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The inverse spin-Hall effect (ISHE) is produced even in a “single-layer” ferromag-
netic material film. Previously, the self-induced ISHE in a NiggFe,¢ film under the
ferromagnetic resonance (FMR) was discovered. In this study, we observed an elec-
tromotive force (EMF) in an iron (Fe) and a cobalt (Co) single-layer films themselves
under the FMR. As origins of the EMFs in the films themselves, the ISHE was main
for Fe and dominant for Co, respectively 2 and 18 times larger than the anomalous Hall
effect. Thus, we demonstrated the self-induced ISHE in an Fe and a Co single-layer
films themselves under the FMR. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5006102

In spintronics, the spin-pumping with the ferromagnetic resonance (FMR) and the inverse spin-
Hall effect ISHE) have become powerful techniques to generate a spin current and to detect a spin
current, respectively.!~!® In the spin injection by using the spin-pumping with the FMR of a ferro-
magnetic material, the conductance mismatch problem between the ferromagnetic material and the
target-material is negligible,>%-%%11.13 while this problem causes lowering the spin injection efficiency
in cases of electrical spin injection methods.'*!> The ISHE is a phenomenon that a spin current is
converted to a charge current in a material due to the spin orbit interaction.! Thus, while the spin-
pumping and the ISHE are fundamental, those have been applied to study the spin related properties
of various materials.'~!3 Meanwhile, the ISHE is generated even in a ferromagnetic material “single-
layer” film if a pure spin current and spin-orbit interaction exist.'® Previously, in a “single-layer”
ferromagnetic NiggFeyg film itself formed on a thermally-oxidized silicon substrate (SiO;-substrate),
an electromotive force (EMF) due to the ISHE under the FMR was generated at room tempera-
ture.'0 In that case, a spin current is generated due to the two different surface (NiggFe,p/air) and the
bottom (SiO;-sub./NiggFe,) interfaces of the NiggFeyo film and asymmetric spin-dependent scat-
tering at the interfaces under the FMR condition, converted to a charge current due to the ISHE in
the NiggFeyo film itself, and detected as an EMF.'® Until now, by using “bilayer structure” sam-
ples consisting of Y3Fes;012(YIG)/3d-ferromagnetic metal (FM), an EMF due to the ISHE in the
3d-transition FM film has been observed with the spin-pump-induced spin injection from the YIG film
into the 3d-FM films.!%!2 However, except for the NiggFeso,'® the EMF generated in a “single-layer
structure” FM film itself under the FMR has not been investigated. In this study, the EMF properties
generated in an iron (Fe) single-layer and a cobalt (Co) single-layer films themselves under the FMR
are investigated.

Our sample structure and experimental set up are illustrated in Figure 1. Under a vacuum pressure
of 10°® Pa, FM (Fe, or Co) was deposited on a SiO,-substrate to a thickness of 25 nm by using an
electron-beam deposition with a deposition rate of 0.05 nm/s. After forming FM films, the sample
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Static magnetic ﬁeld,y Magnetization, M

FIG. 1. A schematic illustration of our “single-layer” ferromagnetic metal (FM) film sample and experimental set up. An
external static magnetic field, H, is applied with an angle, 6y, to the film plane. M is the magnetization vector in the FM film
and @y is the orientation angle of the M to the FM film plane. Two leading wires for measuring the electromotive forces from
samples are attached on both ends of the FM film using silver paste.

substrates were cut as a rectangular shape of 4.0x1.5 mm? for measurements. A sample substrate
was set into the microwave TE(;;-mode cavity of an electron spin resonance (ESR) system (JEOL,
JES-TE300) to excite the FMR of an FM film sample. A static magnetic field, H, was applied with
an angle, 0y, to the sample film plane. M is the magnetization vector of the FM film and 6y is an
orientation angle of the M to the FM film plane. The microwave frequency, f, to excite the FMR was
9.45 GHz. The EMF property of FM samples was measured by using a nano-voltmeter (Keithley
Instruments, 2182A). Two leading wires to detect the output voltage properties from a sample were
directly attached with silver paste at both ends of the film sample. All of the EMF measurements
were done for the longitudinal direction of samples as shown in Figure 1. All of the measurements
were implemented at room temperature (RT).

Figures 2(a) and (b) show FMR spectra at 6y = 0° for an Fe sample and for a Co sample,
respectively, at the microwave power to excite the respective FMR, Pyw, of 200 mW. FMR was
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FIG. 2. FMR spectra at 0y = 0° of (a) an Fe “single-layer” sample and (b) a Co “single-layer” sample at the microwave
power of 200 mW. [ is the microwave absorption intensity. H dependence of the electromotive force, V, at 0y = 0° (red open
circles and solid line) and 180° (blue open circles and solid line) for (c) the Fe sample and (d) the Co sample.



