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Large inverse spin Hall effect in the antiferromagnetic metal Ir,yMng,

J. B. S. Mendes,’

R. O. Cunha,! O. Alves Santos,’

P.R. T. Ribeiro,' F. L. A Machado,'

R. L. Rodriguez-Sudrez,” A. Azevedo,' and S. M. Rezende'*”
1Depamzmento de Fisica, Universidade Federal de Pernambuco, 50670-901, Recife, PE, Brasil
2Facultad de Fisica, Pontificia Universidad Catolica de Chile, Casilla 306, Santiago, Chile
(Received 25 February 2014; published 17 April 2014)

A spin current is usually detected by converting it into a charge current through the inverse spin Hall effect
(ISHE) in thin layers of a nonmagnetic metal with large spin-orbit coupling, such as Pt, Pd, and Ta. Here we
demonstrate that Ir,oMngy, a high-temperature antiferromagnetic metal that is commonly employed in spin-valve
devices, exhibits a large inverse spin Hall effect, as recently predicted theoretically. We present results of
experiments in which the spin currents are generated either by microwave spin pumping or by the spin Seebeck
effect in bilayers of singe-crystal yttrium iron garnet (YIG)/Ir)yMng, and compare them with measurements in
YIG/Pt bilayers. The results of both measurements are consistent, showing that Ir,oMngy has a spin Hall angle
similar to Pt, and that it is an efficient spin-current detector.
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The generation and detection of spin currents are key
processes for investigating basic physics phenomena and for
applications in the field of spintronics [1-3]. The two most
used techniques to generate spin currents in hybrid magnetic
structures employ the spin-pumping effect (SPE) [4-7] and
the spin Seebeck effect [§—12]. The detection of a spin current
is usually made by sensing the electric voltage associated
with the charge current generated by means of the inverse
spin Hall effect (ISHE) [7,12]. The ISHE is well established
in normal metals (NM) with large spin-orbit coupling, such
as Pt, Ta, and Pd, and intense efforts have been made to
discover new spin-detector materials aiming at enlarging the
possibilities of spintronics. Recently [13] is has been shown
that ferromagnetic permalloy (Py) can also be used to detect
spin currents generated by the longitudinal spin Seebeck effect
(LSSE) with an efficiency similar to that in Pt. However,
spin-pumping experiments [14] revealed that the interface
exchange interaction with another ferromagnet (FM) produces
a coupling in their excitation modes, thus limiting the ability
of Py as a spin-current detector in phenomena involving
magnetization dynamics.

Recently Chen et al. [15] have shown theoretically that
IrMn3, a high-temperature noncollinear antiferromagnet (AF)
with zero net magnetization, has a large anomalous Hall con-
ductivity. Although the calculation of Ref. [15] was done for
the single-crystal y phase of IrMns, one expects the existence
of the same property in polycrystalline IrpoMngy (IrMn) since
it is formed by grains of IrMnj3 [16,17]. Polycrystalline IrMn
fabricated under an applied magnetic field has oriented grains
and exhibits macroscopic AF order. It is commonly employed
to pin an adjacent FM magnetization in spin-valve devices [ 18]
through the interfacial exchange bias [19]. Since the origin
of the spin Hall effect (SHE) is the same as the anomalous
Hall effect [12], IrMn is then likely to exhibit large SHE and
ISHE, which are key phenomena for spintronics. Testing this
property is of current interest in view of the growing interest
in using AF materials in spintronic applications [20-24].
One advantage of an AF as a spin detector, compared to
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ferromagnetic Py, is that its excitation frequencies are far
apart from those in a FM, so that their mode coupling is
negligible. In this Rapid Communication we demonstrate that
IrMn indeed exhibits a large ISHE and is an efficient detector
of spin currents generated either by microwave spin pumping
or by the longitudinal spin Seebeck effect.

