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The role of damping in the spin Seebeck effect (SSE) was studied experimentally for the first time. The experiments
used YsFes0,, (YIG)/Pt bilayered structures where the YIG films exhibit very similar structural and static magnetic prop-
erties but very different damping. The data show that a decrease in the damping gives rise to an increase in the SSE
coefficient, which is qualitatively consistent with some of the theoretical models. This response also shows quasi-linear
behavior, which was not predicted explicitly by previous studies. The data also indicate that the SSE coefficient shows
no notable correlations with the enhanced damping due to spin pumping, which can be understood in the frame of

two existing models.

INTRODUCTION

The spin Seebeck effect (SSE) refers to the generation of a spin voltage in
a ferromagnet (FM) due to a temperature gradient. This spin voltage
can produce a pure spin current into a normal metal (NM) that is in
contact with the FM. The SSE was first discovered in ferromagnetic
metals (1-3), but not long after was also observed in magnetic insulators
(4-9) and semiconductors (10, 11). The experiments usually use an
FM/NM bilayered heterostructure with the magnetization in the FM
layer saturated in-plane and often take a longitudinal configuration in
which a temperature gradient is established along the thickness direc-
tion of the FM/NM structure.

Various theoretical models have been proposed to interpret the SSE
(3-5, 11-16), although a complete understanding of the effect has not
been realized yet. Among the early models, the one attracting slightly
more interest is the so-called magnon-driven SSE model proposed by
Xiao et al. (12). More recent models include those proposed in previous
works (13-16). Although proposed separately, these recent models all
involve magnon flows across the FM thickness and emphasize the bulk
origin of the SSE. The bulk origin has been supported by SSE
experiments using FM films of different thicknesses (14, 16). The four
SSE models mentioned above all engage the magnetic damping in the
FM film as a critical ingredient of the SSE, although in very different
ways, as summarized below.

The magnon-driven SSE model was developed on the basis of the
stochastic Gilbert equation (12). The essence of this model is that the
magnon subsystem in an FM can become thermalized internally before
it equilibrates with the phonon subsystem. As a result, the spatial
distribution of the magnon temperature T, in the FM deviates from
that of the phonon temperature T, although the average of T,,, may
be the same as that of T}, This temperature distribution difference
can further result in a difference between T, in the FM and the electron
temperature T in a neighboring NM at the interface and a corresponding
pure spin current in the NM. This model yields an analytical expression
for the spin current pumped from the FM to the NM. The expression
involves the damping constant o in a rather complicated manner, but
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the general trend is that the spin current increases monotonically as
o decreases.

In the study of Hoffman et al. (13), on the other hand, the origin of
the SSE was analyzed using the stochastic Landau-Lifshitz theory.
According to the model of Hoffman et al. (13), the magnons in the
FM film establish a nonequilibrium steady state by coupling with pho-
nons in the FM via bulk damping and with electrons in the neighboring
NM via interfacial spin pumping. The analysis identified several
characteristic length scales that governed the SSE strength, and for all
of those scales, the SSE coefficient depends on o, although in different
manners. In the case of a Y3Fe;0;, (YIG) film thinner than 100 nm, the
model suggests that the SSE coefficient is proportional to o, which is
opposite to the abovementioned expectation of the model of Xiao
etal (12).

In contrast to Xiao et al. (12) and Hoffman et al. (13), in the study of
Rezende et al. (14), the SSE phenomenon was studied through micro-
scopic calculations using the Boltzmann equation of the magnons. In
the model of Rezende et al. (14), the temperature gradient leads to
the generation of the magnons in the bulk of the FM, and the magnon
spin current into the NM is needed to ensure the continuity of the spin
flow at the FM/NM interface. Different from the models of Xiao et al.
(12) and Hoftman et al. (13), this model assumes that the magnon and
phonon systems in the FM share the same temperature, as demon-
strated in a slightly earlier experimental study (17). As in the study of
Xiao et al. (12), in the study of Rezende et al. (14), the analytical expres-
sion for the spin current also involves o in a very complicated manner,
but the main point of the model is that the spin current into the NM
increases with a decrease in the magnon relaxation rate, whereas the
latter increases with an increase in o.

