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Temperature dependence of spin pumping in
YIG/NiO(x)/W multilayer
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We report the temperature dependence of the spin pumping effect for Y3Fes;015 (YIG, 0.9 um)/NiO (#ni0)/W (6 nm)
(tnvio = 0 nm, 1 nm, 2 nm, and 10 nm) heterostructures. All samples exhibit a strong temperature-dependent inverse
spin Hall effect (ISHE) signal /. and sensitivity to the NiO layer thickness. We observe a dramatic decrease of I, with
inserting thin NiO layer between YIG and W layers indicating that the inserting of NiO layer significantly suppresses the
spin transport from YIG to W. In contrast to the noticeable enhancement in YIG/NiO (fnijo ~ 1-2 nm)/Pt, the suppression
of spin transport may be closely related to the specific interface-dependent spin scattering, spin memory loss, and spin
conductance at the NiO/W interface. Besides, the I; of YIG/NiO/W exhibits a maximum near the Ty of the AF NiO layer
because the spins are transported dominantly by incoherent thermal magnons.
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With the development of spintronics, the generation and
detection of spin current have become a topic of concern.
Meanwhile, the controllable modulation of the spin transport
of electrons is also central to fabricating robust spintronics
devices.!!™! Spin transport in ferromagnetic (FM) and non-
magnetic materials (NM) has been extensively studied. Pure
spin current can be pumped from FMs into NMs by ferro-
magnetic resonance (FMR) spin pumping!®7! or a thermal
gradient.!®”) Furthermore, the pure spin current can be con-
verted into the charge current I, by the ISHE due to bulk
and interfacial spin—orbit coupling at the NM and FM/NM
interface,['% thereby realizing the electrical detection of pure
spin current. So, the effective modulation of spin current in-
jection and the spin transport plays an important role for the
impact on I, in FM/NM heterostructures.

Recently, spin current studies, especially spin transport,
have been expanded into the antiferromagnetic (AF) materi-
als, e.g., NiO, IrMn, and Fe,05.['"13! For instance, NiO is
a well-known AF insulator with a bulk Néel temperature of
Tx = 525 K.['61 And the characteristic frequency of AF NiO
is up to 1 THz in magnetic resonance measurements, which is
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attractive for developing THz devices.!!”! Surprisingly, the un-
expected enhancement of spin transport via inserting thin AF
NiO between an FM (such as YIG) and Pt was discovered in
FMR spin pumping and spin Seebeck experiments, [%1%18:19]
The spin transport in the AFs is optimal at a temperature near
the AF Neél temperature Ty, suggesting that the spin trans-
port through the AF insulators is related to AF magnons and
strong spin fluctuations near 7y.!”°! In addition, Hammel et
al.'?®! found that the transport efficiency of spin current J; was
reduced at room temperature, when a Cu layer was inserted
between YIG and Pt in FMR spin pumping experiment. While
the insertion of a similar Cu interlayer between YIG and W
improves the spin current J; injection into W. Therefore, it is
interesting how spin transport is affected if the NiO interlayer
is inserted between YIG and W. In fact, Chien et al. have re-
ported that 1-nm thin NiO suppressed the spin current pumped
into W from YIG in the Seebeck effect experiment only mea-
sured at room temperature.’] Hence, it is necessary to sys-
tematically explore the effect of temperature on spin transport
between YIG and W with different NiO interlayer thickness.
However, very few studies have been reported on this topic so

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

128504-1


http://dx.doi.org/10.1088/1674-1056/ac6333
chenlina@njupt.edu.cn
mailto:ybxu@nju.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 128504 (2022)

far.

So, we systematically explore the effect of temperature
on spin transport between YIG and W with different NiO
interlayer thicknesses. We chose YIG/NiO (fnio)/W (6 nm)
(tnio = 0 nm, 1 nm, 2 nm, and 10 nm) stacked structure and
focused on the FMR spin-pumping-induced charge current /.
over a wide temperature range (30-300 K). The transmitted
spin current detected by ISHE in the W had a maximum near
the Ty of the AF NiO layers, consistent with the previous re-
ports in the YIG/NiO/Pt system. On the contrary, we found
that 1 nm thick NiO is enough to significantly suppress spin
transport between YIG and W by varying NiO thickness, in-
dicating that interfaces in YIG/NiO/W heterostructures play a
vital role in the spin transmission except for magnetic fluctua-
tion of the AF NiO spacer.