The experiments reported here were carried out with
bilayers made of the ferromagnetic insulator (FMI) yttrium
iron garnet (YIG-Y3;FesO;,) capped either with IrMn or Pt.
The measurements in YIG/IrMn are compared with similar
ones done with YIG/Pt because the latter has been well
studied [25-37]. The two methods most widely used to
generate spin currents in FMI/metallic layer (ML) structures
are sketched in Fig. 1. Figure 1(a) illustrates the spin-pumping
process, where the magnetization in the FMI layer is driven by
a rf magnetic field with microwave frequency perpendicular
to the static field H, in the configuration of the ferromagnetic
resonance (FMR) experiments. The precessing magnetization
M generates a spin current density at the FMI/ML interface
given by JS = (FLgeff /471M2)(M X 8M/8t) where ggf# is the
real part of the effective spin mixing conductance at the
interface that takes into account the spin-pumped and back-
flow spin currents [4,5]. In the ML, the spin current formed by
electrons with opposite spins moving in opposite directions,
diffuses with a characteristic length given by the spin-flip
diffusion length, which is on the order of a few nanometers in
metals with large spin-orbit scattering. Then, as illustrated
in Fig. 1, a fraction of the electrons undergoes spin-orbit
scattering generatmg a transverse charge motlon which has
a current density Jc given by JC = Osu(2e/ h)JS x o, where
Osu is the spin Hall angle and o is the spin polarization.
This produces a voltage measured at the ends of the ML
which is proportional to the spin-current density and the ML
resistance. The use of insulating YIG as the ferromagnetic
medium in spin-pumping experiments eliminates spurious
effects that occur in metallic FM, such as the anisotropic
magnetoresistance [25-30]. The second method we use to
generate a spin current is based on the longitudinal spin
Seebeck effect (LSSE), illustrated in Fig. 1(b). In this case,
according to the model of Ref. [35], a thermal gradient applied
across the thickness of the bilayer produces a bulk magnon
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FIG. 1. (Color online) Sketches showing the YIG/IrMn or
YIG/Pt structures and the electrodes used to measure the dc voltage
due to the ISHE charge current in the metallic layer resulting from the
spin currents generated in two configurations: (a) microwave FMR
spin pumping and (b) longitudinal spin Seebeck effect. The static field
H is applied in the film plane at an arbitrary angle with the sample
edge.

spin current that results in a spin-pumped spin current across
the FMI/ML interface proportional to the temperature gradient
and to the spin-mixing conductance. The LSSE in FMI/NM
bilayers is not contaminated by the Nernst effect [13,31-34].

In a spin-pumping experiment with a bilayer of a FMI layer
in contact with a ML, a rf magnetic field with microwave
frequency applied perpendicularly to the static field drives the
magnetization precession of the excitation modes, the spin
waves, or magnons. At the interface the precessing spins in
the FM generate a spin-pumping spin current that flows into
the ML producing two effects: (1) Increased damping of the
magnetic excitation due to the flow of spin angular momentum
out of the FM [4,5,36]; and (2) generation of a charge current
by means of the ISHE that produces a voltage at the ends of the
ML [6,7,25-30]. These two independent phenomena make it
possible to extract material parameters from the measurements
of the FMR absorption and the spin-pumping voltage.

