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Spin to charge current conversion by the inverse spin Hall effect
in the metallic antiferromagnet Mn,Au at room temperature
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We report experiments demonstrating the spin to charge current conversion by means of the inverse spin
Hall effect in ultrathin films of the metallic antiferromagnet Mn, Au at room temperature. The Mn, Au films, of
different thicknesses, were grown by dc sputtering directly onto crystalline films of the ferrimagnetic insulator
yttrium iron garnet (YIG). The spin currents are generated in the YIG film by two different processes, spin
pumping effect (SPE) and spin Seebeck effect (SSE). In the SPE experiments we use microwave-driven
ferromagnetic resonance of the YIG film to generate a spin current that is injected into the Mn,Au, while in
the SSE experiments the spin current is generated by a thermal gradient across the YIG film in the configuration
of the longitudinal spin Seebeck effect. From these measurements, we obtain for Mn,Au at room temperature
a spin-diffusion length, As, of 1.6 nm and a spin Hall angle, sy ~ 0.04, which is comparable to the value for

platinum.
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I. INTRODUCTION

The conversion of charge currents into spin currents and
vice versa are key phenomena for spintronics because they
make it possible to encode and decode information carried
by electric signals into and out of the spin channel. These
phenomena require materials with significant spin-orbit cou-
pling and are made possible by two mechanisms, namely,
the spin Hall effect [1-5] and the Rashba-Edelstein effect
[6-10]. A major difference between these two processes is
that the spin Hall effect is basically a bulk effect, whereas
the Rashba-Edelstein effect is observed at interfaces [6—12]
or in systems where the spins and electrons are confined to
a two-dimensional state, such as graphene [13] and topolog-
ical insulators [14—-19]. The spin Hall effect (SHE) and its
Onsager reciprocal, the inverse spin Hall effect (ISHE), have
been extensively studied in films of paramagnetic metals with
heavy elements [1-5,20-25], such as Pt, Pd, W, and Ta, and
in paramagnetic semiconductors, such as Si, Ge, GaAs, and
(GaMn)As [26-32].

The feasibility of using magnetic metals as ISHE spin
detectors was first demonstrated in films of ferromagnetic
(FM) permalloy (Fej9Nig;) [20]. However, in FM metals
the anisotropic magnetoresistance and other spurious effects
complicate the interpretation of the experiments [23,24] and
also limit possible applications with dynamic phenomena
[33]. Traditionally antiferromagnetic (AF) materials had only
one practical application, namely, pinning an adjacent FM
magnetization in spin-valve devices [34] through the interfa-
cial exchange bias [35,36]. The possibility of using metallic
antiferromagnetic materials in spintronics for other function-
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alities was first motivated by theoretical calculations showing
the large anomalous Hall conductivity of y-IrMns, a high-
temperature noncollinear AF with zero net magnetization
[37]. This prediction was greeted with large expectations.
A large ISHE predicted for IrMn was first demonstrated in
spin to charge current conversion experiments using spin
pumping effect (SPE) and spin Seebeck effect (SSE) tech-
niques [38]. Subsequently ISHE was also observed with SPE
experiments in bilayers of X50Mnsg films, with X = Fe, Pd,
Ir, Pt [39,40], confirming the potential use of metallic AFs
as spin detector materials. These discoveries contributed to
attract additional attention to AF materials in spintronics
[41-47].

In this paper we report the observation of ISHE in Mn,Au,
a recently discovered metallic AF with very high Néel tem-
perature Ty =~ 1350K and unique AF properties, first pre-
dicted theoretically [48,49] and subsequently confirmed by
experiments [50]. After that, MnyAu has attracted increasing
attention [51-56] and the determination of new properties
directly related to spin dynamics became an urgent challenge
towards new applications of this material in spintronics. Here
we show that it also has a large spin Hall angle and can be
used as a good spin current detector. The spin currents are
generated by two different schemes, microwave driven spin
pumping and the spin Seebeck effect. In Sec. I we describe
the samples preparation, structure characterization by x-ray
diffraction, and magnetic characterization by ferromagnetic
resonance. In Sec. III we present theoretical considerations
and the experimental results with ferromagnetic resonance
(FMR) driven by SPE. In Sec. IV we present theoretical
considerations and measurements with the SSE and in Sec. V
we compare the results of the two techniques and show
how to obtain the spin-diffusion length and the spin Hall
angle.
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II. SAMPLE PREPARATION AND CHARACTERIZATION

