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We present the experimental study of the spin Hall angle (SHA) and spin diffusion length of Pd

with the spin pumping and microwave photoresistance effects. The Py/Pd bilayer stripes are

excited with an out-of-plane microwave magnetic field. The pure spin current is thus pumped and

transforms into charge current via the inverse spin Hall effect (ISHE) in Pd layer, yielding an ISHE

voltage. The ISHE voltage can be distinguished from the unwanted signal caused by the

anisotropic magnetoresistance according to their different symmetries. Together with Pd thickness

dependent measurements of in and out-of-plane precessing angles and effective spin mixing

conductance, the SHA and spin-diffusion length of Pd are quantified as 0.0056 6 0:0007 and

7.3 6 0:7 nm, respectively. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862215]

Spin and charge conversion is one of the essential ingre-

dients of spintronics.1 Recently, the spin Hall effect (SHE)

and its inverse effect, ISHE, have drawn increasing attention

as they can achieve the spin and charge conversion in the ab-

sence of magnetic material and magnetic field.2 The SHE

refers to the generation of a spin current transverse to the

charge current in a paramagnetic metal or a doped

semiconductor.3–5 Vice versa, a spin current can give rise to

a transverse charge current, i.e., the ISHE. ISHE has also

been reported in magnetic material very recently, such as

Py.6 The efficiency of the spin-charge conversion can be

quantified by a single material-specific parameter, i.e., the

spin Hall angle (SHA), hSH. It is defined as the ratio of the

spin Hall and charge conductivities.7 The SHA can be meas-

ured through the nonlocal magneto-transport measure-

ments8,9 or the method based on spin pumping due to

ferromagnetic resonance (FMR).10–12 Because of the com-

plexity of the interface effect, it is typically difficult to esti-

mate the exact amplitude of the injected pure spin current

with the first method. While the second method is of more

advantage as the above difficulty can be overcome with addi-

tional FMR measurements. In real experiments, however, the

ISHE signal generated from spin pumping is typically mixed

with the unwanted effect related to the anisotropic magneto-

resistance (AMR).2,10–12 Therefore, the separation of the

ISHE signal from the other effect is crucial for the SHA

quantification based on spin pumping. In addition, the meas-

ured ISHE voltage depends on the SHA, the amplitude of the

injected pure spin current as well as the spin diffusion length

ksd. Thus, the correct measurements of the amplitude of the

injected pure spin current and the spin diffusion length are

also very essential.

In our previous paper, we have developed a method to

quantify the spin Hall angle of Pt from spin pumping and

microwave photoresistance measurements.12 In this method,

the AMR related effect can be excluded under a designed ge-

ometry due to its different symmetries with the ISHE. The

effective spin mixing conductance and precessing angles can

be further determined from enhanced Gilbert damping and

microwave photoresistance measurements, respectively. Up

to now, the SHE and ISHE have been mainly discussed in 5d

metals, such as Pt,10–13 Au,2,14 and Ta.15 Pd, a 4d transition

metal, which also has strong spin-orbit coupling and large

spin Hall conductivity,16 however, is less addressed.

Therefore, it is important to quantify the spin Hall angle and

the spin diffusion length of Pd.

Py/Pd bilayers are deposited on GaAs substrate by dc
magnetron sputtering at room temperature, and patterned

into stripes with lateral dimension of 2.5 mm � 20 lm.

The samples are placed in the slots between the signal and

ground line of a coplanar waveguide (CPW) [Fig. 1(a)]. In

this configuration, the rf magnetic field is perpendicular to

the sample plane. We fix the thickness of Py at 16 nm, and

study the ISHE of Pd by varying Pd thickness from 3 to

40 nm.