The results of the measurement of the microwave FMR ab-
sorption are shown in Fig. 2. The sample is introduced through
a small hole in the back wall of a rectangular microwave
waveguide in a position of maximum microwave field & and
zero tf electric field. This precaution avoids the generation of
galvanic effects in the ML driven by the rf electric field. The
waveguide is placed between the poles of an electromagnet of
a homemade ferromagnetic resonance (FMR) spectrometer
so that the static magnetic field with intensity H and the
microwave field are in the film plane and kept perpendicular to
each other as the sample is rotated. With this configuration we
can investigate the angular dependence of the spectra. We use a
shortened waveguide instead of a resonating microwave cavity
to avoid detuning produced by the strong resonance of YIG
and also nonlinear effects. By modulating the field at 1.2 kHz
with a pair of Helmholtz coils and using lock-in detection,
we obtain field scan spectra of the field derivative d P /d H of
the microwave absorption lines. We have used two identical
samples of single-crystal YIG films with thickness 6.0 um,
grown by liquid-phase epitaxy on 0.5 mm thick (111) gallium
gadolinium garnet (GGG) substrate and cut in the form of
rectangles with lateral dimensions 1.5 x 3.0 mm?. Figure 2(a)
shows the spectrum of one of the samples, measured with
the static field in-plane and normal to the long direction, at a
frequency f = 9.4 GHz and input microwave power 32 mW,
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FIG. 2. (Color online) (a), (b), and (c) Field scan microwave
FMR absorption derivative spectra at a frequency 9.4 GHz of 6 um
thick YIG film with lateral dimensions 1.5 x 3.0 mm? with the
magnetic field applied in the film plane normal to the long dimension.
In (a) the YIG film is bare while in (b) and (c) it is covered,
respectively, with Pt (4 nm) and IrMn (5 nm). (d) Magneto-optical
Kerr Effect (MOKE) magnetometry hysteresis loop of Py measured
in Si(100)/Cu(8 nm)/Py(4 nm)/IrMn(4 nm) exhibiting the exchange
bias effect produced by the AF arrangement of IrMn.

low enough to avoid nonlinear effects with the shortened
waveguide setup. The spectrum in Fig. 2(a) obtained before
deposition of a metallic layer on the YIG film allows a clear
identification of the absorption lines. They correspond to
standing spin-wave modes that have quantized in-plane wave
numbers k due to the boundary conditions at the edges of
the film [38—40]. The strongest line corresponds to the FMR
mode that has frequency close to the spin wave with k =
0, given by wy = y(H + Hp)"">(H + Hy + 47 M + Hy)'/?,
where y = 2 x 2.8 GHz/kOe for YIG, 47t M is the saturation
magnetization (1.76 kG at room temperature), and H4 and Hg
are, respectively, the in-plane and the out-of-plane (surface)
anisotropy fields. The lines to the left of the FMR mode
correspond to hybridized standing spin-wave surface modes,
whereas those to the right are volume modes. All modes have a
very similar peak-to-peak linewidth of 0.5 Oe, corresponding
to a half-width at half-maximum (HWHM) of AH = 0.43 Oe.

The bilayer samples were prepared by deposition of Pt
(4 nm) and IrMn (5 nm) layers on the same two YIG film strips
used for the FMR measurements by means of dc magnetron
sputtering. In the deposition of the IrMn layer a field of 60 Oe
was applied in the film plane and perpendicularly to the long
strip dimension in order to orient the polycrystalline grains
and produce the macroscopic AF arrangement. In attempts
to characterize the AF arrangement of the IrMn layer by
magnetometry in high fields, the much larger moment of the
thick YIG film precludes any clear conclusion. So we have
prepared a test sample of Si(100)/Cu(8 nm)/Py(4 nm)/IrMn(4
nm) under the same conditions of the YIG/IrMn bilayer
in order to test the exchange bias of Py in contact with
IrMn. Figure 2(d) shows the hysteresis loop of Py displaced
in the field axis characterizing the exchange bias [19] and
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FIG. 3. (Color online) Field scan of the spin-pumping-ISHE
voltage produced by FMR microwave excitation at a frequency
9.4 GHz in bilayers of YIG(6 ;«m)/IrMn(5 nm) in (a) and YIG(6 um)/
Pt(4 nm) in (b). The measurements in (a) and (b) were done with a
shortened waveguide and input power 80 mW. The inset in (a) shows
a sketch of the electrodes and connections used to measure the dc
voltage in the metal layer, with the static field H in the film plane at
an angle ¢ with the sample axis.

