dashed lines (red,
green, and blue) in (b) label the typical L3/L2 ratios of Fe0, Fe2+,
and Fe3+.

In order to tailor the YIG/Pt interface, the same
GGG/YIG/Pt sample was treated by postannealing at different
temperatures in sequence (Supplemental Material S1 [19]).
The profiles of L3/L2 ratios obtained after postannealing at
100 °C (Tann = 100 ◦C) and 200 °C (Tann = 200 ◦C) reproduce
the profile of L3/L2 ratios of the as-grown sample [Fig. 2(b)],
supporting the chemical stability of GGG/YIG/Pt sample.
The STEM images of the same GGG/YIG/Pt sample after
postannealing present the similar ordered lattice of YIG film,
demonstrating that the high crystallinity of YIG film can be
preserved after postannealing up to 200 °C (see Supplemental
Material Figs. S3(a) to 3(c) [19]).

To achieve the quantitative analysis of Fe0 atom density,
Fe L3-edge spectra were fitted by the combination of two
Lorentzian curves [orange curves in Fig. 1(e), marked as
peak A and peak B]. The intensity profiles of IA were plotted
in Fig. 2(c) throughout the GGG/YIG/Pt sample (as-grown,
Tann = 100 ◦C and Tann = 200 ◦C). IA in Fig. 2(c) were nor-
malized by the average of IA+B in region I (IA+B = IA + IB

represents the total intensity of Fe L3-edge, details described
in Supplemental Material S4 [19]) [26]. IA was higher in

region II than that in region I, originating from the mixed
valence state of Fe2+ and Fe3+ in region II. In light of the
sharp interface between oxidized Fe and metallic Fe0, IA in
region III is entirely assigned to the contributions of Fe0 in
Pt layer. Intense IA and a maximum of IA were observed in
Fe0 enrichment zone from as-grown sample. This IA max-
imum of 0.453 represents the local Fe0 atom density with
respect to Fe3+ ion density in region I. Recalling that Fe3+
ion density of bulk YIG is ∼10.55 atoms/nm3 in region I
[17], Fe0 atom density was estimated to be ∼4.78 atoms/nm3

at this maximum location. After postannealing at 100 °C,
the IA profile slightly decreased in region III, the maximum
of IA was 0.357. The IA profile dramatically decreased in
region III after postannealing at 200 °C, the maximum of
IA was reduced to 0.199. Such a dramatic reduction of IA in
region III corresponds to a dramatic reduction of Fe0 atom
density inside Pt layer. It is worth mentioning that IA profiles
remain unchanged in regions I and II after postannealing,
demonstrating the stability of sample’s chemical composition
against postannealing. These aforementioned results shown in
Fig. 2 are well reproducible (see Supplemental Material S1
[19]), and postannealing is an efficient method to tailor YIG/Pt
interface.

Spin pumping in the GGG/YIG/Pt sample was studied via
the measurements of voltage signals V(H) along Pt electrodes
by sweeping in-plane magnetic field (H). Figure 3(b) shows
a representative trace of V(H) data when the azimuthal angle
of H(θH) is 14°. The line shape of V(H) in Fig. 3(b) seems
to be symmetric Lorentzian curve. However, spin pumping
signals of YIG/Pt samples are reported to be contaminated by
the spin rectification effect (SRE) [27], just like SMR, and
anomalous Hall effect [28,29]. For the purpose of extracting
spin pumping signals (VSP) from V(H) data, we carried out
angular dependent measurements of V(H) data following the
conventional method in the literature [30,31]. The fitting
of angular dependent V(H) data confirmed that spin pump-
ing dominated V(H) signals in our measurements (details
described in Supplemental Material S6 [19]). SRE is not
sufficient to contaminate spin pumping signals, and angular
dependent Vsym is approximate to VSP. As shown in Fig. 3(d),
angular dependent Vsym slightly decreased after postannealing
at 100 °C and decreased by one order of magnitude after
postannealing at 200 °C, indicating a dramatic reduction of
spin pumping across the YIG/Pt interface.