The experiments reported here were carried out with bi-
layers made of the ferrimagnetic insulator (FMI) yttrium
iron garnet (YIG-Y3FesOp,) and the metallic antiferromag-
nets MnpAu. YIG (111) single-crystal films were grown by
liquid phase epitaxy onto [111]-oriented Gd3GasO, (GGG)
substrates with thickness 0.5 mm. The growth was made at
constant temperature, between 1000 and 1050 °C, in supersat-
urated solutions using PbO-B,03 based flux by the horizontal
dipping technique. The substrate was immersed in the melt for
typically 3 min and rotated continuously at a rate of 100 rpm
while film growth took place, with growth rate between 1 and
3 um/min. The YIG film thus obtained on top of the GGG
substrate was 6 um thick. The substrate was subsequently
cut in the form of rectangles with lateral dimensions 2.0 x
3.5mm?.

Since the spin to charge conversion requires thin films with
thicknesses comparable to the spin-diffusion length,' for this
paper we have produced Mn,Au films with thicknesses of a
few nanometers (3 to 10 nm thick). The bimetallic compound
Mn,Au was prepared from an initial Au/Mn/Au trilayer and a
posterior thermal treatment leading to atomic interdiffusion
of Au and Mn. The two Au individual layers and the Mn
layer were sequentially deposited by dc sputtering directly
on top of the small GGG/YIG rectangular substrates at room
temperature. The film total thickness is, in principle, related
to the individual layer thicknesses by

PAu PMn

+ v
pan Au pMn2 Au

tanAu = TAu

with tyy, = 2tAuﬁ%—“:: to respect the expected Mn,Au sto-
ichiometry. However, it was found that a 70% excess of
Mn, compared to the stoichiometric formula, was necessary
to obtain the MnyAu phase. This was attributed to the fact
that Mn atoms are easily lost during thermal treatment. The
subsequent thermal treatment consisted in heating the samples
in the sputtering chamber under a pressure of 10~ torr, at
a rate of 10°C/min, up to 400 °C, and keeping the sample
at this temperature for 3 h. The upper Au layer reduces Mn
evaporation during the thermal treatment and the lower Au
layer avoids Mn diffusion in the YIG layer.

A test 10-nm-thick MnyAu sample was prepared and ob-
served by TEM (Jeol JEM 2100F). Images obtained at 50
different positions were analyzed using the ImageJ software.
The derived thickness amounted to 9.5(£0.7) nm in good
agreement with expectation. The thicknesses of all other sam-
ples were assumed equal to expectation as described above.

The structure characterization was performed with a
Rigaku x-ray diffractometer, model Smartlab, with the Cu
K-o radiation (A = 1.5418A), using theta-2 theta x-ray
diffraction (XRD) and grazing incidence diffractometry
(GIXRD) techniques. Figure 1(a) shows the theta-2theta XRD

'In principle, the charge current does not disappear but saturates
at large thicknesses. However, the signal measured is a voltage,
inversely proportional to the sample resistance [see Egs. (6), (7),
(10), and (11)], and thus the signal is maximum at film thickness
of the order of A.
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FIG. 1. Conventional x-ray-diffraction (a) and grazing incidence
XRD (b) patterns of sample GGG/YIG (6 um)/Mn,Au (6 nm).
(c), (d) Field scan microwave absorption derivative spectra at a
frequency 9.4 GHz of 6-um-thick YIG film with lateral dimensions
2.0 x 3.5mm? with the magnetic field applied in the film plane,
normal to the long dimension. In (c) the YIG film is bare, while in
(d) it is covered with a Mn, Au (6 nm) layer. The inset of (b) shows
the [110] peak for samples with thickness 4, 6, and 8§ nm.

