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Abstract
We report the investigation of spin-to-charge current interconversion process in hybrid
structures of yttrium iron garnet (YIG)/metallic bilayers by means of two different
experimental techniques: spin pumping effect (SPE) and spin Hall magnetoresistance (SMR).
We demonstrate the evidence of a correlation between spin-to-charge conversion and SMR in
bilayers of YIG/Pd, YIG/Pt, and YIG/IrMn. The correlation was verified directly in the spin
Hall angles and the amplitudes of the voltage signals measured by the SPE and SMR
techniques. The detection of SMR was carried out using the modulated magnetoresistance
technique and lock-in amplifier detection. For these measurements, we present a simple model
for the interpretation of the results. The results allow us to conclude that indeed the interface in
the YIG/metallic bilayers has a dominant role in the spin-to-charge current conversion and
SMR.

Keywords: spin, charge, conversions, interface-induced, Hall

(Some figures may appear in colour only in the online journal)

1. Introduction

The conversion of signals carried by spin excitations in fer-
romagnets (FMs) is a key phenomenon for the feasibility of
spintronics-based devices for new information-age technolo-
gies [1–5]. In bilayers of FMs with metallic layers (MLs), the
spin excitations can create a pure spin current on the MLs by
means of different methods, such as the spin pumping effect
(SPE), which injects a spin current by the precession of spins
in the FM layer at the ferromagnetic resonance (FMR) con-
dition [1–17]. Once the spin current enters into the MLs, the
spin-to-charge conversion can occur by means of the inverse

∗ Author to whom any correspondence should be addressed.

spin Hall effect (ISHE), generating a voltage at the edges of the
MLs. This phenomenon was first investigated using permalloy
as FM layer and MLs of materials with high spin–orbit cou-
pling, such as platinum (Pt) and tantalum (Ta) [7, 8]. Recently
it has been shown how the FMR of permalloy is modulated by
spin Hall effects in adjacent epitaxial IrMn3 films. The authors
observed a large DC modulation of the FMR linewidth for
currents applied along the [001] IrMn3 direction. This very
strong angular dependence of spin–orbit torques from DC cur-
rents through the bilayers was explained by the magnetic spin
Hall effect where IrMn3 provides novel pathways for modulat-
ing the magnetization dynamics electrically [18]. The studies
about SPE-ISHE were boosted by the observation of the SPE
in the ferrimagnetic insulator yttrium iron garnet (YIG) [19].
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Nowadays, most experiments are carried out with YIG films as
the FM layer, mainly because of its very low magnetic damp-
ing, large magnon propagation length, and the fact that YIG
has an electronic energy gap of approximately 3 eV, which also
opens opportunities for opto-spintronics [20, 21].

The ML has a key role in several spintronic phenomena,
thus it is important to study the characteristics of interfaces of
ML in contact with FM materials. It is well known that the
conducting and magnetic properties of MLs are overwhelmed
by the FM properties close to the FM/ML interface, such as
the proximity effect [22–25]. The conducting and magnetic
properties of the ML deposited on an insulator can be deter-
mined readily through transport measurements. One of the
ways to access these properties in an ML in contact with an
FM insulator is through its spin Hall magnetoresistance (SMR)
[16, 22]. Another independent technique to probe the proper-
ties of the ML and the interface is the microwave driven spin-
pumping SPE-ISHE. This paper reports a comparative study of
the spin-to-charge current conversion in three different metals,
Pd, Pt, and IrMn, carried out with two independent techniques,
microwave spin pumping and SMR. The measurements were
made at room temperature in bilayers of YIG/Pd, YIG/Pt, and
YIG/IrMn. The values of the spin Hall angle obtained with
the two techniques, SPE-ISHE and SMR, are in good agree-
ment for Pt, but not for Pd and IrMn. Possible reasons for the
discrepancies in Pd and IrMn are discussed.

