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In the previous study of longitudinal spin Seebeck effect (LSSE), the thermal gradient was often generated by inserting
the sample between the cool bath and the hot bath. For practical use, this method is too cumbersome to be easily integrated
into modern electrical circuits. Since the laser can be easily focused into a small region, it will be more convenient and
friendly to the integrated circuit. In this paper, we systematically investigate the LSSE and spin Hall magnetoresistance
(SMR) of the Pt/Y3Fe5;01, heterostructure under focused laser-heating. We find that the extremely large voltage of in-
verse spin Hall effect (Vispgg) can be obtained by reducing the diameter of laser or increasing the number of light spots.
Meanwhile, even under the illumination of the ultraviolet light which will excite the electron from the valence band to the
conduction band in yttrium iron garnet (YIG), the magnitude of SMR is nearly constant. It indicates that the spin transport
behavior of the adjacent Pt is independent of the electron configuration of YIG. The laser-heating method to generate LSSE
will be very promising for modern integrated electronic circuits and will promote the application of spin caloritronics in

practice.
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1. Introduction

Spin current generation has always been an important
study of spintronics. The longitudinal spin Seebeck ef-
fect (LSSE) has been thought as an effective way to gen-
This effect

has been observed in a large range of systems, including
[1-3 [4

erate the spin current by the thermal gradient.

ferrimagnets,!!=3! antiferromagnetic,'*! and even some para-
magnetic materials.”’] Using a metal with strong spin—orbit
coupling,!-6-8] the thermally pumped spin current could be
converted to charge current by the inverse spin Hall effect
(ISHE). Recently, the conversion of the spin current gener-
ated by LSSE to the charge current was also observed in
the topological insulator due to the inverse Rashba—Edelstein
effect.-!l Though there were some disputes about the pos-
sible anomalous Nernst effect induced by the magnetized Pt

due to the magnetic promixy effect,!!>!3!

it can be separated
by inserting a copper between the yttrium iron garnet (YIG)
and Pt,['*] or angle-dependent anisotropic magnetoresistance
measurement.[!3-16] In addition to the spin Seebeck effect, the
spin Hall magnetoresistance (SMR) of Pt/YIG is also observed

in the P/YIG heterostructure,!!” and it is thought to originate

DOI: 10.1088/1674-1056/27/11/117201

from two processes, namely, the charge current in Pt firstly
produces a vertical spin current due to the spin Hall effect
(SHE), and then the reflection of this spin current at the Pt/YIG
interface generates a charge current that is superimposed on

18,191 Jeading to a new kind of magnetoresis-

the original one,|
tance.

In order to generate thermal gradient, the samples are
always sandwiched between a resistive heater and a colder
bath with thermal sensors mounted on both sides to detect the

[1.20-221 This way of generating a thermal gradi-

temperature.
ent is always too cumbersome and cannot be easily integrated
with modern electrical circuits. Recently, Weiler et al. found
that the focused laser can be used to generate the longitudi-
nal thermal gradient.!??! Kimling et al.!**! studied the time-
resolved magneto—optic Kerr effect and found the measured
time evolution of spin accumulation was on a picosecond time
scale, which is too short for contributions from a bulk tem-
perature gradient in YIG. Meanwhile, according to the finite
element analysis,[>2%! the laser-induced thermal gradient is
mainly located in the illuminated region instead of the whole
sample when using the hot-cold bath. Since the laser can be
easily focused on the small region, it will be more applicable
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to the integrated circuit.[?”] However, the systematical investi-
gation on the laser-heating technology is still lacking. Based
on this consideration, we carry out a more detailed study on
the LSSE and SMR in the Pt/YIG heterostructure under laser-
heating, and it is found that the thermal magnons generated by
different laser spots do not interfere with each other and they
can lineally combine with each other. Therefore, we can sepa-
rately manipulate the thermal magnons in different regions of
YIG by different lasers. We also investigate the SMR of the
Pt/YIG heterostructure under the illumination of 360 nm laser.
As pointed out in several studies,[!>?%%] the SMR was pro-
posed based on the conversion of charge/spin current under the
combined actions of SHE and ISHE near the Pt/YIG interface.
Since the photon energy of the ultraviolet laser is above the
bandgap of YIG and will excite the electron from the valence
band to the conduction band, the question naturally arises as
whether the spin transport behavior will be influenced by the
variation of electron state of YIG near the interface. Our result
shows that the magnitude of SMR presents independence of
the ultraviolet laser power, which indicates that the spin trans-
port at the interface of YIG is stable enough even when the
electron configuration of YIG near the interface is changed by
the ultraviolet illumination. Our research sheds a new light on
the application of the spin caloritronics in the electronic indus-
try.

