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We observe significantly enhanced spin Seebeck effect (SSE) and spin Hall magnetoresistance (SMR) values
by inserting 0.3–0.6-nm-thick layers of magnetic materials with different composition (Cr, Ni80Fe20, Co90Fe10,
Fe50Co50, and Fe) at the Y3Fe5O12/Pt interface. To study the actual magnetic state of these insertion layers,
we, then, investigated the magnetization of these layers via generalized magneto-optical ellipsometry. Magnetic
insertion layers in this thickness range did not exhibit a measurable magnetization, even though our method
should have detected even a small fraction of the bulk magnetization value for the utilized materials easily.
Therefore, the observed SSE and SMR enhancement generated by the insertion of thin magnetic material layers
did not result from a net interface magnetization but might, instead, be related to the paramagnetic state of the
inserted layers.

DOI: 10.1103/PhysRevB.102.094411

I. INTRODUCTION

Spin current manipulation has attracted increasing atten-
tion both in application and fundamental research fields be-
cause of its zero Joule heating properties. A typical phe-
nomenon is the spin Seebeck effect (SSE), which is the
spin current propagation driven by a temperature gradient in
a magnetic layer [1–11]. The attachment of a heavy-metal
layer onto a magnetic layer results in spin pumping, which
is dependent on the spin mixing conductance at their interface
[12–18]. The resulting spin current is converted into electric
current by the inverse spin Hall effect (ISHE) in the heavy-
metal layer, which can then be utilized for novel thermo-
electric devices having wide applicability, e.g., as energy
harvesters, heat flow sensors, and two-dimensional thermal
mapping sensors [5,19,20]. Given the Onsager reciprocal
relation with ISHE, the spin Hall effect (SHE) also occurs
in the heavy-metal layer, meaning that the electric current is
converted back into a spin current [20–23]. Based on the SHE,
the spin Hall magnetoresistance (SMR) is observed in such
bilayers consisting of magnetic insulator and heavy-metal
layers; also this SMR strongly depends on the spin mixing
conductance and the spin Seebeck power generation [18,24–
27]. Therefore, to use the spin current for either SSE or SMR
applications, it is paramount that the spin mixing conductance
will be further improved. This parameter is significantly de-
termined by the interface quality [28–30] and, according to a
theoretical study, also by the magnetic moment density at the
magnetic insulator/heavy-metal interface [31]. In a previous
work [32], we experimentally increased the SSE voltage by
inserting a Ni80Fe20 layer in between Y3Fe5O12 (YIG) and Pt
and, thus, observed agreement with this theoretical prediction.
Here, let us mention that we confirmed that there is merely
negligible moment in Pt for all samples with and without

insertion layers by x-ray magnetic circular dichroism
(XMCD) at the BL39XU of SPring-8.

In this paper, we systematically investigated both the
SSE and SMR of YIG/Pt devices by inserting thin layers
of magnetic materials with different saturated magnetization
and composition, namely, Cr, Ni80Fe20, Co90Fe10, Fe50Co50,
and Fe. We also analyzed the magnetic properties of these
layers via generalized magneto-optical ellipsometry (GME)
measurements and determined their correlation with the spin
pumping in SSE and SMR.

II. EXPERIMENTAL

Figure 1 illustrates the sample structure and the SSE, SMR,
and GME measurement systems. We prepared two types of
samples: one with a sintered YIG substrate (1-mm thick) and
the other with a sputtered YIG film (50-nm thick) for the SSE
voltage, and the SMR and GME measurements, respectively.
The 50-nm YIG film was deposited on a thermally oxidized Si
substrate via radiofrequency magnetron sputtering and, then,
annealed in atmosphere at 750 ◦C for 1 h. The M (t-nm)/Pt
(5-nm) films (M = Cr, Ni80Fe20, Co90Fe10, Fe50Co50, or Fe;
t = thickness from 0 to 1.0 nm) were deposited onto the YIG
film or substrate.