2. Experiments

The FM samples were obtained from a single-crystal YIG film
with a thickness of 7.0 μm grown by liquid-phase epitaxy onto
a 0.5 mm thick substrate of (111) gallium gadolinium garnet
(GGG). All samples were cut from the same GGG/YIG wafer
in rectangular shape 1.4 × 3.2 mm2, with the long dimen-
sion in a 〈111〉 axis. The good quality of the YIG films is
demonstrated by the very small FMR linewidth of the bare YIG
films, about 0.5 Oe. Any chemical composition different from
Y3Fe5O12, or crystal phase different from the garnet phase,
results in larger linewidths. The surfaces of the YIG films were
cleaned in ultrasound baths of acetone and isopropanol for
30 min and dried in nitrogen gas jet. Here we did not use
any treatment to modify the YIG single crystal surface, as was
done in the references [26–28]. Nominally 4 nm thick layers of
Pd, Pt, and IrMn were deposited on the YIG film using a DC
sputtering technique, followed by wire bonding of two con-
tacts, as illustrated in figure 1. The deposition and characteriza-
tion process of the IrMn films are described in reference [29].
Figure 1(a) illustrates the spin-to-charge conversion in the
SPE-ISHE experiments, and figure 1(b) illustrates the mech-
anism of the SMR. The crystallographic structure of the YIG
was assessed by x-ray diffraction (XRD) measurements. The
XRD patterns were recorded using the Bruker D8 Discover
diffractometer equipped with Cu Kα radiation (λ= 1.5418 Å).
The XRD scan pattern (θ–2θ) is shown in figure 1(c). The
diffraction patterns were obtained at angles between 10◦ and
90◦ (2θ). Only the characteristic peak at 2θ≈ 51.2o associated
with the (444) crystal plane of YIG appears in the out-of-plane
XRD pattern, indicating that no impurity phases precipitated.

The XRD spectrum at high resolution detailing the position of
the peaks of the YIG film and the GGG substrate is shown in
the insert. The results of XRD measurements indicate that the
present YIG film is epitaxially grown on the GGG substrate.

All measurements reported here were carried out at room
temperature. In the SPE-ISHE experiments a microwave mag-
netic field drives the FMR in the FM insulator and the magne-
tization precession produces a spin current across the FM/ML
interface by the spin pumping process. On the other hand, in
the SMR, a DC electric current IDC applied between the two
electrodes creates a spin current by the spin Hall effect, that
flows into the FM, inducing a spin pumping back into the ML,
that produces a change in its resistance ΔR that varies with
the applied magnetic field. Here we have used an AC modula-
tion field super imposed to the static field, both perpendicular
to the sample-long dimension, so that the change in resistance
generates an AC voltage that is measured with a lock-in ampli-
fier. This modulation technique allows the investigation of very
weak magnetoresistances (MRs) [16].

In the SPE-ISHE experiments, the YIG/MLs samples are
submitted to a microwave magnetic field perpendicular to the
static field at the FMR condition. The YIG/ML bilayer sample
with the two electrodes is mounted on top of a PVC rod with a
protractor in the base. The rod with the sample is inserted into
a small hole in the back wall of a shorted X-band microwave
waveguide, at a point of maximum microwave magnetic field
and zero electric field. The waveguide is inserted between the
poles of an electromagnet so that sample can be rotated with
the protractor while maintaining the applied static field and
rf magnetic field in the film plane and perpendicular to each
other. The ISHE voltage resulting from the spin-to-charge con-
version is detected by the electrodes as sketched in figure 1(a),
connected directly to a nanovoltmeter. The V ISHE spectrum
is obtained by sweeping applied magnetic field H sweep and
using no AC modulation field. The protractor with the sample
is rotated to measure the voltage dependence on the angle φ,
shown in figure 1(a). The measurements were carried out at a
fixed microwave frequency of 9.4 GHz and incident power of
78 mW.

In the SMR experiments, an important aspect is the resis-
tance change as a function of the applied magnetic field H. It is
well known that the SMR results from a small change in resis-
tance, so the modulated resistance technique (MRT) is an ideal
technique to observe this effect because it detects signals with
small amplitudes and averts the small external magnetic per-
turbations [16]. Detection of the signal generated by MRT is
made using a lock-in amplifier. A constant DC electric current
of 60 μA is injected into the YIG/ML bilayer while under an
AC modulation magnetic field with amplitude HMod = 0.3 Oe
and frequency 4.4 kHz. The change in resistance ΔR = ΔV/I
as a function of the applied magnetic field H is obtained from
the voltage ΔV measured in the lock-in amplifier.