Considering region III as a dusting layer between YIG and
Pt, spin pumping signals VSP can be written as [3,11]

VSP =
[

2e

h̄
θSHλSD tanh

(
tNM

2λSD

)
wR

][
h̄ω

4π
g↑↓

effPsin2φ

]
. (1)

The term in the first square bracket of Eq. (1) expresses the
Pt-related contribution to VSP, which influences the efficiency
of spin pumping. The term in the second square bracket gives
the dc spin current density ( js = h̄ω

4π
g↑↓

effPsin2φ) injected into
the Pt layer, e is the electron charge, and � is the reduced
Planck constant. θSH and λSD are the spin Hall angle and spin
diffusion length in the Pt layer. R is the sample resistance,
w is the width of Pt main stripe, and tNM corresponds to Pt
film thickness (7 nm). ω = 2π f is the microwave pulsation in
experiments. φ is the cone angle of magnetization precession
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FIG. 3. Modulation of spin pumping in YIG/Pt. (a) Illustration
of sample and the geometry of spin pumping measurements. (b)
A representative trace of V(H) data when θH is 14° (microwave
frequency f is 2 GHz and microwave power is 10 mW), plotted
with the fitting by the combination of symmetric and antisymmetric
Lorentzian curves. (c) Angular dependence of Vsym and Vasym, fitted
by taking SRE into consideration. Vasym is magnified up to 50 times
in order to be visualized. (d) Angular dependent Vsym for the same
sample before and after postannealing. (e) The linear dependence of
VSP/Papp and frequency f. The slopes in (e) are linearly proportional
to the effective spin mixing conductance.

and P is the correction factor of the ellipticity of the preces-
sion. g↑↓

eff is the effective spin mixing conductance.
The steady Pt resistivity against annealing up to 350 °C

was reported [32]. We recorded the resistances R of the
GGG/YIG/Pt sample before and after postannealing, which
were 212.6 � (as grown), 204.7 � (Tann = 100 ◦C), and
195.4 � (Tann = 200 ◦C). The sample resistance monotoni-
cally changed by a small amount of 8% after postannealing
at 200 °C. Recalling that spin Hall conductivity for Pt is
dominated by intrinsic spin Hall effect from momentum-space
Berry phase [33,34], Zhu et al. pointed out that θSH and λSD

are robust against annealing [35] and the variations of spin
pumping are solely attributed to the variations of effective spin
mixing conductance [36]. Thus, the Pt-related contribution to
VSP is regarded as a robust term against postannealing, the
variation of the VSP signal is entirely attributed to the variation
of js injected into Pt [36]. This statement is also supported by
the linear dependence of ϑSH and Pt resistivity [37,38].

Spin current density js is influenced by the precession
angle φ, as described by the term P sin2φ. This term is
determined by the film thickness and microwave frequency
f (i.e., magnetic field H) [39,40]. As a result, it is linearly pro-
portional to the actual microwave power applied on samples
(Papp) [12]. As shown in Fig. 3(e), the normalized VSP/Papp

FIG. 4. Estimations of total Fe0 magnetic moments in region III.
(a) The calculated local htot , (b) the products between htot and IA,
(c) normalized integrals of htot ∗ IA in region III (as-grown, Tann =
100 ◦C and Tann = 200 ◦C). (d) The linear dependence of VSP/Papp

(red circle) and g↑↓ (cyan circle) on total Fe0 magnetic moments. The
green dotted line illustrates the hand-waving estimation of VSP/Papp

signals when considering interfacial spin loss under the situation of
δ = 1. The red dotted line and cyan dotted line are the guidelines to
eyes.

indeed exhibit the linear dependence of frequency f, in accor-
dance with spin pumping theory [the slopes in Fig. 3(e) cor-
respond to g↑↓

eff ]. Therefore, we can characterize effective spin
mixing conductance g↑↓

eff by VSP/Papp when fixing microwave
frequency [41], and conclude that the dramatic reduction of
VSP/Papp is attributed to the dramatic reduction of g↑↓

eff after
postannealing at 200 °C.

The local moment model predicted that g↑↓
eff was not satu-

rated when Fe0 insertion layer reached four monolayers [9].
Therefore, all Fe0 atoms in region III might contribute to g↑↓

eff
and we need to estimate the total Fe0 magnetic moments in
region III. According to the sum rules [42], magnetic moment
per Fe atom is linearly proportional to the number of holes on
Fe d bands. The direct comparisons between the total numbers
of holes for similar materials is permitted by the following
[23]:

(htot )1/(htot )2 =
[

21IL2

12EL2
+ 15IL3

12EL3

]
1

/[
21IL2

12EL2
+ 15IL3

12EL3

]
2

,

(2)

where (htot )i represents the total number of holes for material
i, IL2 and IL3 are the absorption intensities of the L2 edge
and L3 edge, EL2 (706.6 eV) and EL3 (705.2 eV) are the
energy of L2 edge and L3 edge. To quantitatively characterize
Fe0 magnetic moments, we calculated htot = [ 21IL2

12EL2
+ 15IL3

12EL3
]

from Fe0L-edge spectra in region III. As shown in Fig. 4(a),
the local htot decreases monotonically when distancing from
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YIG/Pt interface. This is consistent with the tendency of
L3/L2 ratios shown in Fig. 2(b) that Fe0 magnetic moments
is reduced when deeply inside the Pt layer, confirming the
electron transfer between Fe and Pt. Very little variations of
local htot were observed after postannealing except for that in
Fe0 enrichment zone for Tann = 200 ◦C. Since the local Fe0

atom density is characterized by IA and magnetic moment
per Fe0 atom is characterized by htot, the products between
htot and IA can present magnetic moment density at different
locations in region III [Fig. 4(b)]. Integrating htot ∗ IA in region
III will provide the total magnetic moments of Fe0 in region
III. Integrals of htot ∗ IA shown in Fig. 4(c) were normalized by
the maximum value of the as-grown sample, corresponding
to the normalized total Fe0 magnetic moments in region III.
As shown in Fig. 4(d), the linear dependence of VSP/Papp

(at 2 GHz) and total Fe0 magnetic moments was observed,
which demonstrates the linear dependence of g↑↓

eff and total Fe0

magnetic moments in region III. Such a linear relation was
predicted by local moment model [9] and clearly evidenced in
Fig. 4(d).

A noticeable discrepancy between our data in Fig. 4(d)
and the prediction of local moment model is that VSP/Papp

returns to zero prior to total Fe0 magnetic moments. In other
words, js has been suppressed and killed when nearly a
quarter of Fe0 magnetic moments still exist in region III.
This counterintuitive fact seems to be unreasonable unless a
spin sink exists at the YIG/Pt interface. To the best of our
knowledge, there are two possible mechanisms reported in the
literature that might result in this spin sink at YIG/Pt interface:
(1) interfacial spin loss (ISL) [41,43], (2) spin-flip process
induced by MPE [44,45].

(1) ISL originates from the electron scattering at a sharp
interface. ISL is characterized by a factor δ. YIG/Pt interface
is ideally transparent to spin current and there is no ISL
when δ = 0. YIG/Pt interface becomes a perfect spin sink
when δ = 1. Usually, δ wanders between 0.3 and 0.6 for
FM/Pt system [41]. If we postulate an extreme situation when
δ = 1 in our samples, all spin current pumped by YIG into
Pt layer would be blocked at YIG/Pt interface. Only Fe0

magnetic moments in region III contribute to js injected into
Pt. Consequently, VSP/Papp signals will return to zero together
with total Fe0 magnetic moments [illustrated as the green dot
line in Fig. 4(d)]. Obviously, our data in Fig. 4(d) cannot
be accounted for by the ISL model, even under the extreme
situation.

It is worth mentioning that VSP/Papp originates from spin
angular momentum exchange at YIG/Pt interface. For zero
Fe0 magnetic moment, the magnon-electron exchange at
YIG/Pt interface may produce a positive voltage signal. Thus
we expect a positive VSP/Papp for zero Fe0 magnetic moment
when δ � 1.

(2) A linearlike thickness dependence of the damping
was revealed in FM thin films [46]. MPE induced magnetic
moments in Pt will produce a similar spin-flip process [44,45],
analogous to that which occurs in FM. As a result, Fe0

magnetic moments in the Pt layer act as a spin sink and block
spin current pumped by YIG into the Pt layer. This spin-flip
process is characterized by transverse spin coherence length
λJ = hvg/2Jex, where vg is the electronic group velocity at

Fermi level and Jex is the exchange energy of FM. Such spin-
flip process would be suppressed if exchange energy Jex is
reduced, i.e., the reduction of the total Fe0 magnetic moments
would suppress this spin-flip process. In consequence, the
reduction of total Fe0 magnetic moments would cause an
increase of the VSP/Papp signal, contrary to our observations
in Fig. 4(d).

