PRL 113, 157204 (2014)

PHYSICAL REVIEW LETTERS

week ending
10 OCTOBER 2014

Phase-Sensitive Detection of Spin Pumping via the ac Inverse Spin Hall Effect
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We use a phase-sensitive, quantitative technique to separate inductive and ac inverse spin Hall effect
(ISHE) voltages observed in Nig,Fe 9/normal metal multilayers under the condition of ferromagnetic
resonance. For Nig, Fe,9/Pt thin film bilayers and at microwave frequencies from 7 to 20 GHz, we observe
an ac ISHE magnitude that is much larger than that expected from the dc spin Hall angle @g‘H =0.1.
Furthermore, at these frequencies, we find an unexpected, ~110° phase of the ac ISHE signal relative to the
in-plane component of the resonant magnetization precession. We attribute our findings to a dominant

intrinsic ac ISHE in Pt.
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Interfacial spin currents enhance the magnetization
damping in ferromagnet-normal metal junctions under
resonant microwave excitation. This process is called spin
pumping [1-3]. For small magnetization precession angles,
the dominant contribution to the enhanced damping stems
from spin currents that have an ac polarization transversal
to the equilibrium magnetization direction. The magnitude
of these spin currents is linearly proportional to the
dynamic magnetization components. The smaller, non-
linear longitudinally polarized dc spin current component
is routinely detected by measuring the dc voltage arising
due to the inverse spin Hall effect [4-9] (ISHE) in the
normal metal [10—13]. Two fundamental problems need to
be solved for a successful detection and quantification of
the corresponding ac ISHE voltage [14]. First, any ac ISHE
device is also sensitive to inductive signals due to Faraday’s
law [15] that arise from the precessing magnetization.
Second, the presumption that the ISHE is independent of
frequency is not necessarily valid, as some theories [16—19]
predict a strong frequency dependence. In particular, in
the GHz frequency range, theoretical models for two-
dimensional electron gases [18,19] based on intrinsic
Rashba spin-orbit interaction predict a purely imaginary
spin Hall conductivity. Thus, if the ISHE is a superposition
of frequency-independent extrinsic (e.g., skew-scattering
and side-jump [20]) and frequency-dependent intrinsic
processes, dc and ac (inverse) spin Hall angles (ratio of
the spin-Hall to charge-conductivity) can be different. At
microwave frequencies, we experimentally determine a
complex-valued ac inverse spin Hall angle in Pt thin films
that is much larger than its dc counterpart.

In the experiments described here, we first separate the
inductive and ac ISHE contributions to the ac voltage in
Nig;Fe 9/normal metal thin film stacks and then analyze
the magnitude and phase of the ac ISHE. We employ the
three-terminal device depicted in Fig. 1(a). Application of
an ac voltage to port 1 (P1) of the excitation coplanar
waveguide (ECPW) generates a microwave magnetic field
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h,.|ly above its center conductor. The detection coplanar
waveguide (DCPW) at P3 is mounted at an angle of 90°
and with an air gap of 50 um on top of the ECPW. The
DCPW is 50Q terminated by two rectangular thin-film tabs
[L x w = (300 x 100) um?, center-to-center separation
d =325 um] as depicted in Fig. 1(b). For all samples,
the left tab is 15 nm thick CoggFe;( (CoFe in the following)
and the right tab is a Nig; Fe 9 (Py in the following) thin film
capped with various normal metal (NM) layers. Each tab
has a dc resistance of ~100Q. Because the microwave
termination for the DCPW is highly symmetric, direct
electromagnetic coupling from P1 to P3 is less than
—28 dB up to 20 GHz (see the Supplemental Material
[21]). Thus, neither external compensation circuits [27] nor
nonlinear excitation schemes [28] to suppress background
signals at P3 are required.
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FIG. 1 (color online). (a) Schematic depiction of the excitation
CPW (ports P1 and P2) and detection CPW (P3). (b) Close-up of
detection CPW showing that the direction of an electric field E
that gives rise to a positive voltage at P3 is opposite for the two
tabs. (c) In the Py/NM tab, the time-varying magnetic flux
density B due to the dynamic magnetization component M, along
the y axis causes inductive signals E;,4 along x in the CPW center
conductor and the NM. (d) The dynamic spin current J, due to
M, gives rise to an ac electric field Eigyg along x by virtue of the
inverse spin Hall effect.
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We apply a static magnetic field H(y along the x direction.
The equilibrium magnetization M is parallel to H . ~ H,,.
M precesses around H; with angular frequency @ in
ferromagnetic resonance (FMR). The magnetic flux density
B due to the dynamic component M, threads around the
center conductor of the ECPW and the NM of the Py/NM
stack in the DCPW, as shown in Fig. 1(c). This time-
varying magnetic flux gives rise to electric fields E;,4 along
x in the Py/NM tab and ECPW center conductor according
to Faraday’s law of induction. The magnitude of the
ferromagnetic induction (FMI) voltage Vg between Pl
and P2 and at P3 is approximately [15]

