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Longitudinal spin Seebeck effect in a half-metallic La, ;Sry;MnQO; film
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The longitudinal spin Seebeck effect (LSSE) with a vertical temperature gradient is one of the most important
mechanisms to generate pure spin current. Previous studies of the LSSE excited spin current focus mainly
on the magnetic insulators, a little on ferromagnetic metals, and rarely on ferromagnetic half metals. In this
work, we demonstrate a significant spin current injected from the highly spin polarized ferromagnetic half metal
Lag7S1p3MnO; by the LSSE. The sign of the thermal voltage can be reversed by using the spin current detector
Cr with a large negative spin Hall angle. The ratio of the inverse spin Hall voltage to the total thermal signal in
Lag7Sro3MnO; is much larger than that in ferromagnetic metals, such as permalloy and CoFeB. The nontrivial
temperature-dependent voltage suggests that the thermal transport in Lag 7Sro 3MnOs is carried by magnons. This
study provides insight into the mechanism of thermally excited spin current in ferromagnetic half metals and
recommends the highly spin polarized Lag 7Sry:MnOj3 as a promising candidate for metal-based spin caloritronics

devices.
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The manipulation of pure spin current for the development
of novel spintronic devices has drawn much attention but
remains a challenge. The spin Seebeck effect (SSE) is one
of the most important mechanisms to drive the pure spin
current by a thermal gradient. Based on the measurement
geometry, the SSE can be classified into the transverse spin
Seebeck effect (TSSE) with the in-plane temperature gradient
and the longitudinal spin Seebeck effect (LSSE) with the
out-of-plane temperature gradient [1,2]. They both require a
heterostructure consisting of a thin normal-metal (NM) layer as
a spin current detector and a magnetic material as a spin current
generator which could be a conductor or insulator. By applying
a temperature gradient, the heat current drives the pure spin
current with spin angular momentum from the magnetic
material into the NM. Subsequently, the pure spin current
can be converted into the charge current and be electrically
detected in the NM through the strong spin-orbit coupling
with the inverse spin Hall effect (ISHE) [3.4]. Although
the SSE in magnetic insulators, including ferrimagnetic and
antiferromagnetic insulators, has been extensively studied, the
SSE experiments in ferromagnetic metals (FMs) have not
been conclusively established [2,5-7], mainly because the
TSSE signal from FMs can easily be contaminated by the
anomalous Nernst effect (ANE) due to an unintentional vertical
temperature gradient and also because the LSSE signal is often
overwhelmed by the preeminent ANE [8—10]. Therefore, it
remains a challenge to generate the pure spin current from the
FMs by the SSE.

Since the thermal spin transport is strongly correlated to the
spin-dependent Seebeck coefficient of the FM, the generation
efficiency of the pure spin current may be enhanced if the
spin-up and spin-down electrons at the Fermi level have a
large difference in the density of states [11,12]. Therefore, we
aim to study the thermal generation of pure spin current in the
ferromagnetic half metal Lag 7Sro 3MnO3 (LSMO) with a high
spin polarization in the 3d band [13,14]. Previously, Bui and
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Rivadulla reported on the thermal voltage of Pt/LSMO and
attributed it to the planar and anomalous Nernst effects [15].
But Shiomi ef al. suggested that the SSE may play an important
role in the thermal signal of LSMO/SrRuO; superlattices
[16]. Despite the different experimental conclusions, there
is consensus that the perovskite structure of LSMO with
a high Curie temperature has a rich variety of electronic
and magnetic properties, including high spin polarization,
colossal magnetoresistance (CMR), charge/orbital ordering,
phase separation, and soft coercivity [17]. In this work, with
the LSSE measurement of high-quality epitaxial LSMO films,
we provide unequivocal evidence for an intrinsic LSSE signal
from LSMO. For comparison, we also study the LSSE on
other ferromagnetic alloys, including permalloy NiggFe, (Py)
and CogyFe 0B,y (CFB). We show that the LSSE drives a
considerable electrical signal in Pt/LSMO, in contrast to the
negligible LSSE signal in Pt/Py and Pt/CFB bilayer samples.
Furthermore, it is found that the spin current detector Cr with
a large negative spin Hall angle induces a sign reversal of
ISHE voltage in Ct/LSMO but not in Ct/Py and Ct/CFB. We
further perform the temperature 7-dependent measurements
to investigate the mechanism of the LSSE in Pt/LSMO. The
nonmonotonic temperature-dependent ISHE voltage suggests
the mechanism of LSSE excited spin current in LSMO is
magnon mediated.