The crystal structure of the sintered and sputtered YIG
layers was investigated via cross-sectional transmission elec-
tron microscopy (TEM) and high-angle annular dark-field
scanning TEM (HAADF-STEM) observations on milled sam-
ples by using an H-9000NAR microscope (Hitachi Hitech)
operated at 300 kV and a JEM-ARM200F system (Nihon
Denshi) operated at 200 kV, respectively. Additionally, they
were characterized by x-ray diffraction (XRD) using a Rigaku
SmartLab system. The electromotive force related to the
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FIG. 1. Schematics of the sample structure along with the (a) thermoelectric voltage, (b) resistance change, and (c) GME measurement
systems. In the measurement of MRxx dependence on H , a current was passed along the x-axis direction, and the external magnetic-field (H )
changed in the y-axis direction. For the measurement of MRxx dependence on α, β, and γ , a current was passed along the x-axis direction, and
a constant H was rotated on the xy plane, the yz plane, and the xz plane, respectively. In the GME measurements, two polarizers (P1 and P2)
were mounted on stages and rotated by the angles φ1 and φ2, respectively.

SSE was measured within a temperature gradient applied
by sandwiching the samples in between a pair of Peltier
modules in a thermal bath; specifically, we monitored the
temperature difference (�T ) between the top and the bottom
of the sample as shown in Fig. 1(a). �T was measured at
the Peltier module surface, within 1 mm from the sample
surface so that the monitored �T could be slightly larger than
the actual temperature discrepancy of the sample surfaces.
It is noted that, even if there is an error in the measured
�T , it will be virtually identical for all samples, given that
the same setup is used and given the very similar nature
of all samples and their thermal conductivity. The magnetic
field was swept from −300 to +300 mT, and the generated
voltage (�V ) was detected by two probes separated by a
distance (l) of 32 mm. Thus, based on �V , the spin Seebeck
coefficient (S) was calculated as S = �V tYIG/�T l , where
tYIG is the thickness of the sintered YIG substrate (i.e., 1 mm)
[32,33].

The magnetoresistance associated with SMR was evalu-
ated by means of a four-terminal measurement method as
shown in Fig. 1(b). The upper M/Pt layers were patterned into
stripes with a width (w) of 10 mm and length (l) of 20 mm.
The MRxx-Hy curves were obtained by varying the external
field (Hy) from −150 to 150 mT; the MRxx-α, MRxx-β, and
MRxx-γ curves were measured by changing the angles (α, β,
and γ ) between external field and charge current from 0◦ to
360◦ at a fixed field magnitude of 123 mT. For the MRxx-Hy

curves, �Rxx = Rmax − Rmin and MRxx = �Rxx/Rmax. For the
MRxx − α, β, and γ curves, �Rxx = R(90◦) − R(45◦) and
MRxx = �Rxx/R(45◦).

The inserted magnetic material layers were much thin-
ner than the YIG ones, hindering their magnetization mea-
surement via typical methods, such as vibrating sample
magnetometry (VSM) or by using superconducting quan-
tum interference devices (SQUIDs). Therefore, we utilized a
magneto-optical technique, specifically the GME method to
investigate the magnetization states and values of the inserted
film because this method is surface sensitive and, moreover,
enables one to tune the sample depth at which the method
reaches its highest sensitivity [34–39]. GME is a light re-
flection technique using a sequential set of incoming light
polarizations and detection sensitivity settings to evaluate the
entire reflection matrix in an absolute quantitative manner,
which is the maximum information achievable by any optical
experiment with polarization degree conservation. Thus, it al-
lows for very precise sample to sample comparisons. The sam-
ple structure and GME measurement setup are schematically
shown in Fig. 1(c). The samples, consisting of a Pt layer with
a thickness of 1 nm instead of 5 nm and a sputtered YIG film,
were prepared so as to emphasize the optical signals from the
inserted magnetic material layers. In our GME measurements,
we monitor the light intensity (I) whereas changing H and
obtaining hysteresis loops for a certain number of settings of
the polarizer orientation (φ1, φ2) where φ1 and φ2 are the
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FIG. 2. Cross-sectional TEM images (×2 000 000 magnification) of the (a) sintered YIG substrate and the (b) sputtered YIG film on SiO2

substrate. (c) High-angle annular dark-field scanning TEM image of the sputtered YIG film (×20 000 000 magnification). (d) θ -2θ XRD
pattern for a sintered YIG substrate and grazing incidence x-ray diffraction (GXRD) pattern for a sputtered YIG film on SiO2.

polarizer angles with respect to the plane of incidence in the
incident and reflected light paths, respectively. From these
original hysteresis loop data, we derived the magnetically
induced relative light intensity variation (dI/I), where dI is
the light intensity change due to the magnetic state inversion
as a function of φ1, φ2 at every applied field value of H . The
magnetic-field H was swept from −130 to +130 mT. Further
details about the GME technique can be found elsewhere [36].
The SMR and GME measurements were all performed at a
room temperature.