Ve = —iaL'E my, (1)
where g is the vacuum permeability, M, = m e, 1y is the
ferromagnetic thin film thickness, and 0 < # < 1 accounts
for attenuation due to nonzero spacing between the Py and
ECPW center conductor. (7 = 1 for the Py/NM stack).
To measure Vg in the ECPW, we measure the complex
scattering parameter S (ratio of ac voltage recorded at P1
to ac voltage applied at P1) vs H, using a vector network
analyzer at a fixed microwave frequency f. Figure 2(a)
shows data for S;; vs H, obtained at f =9 GHz for all
samples. We first focus on the S;; spectra obtained for
the Py10/Cu4/Au2 sample (integer numbers are nominal
Py/NM layer thicknesses in nm while the CoFe tab for all
samples is 15 nm thick). For either polarity of H,, two
resonances are observed, one at ug|H,| ~# 40 mT and one
at po|H 5| ~ 80 mT. The dips at smaller absolute H ., are

//

T I T I 77T I T i
——-—-V WPySI/PH 0
—"\/—v— WPWI 0/Cu3/Pt3

Py10/Pt5
0.001 \/ ~ |

=

Im(S,,]

- ..___\J_,........__..“ !' een oo -.._“‘ :"_,....-......""_.._....Py-ll 0/Ta5
----------- e, ¥ e e, ¥ ety eeneensPY10/CU4/AU2
— Y
(b) V—v_ PYS/Pt10
W Py1|0/Cu3/Pt3
w S VR Ve Ve N e s
E i PN ,,---~—--~---"'“'""---Py1|orra5
v 1Y .
------------------------ R N e e T ST/
9GHz | y Joooot |
I/
100 -50 50 100
toH, (MT)

FIG. 2 (color online). (a) Measurements of S|; vs H (only
Im[S,,] shown), which correspond to the inductive signals
induced in the ECPW. (b) Simultaneously acquired S3; vs H,
that has both inductive and ac ISHE contributions. The apparent
change of sign of the Py/NM resonance for samples with Pt cap
(solid lines, “dips”) relative to those without Pt cap (dashed lines,
“peaks”) indicates a dominant noninductive contribution in the
samples with Pt cap.

due to the FMI detection of the FMR of the CoFe tab, and
the dips at larger field magnitudes are due to the FMR of
the Py/NM tab, as verified by fitting of the data for H.
to the Kittel equation (see the Supplemental Material [21]).
Both FMI voltages are at the same phase relative to the
excitation field &, [as evident from the diplike line shape
for all resonances in Fig. 2(a)] and symmetric with respect
to inversion of the H|, direction. This is in accordance with
the detection of an FMI voltage due to m, = y,h,, where
Xyy 1s a diagonal component of the magnetic susceptibility
tensor y (see the Supplemental Material [21]), which is
even under external magnetic field inversion. The S;; data
remain qualitatively unchanged for all other samples, with the
exception of Py5/Pt10, where the Py FMI signal is below
the noise due to both the reduced ferromagnetic volume and
the spin-pumping-induced linewidth broadening.