Epitaxial LSMO films with a thickness of 100 nm were
grown at 800°C by pulsed laser deposition (PLD) on the
SrTiO3 (001) substrate with 100 mTorr oxygen pressure,
followed by in situ annealing at 400°C in the atmospheric
oxygen pressure. The crystal structures of films were charac-
terized by X-ray diffraction (XRD) and tunneling electron
microscopy (TEM). Figure 1(a) is the cross-section TEM
image of a Pt/LSMO film, with the inset showing the electron
diffraction pattern of LSMO. The clear interface boundary in
Pt/LSMO and the bright diffraction spots in LSMO suggest
good crystallinity of LSMO film. Figure 1(b) shows the
0-26 XRD diffraction pattern, indicating a c-oriented film
direction. It is noted that there is a small lattice mismatch
(~1%) between LSMO and SrTiO3 (STO) [18]. The magnetic
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FIG. 1. (a) An overview cross-sectional TEM image for the
Pt/LSMO sample. (b) X-ray diffraction pattern of LSMO/STO(001).
(c) Schematic diagram of the longitudinal spin Seebeck effect for the
spin injection with a vertical temperature gradient and the voltage
measurement with the inverse spin Hall effect.

properties were investigated with a superconducting quantum
interference device and vibrating sample magnetometers. The
resistivity and magnetoresistance were measured using the
four-probe method. The normal metals (Pt, W, and Cr) as well
as the ferromagnetic metals (Py and CFB) were deposited with
the magnetron sputtering. To obtain a systematic analysis,
all FM layers were fixed as 100 nm. To have the optimal
intensity of the ISHE signal, the NM layer varied from 3 to
5 nm, which is slightly larger than the spin diffusion length
[19,20]. The large resistivity (160 p<2 cm) of W(5) could be a
signature of the 8-W phase [21,22]. The width of the NM is
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3 mm, and the length is 5 mm. In order to have well-defined
thermal transport directions, the LSSE geometry is used in this
work to excite the heat current with a uniform out-of-plane
(so-called vertical) temperature gradient which is controlled
by a heater and a copper block heat sink [23,24]. To reduce
systematic errors, we use constant power with the same heat
flux density instead of a constant temperature difference to
conduct the measurement [7,25,26]. The temperature gradient
is measured with typical thermocouples and double-checked
with the temperature dependence of resistance in the Pt layer
[27]. An external in-plane magnetic field H is used to align
the magnetization of LSMO along the x axis, as shown in
Fig. 1(c). The configuration of the ANE voltage measurement
without NM is the same as that of the ISHE voltage.

Figure 2(a) shows the T dependences of zero-field-cooled
magnetization M and electrical resistivity for the single-
layer LSMO film. The Curie temperature 7: is 355 K (i.e.,
the paramagnetic-to-ferromagnetic transition), consistent with
that of bulk LSMO [28]. The resistivity decreases with
decreasing 7', confirming a metallic state below 350 K. The
obtained high residual resistance ratio of 13 also implies a
highly ordered conduction channel from the high-quality film.
In Fig. 2(b), the room-temperature M(H) curve of LSMO
shows a soft ferromagnetic nature with a low coercivity field
of 7 Oe. The shape anisotropy of the film can be calculated as
4 My = 5kOe, where M is the saturation magnetization.