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the cross-sectional TEM im-
ages of the sintered and the sputtered YIG substrates, reveal-
ing a fine-crystalline structure in both cases. Since the grain
size was larger than one field view of the microscope (75 nm),
the grain boundaries could not be observed. To clarify the YIG

atomic order, we analyzed the sputtered sample via HAADF-
STEM analysis [Fig. 2(c)], finding a well-oriented crystalline
structure, sufficient for the spin pumping experiments. Figure
2(d) shows a θ -2θ XRD pattern for a sintered YIG substrate
and GXRD pattern for a sputtered YIG film on SiO2. The
typical YIG diffraction peaks were observed in both measure-
ments, which means YIG has a single garnet structure phase
[40].

Before discussing the SSE and SMR, let us first consider
phenomena that might overlap with them, namely, the anoma-
lous Nernst effect (ANE) and anisotropic magnetoresistance
(AMR) in the inserted magnetic material layers. First, the
resulting electromotive voltage includes both the ANE and
the SSE voltages because the ANE generates an electromotive
force in the direction perpendicular to the temperature gradi-
ent and the magnetic field, which is the same direction as for
the SSE voltage. Thus, to quantitatively investigate the ANE
contribution to the total electromotive voltage, we fabricated a
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FIG. 3. Thermoelectric V -H curves at a temperature difference
sputtered of 15 K for the YIG/M (1-nm)/Pt (5-nm) and Gd3Ga5O12

(GGG)/M (1-nm)/Pt (5-nm) samples, where M denotes (a) none, (b)
Cr, (c) Ni80Fe20, (d) Co90Fe10, (e) Fe, and (f) Fe50Co50.

set of reference samples by using Gd3Ga5O12 (GGG), instead,
of YIG as the substrate, which do not allow SSE voltage
observation. Figures 3(a)–3(f) shows the V -H curves for
the YIG/M (1-nm)/Pt (5-nm) and GGG/M (1-nm)/Pt (5-nm)
samples when applying a temperature difference of 15 K
between their top and bottom sides, revealing a much lower
voltage for the GGG substrate samples. See the Supplemental
Material in Ref. [41] of V -H (Fig. S1) for YIG/M (t nm)/Pt
(5 nm) where M denotes Cr, Ni80Fe20, Co90Fe10, Fe50Co50,
Fe, or no M layer and t is 0, 0.3, 0.6, and 1.0 nm. The two-step

behavior is due to the shape anisotropy of YIG in Fig. S1 of
the Supplemental Material [41].

This finding indicates that the ANE contribution to the total
electromotive force was negligible compared with the SSE
voltage. All samples containing magnetic layers of different
compositions and thicknesses exhibited similar results, that is,
all the GGG/M/Pt samples showed far lower voltages than the
corresponding YIG/M/Pt ones. Therefore, we can conclude
that the ANE contribution in our YIG samples is negligi-
ble and, thus, the electromotive force is mainly generated
by SSE.

Here, let us compare the V -H curves for samples with
the sintered and sputtered YIG. Figure 4(a) shows the V -H
curves at an effective temperature difference of 15 K for the
sintered or sputtered YIG/Pt (5-nm) sample. The variation of
V for both samples are in good agreement, suggesting that the
two types of YIG have comparable surface states and quantily
regarding spin injection. However, the shapes of V -H curves
are different. As far as the sintered YIG substrate is used, a
two-step behavior was observed in all V -H curves, whereas,
it was absent when sputtered YIG was used. It was confirmed
by XRD data in Fig. 2(d) that no other crystalline phase
but the garnet structure can be detected, but there remains
a possibility of different magnetic phases. To investigate the
reason of this inconsistency between sintered and sputtered
YIG samples, we compared the V -H and M-H curves for the
sintered YIG/Pt (5-nm) samples in Fig. 4(b). It was found
that the M-H curve does not exhibit the two-step behavior
unlike the V -H curve, which was previously reported and
explained by the suppression of SSE in the low magnetic
field derived from the magnon scattering near domain walls
in Ref. [3].The difference between the sintered and the sput-
tered YIG is not only their texture, but also the thickness.
Since it was confirmed that both YIG sample types have a
highly oriented crystalline structure by cross-sectional TEM
observation, we considered the thickness as the main reason
for the occurrence or absence of the two-step characteristic.
This is consistent with reports that the V -H curve shape
gradually changes, and the two-step characteristic appears
upon increasing the thickness of YIG [5]. Therefore, it is