055910-3 Kanagawa, Teki, and Shikoh AIP Advances 8, 055910 (2018)

observed in both FM films at the respective FMR field, Hpmg, of 594 Oe for the Fe and 611 Oe for
the Co. The saturation magnetization, Mg, was estimated to be 1330 emu/cc for the Fe and 1169
emu/cc for the Co with a general FMR condition for the case of the in-plane field:>*

w =y Hpmr (Hpvr + 47Ms), (D

where w (= 27tf) is the angular frequency of the microwave and 7 is the gyromagnetic ratio of the
respective FMs. The estimated M values are comparable to other FMR experiments.'7-!3

Figures 2(c) and (d) show output voltage properties for the Fe sample and for the Co sample,
respectively, at the 6y of 0° and 180° with the Pyw of 200 mW. The experimental data are plotted
with open circles, after subtracting the components which do not depend on the 6y by using the
following equation:

V(0r) V;@H + 180 )’ @)
where the V(0y) corresponds to the EMFs at the 6. Using this procedure, thermal effects are ruled
out except for the anomalous Nernst effect (ANE) which is discussed later. Output voltages were
obtained from both FM films themselves under the respective FMR. The polarity of output voltages
was inverted in both FM films against the magnetization reversal of the respective FM films. The
output voltages increased with the increase of Pyw in both FM films. These polarity inversion of
output voltages to the magnetization reversal of the FM films and the Pyw dependence of output
voltages are almost same behaviors as previous studies using the spin-pump driven by the FMR and
the ISHE.!-13:16

First, to analyze origins of those output voltage properties, the data in Figures 2(c) and (d) were
fitted by the well-used following equation:!>~%11-13.16

V(n)=

2 —2I'(H — Hpmr)

V(H) =V + Vas
YUH - Hpr)* +T2 " (H — Hpyr)? + T2

+ Vga, 3)

where the first and second terms of the eq. (3) correspond to the symmetry EMF to the Hgrmr
(e.g., due to the ISHE in FM films) and the anti-symmetry EMF to the Hpmr (e.g., due to the
anomalous Hall effect (AHE) in FM films), respectively. The coefficients of Vgyy and Vs indi-
cate the magnitudes of the symmetry and anti-symmetry EMFs to the Hrwmr, respectively. I is a
damping constant in these fittings. Vpg is background signals on experiments which are indepen-
dent of the H. The fitting results are drawn with solid lines in Figs. 2(c) and (d). The absolute
value of the Vgym t0 Vasym ratio, |Vgym / Vasyml, are 2 for the Fe sample and 18 for the Co sample.
That is, the symmetry term is main as contribution of the generated EMFs in an Fe single-layer
and dominant as contribution of the generated EMFs in a Co single-layer. The polarity of the
output voltages are positive in Co and negative in Fe. This polarity difference will be described
later.

Polarity inversion of Vym and Veym are due to the magnetization reversal of the FM films and
the Viym and Vysym depend on Pyw. From previous studies,*”%!11¢ we decide that the origin of
the Vusym is the AHE. However, at this stage, it has not been yet confirmed that the main origin
of the Vg is the ISHE because the planer Hall effect (PHE) and the ANE may be affected.!®!”
To confirm that the main origin of the Vgyy is the self-induced ISHE indicated in the FM, first,
the EMF properties were analyzed taking the PHE into account.'®!> The EMF due to the PHE,
VpHE, is parasitically affected in our experimental configuration and estimated with the following
equation:>16

| hy { 2aw cos ¢ — [4ﬂM5700529M + \/(47rM5)272cos40M + 4a)2] sin (p}
VPHEZ—EWJIPA COS@M 5
2aw\/ (4nMs)*y2cost Oy + 4w?

“)
where w, J1, pa, h, @, and ¢ are the sample width (1.5 mm), the inductive charge current, the
anisotropic resistivity, the amplitude of the rf magnetic field, the Gilbert damping constant of the FM
film which is proportional to the FMR spectral width, and the phase angle between the rf magnetization
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and the rf current, respectively. Oy is estimated using the following relationship with 8y, Hrwmr,
and Mg:>16

HFMR sin (9[-1 - HM) = 47TMS sin QM COS QM. (5)

