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Spin pumping (SP) and the spin Seebeck effect (SSE), two of the most common methods for generating a pure
spin current from ferromagnetic insulators, are considered to share similar physical mechanisms. However, a
systematic study of the fundamental difference of their working principle is missing. In this Rapid Communication,
we present experimental evidence of the contrast in a pure spin current generated by SP and SSE, based on results
from yttrium iron garnet (YIG) with various crystalline properties. It is shown that while the SP-induced spin
current could be two-orders-of-magnitude different between the polycrystalline and epitaxial films, the SSE-
excited spin current is surprisingly insensitive to the different crystal structures. Our results clearly distinguish
the coherent mechanism of SP from the noncoherent mechanism of the SSE. Consequently, the robust SSE
voltage against poor crystallinity proves that the SSE is a powerful tool to explore pure spin current physics, and
suggests that polycrystalline YIG films are a promising candidate for spin caloritronic applications.
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The growing development of spintronics and spin
caloritronics has recently demonstrated the great advantage of
exploiting pure spin current phenomena. Among the progress
shown, a pure spin current generated by a ferromagnetic
insulator (FMI) such as yttrium iron garnet (Y3FesOi,, YIG)
[1-4] provides unequivocal experimental results, since it
eliminates the accompanying charge current and the signal
shunting effect from the conductive layer. It is also a preferable
technology for developing future memory devices with less
power consumption.

To generate a pure spin current from an FMI, spin pumping
(SP) and the spin Seebeck effect (SSE) are currently the most
applicable and established methods. Figure 1 illustrates the
spin-to-charge current conversion by the two methods in a
commonly used normal metal (NM)/FMI heterostructure. In
both cases, the pure spin current can be detected as a transverse
electric (TE) field in an NM layer with a strong spin-orbit
coupling, such as 5d metals (Pt, W, Au, Ta, etc.) [5,6] and
3d metals (Py, Co, Cr, etc.) [7-10], due to the inverse spin
Hall effect (ISHE). When the FMI is in a ferromagnetic
resonance (FMR) state, the coherent precession motion of
the magnetic moments in the FMI injects a pure spin current
into the adjacent NM layer by the SP, as shown in Fig. 1(a).
On the other hand, a longitudinal temperature gradient in the
FMI can also generate a pure spin current, as demonstrated
in Fig. 1(b), which is termed the longitudinal SSE (LSSE)
configuration. Consequently, the magnitude of the SSE signal
is proportional to the temperature gradient, and that of the SP
signal is proportional to the microwave power.

The SSE is often described as a thermal spin pumping
effect since it shares a similar mechanism with SP, only that
the precession motions of the magnetic moments in the SSE are
noncoherently excited by thermal energy [11-14]. In principle,
the highly coherent precession motion driven by FMR requires
a monocrystalline FMI layer with high homogeneity, while
noncoherent thermal motions are insensitive to crystallinity.
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Although the SSE and the SP have been widely studied, this
crucial point, the difference between coherent and noncoherent
mechanisms, has yet to be addressed. Our results not only show
that the effect of different crystallinity on the propagation of
spin-wave spin current plays different roles, but also highlight
the distinct mechanism in £k = 0 and k # 0 magnon modes.
Moreover, we explore several applications in spintronics based
on our findings.

In this Rapid Communication, both epitaxial and polycrys-
talline YIG thin films are simultaneously fabricated by using
different substrates under the same fabrication conditions. We
systematically study and compare the SP and the SSE in YIG
with different crystallinities. The precession motion of spin
waves excited from the SP and SSE can either be localized
or propagated through the magnetic materials. Our results
reveal that the SP-ISHE voltage is significantly suppressed
in polycrystalline YIG, while the SSE-ISHE voltage is robust
against poor YIG crystallinities. Such different responses to
the crystal structure not only reflect the different excitation
energies and mechanisms of the two phenomena, but also open
up potential applications of polycrystalline YIG in spintronic
devices.