Last, in the studies of Ritzmann ef al. (15) and Kehlberger ef al. (16),
the SSE was examined by numerical simulations that took into account
the linear dependence of the SSE strength on T,,,- T}, in the FM near the
interface (12) and considered the decay of T,,-T,, with a certain
characteristic length scale from the interface into the bulk of the FM.
The simulations show that, in the presence of a spatial temperature step
in the FM, a magnon flow can arise from the hot side to the cold side,
and the length of the magnon propagation is inversely proportional to
o. Although no explicit analytical expression for the dependence of the
spin current or the SSE coefficient on o was given, the simulation results
revealed an increase in the SSE strength with a decrease in o.

Despite the above-discussed theoretical aspects, however, there have
been no experiments on the actual effects of the damping on the SSE so
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far, to the best of our knowledge. There was an experimental investiga-
tion on the SSE that used a large number of diverse garnet ferrites ex-
hibiting different damping properties (18). However, those materials
did not allow for the study of the roles of o in the SSE because they
had significantly different static magnetic properties.

This study reports on the role of the damping on the SSE in YIG thin
films. The experiments used YIG films grown on Gd;GasO;, (GGG)
substrates by sputtering (19, 20). The films showed very similar struc-
tural and static magnetic properties but rather different o values, result-
ing from careful control of fabrication conditions. To probe the strength
of the SSE, a Pt capping layer was grown on each YIG sample. During
the SSE measurements, the temperature at the Pt side of the sample was
kept constant, whereas that at the GGG side was varied to realize a tem-
perature difference (AT) across the sample thickness. Upon the pres-
ence of AT, the SSE takes place and produces a pure spin current in
the Pt layer. Via the inverse spin Hall effect (ISHE) (21-23), the spin
current then produces an electric voltage (V) across one of the lateral
dimensions of the Pt layer. The SSE-produced voltage V was measured
as a function of AT. The data show that the slope of the V versus AT
response increases with a decrease in o. This indicates that the smaller
the damping is, the stronger the SSE is. This result is qualitatively
consistent with the theoretical models in previous works (12, 14-16).
Furthermore, the SSE coefficient versus o response shows almost linear
behavior, which was not predicted explicitly in previous works (12, 14-16).
The experiments also indicate that the SSE strength shows no notable
correlations with the enhanced damping due to spin pumping at the
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Fig. 1. FMR properties of bare YIG thin-film samples and YIG/Pt bilayered samples. (A and B) Graphs showing the FMR field (A) and linewidth (B) as a function of

YIG/Pt interface. This can be understood in the frame of the models
described by Xiao et al. (12) and Kehlberger et al. (16).

RESULTS AND DISCUSSIONS
Properties of YIG and YIG/Pt samples
The main properties of the YIG and YIG/Pt thin-film samples are given
in Fig. 1 and Table 1. Complete descriptions about these samples are
provided in the Supplementary Materials. The YIG films were grown
on 0.5-mm-thick (111) GGG substrates by radio frequency (RF) sput-
tering. The general details on the growth, structure, and static magnetic
properties of the films are provided in previous works (19, 20, 24). The
Pt capping layers were grown by dc sputtering at room temperature and
were all 5 nm thick.

Figure 1 presents the ferromagnetic resonance (FMR) data. Figure
1 (A and B) presents the FMR field Hgyr and peak-to-peak FMR line-
width AH, respectively, as a function of frequency f for bare YIG film
sample #5 for two different field configurations. The symbols show the
data. The lines in Fig. 1A show fits to the Kittel equations

f=yIv/H(H + 4nMes) (1)
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B
26+
S 24 WTH
z 221 /
3 20k 0=(43.3+1.0)x10°
s
= - M
E J
L gl 0=(446+10)x10°
12 14 16 18
Frequency (GHz)
D
313-
5
=124
§ —
2 :
§11—
o
=
10