The 0.9-pm thick YIG films were grown on GdzGasOy,
(GGG, (111)) substrates by liquid-phase epitaxy. The YIG
samples were degreased via ultrasonic bathing in acetone and
ethyl alcohol for 12 min and cleaned by deionized water, be-
fore being placed into the deposition chamber. Then, we used
ultrahigh vacuum magnetron sputtering with a base pressure
of 3 x 1078 Torr to fabricate the YIG (0.9 um)/NiO (tnio)/W
(6 nm) (tnijo = 0 nm, 1 nm, 2 nm, and 10 nm) samples at
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room temperature. The reactive (Ar+O;) pressure for NiO
deposition was 4.5x 1073 Torr. And the working Ar pressure
was 5x 1073 Torr for W deposition. Finally, all samples were
patterned into a 4.0-mm long and 0.5-mm wide small rect-
angular bar by combining optical lithography and ion Ar+
plasma etching. The FMR spin pumping measurements of
YIG (0.9 um)/NiO (tni0)/W (6 nm) (fnjo = 0 nm, 1 nm, 2 nm,
and 10 nm) samples were performed by using the coplanar
waveguides (CPW) method over the temperature range from
300 K to 30 K, and the microwave frequency (f) and power
(P¢) were set to be 9 GHz and 20 dBm, respectively. As il-
lustrated in the schematic diagrams shown in Fig. 1(a), the
external bias magnetic field H was applied along the x-axis,
and voltage measurements were performed along the y-axis.
At YIG resonance, the precessing YIG magnetization excites
the AF moments at YIG/NiO interface. The AF magnons or
fluctuations in NiO carry the angular momentum (a vertical
spin current Jy) through the NiO thickness to the NiO/W in-
terface, where the angular momentum is transferred across the
NiO/W interface to the conduction electrons in the metal layer
W along the z-axis with the spin polarization along the x-axis.

Then, Js in W can be converted to a charge current /. via ISHE.
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Fig. 1. (a) Schematic of the spin pumping and ISHE measurement with in-plane field H, (b) the atomic force microscopy images of the 0.9-um
bare YIG over an area of 4 pm x4 pm, (c¢) XRD spectrum of a 400 nm-NiO film, (d) fitting of the experimental data of /. and the antisymmetric

component for YIG/W at 280 K.

Atomic force microscopy (AFM) measurement shown
in Fig. 1(b) reveals a root-mean-square (RMS) roughness of
0.58 nm for bare YIG, demonstrating the smooth surface of
YIG film. High-resolution x-ray diffraction (XRD) scan of the
400-nm thick NiO film deposited on the c-plane sapphire sub-

strates is presented in Fig. 1(c). Only (111) and (222) peaks of
NiO film are detected, indicating that the NiO films are of high
quality with a preferred orientation along (111). As plotted in

Fig. 1(d), we fit a typical charge current /. curve of the YIG/W
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sample at 280 K by the expression as follows: 1]

w? W (H — Hy)

fe=9 [(H—Hr)z—i—Wz} - [(H—Hr)z—&-Wz} ’

)]

where S is the symmetric part of the voltage amplitude, which
corresponds mainly to the voltage coming from ISHE, and A
is the antisymmetric part, which originates from spin rectifi-
cation effect (SRE), respectively. The W is half of the reso-
nance linewidth AH. The H; represents the resonance field.
The asymmetric signal Isrg is negligible, and the symmetric
Lorentzian shape can mainly fit the experimental /. curve.
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Fig. 2. (a) The I, vs. H — H; spectra derived from FMR spin pumping
voltage measurements for the YIG/NiO (tni0)/W (6 nm) samples with
tnio of 0 nm,1 nm, 2 nm, and 10 nm. The inset in (a) only shows the
magnetic field dependence of the I for the sample with fyjo = 10 nm.
(b) At T =280 K and f = 9 GHz, normalized charge current I /I as
a function of the NiO thickness.