A typical rf magnetron sputtering system is used to deposit
YIG thin films with a thickness of 58 nm on single crystals
of gadolinium gallium garnet (GGG) (111) and Si (100), and
glass substrates at room temperature. The as-deposited YIG
films are amorphous and nonmagnetic, and are subsequently
crystallized by ex situ postannealing at various temperatures
from 600 to 1000 °C, in an oxygen atmosphere with ambient
pressure. The sample dimensions for the SP measurement are
1 mm x 3 mm, while those for the SSE measurement are
3mm x 5 mm. A 6-nm-thick Pt layer is deposited on the
top of the YIG samples above by magnetron sputtering to
detect the pure spin current. The magnetic hysteresis loops
of YIG slabs and films are measured with a vibrating sample
magnetometer (VSM). The SP experiment is conducted by
sweeping the external magnetic field with a microwave
frequency of 9.77 GHz in a TE(, cavity at room temperature
[15]. To generate a pure spin current by the SSE, we employ
a longitudinal experimental setup with a heater and a heat
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FIG. 1. Schematic illustration of spin current generation from
(a) SP and (b) SSE in an NM/FMI structure.

sink [16-18] to generate a uniform out-of-plane temperature
gradient with 4.8-W heating power.

For comparison, we also conduct the experiments on
single-crystal and polycrystalline YIG slabs with thicknesses
of 0.9 and 0.5 mm, respectively. The crystal structures and
orientations of YIG are determined by x-ray diffraction (XRD)
and transmission electron microscopy (TEM), as shown in
Fig. 2. The XRD pattern of the single-crystal YIG slab only
shows the (222) and the (444) peaks in Fig. 2(a), while that of
the polycrystalline slab displays multiple peaks corresponding
to different crystal orientations in Fig. 2(d). The full width at
half maximum (FWHM) of the (444) peak in Fig. 2(a) and
that of the (420) peak in Fig. 2(d) are both around 0.065°.
For the thin films, owing to a good lattice match between
YIG (12.376 A) [19] and GGG (12.382 A) [20], the XRD
pattern of the YIG/GGG shows a series of peaks corresponding
to the (111) orientation in Fig. 2(b). The main peak is the
(444) peak, with an FWHM of 0.055°, implying high-quality
epitaxial growth. However, the YIG films grown on the Si
substrate with a lattice constant of 5.431 A [21] and on the
amorphous glass substrate have polycrystalline structures with
multiple XRD peaks, (400), (420), and (422), and wide FWHM
(around 0.16°), as shown in Fig. 2(e). TEM also confirms
the well-oriented lattices with a sharp interface between the
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epitaxial YIG film and the GGG substrate in Fig. 2(c), while
the polycrystalline structure of YIG on Si or glass is shown in
Fig. 2(f).

Magnetic hysteresis loops of both the YIG slabs and the
films are plotted in Fig. 3. The single-crystal and polycrys-
talline YIG slabs show similar magnetic properties with a
saturated magnetization (Mg) around 140 emu/cm3 and a
coercive field (H¢) of less than 1 Oe in Fig. 3(a). On the
other hand, the H¢ of the polycrystalline YIG films on Si and
glass (~20 Oe) are 40x larger than that of the epitaxial film
on GGG (~0.5 Oe) in Fig. 3(b), although they have similar
values of Mg. According to the grain-boundary-limited-wall
model [22], the large H¢ of the polycrystal YIG films may be
due to the small grain size, which is estimated to be around
0.14 um.

To understand the effect of crystallinity on the magnetic
properties of the samples, we systematically change the an-
nealing temperature for both the epitaxial and polycrystalline
films. In Fig. 3(c), the polycrystalline films show a significantly
larger Hc than that of the epitaxial films, regardless of the
annealing temperature. The Mg of the films are found to
first increase and then decrease with increasing annealing
temperature in Fig. 3(d). The enhancement of Mg in the
low-temperature range is due to the crystallization process of
YIG thin films. The crystallization temperature for YIG/Si and
YIG/glass is around 750 °C, while it is 650 °C for YIG/GGG,
consistent with the values reported in the literature [23-26].
The slight decrease of M at temperatures above 850 °C may be
caused by the formation of non-YIG phases or/and interfacial
diffusion. The annealing experiment confirms 750 °C to be
an optimal annealing temperature for all samples. Hence, the
following analysis on the SP and the LSSE results is mainly
for the 750 °C annealed samples.