13 14 15 16 17
Frequency (GHz)

frequency for two different field (H) configurations for bare YIG film sample #5. The dots show the data, and the lines show the fits. The fitting-yielded parameters are
also given. (C and D) Graphs presenting the FMR linewidth data (dots) and fits (lines) for six bare YIG film samples (C) and the data and fits for the corresponding YIG

films after the growth of a 5-nm-thick Pt capping layer (D).
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where |y| is the absolute gyromagnetic ratio, H is the external magnetic
field, and 4nM_ is the effective saturation induction. Equations 1 and 2
are for the field-in-plane and field-out-of-plane configurations, respec-
tively. The |y| and 4nM_ g values indicated in Fig. 1A were obtained from
the fitting. The lines in Fig. 1B show fits to

200
V3lyl

f+ AH, (3)

where AH accounts for inhomogeneous linewidth broadening and
does not represent a loss. The fitting-produced o values are also given
in Fig. 1B. From Fig. 1 (A and B), one can see that the |y|, 4tM.g, and o
values obtained for the field-in-plane configuration are almost the
same as those obtained for the out-of-plane configuration. Moreover,
this is true for other samples, although not presented. This consistency
indicates two results. First, it clearly shows the reliability of the FMR
results obtained with either field configuration. Second, the
consistency of the o values for the two field configurations suggests
that the contribution of two-magnon scattering to o is negligible in
the YIG films. In the case that two-magnon scattering occurs, one
would expect the o values measured with in-plane fields to be notably
larger than those measured with out-of-plane fields (25, 26). It should
be noted that the 4tM.g values presented here may include a perpen-
dicular anisotropy field contribution, but this contribution, if present,
is expected to be small, considering the facts that the YIG films have
very weak magnetocrystalline anisotropy (27, 28) and minimal strain-
induced anisotropy due to almost perfect lattice matching with the
GGG substrates and the high-temperature annealing process. In addi-
tion, none of the previous works on YIG thin films reported the presence
of notable perpendicular anisotropy in the films (19, 20, 29-31).

Figure 1C presents the AH versus f data for six bare YIG film
samples. As in Fig. 1B, the symbols show the AH data and the lines show
the fits to Eq. 3. One can see that all of the six sets of data can be fitted
very well. The fitting-yielded damping values, termed as oy, are listed
in Table 1. Figure 1D shows the AH versus f data, in the same format as
in Fig. 1C, for the YIG samples after the deposition of a Pt capping layer.
One can see that the growth of a Pt layer not only enhances AH but also
results in a notable increase in the slopes. As in Fig. 1C, all of the six sets
of data in Fig. 1D can be fitted very well. The fitting-yielded damping
values, termed as 0yi/py, are also given in Table 1. Note that the data in
Fig. 1 (C and D) were measured with in-plane fields.

Table 1 lists the fitting-yielded 4nM.g OyiG, and oyigpe values as
well as the YIG film thickness (D) values of the six samples. It is evident

Table 1. Properties of six YIG thin-film samples before and after the
growth of a 5-nm-thick Pt capping layer.

Sample #1 #2 #3 #4 #5 #6

D (nm) 234 234 234 234 19.7 223
e e s
v (x10%) 8502 8705 94%03 165+03 45%1 59+2

Osp (x107°) 47.3 49.7 256 415 32 40
(= avigpt — Ovic)
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from Table 1 that the six YIG films have very similar thicknesses and
comparable 4nM.g values, but their oy values differ by a factor of
about 7. Since magnon-electron scattering does not occur in insulators,
two-magnon scattering is negligible, as discussed above, three-magnon
scattering is prohibited because the FMR frequency is relatively high,
and four-magnon scattering is relatively weak because of low
microwave power (3 dBm) in the FMR measurements, one can con-
clude that the oy values listed in Table 1 denote the intrinsic magnetic
damping in the YIG films and result mainly from magnon-phonon
scattering. Note that the magnon-phonon scattering refers to a relaxa-
tion process in which a magnon is annihilated, some phonons are created,
and perhaps other phonons are annihilated (27). Via this scattering,
the energy of the magnons dissipates into the lattice of the material. Con-
sidering the facts that the six YIG films exhibit very similar structural
and static magnetic properties but show very different damping, it can be
concluded that the films constitute a good system for exploring the role
of damping in the SSE. Detailed justifications for this conclusion are
provided in section S4. It should be noted that the average of the six
4ntM.g values given in Table 1 is 1866 G, and the corresponding stan-
dard deviation is 70 G, indicating that the 4nM.g values are comparable.
This fact is important for the determination of the roles of the damping
in the SSE because the SSE strength varies with 4tM.g; as demonstrated
by previous experimental studies (18).