Therefore, there must exist another mechanism of this spin
sink effect in our sample. As we mentioned above [Fig. 2(b)],
Fe0 magnetic moments in the Fe0 enrichment zone was dra-
matically reduced after postannealing at 200 °C. In contrast,
Fe0 atom density (IA) and Fe0 magnetic moment per atom
(L3/L2 ratio) were barely changed in Fe0 depletion zone,
resulting in the robust magnetic moments in the Fe0 depletion
zone against postannealing. It is worth mentioning that a
considerably large spin anomalous Hall effect was reported
in FePt alloy [47,48]. Then it is reasonable to expect a shorter
spin diffusion length λSD in the Fe0 depletion zone than that in
Pt bulk [37,49], which can contribute to a channel of the spin
sink effect. At present, the mechanism of this spin sink effect
is an open question, a model is desired to capture the physics
in such a classical system as YIG/Pt.

To verify this spin sink effect, we defined the interfa-
cial spin mixing conductance g↑↓ for YIG/PtFe interface
and calculated it using Gilbert damping parameter (details
described in Supplemental Material S5 [19]) [50,51]. As
shown in Fig. 4(d), the linear dependence of g↑↓ on total
Fe0 magnetic moments was revealed, which was consistent
with that of VSP/Papp, in support of the local moment model.
However, the g↑↓ value is always positive with g↑↓(0) =
2.4×1018 m−2 at zero Fe0 magnetic moment, inconsistent
with VSP/Papp. This g↑↓(0) might represent the true spin
pumping at YIG/Pt interface without the Fe0 magnetic mo-
ment. Recall that g↑↓ is equivalent to the spin current out
of the YIG layer. On the other hand, VSP/Papp (corresponds
to g↑↓

eff ) characterizes the efficiency of spin injection from
YIG into Pt bulk. In the presence of the interfacial spin sink
effect, the spin current out of the YIG should always be
greater than the spin current injected into Pt bulk (g↑↓ > g↑↓

eff )
with their difference being the spin loss in the interfacial
region. Therefore, the discrepancy between g↑↓ and VSP/Papp

confirmed the existence of the spin sink effect at the YIG/Pt
interface unambiguously. It is worth mentioning that inter-
facial spin sink effect has the same YIG-thickness scaling
as g↑↓, making it very challenging to isolate the spin sink
effect from g↑↓ [36]. In addition, the oxygen deficiency
and the existence of Fe2+ cations due to the deposition of
Pt layer will also induce an additional Gilbert damping,
leading to the unphysical estimation of g↑↓ [3]. Therefore,
VSP/Papp is a good parameter to describe the spin injection
efficiency of the entire YIG/Pt interfacial region, in contrast
to g↑↓.

As we defined g↑↓ for the sharp YIG/PtFe interface, defin-
ing the interfacial spin mixing conductance g↑↓

PtFe/Pt for the
interface between the PtFe and Pt layer is not appropriate
because PtFe in region III is spatially nonuniform. In or-
der to achieve a more precise description of such spatially
nonuniform system, a different theoretical model should be
introduced in the future.
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Overall, the existence of Fe0 magnetic moments at YIG/Pt
interface can enhance spin pumping (like a “spin current
amplifier”), meanwhile PtFe alloying may contribute to a
new channel of spin sink. The competition between these
two effects will result in the actual spin pumping across the
YIG/Pt interface. Supposing we modified YIG/Pt interface by
inserting an Fe0 atom, a large amount of Fe0 atom insertion
(e.g. one atomic layer of Fe0) would significantly enhance
g↑↓

eff , analogous to our case of as-grown sample. On the
contrary, a small amount of Fe0 atoms would diminish g↑↓

eff ,
similar to our case of Tann = 200 ◦C. Then the contradictory
experimental results [10,11] may also be explained according
to our observations in Fig. 4(d). It is worth mentioning that
SMR decreases by 61% after annealing [52], which might be
relevant to our observations.

In summary, a sharp structural interface between YIG and
Pt in the GGG/YIG/Pt sample was revealed by atomically
resolved EELS and STEM. Fe0 diffusion into Pt layer was
confirmed unambiguously. Tailoring the YIG/Pt interface by

postannealing, the linear dependence of g↑↓
eff and total Fe0

magnetic moments was demonstrated, revealing the critical
role of the interfacial magnetic moments on spin mixing
conductance. Furthermore, VSP/Papp was found return to zero
previous to the total Fe0 magnetic moments, indicating a
different channel of spin sink at the YIG/Pt interface. Such
a spin sink effect may be attributed to the curtailed spin
diffusion length in PtFe.
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