The angle-dependent magnetoresistance (MR) at 750 Oe
for Pt(3)/LSMO is shown in Fig. 2(c), where the number in
parentheses is the layer thicknesses in nanometers. The MR
behavior of Pt(3)/LSMO shows a typical twofold symmetry
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FIG. 2. (a) Temperature dependences of the magnetization under the condition of zero field cooling and the resistivity for the LSMO film.
(b) The magnetic hysteresis loop of LSMO at room temperature. (c) Angular dependence of the anisotropy magnetoresistance and (d) field
dependence of anisotropy magnetoresistance for the Pt(3)/LSMO sample at room temperature.
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for aLSMO crystal, associated with the anisotropic MR effect.
The MR ratio is defined as

AR/Ry(H) = [R.(H) — Ry(H)]/R|(H), ey

where R (H) and R (H) are resistances with the magnetic
field H being perpendicular and parallel to the electrical
current, respectively. For comparison, the MR ratio is normal-
ized by the resistivity at high field, Ry = R)(750 Oe). Here,
R, (H) > Ry(H) is opposite those observed in conventional
polycrystalline ferromagnetic films, such as Fe, Co, and Ni
[29]. The field-dependent MR in Fig. 2(d) shows a linear
behavior due to the CMR effect [30,31].

In principle, the transverse thermal voltage could come
from the ISHE with pure spin current and/or the ANE with
spin-polarized current. The ISHE voltage can be described by

Esug < OsuJs x o, ()

where Eysyg is the electric field produced by the ISHE,
Js is the spin current thrown into the NM, and o is the
spin-polarization vector. fsy is the spin Hall angle, which
refers to the conversion efficiency of spin current to charge
current. Since the conduction electrons of LSMO are polarized
with unequal numbers of electrons of opposite spins, the
spin-polarized current can also be generated in the transverse
direction by the ANE when a vertical temperature gradient is
unavoidably applied. Accordingly, the ANE voltage has the
same magnetic field dependence as the ISHE [32-35]:

Eang = OaNeSccit x VT, 3

where Eang is the electric field produced by the ANE, Oang
is the anomalous Nernst angle, S, is the Seebeck coefficient,
and m is the unit vector of magnetization. Thus, one needs
to measure the ANE signal before analyzing the LSSE. As
shown in Fig. 3(a), there is a significant ANE signal with
asymmetric magnetic field dependence for the bare LSMO
film at 275 K (see the open triangles). Here, the thermal
voltage Vi, is normalized by the vertical temperature gradient
VT and the length of the sample along the y direction
Ly as VVy/VT = (Va/Ly)/(AT,/t). The hysteresis loop of
VVin/VT corresponds to the M(H) loop, as expected from
Eq. (3). Above 275 K, the signal is too small to measure within
our experimental resolution (~10nV), which may be due to
the abrupt reduction of M close to T, as shown in Fig. 2(a).
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As shown in Fig. 3(a), the thermal voltage of the
Pt(3)/LSMO bilayer sample is one order of magnitude larger
than that of the bare LSMO. If the Pt layer merely serves as
a shunting layer, the intensity of the signal should be reduced
in Pt(3)/LSMO. Therefore, the significant enhancement of
the thermal voltage in Pt(3)/LSMO is evidence of the LSSE
excited ISHE voltage. We also normalize the thermal signal
by the heat flux through the cross-section area of the sample.
The scaling of the thermal voltage in Pt(3)/LSMO in terms
of heat flux is estimated to be around 1.35 x 1078 V. m/W,
which is comparable to but 8 times smaller than that of
1.1 x 1077V m/W in Pt(3)/YIG(60) [25]. The signal is further
reduced by half when the Pt thickness is increased from 3 to
5 nm, reflecting the nature of the short spin diffusion length of
Ptin Fig. 3(b) [19,36].