After the growth of a Pt capping layer, however, the damping in the
YIG also contains a contribution due to spin pumping from the YIG to
the Pt. As a result, the damping consists of two components, namely,
Oy1G/pe = OlyiG + Oisp, Where oOiyig describes the contribution from the
relaxation in the bulk of the YIG and oy, describes the interfacial spin
pumping contribution. It is fortunate that these two components, oyig
and o, can be separated, as listed in rows 4 and 6 in Table 1, facilitating
the examination of the effects of each component on the SSE, as dis-
cussed shortly. Three points should be made about a,. First, o, can
be considered to be a result of the coupling between the magnons in
the YIG and the electrons in the Pt; it should also contain a contribution
from the coupling of the magnons in the YIG to the phonons in the Pt,
but this contribution is expected to be much weaker than that of the
magnon-electron coupling at the interface. Second, in addition to oy,
the growth of the Pt capping layer might also lead to an enhancement in
the surface imperfection-associated damping in the YIG film. However,
this damping should be much smaller than a, as shown by previous
experimental studies on the damping in YIG/Cu and YIG/Cu/Pt lay-
ered samples (32). Finally, o, changes from sample to sample, rang-
ing from 25.6 x 107" for sample #3 to 49.7 x 10~ for sample #2, and
this variation is likely due to the YIG surface quality (such as the tex-
ture; see fig. S3) and associated difference in the quality of the YIG/Pt
interface. However, the range of the o, variation is significantly narrow-
er than that of the oy variation.

SSE measurements

Turn now to the SSE experiments on the YIG/Pt samples. Figure 2A
shows a schematic of the experimental setup. During the SSE mea-
surement, an external field of about 930 Oe was applied in-plane and
perpendicular to the length of the YIG/Pt strip. The temperature at
the Pt side of the YIG/Pt sample, Tp,, was kept constant, whereas the
temperature at the GGG side of the sample, Tggg, was varied. When
the difference AT = Tggg — Tpy is nonzero, the SSE occurs in the YIG
and produces a pure spin current flowing into the Pt. The spin cur-
rent then yields a measurable voltage V across the length of the Pt strip
via the ISHE (21-23). Note that the purpose of keeping Tp, constant
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is to minimize the change of the average temperature of the YIG
and thereby to avoid the effects due to the change of the absolute
temperature.

Figure 2 (B to D) presents SSE data obtained with YIG/Pt sample #1.
Figure 2B presents the Tp; and Tggg data, whereas Fig. 2C presents AT
(left axis) and the corresponding V data (right axis). One can see that,
during the measurements, Tp, was kept constant at 15.5°C, Tggg was
varied over a range of about 15° to 33°C, and V changed in almost the
same manner as AT. These results indicate that the voltage signal is as-
sociated with the temperature gradient in the YIG, rather than the ab-
solute temperature of the YIG or the Pt. Note that one can consider that
the average temperature in the YIG was almost constant just as Tpy,
based on the fact that the GGG substrate (0.5 mm) is considerably thick-
er than the YIG film (=20 nm). Figure 2D plots V as a function of AT
using the data in Fig. 1C. The red coarse line consists of the experimen-
tal data points, and the blue thin line shows a fit. One can see that the V'
versus AT response is almost perfectly linear. This linear behavior is
expected by all the four SSE models described in the Introduction
(12-14, 16).