According to the basic theory of spin pumping,11,17 the

precessing magnetization inside the ferromagnet (Py) pumps

a net dc pure spin current into its adjacent nonmagnetic (Pd)

layer. The magnetic field (H) dependence of the injected

spin current at the interface can be written as

j0
s ðHÞ ¼ �h

2
g"#ef f fa1b1DH2=ððH � H0Þ2 þ DH2Þ, where H0 is

the resonance magnetic field, DH is the half-width of the

FMR linewidth, and a1 and b1 are the maximum amplitudes

of the in- and out-of-plane precessing angles of the magnet-

ization at resonance. g"#ef f is the effective spin-mixing con-

ductance and it can be determined experimentally. After

being injected into Pd layer, the spin current gives rise to a

transverse charge current flowing within the NM layer (with

length L, width w, and resistance RN). Thus, a dc voltage

VSP
ISHE can be measured along the x-direction [Fig. 1(b)].
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Assuming, the SHA hSH and spin diffusion length ksd are

constants, the integrated ISHE voltage can be calculated as

VSP
ISHE ¼ hSHksd tanh

tN

2ksd

� �
g"#ef f RNfewa1b1

� sin a0

DH2

H � H0ð Þ2 þ DH2
; (1)

where a0 is the angle between H and the x-axis, as shown in

Fig. 1(a). Meanwhile, the microwave also generates an induc-

tion current I1cosðxtÞ and the precessing magnetization results

an oscillating resistance RðtÞ ¼ R0 � RA sin2½a0 þa1ðxtÞ� due

to the AMR effect. The combination of both gives rise to an

additional voltage in the FM stripe, VAMR and it is proportional

to sin2a0.18,19 As discussed above, VSP
ISHE and VAMR have dif-

ferent angular dependences with repect to a0. This provides an

unique opportunity to disentangle VSP
ISHE from the mixed signal.

In our measuements, we choose two specific geometries, i.e.,

a0 ¼ 90� and 270�, where VAMR vanishes but the pure VSP
ISHE

has its maximum amplitude. Fig. 2(a) shows the typical results

of the measured dc voltage as a function of H for a0 ¼ 90�

(black squre) and a0 ¼ 270� (red circle) with the same micro-

wave power input. Both curves exhibit almost a perfect

Lorentzian shape, and have opposite sign with respect to each

other. They, however, have slightly different amplitudes. This

seeming contradiction with the symmetry analysis is due to

different spin current injection efficiencies for these two con-

figurations even under the same microwave input power.12 As

shown in Eq. (1), the injected pure spin current is proportional

to the product of in- and out-of-plane precessing angles, i.e.,

a1b1. These two precessing angles can be determined through

the microwave photoresistance measurements.18 Our meas-

ured results show that the precessing angles are a1 ¼ 1:41�,
b1 ¼ 0:41� for a0 ¼ 90� and a1 ¼ 1:32�, b1 ¼ 0:38� for a0 ¼
270� for the sample Py(16 nm)/Pd(15 nm) in 8 GHz. They are

indeed different for these two configurations. Remarkably but

not suprisingly, the normalized voltage VSP
ISHE=a1b1 for a0 ¼

90� and 270� falls into an identical curve, evidencing its pure

spin pumping origin [Fig. 2(b)]. The inset of Fig. 2(b) shows

the Pd thickness dependence of the precessing angles a1 and

b1 under a0 ¼ 90� and 270�, respectively. In most cases, the

precessing angles for a0 ¼ 90� is slightly larger than those of

270�. We note that, in our measurements, all the data were

obtained with the same input microwave power. But we can

find that the precessing angles change as function of the Pd

thickness. Generally, they become smaller when the Pd thick-

ness increases. This is expected as the screening effect

increases with the Pd thickness. The variation can be as large

as�50% from 3 to 30 nm. Thus, we argue that it is very impor-

tant to measure the precessing angles for each individual sam-

ple since the pumped spin current is proportional to the

product of in and out-of-plan precessing angles. As we

discussed above, VAMR signal has the symmetry of

VAMRða0Þ ¼ VAMRða0 þ 180�Þ, we therefore further redefine a

normalized ISHE: ~V
SP

ISHE ¼ VSP
ISHE=a1b1j90� � VSP

ISHE=
�

a1b1j270� Þ=2 to minimize the residual AMR effect caused by

the small experimental misalignment. This also provides a bet-

ter platform to compare ISHE characteristics of each individ-

ual sample since the values are normalized to real microwave

power acting on the Py stripes.