To provide additional evidence of the LSSE in LSMO, Pt is
replaced by W and Cr as the probing layer with negative 6g. As
shown in Fig. 3(b), the ISHE voltage of the W(5)/LSMO is not
large enough to overcome the ANE, but that of Cr(3)/LSMO
completely reverses the sign of VVy,/VT. The small LSSE in
W(5)/LSMO is unusual since W has a significant spin-orbit
coupling. However, Du et al. demonstrated that Cr and Ni
showed a very large spin Hall angle, indicating that d-orbital
filling rather than atomic number plays a dominant role in the
spin Hall effect [37]. The magnitude of Visgg in Cr/LSMO is
clearly larger than that of Vg in LSMO but with opposite
sign, in agreement with the recent report on Cr/YIG. The 3d
metal Cr has a large spin Hall angle which is even superior to
that of 5d metals [19,20,37]. Since Cr has a low atomic number,
we consider that the contribution of the proximity-induced
ANE is negligibly small [38—40]. Thus, it is unambiguously
demonstrated that the thermal voltage in the ferromagnetic
half-metal LSMO is from intrinsic LSSE.

For comparison, the LSSE in other conventional ferro-
magnetic alloys is also investigated, including Py and CFB.
Within different ferromagnetic metal systems, the sample
dependences of resistivity and shunting effect have to be taken
into account. A parallel circuit model allows us to normalize
the measured thermal voltage Vi, with the resistance of a
different layer, as described by [41]

Vin/ Riotat = Vane/ Rem + Visue/ Rnm, 4
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FIG. 3. (a) Magnetic field dependence of the thermal voltage for LSMO and Pt(3)/LSMO under a vertical temperature gradient of 6 K/mm
(left y scale) and the M (H) curve for LSMO (right y scale). (b) Magnetic field dependences of the thermal voltage for single-layer LSMO and

bilayers NM/LSMO with NM = Pt(5), W(5), and Cr(3).

060402-3



B. W. WU, G. Y. LUO, J. G. LIN, AND S. Y. HUANG

0.02
g 0.01 ~eeieaéﬁa%€%g-iﬁz’@?
) A
>
3
: 0.00
3 —a—Py(100) |
= —o=Pt(3)/Py(100) |2
=.0.01} —2— A S
> Cr(3)/Py(100) gﬁ%ﬁg&&’}mﬂm s390
-0.02
-100 0 100
Field(Oe)

~_~
(]
~

0.01

V, /RAT(1V/KQ)
o
o
[=)

-0.01

-100 0
Field (Oe)

V,/RAT(1V/KQ)

~
(=9
p—

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 96, 060402(R) (2017)

(b)

0.02 —=— CFB(100)
2. =—O0= Pt(3)/CFB(100)
—v— Cr(3)/CFB(100)
0.01 (
s o ommow o
0.00 L SR R
= [SHE(Pt3)/CFB|}
0.01
%,
002 e
-100 0 100
Field(Oe)
03
llllllll....lll..... —a—M
", s 4400

e
N

N

[=3

o
M(emu/cm’®)

AV _/RAT (uV/KQ)
[ )

01k . [
-| @ Pt(3)/LSMO H
é| O LSMO \
= Fitting curve =
0.0 Al L T i ) — 0
0 50 100 150 200 250 300 350 400

T (K)

FIG. 4. Normalized thermal voltage of (a) Py, Pt(3)/Py, and Cr(3)/Py; (b) CFB, Pt(3)/CFB, and Cr(3)/CFB; and (c) LSMO, Pt(3)/LSMO,
and Pt(5)/LSMO. (d) Temperature dependences of the magnetization for LSMO (right y scale) and the normalized thermal voltage for LSMO
and Pt(3)/LSMO (left y scale). The black solid line is fitted by a power law with AVy,/RAT o (T. — T)”. The R on the y axis represents the

resistance of the NM/FM bilayer or that of the FM layer.