Figure 2(a) shows that the charge current I. (l) vs.
H — H, (H, is the resonance field of YIG) spectra for YIG/NiO
(tNio)/W (tnio = 0 nm, 1 nm, 2 nm, and 10 nm) samples at
T =280 K, and f =9 GHz. The I of the YIG/W sample at
the FMR point is 0.136 pA. When a 1-nm thick NiO interlayer
is inserted between the YIG and W, we observe a decrease of
the 1. at the FMR point by one order of magnitude relative to
the YIG/W bilayer. Contrary to the previously reported en-
hancement of J; in YIG/NiO/Pt and Ta systems,°! 1-nm in-
serting layer NiO can dramatically suppress the spin current
transmission in the YIG/NiO/W system. Besides, note that
although the I, becomes much smaller for the 10-nm thick-
ness of NiO [the inset of Fig. 2(a)], an obvious I. signal can

still be well detected. Spin current J; smoothly transmitting
across the insulator NiO of 10-nm thick film implies that the
insulating AF NiO spacer layer has a good spin transmis-
sion, consistent with the previous spin transports of NiO. To
more intuitively present the variation trend of I. generated at
the FMR point with NiO thickness, we compare the relative
magnitudes of I, among the samples with three different NiO
thicknesses. As displayed in Fig. 2(b), the I in YIG/NiO/W
trilayers normalized to I.o in YIG/W bilayer shows a gradual
decrease with increasing NiO thickness except for the dramat-
ical drop of I./I¢ from 1 to 0.08 at t = 1 nm. The signifi-
cant suppression of the spin current transmission in the stud-
ied YIG/NiO/W system, in contrast to previously reported en-
hancement in YIG/NiO (fnijo ~ 1-2 nm)/Pt and Ta systems,
should be closely related to these interfacial effects (e.g., in-
terfacial spin scattering, spin memory loss, and spin conduc-
tance) caused by inserting NiO layer rather than the bulk spin

transport in the NiO layer.[*-20-21]
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Fig. 3. (a) At f =9 GHz, the magnetic field dependence of the I for
the YIG/NiO (1 nm)/W sample with different temperatures, (b) the tem-
perature dependences of the /; for the YIG/NiO (tni0)/W samples with
tNio from O to 10 nm. The peak value Tyy of YIG/NiO (tni0)/W samples
with fn;0 = 1 nm and 2 nm indicated by arrows.

We further study the temperature effect on spin transport
of those four YIG/NiO (tnio)/W (tnio = 0 nm, 1 nm, 2 nm,
and 10 nm) samples. As we all know, due to finite size effects,
the intrinsic Néel temperature 7y (#njo) of the isolated thin
NiO layer is reduced with decreasing NiO thickness.?>?3! The
previous reports found the 7y of 1-2 nm NiO film (7nx(1 nm)
~ 170 K, Tx(2 nm) ~ 260 K and Tx(10 nm) > 300 K).[9:2425]
And, 280 K (near the room temperature) mentioned above is
higher than the 7y of 1-2 nm NiO film. It is expected that
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spin pumping may be strongly affected around Ty of the AF
NiO for YIG/NiO/W system. Therefore, in the following, we
perform FMR spin pumping measurements over a wide tem-
perature range from 30 K to 300 K to explore temperature-
dependent spin pumping signals I.. Figure 3(a) shows the
representative results of H vs. I spectra for the YIG/NiO
(1 nm)/W sample with various temperatures of 80 K, 110 K,
170 K, and 280 K, respectively. Instead of a monotonic trend,
the I, seemingly exhibits a broad maximum at around 170 K
[Fig. 3(b)]. Besides, H; decreases with decreasing temperature
due to the increase of the YIG magnetization and the exchange
coupling effect between YIG and NiO with decreasing temper-
ature.

Temperature dependences of . at the FMR point for all
four YIG/NiO (tnio)/W (tnio = 0 nm, 1 nm, 2 nm, and 10 nm)
samples are extracted and summarized in Fig. 3(b). As shown
in Fig. 3(b), all YIG/NiO/W samples are strong temperature-
dependent and sensitive to the NiO layer thickness. Temper-
ature dependence of ISHE signal I, of YIG/NiO/W trilayers
exhibits a maximum at a temperature 7;. The Ty is compara-
ble to the reduced Ty (fnio) of NiO free film. The observed Ty
for tnjo = 1 nm and 2 nm samples are at 190 K and 250 K,
respectively. And the Ty increases monotonically with the
NiO thickness, consistent with the previously reported mag-
netic properties of NiO thin films. We note that the studied 10-
nm NiO sample exhibits monotonical increases up to our high-
est accessible temperature of 300 K, suggesting a peak above
RT. This is consistent with the 10-nm thick NiO film with a
high Ty above RT. These similar temperature-dependent be-
haviors with an enhancement of /. near 7Ty have been observed
in YIG/NiO/Pt.[) And Our FMR spin pumping experiments
are carried out with the radio-frequency. So, these phenomena
demonstrate that in antiferromagnetic insulators, the spins are
transported dominantly by incoherent thermal magnons rather
than coherent THz AFM dynamics.!”??6-28] In addition, our
experimental results in Fig. 3(b) show that /. is strongly sup-
pressed towards lower temperatures. From Figs. 2(a) and 3(b),
although 1-2 nm NiO is a paramagnetic insulator at high tem-
peratures above Ty, there are still obvious ISHE signal I.. The
reason is that thermal magnons continuously evolve into ther-
mal spin fluctuations, which would transport Js at high tem-
peratures above Ti.!””) We want to emphasize that, in the
whole range of experimental temperatures, inserting the thin
NiO layer (even 1-nm thick) always suppresses the spin trans-
port from YIG to W layer in YIG/NiO/W trilayer systems,
as the same with the above discussed for the results obtained
at RT (280 K). It is unlike the YIG/NiO (1-2 nm)/Pt system
reported previously, where the enhancement of injected spin
current occurs. As for YIG/W bilayer, the overall decreasing
trend of I, is primarily ascribed to the increase of the magnetic
damping Otyjg w With decreasing temperature. And the spin