The ratio of ac voltage at P3 to ac voltage applied at P1
is determined in an S3; measurement. On resonance, S3;
contains both the FMI signal of Eq. (1) and an ISHE signal
due to ac spin pumping across the Py/NM interface. The
basic idea for the ac ISHE signal generation is sketched in
Fig. 1(d): The precessing magnetization is damped in part
by an ac spin current J; pumped into the NM layer. M,
gives rise to an ac electric field Eigyp ¢ x J, due to the
inverse spin Hall effect, where ¢ is the spin-current
polarization and J, flows in —z direction. The magnitude
of the ac ISHE voltage along x is [14,21]

N
g m tanh(T)
Vise = 2T7j @¢Osnsp MZ trop + l‘SDO'
sYFOF NYN

L (2

where g, is the effective interfacial mixing conductance
with units of m™2, e is the elementary charge, Ogy is the
spin Hall angle of the normal metal, Agp is the spin
diffusion length in the NM, M, is the saturation magneti-
zation, o is the conductivity of the FM, and #, and oy are
the thickness and conductivity of the NM, respectively.
Visug is in phase with the M, component of M while the
V1sug magnitude is proportional to m, due to the ellipticity
of the precession (Supplemental Material [21]). For circular
precession (m, = m,), there is no qualitative difference
between inductive and ac ISHE voltages other than an
additional factor of i®gy in Vigyg. Hence, for real-valued
Ogy one excepts a £90° phase shift of Viggg and Vi,
depending on the sign of Ogy. Furthermore, the ratio
|Visue/ Vewm| is estimated to be on the order of unity for
typical Pt/Py bilayers: using m, = m,, tp =ty = 10 nm,
op = oy =3 x10° (Qm)~!, M, =800 kA/m, g1 =
35%x10"” m™2, Asp =1 nm, and Ogy = 0.1 as typical
material parameters [ 14] found in our dc ISHE experiments
[29], we find |Visur/ Vemi| = 0.3. Thus, reliable separation
of ac ISHE and FMI signals requires phase-sensitive
detection.
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In Fig. 2(b), we plot the imaginary part of S3; acquired
simultaneously with S;;. Both S parameters are indepen-
dent of microwave power 10 yW < P, < 1 mW applied
at P1, demonstrating the linearity of both inductive and ac
ISHE voltages. In S5, signals of similar amplitude are
observed at the resonance fields of both CoFe and Py for all
samples. As there is no reasonable expectation for a large ac
ISHE in CoFe or Pyl0/Cu4/Au2, we presume that both
resonance signals are due to FMI solely. The fact that an
inductive signal is observed for a single CoFe layer is
attributed to the nonuniform dynamic magnetization exci-
tation through the film thickness [30]. While the CoFe FMI
signal is very similar for all samples and both orientations
of H, the shape of the Py/NM resonance changes from a
peak for Py10/Ta5 and Py10/Cu4/Au2 (dashed lines) to a
dip for the samples with Pt caps (solid lines). The apparent
phase inversion of the Py10/Ta5 and Py10/Cu4/Au2 S5,
resonances relative to the CoFe resonances is the result of
the inverted polarity for the Py/NM tabs relative to the
CoFe tab in the DCPW as indicated in Fig. 1(b). Thus, the
data shown in Fig. 2(b) are consistent with a phase shift
of approximately 180° correlated with the presence of Pt in
the NM stack. The behavior observed for Py10/Ta5 and
Py10/Cu4/Au2 is consistent with the observation of a
dominant FMI signal in both cases.

To quantify the ac ISHE effect in our devices, we fit the
S5, data to a linear superposition of two magnetic suscep-
tibilities Ycore and ypy as detailed in the Supplemental
Material [21]. We extract from the fits the resonance
magnetic field H ., the line width AH, the dimensionless
magnitude A, and the phase ¢ of the CoFe and Py
resonances as a function of frequency for all samples.
For all Py resonances, a linear fit of AH vs frequency is
used to extract the total damping « and the effective spin
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FIG. 3 (color online).
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4.11x 10" m=2 as tabulated in the Supplemental Material
[21]. Thereby, samples with Pt cap show larger g4 than
those with Cu/Au and Ta caps.