where R, Rem, and Ry are the resistances of the NM/FM
bilayer, the FM, and the NM, respectively. As a consequence,
one can separate the contribution of the ANE from the LSSE.
In Fig. 4(a), the thermal voltages of Pt/Py and Cr/Py are almost
equivalent to that of Py, suggesting Vi, of three samples are
dominated by the ANE voltage of Py. On the other hand,
the thermal voltage of Pt(3)/CFB(100) may be composed of
the LSSE and the ANE since it is slightly larger than that
of CFB(100). After subtracting the ANE contribution, the
ISHE voltage of Pt/CFB is shown as the blue dashed curve
in Fig. 4(b). However, when the Cr with negative 6gy is used
to detect the spin current from CFB, the signal cannot be
reversed and is even slightly larger than the ANE signal of
CFB in Fig. 4(b). Recently, a similar behavior was observed,
and an additional ISHE voltage was attributed to the FM itself
[41]. Overall, our results indicate the ANE dominates in both
Py and CFB single layers. In sharp contrast, the origin of the
thermal voltage in the half-metal LSMO layer is dominated
by the ISHE from the LSSE with the ANE contribution
being negligible. In addition, the normalized voltage curves of
Pt(3)/LSMO and Pt(5)/LSMO almost overlap, confirming the
validity of the parallel resistor model. The absolute anomalous
Nernst angle OaNg, defined by the ratio of the anomalous Nernst
voltage and Seebeck coefficient Sy, as Oang = Eang/ S VT,
is about 0.2% for Py and 1.2% for LSMO [15,42]. One can
estimate the contribution of the ISHE in the total thermal signal
by the ratio of (Vg—ff) / (%). The upper bound of the ISHE in
Pt/CFB is around 15%, and that in Pt/Py is negligibly small,
while the contribution of the ISHE in Pt/LSMO is more than

95%. We suggest the transverse thermopower could be further
enhanced by superimposing the SSE on the ANE in the form
of multilayer or granular structures [2,43,44].

In order to explore the mechanism of the LSSE in LSMO,
the T dependence of the LSSE is measured from 20 to 340 K.
As shown in Fig. 4(d), Vin/(RAT) of Pt/LSMO increases with
decreasing T and has a sharp drop at ~80K. The strong T
dependence with a local maximum is similar to that in Pt/YIG
[20,45], implying that these two systems share a common
mechanism of thermal spin injection. The nonmonotonic
T -dependent behavior is attributed to the change in the thermal
magnon population. Accordingly, the competition between the
magnon population and the lifetime of the magnon results in
the peak around 80 K. In addition, near the Curie temperature
(~350K), the T dependence of the ISHE voltage in Pt/LSMO
is very different from the M (T) curve of LSMO, as shown in
Fig. 4(d). A rapid decrease in the LSSE signal for 7 > 80K
can be fitted with a critical exponent of around 1.9 in the
equation AVy/RAT o« (T, — T)'? [46]. The fact that this
monotonic decrease in the ISHE voltage with increasing T
reaches zero near 7, implies a reduction of the spin-mixing
conductance, caused by the reduction of magnetization in
LSMO, based on the magnon spin current model [46,47].
Therefore, it is very likely that the LSSE in the half-metallic
LSMO is associated with the magnon excited spin current,
having the same mechanism as that in magnetic insulators.
Note that the LSSE has also been observed in ferrimagnetic
Fe;04 with half-metallic character [43,48], in which the
magnon may generate spin current efficiently [49].
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In summary, under a vertical temperature gradient, we
conclusively demonstrated the LSSE in the ferromagnetic
half-metal LSMO film. The sign of the thermal voltage
can be reversed by using the spin current detector Cr with
a negative spin Hall angle. Unlike Py and CFB in which
the ANE dominates the transverse thermal transport, more
than 95% of the thermal voltage comes from the LSSE in
LSMO. The nontrivial behavior of the temperature depen-
dence of the LSSE voltage reveals that the mechanism of
the LSSE in LSMO is related to the magnon excitation.
This study provides important insight into the origin of
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thermally driven pure spin current in ferromagnetic half metals
and explores the possible applications of LSMO in spin
caloritronics.
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