PHYSICAL REVIEW RESEARCH 2, 013262 (2020)

Direct observation of spin accumulation in Cu induced by spin pumping
Junjia Ding,""" Wei Zhang,>! M. Benjamin Jungfleisch®,*! John E. Pearson,'
Hendrik Ohldag,“’s’6 Valentine Novosad,' and Axel Hoffmann®!-7-*

'Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
2Department of Physics, Oakland University, Rochester, Michigan 48309, USA
3Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716, USA
4Stanford Synchrotron Radiation Laboratory, SLAC National Accelerator Laboratory,

2575 Sand Hill Road, Menlo Park, California 94025, USA
SAdvanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94710, USA
SDepartment of Physics, University of California Santa Cruz, Santa Cruz, California 95064, USA

"Department of Materials Science and Engineering, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA

® (Received 7 June 2019; revised manuscript received 26 November 2019; accepted 10 January 2020;
published 5 March 2020)

Pure spin currents have been ubiquitous in contemporary spintronics research. Despite its profound physical
and technological significance, the detection of pure spin current has largely remained indirect, which is
usually achieved by probing spin-transfer torque effects or spin-to-charge conversions. By using scanning
transmission x-ray microscopy, we report the direct detection and spatial mapping of spin accumulation in a
nonmagnetic Cu layer without any direct charge current injection. Such a pure spin current is induced by spin
pumping from a NigyFe,( layer and is not accompanied by concomitant charge motion. The observed frequency
dependence indicates that the signal is dominated by a coherent, pure spin current, but the magnitude of the spin
accumulation suggests also possible additional thermal contributions. Our technique takes advantage of the x-ray
magnetic circular dichroism and the synchronization of microwave with x-ray pulses, which together provide
a high sensitivity for probing transient magnetic moment. From the detected x-ray signals, we observe two
distinct resonance modes induced by spin pumping, which, based on micromagnetic simulations, we attribute
to nonlinear microwave excitations. Our result provides a new pathway for detecting pure spin currents that
originate from many spintronics phenomena, such as spin Hall and spin Seebeck effects, and which can be
applied to both metal and insulator spin current sources.

DOI: 10.1103/PhysRevResearch.2.013262

I. INTRODUCTION

Spin currents have been regarded as key ingredients for
future energy-efficient electronic devices [1]. Conventionally,
spin currents can be generated by passing an initially un-
polarized charge current through a metallic ferromagnet, for
example, in a spin-valve structure [2] or magnetic tunnel
junction [3,4]. The charge flow then carries a net spin polar-
ization and is known as a spin-polarized current. Furthermore,
mechanisms relying on spin-orbit coupling, such as spin Hall
effects [5,6], or magnon excitations, such as spin pumping
[7,8] and spin Seebeck effect [9], allow the decoupling of the
charge and spin currents and therefore, the generation of a
“pure spin current,” via charge currents, microwave excita-
tions, or thermal gradients. In particular, the spin-pumping
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mechanism generates coherent spin current from magneti-
zation dynamics, which offers unique opportunities for the
synchronization with other dynamical physics parameters in
the GHz frequency range. The generation and detection of
the spin current are important technical aspects for making
such a concept truly convincing. To date, on the detection
side, the spin current is mostly indirectly detected, from either
the spin-to-charge conversion [7,8,10—13], or its microscopic
exchange interaction, known as the spin-transfer torque [14],
with an adjacent magnetization. The resultant magnetization
effects, such as tilting [15], switching [16], and excitation
[17], are then probed either electrically [18-20] or optically
[21-24], to elucidate the existence of spin current and its
properties. For example, one can use the spin Hall effect of
heavy metals to generate spin-orbit torques and drive the mag-
netization precession of an adjacent ferromagnet, known as
the spin-torque ferromagnetic resonance (ST-FMR) [17], and
then probe the ferromagnetic resonance (FMR) by electrical
and optical means. In particular, the ferromagnet can be both
metallic [17,19,20,22], or insulating [21,23,25,26] in this case
owing to the decoupled charge current and pure spin current,
which may offer additional advantages for energy efficiency.
While indirect measurements can provide useful insights,
it is also important to explore techniques that enable direct
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FIG. 1. (a) Schematic of the experiment setup using the STXM
at the SSRL. An x-ray beam is focused onto the Cu/NiggFeyy/SizNy
structure. Microwave radio frequency current is delivered to the
sample via the Cu CPW. (b) Cross-section of the film structure.
(c) Schematic of spin pumping. Spin current is generated from the
magnetization dynamics of NiggFe,y and then injected into the Cu
layer. (d) X-ray transmission image of the CPW signal-line and
central NigyFey stripe.