While the extraction of H ., and AH from susceptibility
measurements is a standard procedure [31], quantification
of ac ISHE signals rests on the analysis of A and ¢, as all
other parameters are common to both ac ISHE and FMI.
For purely inductive and pure ac ISHE signals, we expect

VFMI (Hres)

Vl I)(yy (Hres) ’
VISHE (Hres)
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i —
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iPisHE —

(3)

AisHEe

respectively. V| is the ac voltage applied at Pl1,
oy (Hies)| = yy(Hyes)|m,/my, and the dimensionless
factor 0 < & <1 accounts for losses in the DCPW. Both
Apvit and Agge are normalized to the magnetic suscep-
tibility such that they are otherwise independent of the
FMR response. If S3; can be characterized as a linear
superposition of FMI and ac ISHE responses, we can use

Aelt = AISHEm_Zel¢ISHE + AFMIel¢FM1 (4)

y

to deduce the magnitude and phase of the ac ISHE and
FMI signals. As detailed in the Supplemental Material
[21], ¢ is referenced to the resonance phase of the CoFe
tab such that ¢ = 0° is expected for a purely FMI signal.
This allows us to quantitatively compare ¢ among the
different samples.

We plot the extracted A and ¢ as a function of frequency
for all investigated Py /NM stacks and both H, polarities in
Figs. 3(a) and 3(b), respectively. We find that A is largest
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(a) The fitted magnitude A for the Py/NM resonances of all samples. Solid symbols correspond to H|| + x, and

open symbols correspond to H|| — x. The dotted line is an estimate for a purely inductive signal for a 10 nm-thick Py film according to
Eq. (3). (b) The fitted phase ¢ for all samples. (c),(d) The extracted magnitude and phase of the ac ISHE signal. Solid lines are

calculations based on Eq. (3).
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for the samples with a Pt cap and maximum for the
Py5/Pt10 sample. This would not be expected if the signals
were purely FMIL From Eq. (1), one finds Vgy o #f such
that the Py5/Pt10 FMI signal would be smaller than that of
Py10/Pt5. We find ¢ ~ 160° for all samples capped with Pt,
while —90° < ¢ < 0° for the samples without Pt. The large
phase shift and large A caused by the inclusion of a Pt cap
strongly suggest an additional noninductive signal source
due to the presence of Pt.

Under the presumption that the additional signal is the
result of the ac ISHE, we extract the ac ISHE contribution
from the variation of A and ¢ between the various samples.
The signal from the Py10/Cu4/Au2 sample is effectively
due solely to FMI, and we assume that the same FMI signal
is present in all Py/NM stacks, except for the Py5/Pt10
sample, where we scale the magnitude of the inductive
signal by a factor of one half. By the use of Eq. (4), we
obtain Agyg and ¢gue, shown in Figs. 3(c) and 3(d),
respectively. Both Apgyr and ¢ggp are even under H,
inversion, consistent with the symmetry of y,,. In contrast,
Apvit and ¢y exhibit an asymmetry under inversion
of H, [compare open and closed green diamonds in
Figs. 3(a) and 3(b)], which is not expected for a signal
entirely due to M,. A possible explanation is the presence
of a FMI signal component that is proportional to y,,,
which is odd under field inversion. As we subtract the
measured Apyy (Py10/Cu4/Au?2) from A to obtain Agyg, a
full quantitative understanding of the FMI signal is how-
ever not required.

Equations (1) and (2) predict ¢isyg = 270° (¢ispe = 90°)
for positive (negative) real ®Ogy. From Fig. 3(d), we,
however, find ¢y ~ 160° for the samples with a Pt cap
and ¢gyp ~ 0° for the Py/Ta sample (the large scatter in
¢isue for Py/Ta is attributed to the small Agyg for this
sample). This suggests that Oy in these metals is in actuality
a complex quantity at microwave frequencies. While no
quantitative theory for Pt or Ta exists, this is in qualitative
agreement with the observation of a dominantly intrinsic,
imaginary ac spin Hall conductivity [19]. A phase shift of the
ac ISHE voltage due to spin precession in the external
magnetic field [14] is negligible for materials with short spin
diffusion lengths such as Pt and Ta. As the measured phase
shift persists even for the Py/Cu/Pt sample, interfacial
Rashba-like torques [32] can furthermore be excluded as
its origin. In the context of the spin Hall effect, our data
can be explained by a complex Ogy with arg(OF,) = 110°
and arg(O%%) ~ —90°.