Figure 4(a) shows normalized FMR spectra as functions of
the in-plane magnetic field around the resonance field (Hg)
for three YIG films. It is clear that the intensity and the
linewidth of the YIG/GGG film are respectively much larger
and much narrower than those of the YIG/Si and YIG/glass
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FIG. 2. XRD patterns for (a) single-crystal and (d) polycrystalline YIG slabs, and YIG thin films grown on (b) GGG, (e) Si, and glass.
Cross-section TEM images and their fast Fourier transformation (insets) for YIG thin films grown on (¢) GGG and (f) Si.
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FIG. 3. Magnetic hysteresis loops of (a) single-crystal and poly-
crystalline YIG slabs, and (b) YIG thin films. The inset of (b) is in a
small field range. Annealing-temperature dependence of (c) H¢ and
(d) My of YIG thin films.

films. By fitting the FMR derivative spectrum of YIG/GGG
with a differential Lorentzian curve (solid line) as shown in
Fig. 4(b), the peak-to-peak linewidth (Hpp) is estimated at
(5.0 £0.4) Oe, reflecting a high crystalline quality [27-29].
The maximum intrinsic damping constant ayjg is extracted at
(1.240.1) x 1073 from the general formula Hpp = \%a(%)
[30], where w is the angular frequency of the microwave, and
y is the gyromagnetic ratio of YIG. In contrast, the values of
ayig for the YIG/Si and the YIG/glass polycrystalline films
are respectively (3.0 £0.7) x 1072 and (2.2 £0.4) x 1072
These values are up to 20x larger than that of the epitaxial
YIG/GGG film. The complex and broad resonance spectra of
the polycrystalline films should be caused by the overlapping
of the resonance spectra from different crystal grains, in which
the randomly oriented magnetic anisotropy axes result in
stronger damping and poorer FMR absorption intensities due
to the two-magnon scattering mechanism [31-34].

Figure 4(c) plots the SP-ISHE voltage normalized by the
microwave powers and distances between the electric contacts
on Pt. The voltage from the epitaxial YIG film is much larger
(two orders of magnitude) than that from the polycrystalline
films, agreeing with their FMR spectra in Fig. 4(a). It is
worth mentioning that the value of the SP-ISHE voltage in
the Pt/YIG/GGG sample is 1.8 4 V/mm, comparable to that
in the high-quality sputtered epitaxial YIG film reported by
Wang et al. [27], if normalized by microwave power.

Based on the peak-to-peak linewidth, the effective damp-
ing constants opyyig for the PYYIG/GGG, Pt/YIG/Si,
and Pt/YIG/glass are obtained as (2.2+0.3) x 1073,
(3.3£0.3) x 1072, and (2.3 £ 0.2) x 1072, respectively, with
a one-order-of-magnitude difference between the values of the
epitaxial and the polycrystalline YIG. Furthermore, the model
of the SP provides the formula for spin current density as
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FIG. 4. Results of FMR and SP measurements on YIG thin films.
(a) Normalized FMR absorption intensity. (b) Derivatives of the FMR
spectra. The solid lines are the fitting lines. (c) ISHE signal by SP.
The insets of (a) and (c) are zoom-in results. Signals in (a)—(c)
are normalized to 1-mW microwave power. (d) Measured Hy as a
function of 6y, which is defined in the inset. The solid lines are the
fitting lines.