3. Models

Spin pumping-ISHE: in a microwave spin pumping process,
the spin current produced by the precessing spins produces
two effects: (1) Increased damping relative to the single FM
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Figure 1. Experimental setup for SPE-ISHE and SMR measurements in YIG/ML bilayers with Pd, Pt, and IrMn, showing the electrodes
used in each case and total magnetic field HT = H + HMod, where H is the applied magnetic field and HMod is the AC modulation field. (a)
Schematic sketch of the arrangement used for measuring the ISHE voltage produced by the microwave driven spin pumping process.
(b) Schematic sketch of the arrangement used to apply the DC electric current IDC to measure the MR ΔR. (c) XRD patterns (θ–2θ scans) of
YIG film grown on GGG substrate. The XRD spectrum at high resolution detailing the positions of the peaks of the YIG film and the GGG
substrate is shown in the inset.

due to the out flow of angular momentum; (2) spin-to-charge
conversion by the ISHE in the ML creating a voltage between
the two electrodes [1–6]. One can write the spin current den-
sity at the YIG/ML interface produced by the precession of the
magnetization M of the YIG as [1]

�JS =

[
2hg↑↓

r

(4πM)2

](
�M × ∂ �M

∂t

)
, (1)

where h is Planck’s constant and g↑↓
r is the real part of the inter-

face spin-mixing conductance, including the back-flow effect.
The spin-pumped spin current density at the YIG/ML interface
produced by the YIG magnetization precession is

JS =
h f pg↑↓

eff

4π

(
hmw

ΔHYIG/ML

)2

L (H − HR) , (2)

where f and hmw are the frequency and amplitude of the
driving microwave magnetic field, respectively, ΔHYIG/ML is
the half-width at half-maximum (HWHM) of the YIG/ML
bilayer, L(H – HR) denotes a Lorentzian function, HR is
the field for resonance, p is the precession ellipticity factor
given by p = 4

(
f /γ

)
(HR + 4πMeff) /(2HR + 4πMeff)2

and g↑↓
eff is the real part of the effective spin mixing con-

ductance. This quantity can be determined with from
measurements of the FMR linewidths using the expres-
sion g↑↓

eff =
(
4πMefftcoh/h f

) (
ΔHYIG/ML −ΔHYIG

)
, where

4πMeff =
[(

f /γHR
)2 − 1

]
HR is the effective magnetization

that is obtained from FMR condition (H = HR), tcoh is the
coherence length representing an effective thickness of the
YIG film [16], γ = 2.8 GHz kOe−1 is the gyromagnetic
ratio for YIG, and ΔHYIG is the HWHM of the bare YIG
film. Note that equation (2) gives JS in units of angular
momentum/time area [1–6, 16]. In the ML, the ISHE mech-
anism converts the spin current into charge current given
by �JC = θSH

(
4πe/h

)
�JS × σ̂, where θSH is the spin Hall

angle, e is the electron charge, and σ̂ is the spin polarization
determined by the direction of the applied field. Integration of

�JC gives for the ISHE voltage

VISHE = RMLwλML
4πe

h
θSH tanh

(
tML

2λML

)
(cos φ)JS, (3)

where RML, tML, w, and λML are the resistance, thickness,
width, and spin diffusion length of the ML, respectively, and
JS is the spin current density given by equation (2) at the inter-
face. By using equations (2) and (3), at the FMR condition one
can calculate the spin Hall angle with

θSH =
4hVPeak

ISHE

4πMefftYIGwNRMLepy,zh2
mw(cos φ)

×
[ (

ΔHYIG/ML

)2

ΔHYIG/ML −ΔHYIG

]
, (4)

where, N = λML tanh
(
tML/2λML

)
, py,z is a factor that rep-

resents the characteristic of ellipticity and the spatial con-
dition of the FMR mode and microwave magnetic field is
hmw = 2P1/2/( f μ0λgab)1/2, where P is the microwave power,
λg, and a and b are the guide wavelength and the two
inner waveguide dimensions, and μ0 represent the vacuum
permeability.

Spin Hall magnetoresistance: the magnetic field and tem-
perature dependences of the MR in many magnetic metals can
be analyzed in terms of Kohler’s rule [30, 31]

MR =
R (H, T) − R (0, T)

R (0, T)
= F

(
H, M

R (0, T)

)
, (5)

where M is the magnetization of the FM material, while
R(H, T), and R(0, T) are the resistances with and without
applied magnetic field, respectively. For the modulated SMR
F can be written as

F

(
H, M

R (0, T)

)
=

(
HMod

R(0, T)

)(
dR (H, T)

dH

)
. (6)

On other hand, by the theory of the SMR in FM/ML bilay-
ers, the transverse component of the maximum change of SMR

3
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Figure 2. Field scan spectra of the SPE-ISHE DC voltage measured with a microwave frequency f = 9.4 GHz and input power 78 mW in
YIG/ML bilayers. (a) YIG/Pd, (b) YIG/Pt, and (c) YIG/IrMn. The charge current field scan spectra for the three bilayers: (d) YIG/Pd, (e)
YIG/Pt, and (f) YIG/IrMn.

is given by [32, 33]

R (H, T) − R (0, T)
R (0, T)

= θ2
SH

[(
λML

tML

)
tanh

×
(

tML

λML

)
tan h2

(
tML

2λML

)]
. (7)

From equations (5)–(7), we obtain an expression to cal-
culate the spin Hall angle from the MR measured using the
modulated MR technique

θSH =

{[(
HMod

RML

)(
dR (H, T)

dH

)][(
tML

λML

)
coth

×
(

tML

λML

)
cot h2

(
tML

2λML

)]}1/2

, (8)

where RML is the resistance at room temperature.