pattern of GGG/YIG (6 pum), exhibiting the double peak at
26 = 51.23 and 51.10°, respectively, corresponding to the
(444) Bragg reflections of the GGG substrate and the (444)
reflection of the YIG film, epitaxially grown on GGG. On
the same patterns, the weak peak at 20 = 38.40° is the
only one characteristic of the MnyAu, thus indicating 110
texture. GIXRD was used to minimize the contributions of
the substrate and of the YIG film and reveal diffraction
peaks characteristic of the Mn;Au films. Figure 1(b) shows
GIXRD for a MnyAu 6-nm-thick film, evidencing that the
film is polycrystalline, with the [110] direction preferentially
perpendicular to the substrate surface, so that reflections at
26 = 38.40 and 44.10° corresponding to the (110) and (112)
planes, respectively, are present. The (110) reflection peak
obtained from GIXRD measurements of samples GGG/YIG
(6 um)/MnyAu (¢t nm) for t =4, 6, and 8 nm is shown for
comparison as an inset of Fig. 2(b). From the inset, it is clear
that the samples’ crystallinity is good in every case, increasing
with the thickness increment.

For the microwave FMR and spin pumping experiments,
the sample with the structure shown in Fig. 2(a) was mounted
on the tip of a polyvinyl chloride (PVC) rod and inserted
into a small hole in the back wall of a shorted X-band
waveguide, in a position of maximum rf magnetic field and
zero electric field. We did not use a microwave cavity because
the detuning of its resonance at the strong FMR absorption of
YIG introduces distortions in the line shapes. The waveguide
is placed between the poles of an electromagnet so that the
sample can be rotated while maintaining the quasistatic and
tf fields in the film plane and perpendicular to each other.
With this configuration we can investigate the angular depen-
dence of the spectra. Figure 1(c) shows the field scan FMR
microwave absorption derivative dP /dH of the bare YIG film
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FIG. 2. Tllustration of the ferromagnetic (Fm)/metallic layer
(ML) structure used for the studies of the FMR spin pumping effect
and coordinate system. The microwave magnetic field that drives the
FMR is perpendicular to the static magnetic field H that defines the
direction of the spin polarization of the spin current. The electrodes at
the edges are used to measure the dc voltage due to the charge current
resulting from the conversion of the spin current by the inverse spin
Hall effect.

(6 um x 2.0 mm x 3.5 mm) with the quasistatic field along z
(see Fig. 2) and modulated at 1.2 kHz with a pair of Helmholtz
coils. The measurements were done with input microwave
power up to 63 mW, small enough to avoid nonlinear effects
[57] with the shorted waveguide setup. The spectrum in
Fig. 1(c) obtained before deposition of the Mn;Au layer on
the YIG film allows a clear identification of the absorption
lines. They correspond [58] to standing spin-wave modes
that have quantized in-plane wave numbers k, = n, 7w /L, and
k, = n,m /L, due to the boundary conditions at the edges of
the film with lateral dimensions L, and L,. The strongest line
corresponds to the FMR mode with n, = 1, n, = 1, that has
frequency close to the one for the spin wave with k = 0 given
by the Kittel equation [59]

wo=y(H+ Hy)'*(H + Hy + 47 M + Hg)'?, (1)

where y is the gyromagnetic ratio (y = gup/h =2m X
2.8 GHz/kOe for YIG), 4nM is the spontaneous magne-
tization (1.76 kG at room temperature), and Hs and Hg
are, respectively, the in-plane and the out-of-plane (surface)
anisotropy fields. The lines to the left of the FMR correspond
to hybridized standing spin-wave surface modes whereas
those to the right are volume modes. All modes have similar
peak-to-peak linewidth of 1.4 Oe, corresponding to a half
width at half maximum of AH = 1.2 Oe.