As shown in Eq. (1), the spin pumping voltage also

depends on the effective spin-mixing conductance

g"#ef f ¼ 4pMstPyasp=glB. Where tPy and tN are the thicknesses

of FM and NM layers, Ms is the saturated magnetization of

permalloy, asp is the enhanced Gilbert damping factor due to

the loss of spin moment during spin pumping.20 The damp-

ing factor can be obtained from the linear fit of the

frequency-dependent FMR half linewidth DH through

DH ¼ DH0 þ 2paf=c. The obtained g"#ef f increases with the

increase of Pd thickness and satuarates at about 12 nm

[Fig. 3(a)], which is in good agreement with the results of

Foros et al.20 and Shaw et al.21

As discussed above, in order to obtain the spin Hall

angle hSH of Pd, one needs to perform the Pd thickness de-

pendent measurements as it entangles with the spin diffusion

length ksd in the ISHE voltage. By putting all the parameters

that can be measured experimentally to the left side of Eq.

(1), we can acquire

FIG. 1. (a) Experimental geometry for the ISHE measurements via spin

pumping: the Py/Pd bilayer stripes are integrated into the slots of a CPW

and with an out-of-plane microwave magnetic field. (b) Schematic illustra-

tion of the ISHE induced by spin pumping.

FIG. 2. (a) Field dependence of dc voltage VSP
ISHE (f¼ 8 GHz) of

Py(16 nm)/Pd(15 nm) at a0 ¼ 90� (black squre) and a0 ¼ 270� (red circle).

(b) Normalized inverse spin Hall voltage induced by spin pumping corre-

sponding to Fig. 2(a). The inset shows the thickness dependence of precess-

ing angles for a0 ¼ 90� and a0 ¼ 270�, respectively.
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~V
SP

ISHEðH0Þ
eRNwg"#ef f f

¼ hSHksd tanh
tN

2ksd

� �
: (2)

Thus, hSH and ksd can be obtained simultaneously through

fitting the Pd thickness-dependent measurements. Fig. 3(b)

shows the experimental results for ~V
SP

ISHEðH0Þ=eRNwg"#ef f f
with different Pd thicknesses. To check the reliability of the

data, we repeated the measurements for 15 nm thickness as

shown in Fig. 3(b). The almost identical values evidence the

excellent reproducibility of the data. The small difference in

the data obtained with 8 GHz and 9 GHz excitation strongly

supports the frequency independence of the SHA, which is

expected since what we measured is essentially the dc com-

penent of ISHE.22 The experimental data show excellent

agreement with the fitting utilizing Eq. (2), suggesting the

assumption of constant spin Hall angle and spin diffusion

length in Eq. (1) is valid within the film thickness range we

studied. The fitting simultaneously yields both the spin

Hall angle and the spin diffuion length to be hSH

¼ 0:0056 6 0:0007 and ksd ¼ 7:3 6 0:7 nm, respectively.

The obtained SHA and spin diffusion length are in good

agreement with Mosendz et al.,10 in which they distangled

VAMR and VSP
ISHE by assuming that VAMR has only asymmetric

component in their particular geometry.

In summary, in combination with the spin pumping and

microwave photoresistance measurements, we quantified the

spin Hall angle and the spin diffusion length of Pd using an

out-of-plane microwave magnetic field excitation. We dem-

onstrate that one can disentangle the ISHE signal from the

unwanted AMR effect with the designed geometries.

Through the microwave photoresistance measurements, we

found the precessing angles depend on the Pd thickness and

the detailed geometry even with the same input microwave

power. As the injected spin current is proportional to the

product of the in and out-of-plane precessing angles, it is im-

portant to measure the precessing angles for each individual

sample. The combination of Pd thickness dependent meas-

urements of the ISHE voltage, effective spin mixing con-

ductance and precessing angles yield hSH ¼ 0:0056 6 0:0007

and ksd ¼ 7:3 6 0:7 nm for Pd.
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