Several additional notes should be made regarding the data shown in
Fig. 2. First, it should be mentioned that reversing the magnetic field
direction resulted in a flip in the voltage sign, as shown in fig. S5. This
is the same as previously reported (6, 9). It is because the direction of the
magnetization in the YIG film dictates the polarization direction of the
SSE-produced spin current in the Pt layer. Second, the data in Fig. 2D
do not show any hysteresis or loop behavior in response to the change of
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AT from 0°C to about 17°C first and then back to 0°C. This indicates
that the GGG side of the sample reached a quasi-equilibrium during the
SSE measurements. Finally, the measured SSE voltage might contain a
small contribution from the anomalous Nernst effect in the Pt layer.
However, such a contribution is expected to be negligible in comparison
with the SSE signal, as demonstrated by a very recent experimental
study (33).

Roles of damping on the SSE

Figure 3 presents the key results of this work. Figure 3A presents
the SSE-produced V as a function of AT for six YIG/Pt samples, as
indicated. Figure 3B presents the linear fits to the data in Fig. 3A. In
Fig. 3B, the y axis intercepts are all removed for a better presenta-
tion. Those intercepts are independent of AT and are therefore not
associated with the SSE. They might result from the conventional
Seebeck effect-produced voltage in response to a possible tempera-
ture gradient along the Pt length and small voltage offsets in the
voltmeter. One can significantly reduce those voltage intercepts
(see fig. S5) by carefully arranging the experimental setup. If one
takes D as the sample thickness and L as the distance between
the two electrodes (see Fig. 2A) and defines (34)
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Fig. 2. SSE measurements. (A) Graph showing a schematic of the experimental setup. (B to D) Graphs showing the data obtained with YIG/Pt sample #1. (B) Tem-
peratures on the Pt and GGG sides of the sample, Tp; and Tggg. (C) AT (= Tggs — Tpr) and the corresponding voltage signal V. The horizontal axes in (B) and (C) show
sampling points, and 1000 points correspond to a period of 4 min. (D) The V versus AT response plotted using the data in (C). The thin blue line in (D) shows a linear fit.
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as the geometry-free SSE coefficient, then one can use the slope of
the V versus AT lines in Fig. 3B to determine the &sgi values for
different samples and thereby examine how &gsg varies with the
damping by plotting Essg as a function of dyig, Osp, OF Oyig +
asp. These plots are presented in Fig. 3 (C to E).

It is evident from the data in Fig. 3C that &gsg increases with a de-
crease in Oyjg, indicating that the SSE is stronger if the damping is
weaker. This result is qualitatively consistent with the theoretical models
proposed by Xiao et al. (12) and Rezende et al. (14) and the simulation
results presented by Ritzmann et al. (15) and Kehlberger et al. (16). The
underlying physics is that the damping in the YIG films originates mainly
from magnon-phonon scattering, as discussed above; the weaker the
magnons are coupled to the phonons, the more the magnon temperature
T, deviates from the phonon temperature T, at the YIG/Pt interface,
according to the model proposed by Xiao et al. (12). Note that a previous
work has demonstrated a good agreement between the simulations using
this model and the experiments using YIG/Pt heterostructures (35). In
the terminology described in previous works (14-16), the underlying
physics is that the weaker the damping is, the more the magnons prop-
agate from the bulk to the interface and contribute to the SSE signal. Fur-
thermore, the data in Fig. 3C also indicate that the &sgg versus oyig
response shows quasi-linear behavior for the given damping range, as
suggested by the red dashed line. Understanding of this quasi-linear re-
sponse calls for new theoretical studies.