As can be seen in Fig. 1(d), in YIG/Mn,Au bilayers, the
FMR linewidth is increased to A Hyig/mn,au = 2.0 Oe, due
to the fact that the spin current created by spin pumping
carries angular momentum out of the YIG film [60,61]. As
will be discussed later, from the line broadening, we can
obtain a good estimate for the spin mixing conductance,
necessary to calculate the spin Hall angle from the SPE and
SSE experiments.

III. SPIN PUMPING EFFECT
A. Theoretical considerations

Figure 2 illustrates the sample arrangement used to study
the spin pumping effect, where the magnetization in the
ferro- or ferromagnetic film is driven by a rf magnetic field
Xh,rexp(iwt) with microwave frequency w = 27 f perpen-
dicular to the static field ZH, in the configuration of the
FMR experiments. The voltage generated in the adjacent
metallic layer (ML) has its origin in two combined processes,
the spin pumping mechanism devised by Silsbee er al. [62]
and Tserkovnyak et al. [60,61] and the ISHE identified by
Saitoh et al. [22]. In Refs. [60,61] it is shown that a pre-
cessing magnetization in the FM layer injects a pure _s)pin

current into the adjacent ML with density given by Jg =

( 4’;‘;}%2)(1\71 x OM /0t), where g;% is the real part of the ef-
fective spin mixing conductance at the interface that takes
into account the spin pumped and back-flow spin currents.
Writing the time dependence of the magnetization as M(t) =
ZM; + (Em, + Imy)exp(iot), where m,, m, < M., the dc
spin current with polarization along z at the FM/ML interface
(y = 0) becomes

1
Z:i;fg Im(m*m.,). )

Using the Landau-Lifshitz equation with the dipolar field
appropriate for a film magnetized in the plane, and introducing
the relaxation in a phenomenological manner, we can obtain
the relations between the rf magnetization components in the
x and y directions and the driving rf magnetic field:

Js(0) =

_ Y (H + 47 Megr )y Megr
* (0§ — @?) + i2w0n
; oy Mes

(0] — @?) + i2w07

hrf9 (3)

B, “

my = —

where wy is the FMR frequency for the film, given by
Eq. (1), 4w Mz = 4n M + Hj is the effective magnetization,
and 7 is the magnetic relaxation rate, related to the Gilbert
damping parameter o by n = wo. Since the measurements
are done at a fixed frequency w and varying field H we
must express wy and 1 in terms of H, » and of the field
for resonance H, (the field at which the resonance is at the
frequency w). Using Eq. (1) we express the relaxation rate
in terms of the half linewidth at half maximum AH, n =
YAHQH, + 47 Meg)/2(H? + H, 47 Megr)'/?, and substitute
Egs. (3) and (4) in Eq. (2) to obtain the spin current density
pumped through the FMI/ML interface:

ha)g;%p h \?
Js(0) = = (AH) L(H — H,), 5)
where L(H — H,) = AH?/[(H — H,)*> + AH?] is the
Lorentzian function and p is the ellipticity factor
p = 4w(H, + 47 M)/y (2H, + 47 M ). The spin current
that flows through the FMI/ML interface produces a pure spin
current in the ML, formed by charge carriers with opposite
spins moving in opposite directions and given by the gradient
of the spin accumulation [59,60]. This spin current diffuses
into the ML with a current density that can be expressed as
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Js(y) = Js(0){sinh[(z — y)/Ag]/sinh(¢/Ag)}, where ¢ and Ag
are, respectively, the thickness and spin-flip diffusion length
of the metallic layer. Then, due to the ISHE, a fraction of the
charge carriers undergoes spin-orbit scattering generating a
transverse charge motion with current density TC) given by
72 = Osg(2e/ h)j; X &, where Ogy is the spin Hall angle and
6 is the spin polarization. This produces a dc voltage along
the length L of the metallic layer that is measured between the
contacts placed at the two ends of the sample, as illustrated in
Fig. 2. Integration of the charge current density along x and y
gives for the spin pumping voltage [24]:

2e t
Vspg = RwAg—0sy tanh | — ] J5(0), 6
SPE whs—-Osp tan (2)\5) 5(0) (6)

where R and w are, respectively, the resistance and width
of the ML strip. Finally, replacing in Eq. (6) J5(0) as given
by Eq. (5), we obtain for the peak amplitude of the spin
pumping ISHE voltage at the field for resonance H = H,,
with L(H = H,) =1,

K 1 t )
Vipe = <4_1 Rwhsebsu fgli pr: tanh 25 )\aH) "
(N

where p,, is a factor that expresses the ellipticity and the
spatial variation of the rf magnetization of the FMR mode.
This result will be used in the next section to obtain the spin
Hall angle from the spin pumping measurements.

B. Experimental results

We have chosen to use a film of insulating ferrimagnetic
YIG as the source of the FMR spin pumping current so
that the voltage measured in the Mn,Au layer is free from
the contamination of spin rectification and magnonic charge
pumping effects, present in metallic ferromagnets, such as
permalloy [23,24,63]. The spin pumping ISHE experiments
were carried out with a YIG/Mn,Au sample arrangement as
illustrated in Fig. 2. In order to compare the data with the ones
in a well-characterized nonmagnetic metal, we have also made
a similar bilayer structure with a 4-nm-thick Pt film sputter
deposited on a YIG film. As mentioned earlier, the sample is
mounted on the tip of a PVC rod and inserted into a small hole
in the back wall of a shorted x-band waveguide, in a position
of maximum rf magnetic field and zero electric field, with
the static magnetic field in the film plane. All experiments
described here were carried out using a microwave frequency
of 9.4 GHz and at room temperature.

Figure 3(a) shows the spin pumping ISHE voltage mea-
sured in YIG/Mn;Au (4 nm) with a magnetic field applied in
the film plane perpendicularly to the long strip dimension, and
scanned around the values leading to resonance, for several
values of the input microwave power P;. The voltage spectra
show a large peak corresponding to the FMR mode and
several lateral peaks corresponding to the resonances of the
magnetostatic modes [64,65]. We note that in the SPE the spin
current generated by the precessing magnetization in the YIG
film flows in the +y direction. Since the polarization is in the
+z direction, a charge current by 72 = GSH7S x ¢ flowing in
the +x direction implies a positive spin Hall angle by 6gy.

YIG/Mn,Au(4 nm) YIG/Mn,Au(4 nm)
T T T T T

2_(a) —P=63mW |
— — P=40 mW —~
= —pP=20mw [ =
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1F 4 o
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FIG. 3. (a) Field scan spin pumping ISHE voltage produced by
FMR microwave excitation at a frequency 9.4 GHz in a bilayer of
YIG (6 um)/Mn,Au (4 nm) for several values of the rf microwave
power as indicated. (b) Plot of the voltage peak amplitude as a
function of the microwave power. (c) Voltage vs field measured in
three YIG/Mn,Au () samples with thickness t = 4, 6, and 8 nm,
for the applied field in the direction indicated in Fig. 2, and for a
microwave power Py = 63 mW. (d) Same as in (c) with the field in
the opposite direction.

Hence, the positive signs of the voltages in Fig. 3(a) show
that MnpAu has by fsy > O the same sign as in Pt. Figure
3(b) shows that the voltage peak amplitude for the FMR
mode measured as in Fig. 3(a) varies linearly with microwave
input power P;, consistent with Eq. (7) for the spin pumping
process. Figure 3(c) shows the voltage versus field measured
in three YIG/MnjAu (¢) samples with thickness r = 4, 6, and
8 nm, for the field applied along z, with the same direction as
in Fig. 2, while Fig. 3(d) shows the voltage with the field in
the opposite direction. The change in the voltage sign with
the reversal of the field is due to the reversal of the spin
polarization by &, and represents another confirmation of the
spin pumping ISHE nature of the voltage. If the sample is
rotated by 90° so that the field is in the direction of the current,
the signal falls to the noise level, as expected.