2. Experimental details

The YIG film was first grown above (111)-oriented
Gd3Gas017 (5 mm x 3 mm x 0.5 mm) substrate by pulsed
laser deposition (PLD) with a thickness of 40 nm which was
calibrated by low-angle x-ray. Then Pt with an area of 5 mm
x 0.5 mm and a thickness of 5 nm was deposited via the mag-
netron sputtering, on the top of YIG through a strip-shaped
mask. The surface characteristics of YIG were detected by
the atomic force microscopy, and the root mean square (RMS)
roughness was less than 1.2 A. Further details on the sample
preparation and characterizations can be found in Supplemen-
tary material. During the LSSE measurement, the magnetic
field (H) was provided by a Helmholtz coil, which could be
rotated in the plane of the sample surface. Two electrodes con-
nected to Pt electrode were used to detect the ISHE voltage.
The sample was sealed in an electromagnetic shielding box.
All the measurement was performed at room temperature. The
laser with various wavelengths was focused onto the top of the
sample to create a thermal gradient from top to bottom. The
laser was mounted on a one-dimensional micro-positioning
platform in x direction, as show in Fig. 1(a). The ISHE voltage
Visug is calculated by Visyg = [VISHE(—l—H) — VISHE(—H)]/Z,

where Visyg(+H) and Visge(—H) are the saturation voltages
at magnetic fields pointing to two opposite directions, respec-
tively.

€T
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Fig. 1. (color online) (a) The schematic diagram of the experimental
setup. (b) The absorbance spectrum of YIG prepared by PLD, and the
inset is the corresponding Tauc plot.

3. Results and discussions

The wavelength dependence of the optical absorbance is
defined by I,/Iy, where Iy and I, denote the incident and ab-
sorbed light intensities, respectively, as shown in Fig. 1(b).
According to the absorbance, Tauc plot of (¢/Vv)? — hv shown
in the inset of Fig. 1(b) is used to determine the optical
bandgap. The absorption coefficient ¢ is calculated by the
equation

(lo— 1) /1, = exp (— 1), (1)

where ¢ is the thickness of 40 nm; / and v are the Planck con-
stant and the frequency of the light, respectively. By extrapo-
lating the linear portion of the Tauc plot to ¢ = 0, we get the
band gap of YIG film which is about 3.08 eV, and attribute
it to the transition from the O-2p valence band to the Fe-3d
conduction band.3%311
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Fig. 2. (color online) Visyg as a function of (a) the absorbed laser power, (b) the diameter of the light spot, and (c) the number of the
light spot, measured with lasers of different wavelengths. The letters P, N, and d denote the light power, the number of the light spot,
and the diameter of the laser, respectively. (d) The position dependence of Visgg. During the measurement, a laser with a wavelength
of 405 nm and a power of 50 mW is fixed in the middle of the sample, while another laser with a power of 50 mW, 37.5 mW, and
25 mW, and a wavelength of 405 nm, 532 nm, and 650 nm, is scanning along the Pt electrode, corresponding to the blue, green, and
red dots, respectively. The insets are the schematic illustrations of the experiment configuration.

When the laser is focused on the sample surface, YIG
will absorb part of the energy. Then an out-of-plane thermal
gradient will induce thermal magnons due to LSSE. The spin
accumulation will be converted to the charge current in the at-
tached heavy metal due to the ISHE. As shown in Fig. 2(a),
the Visyg firstly increases linearly with the light power below
82 mW due to the increase of the thermal gradient, and then
saturates gradually due to the reduction of the magnetization
of YIG caused by the increased temperature.>?! The thermal
gradient generated by the laser heating is not constant along
the direction of the laser. It decays exponentially, and the de-
cay constant depends on the absorption coefficient.!>! As pre-
viously reported, %331 the average thermal gradient (VT) is
always calculated by dividing the temperature difference by
the thickness of the sample, and the temperatures on the top
and bottom of the YIG are monitored by the infrared camera
(InfReC R500) in this study. The Visgg versus VT curves of
different lasers (Fig. S2) coincide with each other, meaning
that Visyg is dependent on the thermal gradient, not the wave-
length. However, under the illumination of identical power,
the Visyg generated by 360 nm laser is larger than the one gen-
erated by the visible light as shown in Fig. 1(b), which results

from the larger thermal gradient induced by larger absorption

coefficient of the ultraviolet light.

The detected voltage cannot be ascribed to the so-called
photo—spin—voltaic effect. A recent study showed that when
the Pt/YIG hybrid structure is exposed to the light, a photon-
driven spin-dependent electron excitation will occur near the
Pt—YIG interface, producing a photo—spin—voltaic effect. 33!
Since this effect is independent of the direction of temperature
gradient, reversing the direction of thermal gradient will not
change its sign. We reversed the incident direction of the light
and found a sign change of Visyg (as shown in Fig. S3).