FIG. 4. (a) Thermoelectric V -H curves at a temperature difference of 15 K for sintered or sputtered YIG/Pt(5-nm) samples. A good
agreement for the magnitude of voltage change was observed. (b) Magnetization curve and V -H curve at a temperature difference of 15 K for
the sintered YIG/Pt (5-nm) sample. A two-step characteristic was observed in the V -H curve but not in the M-H curve.
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FIG. 5. MRxx-Hy curves for the various YIG/M (1-nm)/Pt (5-
nm) and YIG/M (1-nm)/Cu (5-nm) samples, where M denotes (a)
none, (b) Cr, (c) Ni80Fe20, (d) Co90Fe10, (e) Fe, and (f) Fe50Co50.

supposed that the thick YIG had the different magnetic do-
mains from the one found in thin YIG and SSE is suppressed
in low magnetic fields, which causes the two-step in the V -H
curve.

Next, we investigated the AMR contribution to the total
magnetoresistance by fabricating another reference sample set
by using Cu instead of Pt. Since Cu exhibits only a small
spin Hall angle resulting in small SHE, SMR was hardly
detected in the YIG/Cu samples, unlike for the YIG/Pt ones
[24,42]. Figures 5(a)–5(f) displays the MRxx-Hy curves for
our YIG/M (1-nm)/Cu (5-nm) and YIG/M(1-nm)/Pt (5-nm)
samples, where M denotes Cr, Ni80Fe20, Co90Fe10, Fe50Co50,
and Fe, as well as the absence of the interface layer M for
comparison. See the Supplemental Material in Ref. [41] for
the MRxx-Hy curves for YIG/M (t nm)/Pt (5 nm) where M
denotes Cr, Ni80Fe20, Co90Fe10, Fe50Co50, and Fe and t is 0,
0.3, 0.6, and 1.0 nm in Fig. S2 of the Supplemental Material
[41]. When M was Cr or Ni80Fe20, the magnetoresistance
ratio MRxx of the YIG/M/Cu samples was much smaller than
that of the YIG/M/Pt ones, which means that the AMR in
Cr or Ni80Fe20 was negligible compared to the SMR in the
YIG/M/Pt samples. However, we observed different results
when M was Co90Fe10, Fe50Co50, or Fe. In this case, it was
difficult to completely ignore the MRxx of YIG/M/Cu against
that of YIG/M/Pt; in other words, when the M thickness was 1
nm, the AMR in the magnetic insertion layer overlapped with
the SMR in YIG/M/Pt. Moreover, the AMR effect in magnetic
layers can be further enhanced by an adjacent Pt film [43].
YIG/(Co90Fe10, Fe50Co50, or Fe)/Pt samples exhibited larger
MRxx effects than the YIG/(Co90Fe10, Fe50Co50, or Fe)/Cu
structures, but due to fact that even the AMR alone might
be enhanced by the adjacent Pt film, we could not exactly