relaxation attributed to rare-earth ions induces a reduction in
spin pumping efficiency. The previously reported the mod-
erate dependence of M of YIG, spin Hall angle Osy and the
spin diffusion length Asp of W on temperature are not domi-
nant factors for the decreasing behavior of I, with temperature
decreasing.[?9-3?]

The spin pumping experiments can further get the
linewidth AH of the magnetization dynamics for the studied
multilayers. Figure 4 displays the experimental AH as a func-
tion of temperature for the YIG/NiO (fnjo)/W samples with
tNio = 0 nm, 1 nm and 10 nm at f = 9 GHz. We found that
the AH of the YIG/W has a slight decrease from 280 K down
to approximately 120 K, and then dramatically increases with
decreasing temperature. In general, the linewidth AH (full
width at half maximum) can be described by the following

equation: [30-34]

drfo
AH = AHiy + ”f , ®)

where AHjy;, is the inhomogeneous broadening, and indepen-
dent of the resonance frequency f. The temperature depen-
dence of the linewidth AH can indirectly reflect temperature-
dependent magnetic damping . In general, the AHj,y, arises
from magnetic inhomogeneities owing to local variations of
the magnetization and anisotropy constants, and their strong
temperature dependences will lead to the increase of AHiyp,

32,35,361 1 addition, the strong

particularly at low temperature.|
temperature-dependent damping from rare-earth ion of YIG
causes a significant increase of the linewidth AH in previ-
ous reports.[3%331 The enhancement of AH due to inhomo-
geneity is supposed to be small compared with that of rare-
earth ions. As for the YIG/NiO (tni0)/W (fnio = 1 nm, and
10 nm) samples, our results in Fig. 4 show that the AH stays
almost invariant from about room temperature to the tempera-
ture (125 K for 1 nm and 225 K for 10 nm) at which the signal
I disappears, indicating that the YIG/NiO exchange coupling
induced-extra damping is small during temperature range of
300-125 K.[18:19]
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Fig. 4. Temperature dependences of the AH for the YIG/NiO (tni0)/W sam-

ples with fn;0 = 0 nm (red and pink circles), 1 nm (blue triangle), and 10 nm
(green diamond) at f =9 GHz.
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In summary, we have investigated the variation of ISHE
signal I. YIG (0.9 pm)/NiO (tnio)/W (6 nm) (fnjo = 0 nm,
1 nm, 2 nm, 10 nm) in a broad temperature range 300-30 K
by utilizing the FMR spin pumping method. The value of
I, for YIG/NiO/W samples exhibits a broad maximum at the
temperature Ty near the Néel temperature of NiO, suggest-
ing that spin magnons of the insulating AF NiO dominate its
spin transport. The I exhibits a obvious decrease over the
entire experimental temperature range when the NiO layer is
inserted between YIG and W. And the significant suppression
of the spin current transmission in the YIG/NiO (#njo = 1 nm,
2 nm)/W system is in sharp contrast to the enhancement in
YIG/NiO (tnio =~ 1-2 nm)/Pt and Ta systems, suggesting the
interfacial effects of NiO/W (e.g., interfacial spin scattering,
spin memory loss, and spin conductance) dominate spin trans-
port rather than the bulk NiO layer with a low spin loss. Our
results reveal that the amplification or inhibition of spin trans-
port in various magnetic heterostructures closely depends on
the specific interface-related materials.
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