4. Results and discussions

The YIG/Pd and YIG/IrMn measurements are systematically
compared to the data in YIG/Pt since this bilayer is one of
the standard systems due to its high efficiency for spin-to-
charge interconversion [2]. As discussed above and illustrated
in figure 1, the SPE and SMR experiments can be readily used
to investigate the spin-to-charge conversion by means of two
independent processes. Here, the two phenomena suit to ana-
lyze mainly the correlation between them. Figure 2 presents
the spectra of V ISHE obtained with a microwave frequency of
f = 9.4 GHz and an incident power of 78 mW, for a field
applied in the direction φ= 0◦. The spectra exhibit large peaks
under FMR conditions, and other small peaks due to volume
and surface spin-wave modes [9, 10, 33]. The ISHE voltage
peaks in the three samples differ in amplitude mainly due to the
difference in the resistivity of the MLs. Division of the voltages
by the resistances shows that all ISHE currents have roughly
the same order of magnitude, as shown in figures 2(d)–(f).

The FMR HWHM for the bare YIG films used here was
ΔHYIG = 0.5 Oe, measured at a frequency f = 9.4 GHz and
input microwave power 38 mW using a shorted waveguide
setup. The FMR linewidths measured after deposition of the
ML, shown in table 1, were used to calculate the effective spin-
mixing conductance for each bilayer. The linewidth from SPE-
ISHE DC voltage represents the average of the linewidths of all
magnetostatic modes in addition to the uniform mode. The val-
ues of the spin Hall angles θSH were determined with equation
(4) for the three YIG/ML bilayer samples using the follow-
ing parameter values: p1,1 = 0.31 for the uniform mode (1, 1);
4πMS ≈ 4πMeff = 1.76 kG; tcoh ≈ 100 nm [16]; ML width
w = 1.4 mm; thickness tML = 4 nm. Also, using the elec-
tromagnetic field in the TE10 mode for rectangular X-band
waveguide, it is possible to calculate the microwave mag-
netic field hmw ≈ 4 × 10−2 Oe for a microwave power of
78 mW. With these parameters we obtain the spin Hall angle
θSH for each of the three bilayer samples using equation (4)
with φ = 0◦, shown in table 1. Comparison between the val-
ues of the measured voltage peaks in figure 2 gives VPeak

YIG/Pt ≈
3.25 VPeak

YIG/Pd ≈ 0.2 VPeak
YIG/IrMn. On the other hand, from the val-

ues of the calculated spin Hall angles, it is possible to write the
following relation θSH-Pt ≈ 3.92 θSH-Pd ≈ 1.24 θSH-IrMn. The
results obtained for the voltage peaks and the spin Hall angle
are in agreement with values reported in the literature [1–7, 18]
and confirm the good quality of the interfaces of the YIG/ML
bilayer samples used here.

In order to interpret the SMR data we have measured the
magnetization versus field curve of the YIG/ML samples using
a magneto-optical Kerr effect (MOKE) magnetometer. Figure
3(a) shows the data for YIG/Pt, that is essentially indistin-
guishable from the other samples. As is well known, YIG
has a very small hysteresis, consequently, the reversal of the
magnetic field produces an almost identical curve. Figure
3(b) shows the modulus of M(dM/dH), calculated from the
M(H ) data points from figure 1(b). This quantity expresses

4
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Table 1. Parameters for the YIG/ML bilayers. The values of the spin Hall angle θSH were
calculated with equation (4) from the SPE-ISHE measurements, and with equation (8) from the
SMR measurements.