where h? is the square of the microwave magnetic field, /
the reduced Planck constant, y the gyromagnetic ratio, and
47 M, the effective demagnetization field of YIG [35]. By
measuring the Hy as a function of 8y in Fig. 4(d), y is experi-
mentally derived as (1.77 £ 0.05) x 10" s~! T~! for the three
samples, and 4 M, for YIG/GGG, YIG/Si, and YIG/glass are
1647 £ 1, 721 £ 173, and 898 £ 138 Oe, respectively [30].
The relatively smaller 4w M, for the polycrystalline films
is due to the perpendicular magnetic anisotropy induced by
the magnetoelastic effect during annealing [36,37]. Another
important parameter in Eq. (1) is the real part of the spin mixing
conductance (g,T L), which reflects the spin-injection efficiency.
The g,T s experimentally estimated at (4.3 & 1.4) x 10'3,
(1.3 £3.0) x 10'8, and (4.2 £ 10.8) x 10" m~2 for PVYIG
on GGG, Si, and glass, respectively, based on

A M((XPWIG — ayig), (2)
8B

where dyg is the thickness of the YIG layer, up the Bohr
magneton, and g = iy /up the g-factor of YIG [35]. Interest-
ingly, the value of g,T s roughly the same for the epitaxial
and polycrystalline YIG films. Therefore, the most important
parameter to cause the very distinct SP-ISHE voltage for
epitaxial and polycrystalline YIG must be op/yig. Since the
spin current is inversely proportional to the square of apy/yig
in Eq. (1), it is expected that the one-order-of-magnitude
larger damping constants of the polycrystalline films produce
two-orders-of-magnitude smaller ISHE signals than those of
the epitaxial film.

The LSSE-ISHE voltage is detected in Pt along the long side
of the samples, while the direction of magnetization, hence the
spin index of the spin current, is aligned in the short side by
an in-plane external magnetic field. Figure 5(a) demonstrates
the field dependence of the LSSE-ISHE voltage in Pt/YIG
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FIG. 5. Field dependence of the LSSE voltage measured in Pt on
(a) YIG thin films, (b) YIG thin films with a SiO, insertion layer,
and (c) YIG slabs. (d) Saturation LSSE-ISHE voltage as a function
of annealing temperature for various YIG thin films.

thin films, normalized by the distances between the electrical
contacts on Pt. First, we note that H¢ for the epitaxial YIG
film is much smaller than that for polycrystalline films, as
shown in the inset, consistent with the magnetization hysteresis
loop. Most interestingly and importantly, the saturation value
of the LSSE-ISHE voltage is comparable among the three
samples, contrary to the large difference between their SP
signals. Because the LSSE-ISHE voltage is proportional to the
longitudinal temperature gradient in YIG (VTy|g), the slight
difference among the three signals may be due to the small
variations of VTyg in the three samples. In the heat equation,
VT « (q/k), where q is the heat flux density in YIG and
k is the thermal conductivity of YIG, one expects that g is
identical in the three YIG films, since a constant heating power
is applied. Only small variations of « in the epitaxial and
polycrystalline films may cause the different values of VTyg.

To confirm the influence of crystallinity, we insert a thick
SiO, layer (60 nm) between the YIG thin films and the
substrates. Since the SiO, layer is amorphous and thick
enough, the YIG thin films should all form polycrystalline
structures after annealing, regardless of the substrates. As
shown in Fig. 5(b), the similarly large H¢ of the three LSSE-
ISHE voltages confirm the polycrystalline nature of these YIG.
Moreover, the very close saturation voltages demonstrate that
V Ty is indeed identical in the three YIG thin films. This
result not only verifies the constant ¢ in this experimental
setup, but also indicates that the LSSE can be a sensitive tool
to indirectly probe the VT in a thin film.