The magnitude of Vigyg is insensitive to the spot size of
the laser, as shown in Fig. 2(b). As the diameter of the laser in-
creases from 20 pm to 500 um, Visye shows a slight increase
and remains nearly constant. Remarkably, the magnitude of
Visug can linearly increase with the number of the light spot.
This means that the thermal magnons generated in different
regions do not interfere with each other, and they can linearly
combine. In the case of four light spots with individual power
of 50 mW illuminated simultaneously on YIG, Visyg can reach
as large as 16 uV. Even in this case, the total light spot area is
less than 0.15 mm?. Hence, through reducing the diameter of
the laser and increasing the number of spots, the output Visyg

can be increased. This is one of the irreplaceable advantages
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of the laser heating technology compared to the hot-cold-bath
method. Due to the fact that it is easier to focus laser into a
small region, we are able to better control the region of the
thermal gradient. The diffusion length of thermal magnons is
below 20 pm at room temperature, 36371 and therefore, if
the thermal gradient region is 20 wm away from the Pt detec-
tor, a minor part of the spin current is converted into the charge
current. For the heat-cold-bath method, since the region of the
thermal gradient cannot be easily integrated to a small region,
the thermal magnon generated 20 pm away from the Pt detec-

(a) #

x

(b)

Visae/uV

tor will not contribute to Visyg, thus reducing the efficiency of
the thermoelectric conversion. The magnitude of Visyg is also
independent of the laser position if the laser spot is only on the
top of the Pt electrode. Setting the middle of the Pt electrode to
x =0, we fix a laser with a wavelength of 405 nm and a power
of 50 mW at x = 0, and collect Visyg when another laser spot
sweeps along the x-axis; we find that the Visgg keeps nearly
constant during the laser spot scanning across the Pt strip, as
shown in Fig. 2(d).

5 -
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Fig. 3. (color online) Visyg is measured when the laser is scanning along the transversal Pt. (a) The schematic representation of the
experimental geometry. (b) The experimental results. (c) The temperature distribution of the sample surface under the illumination of
laser by infrared camera (the dashed lines represent the contour of the sample).

It seems that the Pt layer behaves as a heater and dis-
tributes the VT uniformly in the YIG, but this is not the case.
When the laser is focused on the transversal Pt electrode which
is away from the longitudinal Pt, as shown in Fig. 3(a), no de-
tectable voltage is sensed by the nanovoltmeter. Only when
the laser is focused on the crossed position of the transversal
and longitudinal Pt would we detect the voltage of inverse spin
Hall effect, as shown in Fig. 3(b). We also use an infrared cam-
era (InfReC R500) to monitor the temperature distribution of
the sample surface under the illumination of laser with a diam-
eter of 0.5 mm. As shown in Fig. 3(c), the temperature is not
equally distributed across the sample surface. The heated re-
gion is mainly located around the laser spot. Therefore, though
the Pt electrode is a metallic layer which always has high ther-
mal conductivity, the thermal gradient is not distributed evenly
over YIG by the Pt-layer. It is concluded that regardless of the
light wavelength we choose, the Visyg generated by the two
lasers can linearly combine with each other, despite that they

are overlapping or separated. Therefore, this technology al-

lows an independent control of thermal magnons by different
laser spots.

As shown in Fig. 2(b), the ultraviolet light is more effi-
cient for generating LSSE compared to the visible laser, but
the photon energy of 360 nm is quite above the bandgap of
YIG as shown by the absorbance spectrum. The higher en-
ergy of ultraviolet light will excite the electron from the va-
lence band to the conduction, causing a significant change in
the electron configuration of YIG, especially the film near the
interface. Since the magnetization is strongly dependent on
the electron configuration and the reflection of the spin cur-
rent is dependent on the magnetization of the ferromagnetic
insulator, there are reasons to doubt whether the SMR could
be influenced by the ultraviolet. Based on this consideration,
the SMR measurement is performed under the illumination of
a 360 nm laser (Fig. 4(i)). A current is applied along the x
direction and a transversal voltage in y direction is detected in
the geometry sketched in Fig. 4(i). A rotating external mag-
netic field of 500 Oe which is far above the saturation field is
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applied and the angle between the field and the current is de-
noted as o. The YIG sample exhibits low coercivity and the
voltage will saturate when the field is increased above 10 Oe,
as shown in Fig. S4. Meanwhile, recent studies showed that
the LSSE voltage in a Pt/YIG-slab system was suppressed by
applying high magnetic fields because of the Zeeman gap in
[38] Therefore, we choose 500 Oe as the

magnitude of the external magnetic field. Here the transversal

magnon excitation.

voltage Vy is used to express the SMR effect. This is due to
the fact that the transversal resistivity V, presents a low back-
ground signal and thus high signal-to-noise ratio. Meanwhile,
Ap,y is equal to Apy, which is evidenced by experiences!?!
and theory.!">] The high signal-to-noise ratio helps us get an
accurate voltage evolution under the weak light. Otherwise,
the weak Visyg generated by the low power light will be sub-
merged in the background signal.