estimate the SMR by simply computing the difference MRxx

(YIG/M/Pt) − MRxx (YIG/M/Cu) for our samples with M
thicknesses of 1 nm. We also measured MRxx-α curves for
all our samples since it is difficult to align Rxx and Hy exactly
perpendicular in the MRxx-Hy measurement setup. Addition-
ally, it is difficult to separate SMR and AMR perfectly as
long as the magnetic field is applied in plane so that we also
measured MRxx-β and γ curves for some our samples. In
the following discussion, the MRxx values derived from these
MRxx-α curves are used given their better accuracy. Figure 6
shows results of SMR measurements whereas rotating angles
α, β, or γ for our YIG/M (0.3, 0.6, 1-nm)/Pt (5-nm) samples
with M being Cr, Ni80Fe20, Co90Fe10, Fe, or Fe50Co50, as
well as for a sample without M being present. All these
measurements were performed in an external field of 0.6
T. These experimental results clearly indicate that the AMR
contribution to MRxx was negligible compared with the SMR
as long as the M thickness is only 0.3 nm. On the other hand,
when the M thickness is 0.6 or 1.0 nm, we need to survey our
data carefully. At a M thickness of 1 nm for Co90Fe10, Fe,
and Fe50Co50, our samples exhibit AMR and its contribution
to MRxx is not negligible, which makes these samples’ utility
for the present study very limited. This observation is related
to the fact that a thickness of approximately 1 nm should be
the critical thickness at which a stable magnetization at room
temperature emerges for these materials. When the insertion
layer thickness is 0.6 nm, Fe and Fe50Co50 show a small
AMR contribution in MRxx-γ and their magnitude ratio to
MRxx-β was estimated to be approximately 7.9% and 12.7%,
respectively. Since the AMR contribution is limited but it
cannot be ignored, we treat these data separately from other
data in the following.

In addition, we observed for M being 1-nm Co90Fe10 or
1-nm Fe that the MRxx-β curves are not sine curves but exhibit
steep changes around β of 90◦ and 270◦, which means that
the magnetization is not saturated perpendicular to the surface
plane. This behavior was observed even after increasing the
field to 0.9 T. As such curves do not correspond well to these
samples’ magnetization, we did not plot the MRxx-β curves
for them.

Figure 7 shows the experimentally determined S values of
the SSE and MRxx values of the SMR as a function of the
thickness of the inserted magnetic material layers. The SMR
data for Co90Fe10, Fe50Co50, and Fe layers with thicknesses
of 1.0 nm were not plotted because we could not distinguish
the AMR contribution in these cases. Also, the SMR data
for Fe50Co50 and Fe layers with thicknesses of 0.6 nm were
plotted as opened circles since they include a small AMR
contribution as mentioned above. Both S and MRxx increased
significantly upon adding an insertion layer of thickness
of 0.3 or 0.6 nm. Compared to this, the corresponding M
composition dependencies of these parameters were slightly
complicated; S attained its maximum value when inserting
Fe and Co90Fe10, whereas the MRxx maximum value was
observed in the Fe case. To carefully compare the S and MRxx

results, Fig. 8 illustrates their relationship for two different M
thicknesses (0.3 and 0.6 nm). A clear correlation between the
SSE and the SMR results can be observed, that is, samples
with higher S exhibit also higher MRxx. Since both SSE and
SMR are based on spin pumping that strongly depends on
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FIG. 6. MRxx-α, MRxx-β, and MRxx-γ curves for YIG/M (0.3 nm, 0.6 nm, 1 nm)/Pt (5 nm) with M being Cr, Ni80Fe20, Co90Fe10, Fe, and
Fe50Co50, as well as without M being present.

the spin mixing conductance, this correlation is a reasonable
result.

Now, we discuss the magnetization of the inserted M
layers since our original strategy was to increase the magnetic
moment density at the interface between the magnetic and
the heavy-metal layers. Before discussing the measurements
themselves, let us consider the saturated magnetization for
the bulk state of each material from the Slater-Pauling curve
[44,45]. Figure 9 shows the dependencies of S and MRxx

on the magnetic moment per atom for each M layer in the
Slater-Pauling curve. Except for Fe50Co50, both the S and
the MRxx values increase with the bulk magnetization value,
which is consistent with a previous theoretical report [31].

However, although the Fe50Co50 layer exhibited the largest
magnetization in the Slater-Pauling curve, both its S and MRxx

values were smaller than those of Ni80Fe20, Co90Fe10, and Fe,
in contrast with initial expectations. This might be due to the
disagreement between the magnetization of the M layer and
the bulk state reported in literature since the magnetic layers
are extremely thin (subnanometers). With this in mind, it is
crucial to characterize the actual magnetization state of the
inserted layers in our samples. However, typical magnetiza-
tion measurement methods, such as via VSM and SQUID,
provide only results averaged over all layers and, thus, cannot
determine the magnetization of each layer separately, and
given the very small thickness of the insertion layer, its overall
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FIG. 7. (a) Spin Seebeck coefficient (S) and (b) magnetoresis-
tance change (MRxx ) of the spin Hall magnetoresistance as functions
of the thickness of the inserted magnetic layers.