In a stark contrast, the data in Fig. 3D do not show any obvious cor-
relations between &g, and ap,. This can be understood in the frame of
the SSE models described by Xiao ef al. (12) and Kehlberger et al. (16).
Specifically, o, plays two roles in the process, in which the SSE in the
YIG produces spin currents in the Pt. On the one hand, a larger a,

)

SSE voltage V (uVv
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value indicates a more efficient spin transfer at the YIG/Pt interface
(36), and one should therefore expect larger spin currents in the Pt in
samples with larger o,. On the other hand, the spin transfer at the YIG/
Pt interface at the same time causes a decrease in the difference between
T in the YIG and T in the Pt near the interface, resulting in a weaker
SSE. One can see that these two roles are opposite, and as a result, &ssg
does not show an explicit dependence on o.,. Note that the blue dashed
line in Fig. 3D indicates the average Esgg.

Considering that some of the previous theoretical analyses involved
the total damping in the FM (12, 13), in Fig. 3E, Eggg is plotted as a
function of ayig + 0. One can see that the overall trend is &gsg, in-
creases with a decrease in Oiyig + Op. This trend results from the fact
that Eggp clearly increases with decreasing oy but shows no explicit
correlations with o, as discussed above.

CONCLUSIONS

In summary, the effects of the intrinsic damping in the YIG bulk (0iy1c)
and the enhanced damping due to interfacial spin pumping (0.,) on the
SSE in the YIG/Pt bilayered structures have been studied experimental-
ly. The experimental data show that the smaller the damping oy is, the
stronger the SSE is. This observation is consistent with some of the
existing theoretical models (12, 14-16). The SSE coefficient versus oy
response is almost linear. This quasi-linear behavior was not predicted
explicitly by previous models. The data also show no explicit correla-
tions between the SSE strength and o, which can be interpreted using
the terminology of two existing models (12, 16). One can expect similar
results in other magnetic insulator/NM heterostructures. However, the
results might be different in ferromagnetic metal/NM heterostructures
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Fig. 3. Effects of damping in the SSE. (A) Graph showing the SSE-produced voltage as a function of AT (= Tgge — Tpy) measured on six different YIG/Pt samples. (B) Graph
showing the linear fits to the data in (A). (C to E) Graphs showing the SSE coefficient, which is defined by Eq. 4, as a function of oyg (C), 0p (D), and oy + 0sp (E).

Chang et al., Sci. Adv. 2017;3:e1601614 7 April 2017

50f 7

/102 ‘62 |4dy uo /Bi0 Bewadusldos saoueApe//:dly Wwoly papeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

because of the facts that (i) in ferromagnetic metals, magnon-electron
scattering plays critical roles in the intrinsic damping (27, 37, 38) and (ii)
the spin transfer at a ferromagnetic metal/NM interface is significantly
more efficient than that at a magnetic insulator/NM interface (39, 40).

MATERIALS AND METHODS

The YIG thin films were first grown on 0.5-mm-thick, (111)-oriented
GGG substrates by RF magnetron sputtering at room temperature and
were then annealed in situ at high temperature in oxygen. The sputtered
YIG thin films were 10-mm by 10-mm squares. They were then cut into
smaller pieces. One of these YIG pieces (about 3 mm by 10 mm) was
used for the deposition of a Pt capping layer, and the resultant YIG/Pt
strip sample was then used for the SSE measurements. The other YIG
pieces (about 3 mm by 3 mm) were used for characterizations, which
included x-ray diffraction, x-ray rocking curve, x-ray photoelectron
spectroscopy, atomic force microscopy, and FMR measurements. The
Pt capping layers were grown by dc magnetron sputtering at room tem-
perature. During the SSE experiments on the YIG/Pt strip samples, the
temperature on the Pt side of the YIG/Pt sample, Tp,, was kept constant.
This was realized by placing a Peltier device on the Pt side of the sample,
inserting a thermal couple in between the Peltier device and the sample
to measure Tp,, and using a computer to take the feedback from the
couple to control the Peltier device. A second Peltier device was placed
on the GGG side of the sample to vary its temperature, Tggg, which was
probed by another thermal couple inserted in between the Peltier device
and the GGG substrate. When the temperature difference AT = Tggg —
Tp, was nonzero, the SSE occurred in the YIG film and produced a pure
spin current flowing across the Pt thickness, which was detected by a
Keithley 2182A nanovoltmeter.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/4/e1601614/DC1
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