(i)

Average thermal gradient/K-mm~1!

)
0 05 1.0 1.5 2.0 2.5
0.55 I ' I ! 1 ! 1 ! 1 ! I 1.6
=
050 |
{12
045t —>
2 ™ ,
< \ {- 08 2
£ 040 / <
L T 1 Joa4 =
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| Joo
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0 3 6 9 12

Laser power/mW

Fig. 4. (color online) Angular dependence of V), upon illumination of 360 nm laser with a power of (a) 0 mW, (b) 3.5 mW, (c) 7.2 mW, and (d)
12 mW. (e), (f), (g) and (h) show the polar graphs transferred from (a), (b), (c), and (d), respectively. The rotating magnetic field H is 500 Oe.
Symbols represent the experimental data and solid lines are the results of curve fitting based on Eq. (2). The current with a magnitude of 50 pA
is applied in the x direction, and « is the angle between the applied magnetic field and the current direction, as defined in (i). (j) The laser

power dependence of the fitting results of Visyg and Vgur from Eq. (2).

As shown in Figs. 4(a) and 4(e), without the illumination,
the V,—a relation can be well described by the theory of SMR.
To separate the SMR contribution from the anisotropic mag-
netoresistance due to the proximity effect, the angle-dependent
magnetoresistance in which the angle between the charge cur-
rent and the magnetic field is changed for three different direc-
tions is conducted, as shown in Fig. S5, and the results demon-
strate that the measured effect is the SMR instead of the AMR.
When a weak light with a power of 3.5 mW is focused on the

sample, the curve exhibits a complex oscillation, with two un-

equal maximums and two unequal minimums (Figs. 4(b) and
4(f)). As the power increases, the change of the extreme points
becomes more obvious (Figs. 4(c) and 4(g)), which indicates
the existence of more than one effect. Due to the different pe-
riod of voltage with angle, a careful analysis reveals that the
Vy—a relation can be well decomposed by

Vy = Vsmr sin (180ax) + Vishg cos (360¢) , )

where Vgmr and Visgg are voltages stemming from SMR and
ISHE with period of 180° and 360°, respectively. The fitting
results agree well with the experimental data. When the power
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is increased to 12 mW, the Visyg has become a principal factor
in V, and the curve changes from the sin(180c)-dominated
to the cos(3600)-dominated (Figs. 4(d) and 4(h)). For the
laser energy above 12 mW, the SMR signal will be totally sub-
merged in the large LSSE and cannot be separated reliably by
the fitting.

According to Eq. (2), we can extract Vsyr and Visyg un-
der the illumination of different powers. As shown in Fig. 4(j),
VsMmr is nearly constant, indicating that the influence of the
electron configuration caused by ultraviolet light on the SMR
is not obvious. The Visyg increases with the laser power and
the slope is consistent with previous study without the applied
current, as shown in Figs. 2(a) and S2. These results reveal that
the two spin-related phenomena, SMR and LSSE, not only do
not interfere with each other, but also remain stable even when
the electrons in YIG transfer from the valence band to the con-
duction band. This also provides further evidence that the laser
used to generate thermal magnons in YIG will not affect the
spin transport behavior in the adjacent Pt.

4. Conclusion

In summary, we systematically investigate the LSSE and
SMR under the illumination of ultraviolet and visible light in
the Pt/YIG heterostructure. For LSSE, the Visyg is indepen-
dent of the size and position of the laser, and thermal magnons
generated by different laser spots can linearly combine with
each other, meaning that the extremely large Visyg may be ob-
tained by decreasing the size and increasing the number of
lasers. Therefore, the laser-heating technology has substantial
advantage over the traditional hot-cold-bath method for future
application. Meanwhile, the spin-related phenomenon, SMR,
which is thought to be sensitive to the interface of Pt/YIG,
is nearly constant even when the electrons transfer from the
valence band to the conduction band under the ultraviolet illu-
mination.

Supplementary material

See Supplementary material for the detail of the sample
preparation and basic properties, experiments of exclusion of
photo—spin—voltaic effect, and angle-dependent magnetoresis-
tance.
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