In order to obtain the spin Hall angle of MnyAu from
the measured voltage using Eq. (7), we need to know the
effective spin mixing conductance ggf% for the YIG/Mn;Au
interface. This can be inferred from the broadening of the
FMR linewidth due to the spin pumping process using
g0 = (47 Msteon/hw)SH, where 8H is the additional FMR
linewidth due to the spin pumping process and 7. iS a
coherence length for thick YIG films [66]. Since 7., depends
on various conditions, we determined the spin mixing conduc-
tance by comparing the FMR line broadening in YIG/Mn;Au
with that in YIG/Pt. The deposition of the Mn,Au layer on
the YIG film leads to an increase in the FMR linewidth of 0.8
Oe at 9.4 GHz, while deposition of Pt increases the linewidth
by 0.56 Oe. Considering that the interface of YIG/Pt has
an effective spin mixing conductance of g;ﬁ = 10" cm™2
[67-70], we derive for the YIG/Mn,Au interface a value
g =14 x 104 cm2,
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FIG. 4. (a) Schematic illustration of the sample structure used to
measure the voltages generated in YIG/Mn,Au by the spin Seebeck
effect. (b) Variation with magnetic field of the SSE voltage measured
in the Mn, Au(z) layer with # = 3, 6, and 8 nm, with the temperature
difference AT = +10K. Positive AT indicates that the Mn,Au
layer is warmer than the substrate. (c) SSE voltage vs temperature
difference measured with H = 4+1.0kOe. (d) Variation of the SSE
voltage with the magnetic field angle measured with H = +1.0kOe
and AT = 410K in sample GGG/YIG (6 um)/Mn,Au (6 nm). The
solid curve is a fit with A cos ¢.

The driving rf field at the back wall of the rectangu-
lar X-band waveguide that enters in Eq. (7) is obtained
from the electromagnetic field in the TE;yp mode [71], hys =
2P /(f ohgab)'/?, where P is the microwave power, A,
a and b are, respectively, the guide wavelength and the two
inner waveguide dimensions; and g is the vacuum perme-
ability. Using the dimensions ¢ = 2.3cm and » = 1.1 cm for
the x-band waveguide, we obtain for 9.4 GHz a rf field in
Oersted, i,y = 0.138 P2, with P in watts. For a microwave
power of 63 mW, used in the measurements of Fig. 2(c),
we have A = 3.5 x 1072 Oe. Consider for Mn,Au a spin-
diffusion length, Ag = 1.6nm (see Sec. V), which is similar
to values in other metallic AFs with Mn [39]; for a sufficiently
thick sample, this gives tanh(#/21s) =~ 1. Using w = 0.2 cm,
p1.1 = 0.31 appropriate for the uniform (1,1) mode in YIG
at 9.4 GHz [38], and the values measured for the present
samples, t = 6.0nm, R = 240 Q, AH = 2.00e, and Vg’lfék =
1.4 uV, a spin Hall angle 6y = 0.037 is derived from Eq. (7).
This value can be compared to that of platinum, about 0.1, one
of the materials with highest spin Hall effect [72].

IV. SPIN SEEBECK EFFECT EXPERIMENTS

In order to confirm the spin to charge current conversion
in Mn,Au by the ISHE, we have used another process to
generate the spin current, namely, the SSE in the longitudi-
nal configuration [73-81]. Figure 4(a) illustrates the sample
arrangement for the SSE experiments, where the temperature
difference across the bilayer is produced by a Peltier mod-
ule. As shown in Refs. [76,79,82], the temperature gradient

across the thickness of the insulating FM layer produces
a drift-diffusion motion of thermal magnons, producing a
spin current in the FM layer that flows across the FM/ML
interface. Using the Boltzmann equation and the diffusion
equation to describe the magnonic spin transport, subject to
the appropriate boundary conditions, the spin current density
at the interface created by a temperature gradient in the y
direction is given by [76,80,82]