consequently the AF arrangement of the IrMn layer. The
contact of the metallic layer with the YIG film produces
two noticeable effects on the microwave spectra, as shown
in Figs. 2(b) and 2(c). First, all spectra shift uniformly
to lower fields indicating that the metallic layer creates a
surface anisotropy field. The other effect is the broadening
of the lines due to the additional damping produced by
the spin-pumping mechanism [4,5,36,41,42]. The broadening
is nearly the same for all modes, their HWHM linewidths
increase from 0.43 Oe in bare YIG to 0.68 Oe in YIG/IrMn
and 1.0 Oe in YIG/Pt. Since the additional FMR linewidth
due to spin-pumping damping is proportional to g;ﬁ, the real
part of the effective spin mixing conductance of the FMI/ML
interface, one concludes from the data in Fig. 2 that ggff in
YIG/IrMn is 2.3 times smaller than in YIG/Pt, which is in the
range 103 —10" cm~2 [14,27-30].

For the investigation of the spin-pumping voltage Vsp,
during the preparation of the samples, two 150 um wide
Ag strips were deposited at the ends of the metallic layers,
to which copper thin wires were attached with silver paint,
as illustrated in the inset of Fig. 3(a). The two wires were
connected to a dc nanovoltmeter for a direct measurement of
Vsp. The sample is mounted on the tip of a PVC rod and
inserted in the hole of the shortened waveguide setup, so that
it can be rotated while maintaining the static and rf fields in
the plane and perpendicular to each other. The measurements
are made at a fixed angle ¢ of the field relative to the long
direction of the YIG/ML strip, without ac field modulation and
with field sweep to obtain spectra of Vsp(H). Figure 3 shows
the spectra of the spin-pumping voltage Vsp(H) measured at
a frequency of 9.4 GHz and incident microwave power of
80 mW. Figures 3(a) and 3(b) for YIG/IrMn and YIG/Pt exhibit
spectra containing lines corresponding to the same standing
spin-wave modes of the absorption spectra in Fig. 2. The spin-
pumping voltage has its origin in two combined processes,
the spin-pumping mechanism [4,5] and the ISHE [7]. Since
the charge current in the ML is proportional to the Js X &
and the spin polarization is parallel to the static field, the spin
pumping voltage Vsp vanishes when the field is along the film
strip (¢ = 0), is finite and positive for ¢ = 90° and changes

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 89, 140406(R) (2014)

sign when the field is reversed. The peak value of the spin-
pumping-ISHE voltage at the FMR resonance field is Vsp o
R NGSHgCTf# P/AH?, where Ry is the resistance of the metallic
layer, P is the microwave power, and AH is the linewidth
of the FMR absorption [14,43—45]. The resistances measured
between the two electrodes are Rp, = 178 2 for Pt, consistent
with the conductivity op = 2.42 x 10* Q7' ecm™! [45], and
Rivin = 1250 2, consistent with the conductivity oy, =
3.6 x 103 Q7' cm™! [46]. Using the results obtained from the
FMR data in Fig. 2, A Hyam = 0.68A Hpy, ngﬂtm = O.43g11t¢,
and the voltage peak values in Fig. 3, Vv =~ 5 Vpt, we obtain
a spin Hall angle for IrMn of Osy_p;vn = 0.86sH_pt.