YIG/Pd YIG/Pt YIG/IrMn

RML(Ohm) 230 178 1320
λML (nm) 3.00 10.0 5.00
ΔHYIG/ML (Oe) 1.20 ± 0.04 1.10 ± 0.03 0.85 ± 0.02
VPeak

ISHE (μV) 1.60 ± 0.03 5.20 ± 0.03 25.7 ± 0.02
SMRPeak (2.00 ± 0.003) × 10−4 (0.62 ± 0.002) × 10−4 (0.12 ± 0.003) × 10−4

ISHE-θSH (%) 1.30 ± 0.05 5.10 ± 0.04 4.10 ± 0.03
SMR-θSH (%) 3.10 ± 0.03 4.10 ± 0.03 1.10 ± 0.02

Figure 3. (a) Magnetization curve of YIG/Pt sample measured with scanning magnetic field applied in the film plane measured by the
MOKE technique. (b) Plot of |(M)

(
dM/dH

)
|HMod versus magnetic field H calculated from the M versus H data in (a).

Figure 4. Field derivative of the resistance of the YIG/ML bilayers measured with scanning magnetic field H, using AC magnetic field
modulation with HMod = 0.3 Oe at a frequency of 4.4 kHz.(a) YIG/Pd.(b) YIG/Pt.(c) YIG/IrMn.

Kohler’s rule for the MR [30, 31], namely, MR = ΔR/R ∝
(M +ΔM)2 ≈ M2 + 2MΔM, whereΔM is determined by the
amplitude of the field modulation Hmod. The multiple-peaked
structure results from the shape of the hysteresis cycle of
the YIG magnetization and is characteristics of the magnetic
response.

Figure 4 shows the experimental data for the magnetic field
derivative of the resistance of the three YIG/ML samples mea-
sured with the field modulation technique. The same behavior
measured with the magnetic field up and down shows that the
resistance variation is symmetric relative to the applied mag-
netic field like the YIG hysteresis curve. It is interesting to note
that the amplitude of the SMR signal decreases in the order
Pd–Pt–IrMn, while the SPE-ISHE current peak amplitudes in
figures 2(d)–(f) exhibit the opposite behavior. The multiple
peak structure of the SMR data for all samples is clearly the

same as in figure 3(b), demonstrating that the measured MRs
follow Kohler’s rule.

One difficulty for the calculation of the spin Hall angle from
the SMR data is that according to equation (8) it depends cru-
cially on the spin diffusion length of the ML, that for the mate-
rials investigated here has values in wide ranges as reported in
the literature [3, 34]. Considering for Pt λML = 10.0 nm and
the average value for the SMR peak of (0.62 ± 0.002)× 10−4,
we obtain for the spin Hall angle θSH-Pt = (4.1 ± 0.03)%. Sim-
ilarly, using for λML of Pd and IrMn, respectively, 3.0 nm and
5.0 nm, we obtain θSH-Pd = (3.1 ± 0.03)% and θSH-IrMn = (1.1
± 0.02)%. With the values of the spin Hall angles calculated
from the SMR measurements, it is possible to write the follow-
ing relation: θSH-Pt ≈ 1.3 × θSH-Pd ≈ 3.7 × θSH-IrMn. Only for
YIG/Pt sample is the spin Hall angle obtained from the SMR
measurements similar to the one obtained with the SPE-ISHE
technique. For the other ML materials there is a considerable
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discrepancy between the values obtained from the two tech-
niques. We attribute this discrepancy to the magnetic proper-
ties of Pd and IrMn that produces additional mechanisms for
the MR [35–45]. In the case of Pd, according to the Stonerńs
criterion [33], a thin ML film in close proximity with an FM
material acquires ferromagnetic properties giving rise to an
additional contribution for the MR [46]. In the case of IrMn,
although ultrathin films do not have long range antiferromag-
netic (AF) ordering, the short-range AF interaction associated
with the interface exchange interaction affects its magneto-
transport properties [43–45]. In summary, as IrMn does not
have proximity effect, the spin Hall angle obtained by the ISHE
ends up being greater than that obtained by SMR. On the other
hand, as Pd has proximity effect the reverse effect occurs. This
work also emphasizes our proposal for a new technique to mea-
sure the spin Hall angle. This technique has also been shown
to be efficient in 2D materials [47].

5. Conclusions

We have investigated the spin-to-charge current conversion in
YIG/ML (ML = Pd, Pt, IrMn) by two quite different tech-
niques, SPE-ISHE, and modulated SMR. In both techniques
the resulting effect is measured by the voltage produced along
the ML through the ISHE. A simple model is presented to
interpret the modulated SMR measurements that allows to
obtain the spin Hall angles characterizing the spin-to-charge
current conversion efficiency. The values of the spin Hall angle
obtained with the two techniques, SPE-ISHE and SMR, are
in good agreement for Pt, but not for Pd and IrMn. Possible
reasons for the discrepancies in Pd and IrMn are discussed.
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