To obtain the real value of an out-of-plane VT in YIG,
we perform LSSE measurements by using single-crystal
and polycrystalline YIG slabs with Pt on them under the
same experimental conditions. VTyg is directly measured
by inserting two thermal couples on the top and bottom of
a sample. The LSSE-ISHE voltages are then normalized by
the measured VTyg, which is around 13.4 K/mm in the
single-crystal slab and 15.4 K/mm in the polycrystalline slab,
as shown in Fig. 5(c). The results are similar to those for the
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thin films, where the saturation values are very close in the
single-crystal and polycrystalline YIG slabs, confirming that
the crystallinity of YIG is irrelevant to the SSE. Therefore, we
conclude that the SSE can generate a robust pure spin current
against the poor crystallinity of YIG.

The average grain (crystallite) size L from the XRD
measurement can be evaluated by using the Scherrer equation
L = KA/BcosH, where A is the x-ray wavelength, B is the
FWHM of the diffraction peak, and K is a constant related
to the crystallite shape, which can be taken as 0.9 [38] here.
However, this analysis is meaningful only for a size smaller
than 100 nm due to instrumental broadening. According to
the XRD measurement results, we obtain that the average
grain sizes of the polycrystalline YIG thin films on Si and
on glass are both around 52 nm, but that the average grain
sizes of the YIG crystals and that of the epitaxial YIG thin
film on GGG exceed the detection limit. Recent work suggests
that the low-frequency magnons, whose energies are less than
~30 K, resulting in a wavelength around 6.8 nm, provide
a dominant contribution to the LSSE [39]. In contrast, the
magnon propagation length could be of the order of several
100 nm to um [40,41]. Therefore, our results suggest that a
grain size that is smaller than the magnon propagation length
but larger than the wavelength of the magnon is beneficial to
generate a robust magnon spin current.

From our results, while the SP is sensitive to the crystal
structure of YIG due to the influence of «, the SSE is
not. This reveals the difference in the mechanisms of SP
and the SSE. The coherent FMR that leads to SP requires
a homogeneous FMI layer, thus it is largely suppressed in
inhomogeneous polycrystalline films with a large . However,
although the detailed origin of the SSE is still under discussion,
it is obvious that the spin current is generated by thermally
excited noncoherent motions. Note that in the linear-response
theory of the SSE, the spin current is mainly proportional
to the temperature difference between the magnons and the
electrons [11,42]. In the bulk-magnon-spin-current model, the
spin current is generated by the magnon in the bulk of the FM.
In both models, « is not a decisive factor [14,43]. Since the
thermal energy can easily excite magnon modes of any wave
number k and energy E, the SSE could stimulate spin currents
initiated by magnons more efficiently than the SP [44,45].

Lastly, the annealing effect on the SSE is investigated.
Figure 5(d) plots the annealing-temperature dependence of
the saturated LSSE-ISHE voltage. The behavior is similar to
that of the Mg in Fig. 3(d), where a rise in the voltage is
followed by a decline with increasing annealing temperature,
revealing a close relation between the SSE signal and the Mg of
YIG. This result clearly shows that under the same saturation
magnetization, the SSE can generate a robust spin current
even in YIG with poor crystallinity. Therefore, it is evident
that the SSE can be a better tool than the other methods
to generate a pure spin current for exploring spin transport
phenomena, especially the ISHE-related topic. It also implies
that the polycrystalline YIG thin films fabricated on various
types of substrates have a high potential and flexibility for
applications of spin caloritronic devices.

In summary, we use Pt/YIG bilayer samples to investigate
the difference in the mechanism of the SP and the SSE with
a systematical comparison on the crystalline effect of the
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spin-to-charge current conversion. We found that while the
SP generates a much smaller spin current in polycrystalline
YIG films due to larger damping constants compared with
the epitaxial film, the SSE-excited spin current is contrarily
insensitive to the crystallinity of YIG. Most importantly,
it reflects the difference between the FMR-driven coherent
mechanism of the SP and the thermally excited noncoherent
mechanism of the SSE. Our experimental results demonstrate
that the SSE can generate a robust spin current, serving
as a powerful tool to explore pure spin current physics.

PHYSICAL REVIEW MATERIALS 1, 031401(R) (2017)

Furthermore, it is suggestive that polycrystalline YIG thin
films are promising for spin caloritronic applications.
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