In order to confirm the spin Hall properties of IrMn we have
done measurements with the longitudinal spin Seebeck effect
(LSSE), in which the YIG/ML bilayer sample is subject to a
temperature gradient normal to the plane [31-35]. We have
used GGG/YIG/IrMn and GGG/YIG/Pt samples prepared in
the same conditions as the ones used in the spin-pumping ex-
periments but having larger lateral dimensions, 10 x 2.5 mm?,
to allow more room for the application of the temperature
difference. The sketch of the sample mount is illustrated in the
inset of Fig. 4(a). A commercial Peltier module 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/NM sample is measured using a differential
thermocouple, with one junction attached to a thin copper strip
placed between the Peltier module and the sample structure
and the other to the copper block. Figures 4(a) and 4(c)
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FIG. 4. (Color online) Variation of the ISHE voltage created by
the longitudinal spin Seebeck effect with the temperature difference
AT between the two sides of the samples under a magnetic field
with intensity H applied in the plane transversely to the direction
of the measured voltage. (a) and (c) Voltage as a function of H for
YIG/IrMn and YIG/Pt for various values of AT'. (b) and (d) Voltage
as function of AT for H = 1.0 kOe in both directions. The inset in (a)
shows the sketch of the GGG/YIG/ML sample mount with the Peltier
module used to apply the temperature difference and the electrodes
used to measure the dc voltage.
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show the measured variation of the voltage with the intensity
H of the magnetic field applied perpendicularly to the long
sample dimension (¢ = 90°) for the YIG/IrMn and the YIG/Pt
samples, respectively, for several values of the temperature
difference AT. 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. Figures 4(b) and 4(d)
show the measured variation of the voltage, in both samples,
with the temperature difference AT, for a field H = 1 kOe
applied perpendicularly to the long strip direction, ¢ = £90°.
Both data exhibit the well known linear variation with AT
and sign change with the reversal of the field. Since YIG is
an insulator, in both samples the voltage is entirely due to
the spin Seebeck effect. According to the model of Ref. [35],
the thermal gradient in the FMI layer creates a bulk magnon
spin current that produces a spin-pumped spin current in the
ML layer. This generates a charge current by means of the
ISHE, resulting in a voltage at the ends of the ML layer
V x RNGSHg;%AT. Considering the measured resistances
R = 3200 2 and Rp; = 314 Q2 and the average values of
the voltages in Fig. 4 at the same temperature difference,
Vismn =~ 4Vp, we obtain the spin Hall angle for IrMn of
OsH-Mn ~ 0.86sh.p;. This is the same value measured in the
spin-pumping experiments, confirming that IrMn has a spin
Hall angle similar to that of platinum. Considering that the
voltage created by a spin current through the ISHE is propor-
tional to the spin Hall angle and also to the resistance of the ML,
one can define a figure of merit for a spin-current detector as
the ratio Osy /oML, where oy is the ML conductivity. With this
criterion IrMn has a figure of merit for spin-current detection
6.5 times larger than Pt, and similar to that of Ta, which was
said to exhibit a giant spin Hall effect when discovered [47].
Finally, in order to test the correlation between the an-
tiferromagnetism and the spin Hall properties of IrMn, we
have also measured the microwave spin-pumping voltage in
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a YIG/IrMn bilayer with the same dimensions as the sample
of Fig. 3(a) but prepared with no applied field during the
deposition of the IrMn layer. In this case the IrMn layer
is not textured and does not have macroscopic AF order. It
turned out that the FMR and the Vsp(H) spectra obtained in
the same conditions described earlier were nearly identical to
the ones in Figs. 2(c) and 3(a), revealing that in IrMn there
is no correlation between the spin Hall properties and the
macroscopic AF arrangement. This result is not completely
unexpected. According to the theoretical model of Chen et al.
[15], the origin of the anomalous Hall effect in IrMnj is
based on two factors: First, the triangular arrangement of the
magnetic moments in the AF sublattices breaks time-reversal
symmetry; and second, the large spin-orbit coupling of the
heavy Ir atoms is transferred to the magnetic Mn atoms by their
hybridization. These occur locally and give rise to an intrinsic
mechanism for the spin Hall effect, regardless of how grains
of IrMnj3 are oriented in polycrystalline Ir,oMngy. The spin
polarization of the electrons in the spin current is determined
by the direction of the applied magnetic field and not by the
macroscopic AF arrangement.

In summary, we have demonstrated that Ir;oMngy, a
high-temperature antiferromagnetic metal that is commonly
employed in spin-valve devices, exhibits spin Hall properties
similar to that of platinum, confirming the theoretical predic-
tion of Chen et al. [15]. Since the conductivity of IryoMnyg is
almost one order of magnitude smaller than in Pt, the voltages
generated in Ir,)Mngg by the ISHE are quite larger than in P,
making this AF material a good candidate for a spin-current
detector in spintronic applications.
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