J5(0) = —C,pglyV, T, ®)

where C; is a coefficient that depends on the material param-
eters, temperature, and applied field intensity [see Eq. (45) in
Ref. [82]], and p is a factor that represents the effect of the
finite thickness of the FM layer, given by

cosh (’;D—M) -1
p =~
sinh(’F—M)

I

(€]

where tpv and [, are, respectively, the thickness and the
magnon diffusion length of the FM layer. The thickness factor
is such that p ~ 1 for tgy > [, and p = O for gy K Iy,. Note
that while in SPE the spin current always flows from the FM
into the ML (4y direction), in SSE the direction depends on
the signs of the gradient and of the coefficient C;. For YIG/Pt,
C, > 0, so that for VT > 0 (FM cooler than ML) the current
flows from the ML into the FM layer, which is the direction
opposite to the SPE. On the other hand, for VT > 0 (ML
cooler than FM), the current flows from the FM into the ML.

The spin current 7; flowing into the metallic layer diffuses
with diffusion length Ag, and generates a charge current

density TZ = 6suy(2e/h)Js x G, that produces a SSE voltage
in the ML layer. Similarly, to the SPE, the voltage is obtained
by integrating the charge current density along x and y and is
given by
2e < t >
V = FprAS—QSHtanh - Js(O)COS¢, (10)
h 2X1s
where Ag, R,t, and w, respectively, are the spin-diffusion
length, resistance, and thickness and width of the ML strip,
and ¢ is the angle of the applied magnetic field H with the
direction z transverse to the long dimension of the strip. The
factor Fp introduced in Eq. (10) represents the fraction of
the bilayer strip length covered by the Peltier module, where
the spin current is generated. Replacing J;(0) in Eq. (10) by
its expression in Eq. (8), we obtain the voltage due to the
SSE-ISHE effects:

2 t
Vseg = —Fpr)»SEeGSH tanh <E>cspg;§vyT cos .
S

an

The SSE experiments were carried out with the sample
arrangement illustrated in Fig. 4(a). A commercial Peltier
module of width 2 mm is used to heat or cool the side of the
metallic layer, while the other side of the sample is in thermal
contact with a copper block maintained at room temperature.
The temperature difference AT across the GGG/YIG/Mn,Au
sample is measured using a differential thermocouple, with
one junction attached to a thin copper strip placed between the
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Peltier module and the sample structure and the other attached
to the copper block. After calibration, the thin copper strip
and the thermocouple were removed so as not to interfere
in the SSE measurements. Figure 4(b) shows the variation of
the measured voltage in the three samples with the magnetic
field, H, applied along z, as in Fig. 4(a), for a temperature
difference AT = 410K (positive AT means that the ML is
warmer than the copper base). The change in the sign of the
voltage with the reversal in the direction of the field is due to
the change in the sign of the spin polarization. Figure 4(c)
shows the measured variation of the voltage, in the three
samples, with the temperature difference AT, for a field H =
1 kOe. As stated above, since YIG is an insulator, the voltage
measured in the Mn;Au is entirely due to the spin Seebeck
effect. Both data exhibit the features expected for the SSE,
i.e., the SSE changes sign with the reversal of the field due
to the reversal of the spin polarization and it varies linearly
with AT as predicted by Eq. (11). In addition, the SSE varies
according to cos ¢, where ¢ is the angle between z and H [see
Eq. (11)]. This is shown in Fig. 4(d) for a sample width ¢ =
6nm, H = 1kOe, and temperature difference AT = +10K.
Similar results were obtained with the other samples.