FIG. 8. Relation between the spin Seebeck coefficient (S) in spin
Seebeck effect and the magnetoresistance change (MRxx ) in the spin
Hall magnetoresistance for inserted magnetic layers having different
composition and a thickness of (a) 0.3 or (b) 0.6 nm.

FIG. 9. Dependence of the spin Seebeck coefficient (S) and the
magnetoresistance change (MRxx ) on the magnetic moment per
atom; the triangle and circle plots represent the data for magnetic
layers having a thickness of 0.3 and 0.6 nm, respectively.

contribution to the total magnetization is too small to be
reliably separated; hence, we conducted GME measurements
to achieve an enhanced sensitivity to the magnetization of the
inserted layer.

As an example of the experimentally obtained GME data,
Figs. 10(a)–10(d) illustrates experimental dI/I(φ1, φ2) maps
for our YIG/Pt (1-nm) and YIG/Ni80Fe20 (0.6-nm)/Pt (1-nm)
samples in sufficiently large positive and negative magnetic
fields. The normalized light intensity variation under magnetic
state inversion was analyzed by utilizing [34]

dI

I
= 4

B1 f1 + B2 f2 + B3 f3 + B4 f4 + B5 f5 + B6 f6

I0 + f3 + B7 f7 + 2B8 f4
, (1)

where the Bi factors represent the elements of the reflection
matrix (in particular, B1 and B2 are the coefficients for the
longitudinal Kerr effect and, thus, the most relevant mag-
netization information for our experimental geometry), the
fi = fi(φ1, φ2) factors are analytical functions of φ1 and φ2,
and I0 is the background signal. Numerical Bi values were
derived from our experimental dI/I maps via least-squares
fits of Eq. (1), whose results are shown in Figs. 10(e)–10(h).
Most of the coefficients of determination R2 were higher than
0.96, which guarantees a high accuracy of the Bi factors
derived from the fitting. The R2 value in Fig. 10(e) was only
0.9358, which is still acceptable since it was obviously caused
by isolated experimental data scattering at φ1 = 94.5 and
φ2 = −6.5 in Fig. 10(a).
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FIG. 10. dI/I maps, that is magnetically induced I variation as
a function of φ1, φ2, for the Y3Fe5O12 (YIG) (50 nm)/Pt (1 nm)
(a), (b), (e), and (f) and YIG (50-nm)/Ni80Fe20 (0.6-nm)/Pt (1-nm)
samples (c), (d), (g), and (h). (a)–(d) display experimental maps,
and (e)–(h) display least-squares fits of these experimental maps to
Eq. (1).

Since we measured in longitudinal-magneto-optical Kerr
effect (MOKE) geometry, we focus here on B1 and B2. Fig-
ure 11 compares their experimental and simulated values as a
function of the magnetic field for the YIG (50-nm)/Pt (1-nm)
and YIG (50-nm)/Ni80Fe20 (0.6-nm)/Pt (1-nm) samples. In
the case of the simple YIG/Pt structure, the simulated and
experimental results exhibit very good agreement, suggest-
ing the appropriateness of the simulation conditions and

materials constant utilized. In contrast, the YIG/Ni80Fe20/Pt
curve simulated when assuming that the inserted Ni80Fe20

layer possesses magnetization and a corresponding magneto-
optical constant Q (which was measured for a thick Ni80Fe20

film) was widely different from the experimental one; on the
contrary, when the Q value for Ni80Fe20 was artificially set to
zero, i.e., a vanishing magnetization assumed whereas using
the previously determined optical properties of Ni80Fe20, the
simulated, and experimental data agreed well. This indicates
that the magnetization of the inserted Ni80Fe20 layer was
close to zero. The data in Fig. 11, furthermore, show that
the noise level and point to point variation of our GME
data are far smaller than the expected signal change for a
ferromagnetic Ni80Fe20 layer, highlighting both the ability of
GME to measure magnetic responses of thin interface layers
and the fact that any existing magnetization in the Ni80Fe20

film cannot be more than a few percent of its bulk magnetic
moment if it is present at all. All other YIG/M/Pt samples with
M thicknesses of 0.3 and 0.6 nm showed the same results
as the YIG/Ni80Fe20/Pt data shown here, meaning that all
the inserted layers with a thickness of 0.3 or 0.6 nm did
not possess any relevant magnetization. These experimental
results indicate that the thin M layers we used in our sample
structures have Curie temperatures lower than room tempera-
ture since the Curie temperature of magnetic films decreases
with decreasing film thickness [46–48], and the adjacent fer-
romagnetic YIG layer is not able to stabilize a ferromagnetic
state in these ultrathin insertion layers at room temperature
unlike in the layers over 1.0 nm. Therefore, we can conclude
that it is not a ferromagnetic moment at the YIG/Pt interface
that improves the SSE and SMR in our samples.