Figures 3 (a) and (b) show the 8y dependence of the Vpyg values for an Fe sample and for a Co sample
calculated by the eq. (4). Here, from the equation of electromagnetic induction and the definition of
¢, J1 and ¢ were examined from 1.0 x 103 A/m? to 1.0 x 10'® A/m? and from 0° to 1.0°, respectively.
As aresult, J; and ¢ for the Fe were set to be 4.0 x 108 A/m? and 0.155°, respectively. For the Co,
J1 and ¢ were set 1.0 X 10° A/m? and 0.155°, respectively. £ is 0.016 Oe at the Pyw of 200 mW. pa
was experimentally estimated to be 72.0 uQcm for the Fe and 42.0 uQcm for the Co.
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FIG. 3. 6y dependence of the calculated planer Hall effect (PHE) for (a) an Fe sample and (b) a Co sample. 8y dependence
of the normalized inverse spin-Hall effect (ISHE) calculated for (c) an Fe sample and (d) a Co sample. Comparison between
the experimentally obtained Vsym (open circles) and the calculated obtained Vsym (solid squares) for (e) an Fe sample and (f)
a Co sample.
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The 6y dependence of the EMF due to the ISHE, Vs, is described as follows:>!6

Visue (0r) = Visue 0y =0°) x Js

2w [47TMSyc0529M + \/(4nMS)2y2cos4eM + 402 (6)

= Visue (6g =0°) x

s

(4nMs)*y2cos*Oy + 4w?

where Jg = Js (041)/Js (63 = 0°) is the normalized spin current density, and the calculation results of
Visug for the Fe and for the Co are shown in Figs. 3(c) and (d), respectively.

Experimentally obtained V ¢y, (circles) and calculated data (squares) for the Fe sample are plotted
in Fig. 3(e), where the Visyg : Vpyg for the calculated datais set tobe 7 : 1. Fig. 3(e) indicates the self-
induced ISHE is large enough to distinguish with the PHE in Fe single-layer film. For the Co sample,
similarly, the experimentally obtained Vym (circles) and the calculated data (squares) are plotted in
Fig. 3(f), where the Visyg : Vpug is set to be 73 : 1. Fig. 3(f) indicates the self-induced Visyg is large
enough to distinguish with the PHE in Co single layer film, too. Thus, the PHE is not main origin
of the Vg in both cases of Fe and Co films. For the second analysis, we mention the possibility
that the ANE is dominant origin of the observed Vy,. The ANE is due to a microwave-induced
temperature gradient in samples under the FMR. Under the FMR, a microwave induces thermal
agitation in a sample and the sample temperature in the microwave cavity increases. The temperature
gradient, vertical to the film plane, generates a charge current flow in the FM, yielding a lateral EMF,
perpendicular to the magnetization of the FM film due to the ANE. Significantly, the 6y dependence
of the EMF due to the ANE exhibits the same behavior as the Vg, observed in this study. Here, we
note that the thermal conductivity for SiO, (substrates) and air (adjacent to the surface of the FM
films) are 1.2 and 0.026 W/mK.?*2! Meanwhile, for a control experiment, we prepared the samples
with a Au cap layer (1~10 nm in thick) on the surface of the FM, where the thermal conductivity
of a Au film is 178 W/mK.?® Thus, if the ANE is dominant effect for the lateral Vg, the polarity
of the Vgyy is inverted between the samples with and without a Au cap layer. However, the polarity
of the EMF were not changed between the samples with and without a Au cap layer. To make sure,
we estimated the influence of the ISHE in Au with the spin-Hall angle and the linewidth in the
FMR spectra. As the estimation results, the amount of the ISHE in Au was under the measurement
limit. Thus, the above things suggest that the ANE can also be ruled out. Thus, we demonstrated
self-induced ISHE in an Fe and a Co “single-layer” films themselves under the FMR. These results
are for typical FM materials and pave a way for high frequency spintronics.

Finally, we mention about the polarity of the Visgg. Under an assumption of the same experi-
mental configuration, the polarities of the observed Visyg of 3d-FM films are different among the
experimental research groups.!%!? The V sy is proportional to the magnitude of the spin current and
the spin-Hall angle, 8sy. Here, Osy is a conversion efficiency from a spin current to a charge current
in the regime of the ISHE. In a theory by using a tight-binding model with a rigid band, both 6sys of
Fe and Co are positive.?” In our study, the generated Visyg of the Fe sample is negative, while that of
the Co sample is positive. We have confirmed the reproducibility of these experimental results. Thus,
if the both 6gsy of Fe and Co are positive in our study, the direction of the spin current flow may be
opposite to each other. This phenomenon will be clarified by experiments to confirm the direction of
spin current flow.

In summary, we have investigated EMF properties observed in an Fe and a Co “single-layer”
films under the FMR. We succeeded in clarifying the origin of EMF on Fe or Co single layer. The self-
induced ISHE was main origin of the observed EMFs in Fe and dominant origin of the observed EMFs
in Co.

This research was partly supported by a Grant-in-Aid from the Japan Society for the Promotion
of Science (JSPS) for Scientific Research (B) (26286039).
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