From the SSE data in Fig. 4 we can also obtain an esti-
mative for the spin Hall angle of Mn,Au. For this we use
the value of the SSE parameter in Ref. [80], Cy = 3.3 x
10~>*ergcm™' K~!, and the same parameters for MnyAu
(6 nm) used in Sec. III, namely, w = 0.2cm, R =240,
g;f =14 x 10" cm™2, Ay = 1.6nm (see Sec. V below),
and Fp = 2.0/3.0. With the measured value of uV under
H = 41kOe, with AT = +10K, corresponding to a temper-
ature gradient V,T = + 200K /cm, we obtain from Eq. (11)
a spin Hall angle 6sy ~ 0.031, similar to the one measured
with the spin pumping experiments.

V. DISCUSSION AND CONCLUSIONS

As shown in the previous sections, we have used the spin
pumping effect and the spin Seebeck effect in YIG to inject
spin currents in several films of Mn, Au. We will show in this
discussion that the results obtained with the two techniques
are fully consistent. It is possible to determine both parameters
Osy and Ag, by fitting the theoretical expressions to the mea-
sured voltages in several samples with thickness comparable
to As [39]. We have done this with the data obtained both with
the SPE and SSE experiments. Considering the peak of the
SPE current at H = H,, related to the peak of the SPE voltage
by 158 = B /R, with L(H = H,) = 1, from Eq. (7) we
have

415"
whsefgl py. tanh (55 ) e/ AH)?
Using the various parameters already given in Sec. III
in Eq. (12), and assuming a microwave power of 63 mW,

we obtain a relation between the spin Hall angle, the spin-
diffusion length, and the measured SPE current:

Osu = (12)

t
Ogpr = Osyrs(nm) x tanh (—)
20

=1.0 x 107 x IE¥XnA). (13)

010 : . .

€ YIG/Mn_Au @ SSE
£ 2 o SPE
-~ = Theory
& G b
= 0.05}
£ 4
:w 0, = 0.035

z A.=1.6 nm
=" 0.00 - L A

2 4 6 8 10
t (nm)

FIG. 5. Symbols: Data points calculated, for the charge current
due to the spin pumping effect (SPE) and to the spin Seebeck effect
(SSE), respectively. The current is multiplied by the factors given in
Egs. (13) and (14). Solid line: Best fit to the data, using the function
in the vertical axis [see Eqs. (13) and (14)].

Similarly, with the parameters given in Sec. IV, we ob-
tain another relation, using the charge current measured in
the SSE experiments, Issg = Vssg/(F,R), for a temperature
difference AT = +10K and H = +1kOe:

t
Ogsg = OsgA tanh | —
sSE = fsgAs(nm) X tan (2?»_9)

=—1.71 x 107 x I¥¥¥*@A). (14)

The symbols in Fig. 5 represent the values of the quantities
in Eqgs. (13) and (14) obtained from the currents measured in
the SPE and SSE experiments, for five YIG/Mn,Au (¢) sam-
ples with t = 3,4, 5, 6, and 8 nm. The data obtained from the
SPE and SSE experiments are consistent with each other. The
best fit to these experimental results (see Fig. 5) is obtained
for Ag = (1.60 &= 0.02) nm and fsy = (0.035 £ 0.005).

In conclusion, we have demonstrated the spin to charge
current conversion by means of the inverse spin Hall effect
in the metallic antiferromagnet Mn,Au at room temperature.
The spin currents were generated in a film of the insulating
ferrimagnet YIG by two different processes, spin pumping
and spin Seebeck effects. In the first we have used microwave-
driven ferromagnetic resonance of the YIG film to generate
a spin current, while in the second the spin current was
produced by a thermal gradient applied across the YIG film.
We have shown that in both cases the spin current injected
across the interface of the YIG/Mn,Au bilayer is converted
into a charge current in the MnyAu layer. Measurements
done with both techniques in films of Mn,Au with varying
thickness are consistent with each other and from them we
obtain a spin-diffusion length Ay = 1.6nm and a spin Hall
angle Osy = 0.035 for Mn, Au at room temperature.

Compared to other metallic room-temperature antiferro-
magnets, Mn, Au combines a large spin Hall angle with a rel-
atively small resistivity (20 ©€2 cm). These results confirm
its potential for spintronics applications.
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