We now compare the magnitude of the ac ISHE signal
to expectations from Egs. (1) to (3) using the parameters
tabulated in the Supplemental Material [21] and oy and of
from four-probe dc resistance measurements of bare films.
The only uncertain parameters are €, Agp, and Ogp. We first
assume that Vgyy from Eq. (1) quantitatively accounts for
the inductive signal. Then, Apy; for Py/Cud/Au2 and
Ajsyg for Py10/Cu3/Pt3 and Py10/Ta5 can be modeled by

the use of ¢ =0.08, £ =1 nm [33] and |OF,;| = 2.5,
238 =1 nm [33], and |®%%] = 0.15 in Figs. 3(a) (dotted
line) and 3(c) (solid lines), respectively. Thus, if Eq. (1)
holds true, we observe the largest value for Ogy in Pt
reported to date. However, additional attenuation of the
inductive signal for Py/Cu4/Au2 is entirely possible as a
result of a nonuniform dynamic magnetization depth profile
[30] and due to shunting of the FMI signal by the NM layer
that affects the source compliance. A lower limit for Ogy is
obtained by assuming zero losses in the DCPW (e = 1)
resulting in |©%4| = 0.2 and |®%%| = 0.012. Thus, even in
this limit, we observe a larger |©FL| than extrapolated from
reported dc values, where |@}] < 0.11 is typical [34,35].
In previous studies [36-38] 0.0037 < |©I%| <0.12 was
found, where the huge spread may be due to different
crystalline phases of the investigated Ta films. In our dc
ISHE experiments on simultaneously deposited layer
stacks [29] we find ©F = 0.1 and ©%} = —0.02. While
our measured dc and ac ISHE values are, thus, in
reasonable agreement for Ta, the ac ISHE in Pt is found
to be much larger than its dc counterpart. Note that Eq. (2)
overestimates Agyp obtained for the two Py/Pt samples
by a factor of approximately 2 for parameters where it
quantitatively accounts for Aigyr observed in the Py/Cu/Pt
sample [see lines in Fig. 3(c)]. This is attributed to
interfacial spin flip [39,40] that attenuates the ac ISHE
signal in the Py/Pt samples relative to that expected from
the damping measurements in the Supplemental Material
[21]. In a previous spin-pumping ac ISHE study without
phase-sensitive detection [27] in similar Py/NM bilayers, it
was also found that the FMI signal in Py/Pt thin films was
dominated by the ac ISHE signal. In a study of the ac ISHE
in Y5FesO,, /Pt by means of parametric excitation [28], the
superposition of FMI and ac ISHE signals as well as
uncharacterized spin wave modes prevented a quantitative
analysis [41,42]. This underlines the importance of phase-
sensitive detection and subsequent separation of FMI and
ac ISHE signals as carried out in this work.

In summary, we observed ISHE signals due to ac spin
pumping in Py/NM multilayers that were discriminated
from FMI signals by means of phase-sensitive detection.
The magnitude of the ac ISHE signal in Py /Pt exceeds the
theoretical prediction [14] even under the assumption of
negligible attenuation in the microwave detection circuit.
Furthermore, the phase of the ac ISHE signal in these
samples is retarded by approximately 110° relative to that
expected from theory [14] and assumed in spin Hall spin-
torque FMR experiments [43]. While the microscopic
origin of both the substantial phase and magnitude of
O£} at these microwave frequencies (7-20 GHz) is not yet
understood, our results are in qualitative agreement with the
observation of a dominant intrinsic ac inverse spin Hall
effect [19]. Efficient interconversion of charge and spin
currents at microwave frequencies is a key requirement for
future spintronic devices, such as the recently proposed
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spin-Hall-assisted magnetic memory [44]. In order to
develop such devices for operation at realistic clock rates,
broadband characterization of SHE and ISHE is essential.
As such, it could be argued that the dc features of the spin
Hall phenomenology are far less important than the micro-
wave properties measured here. Indeed, we propose that Pt
is a favorable candidate for such applications due to its
surprisingly large ac ISHE.
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