Let us consider another possible explanation for the SSE
and SMR increase by taking into account that the inserted
layers of 0.6 nm or thinner did not exhibit a ferromagnetic
state. Nonetheless, we do observe that our experimental SSE
and SMR values showed a rather significant correlation with
the literature magnetic moment of the insertion material as
discussed in Fig. 9. In general, the paramagnetic moment
per atom can be determined via the Curie-Weiss law of bulk

FIG. 11. Magnetic-field (H ) dependence of the (a) B1 and (b) B2 factors, both representing the longitudinal MOKE. The dots denote
the experimental values determined by fitting the acquired dI/I maps of the YIG (50-nm)/Ni80Fe20 (0.6-nm)/Pt (1-nm) and YIG (50-nm)/Pt
(1-nm) samples at every field value. The blue dashed and solid lines represent the results simulated by assuming that the Ni80Fe20 (0.6-nm)
layer possessed a bulk like magnetization or none at all, respectively. The red solid line indicates the simulated results for the YIG (50-nm)/Pt
(1-nm) sample.
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samples at high temperature, and one finds a close correlation
in between paramagnetic moment and (anti)ferromagnetic
moment through a constant factor for all materials, as long
as the band structure does not significantly change at the
magnetic phase transition. For instance, Fe in Ni35Fe65 has
the moment of 1.4 μB and 2.3 μB in paramagnetic and fer-
romagnetic state, respectively [49]. In a similar fashion, Cr
has the moment of 0.28 μB and 0.58 μB in the paramagnetic
and antiferromagnetic states, respectively [50]. Thus, the in-
sertion layers are expected to have a paramagnetic moment
dependence very similar to the moment of the ordered state,
which is a quantity that is typically far easier to access.
Thus, it is sensible to assume that our insertion layers build
up a locally spin-polarized magnetic state without achieving
ferromagnetic order throughout the film at room temperature.
Thus, overall, our data suggest that the insertion layers are in
a paramagnetic state. Actually, SSE has been already reported
in paramagnetic insulators at low temperature and attributed to
short-range magnetic interactions [51]. In itinerant magnetic
materials, there is a strong correlation between a thermal spin
fluctuation and the magnetic susceptibility (χ ), according to
the SCR theory [52,53]; moreover, the spin mixing conduc-
tance is proportional to the momentum sum of the imaginary
part of the dynamical transverse susceptibility,

∑
k Im χR

k
[54]. Furthermore, the experimental spin pumping enhance-
ment near an order temperature has been explained by spin
fluctuations [39,55]. From all of the above considerations, it
seems very sensible to conclude that SSE and SMR were
improved by spin fluctuation enhancements in the inserted
layers, given their paramagnetic nature due to their very small
thickness (subnanometers). In thicker insertion layers than 0.6
nm, SSE and SMR are decreased upon increasing the insertion
layer thickness to 1.0 nm, which corresponds to the fact
that thicker insertion layers with the higher-order temperature
restrain spin fluctuation at room temperature.

IV. CONCLUSION

We inserted five different magnetic materials into a YIG/Pt
interface and investigated the resulting S of SSE and MRxx

of SMR. In each case, we observed enhancement in both
SSE and SMR as long as the inserted layer was no thicker
than 0.6 nm. The GME analysis revealed that such thin layers
did not exhibit a ferromagnetic magnetization, leading to the
conclusion that it is not a static magnetic moment at the
interface with Pt that was the dominant reason for the spin
pumping enhancement; thus, we attributed the main cause of
SSE and SMR improvement to spin fluctuation enhancements
at the interfaces based upon the lack of static magnetiza-
tion and the materials trend that we observe in our sample
series.
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