detection of spin current and spin accumulation. Although op-
tical detection through magneto-optic Kerr effect is possible
[27], the effect is very small and thus spatial imaging becomes
very difficult and is limited by the optical diffraction limit to
at best um length scales. To overcome these limitations, one
of the most promising techniques is to use highly-sensitive
x-ray microscopy and spectroscopy, which can measure ex-
tremely small, transient x-ray magnetic circular dichroism
(XMCD) effect from electronic spins [28]. Although direct
detection of spin accumulations using XMCD is challenging
[29], it has been directly observed that the spin accumulation
in Cu induced by a spin-polarized current accounts for a
transient magnetic moment of ~1073 g [30]. However, direct
observation of the pure spin current-induced spin accumu-
lation is still sparse [31], and a direct spatial mapping of
such spin accumulation in a nonmagnetic material remains
missing.

In this work, we report a direct experimental detec-
tion of spin-pumping-induced spin accumulation in Cu in
NigoFeyo/Cu thin-film bilayers at room temperature, using
the scanning transmission x-ray microscopy (STXM) at the
Stanford Synchrotron Radiation Light-source (SSRL). Note
that spin-pumping-induced spin accumulation from NiggFey
into Cu has already been demonstrated [32]. The device struc-
ture consists of a microstructured NiggFeyo stripe fabricated
on top of a SizN4 membrane window and then capped with a
Cu coplanar waveguide (CPW). Using a broadband ferromag-
netic resonance technique, we systematically investigated the
STXM spectra under GHz microwave excitations. We found
a clear change in the STXM spectra at the Cu absorption
edge as a function of the excitation frequency. Our experiment
allowed a direct spatial mapping of the spin accumulation at
the NigoFe,o/Cu interface induced by the spin pumping.

II. EXPERIMENTAL SETUP

Figure 1(a) is the schematics of our measurement setup.
Circularly polarized x-rays generated at Beamline 13 at

SSRL are focused onto the sample with a beam diameter
~100 nm. The focused x-rays go through the Cu/NigoFe,q
multilayer thin-film structure and the Si;N4 membrane, shown
in Fig. 1(b), and then to an x-ray detector. The samples were
fabricated on commercially available SizN4 membrane win-
dows (0.25 mm x 0.25 mm x 100 nm) on Si substrates. On
each device, a NiggFey stripe (3.6 um x 100 um x 40 nm)
was prepared at the center of the Siz;Ns membrane window
using photolithography followed by sputter deposition and
lift-off process. A ground-signal-ground (G-S-G) type CPW
made of Cu(70 nm)/Al(5 nm) was then sputter-deposited on
top of the sample with the central signal-line covering the
entire NigoFeyg stripe. The Cu layer has a dual-role: it serves
as the spin current drain for the XMCD observation (tuned to
Cu L3-edge), and also excites the FMR of the NigoFeyq stripe.
The microwave excitation was fixed at 20 dBm for maximized
signals.

Upon FMR excitation, a pure spin current is generated at
the Cu/NigyFeyq interface due to the spin-pumping effect and
induces a transient spin accumulation in Cu, as is illustrated
in Fig. 1(c). Such a finite spin accumulation can be sensitively
probed by the XMCD effect using the STXM setup. For
elemental specificity and optimal sensitivity, we tune the x-ray
energy to the L3-edge of Cu (935.197 eV). Figure 1(d) shows
the x-ray transmission intensity of the sample. In addition,
an external magnetic field (H,pp) is applied along the stripe
(along the y axis). Since the XMCD probes the component
of the Cu magnetization along the incident direction of the
x-rays, we also tilt the sample plane 45° with respect to the
dashed line in Fig. 1(a).

Before imaging the sample using STXM we characterized
the ferromagnetic resonance using a vector network analyzer
and an radio frequency (1f) power of 0 dBm, as shown in
Fig. 2(a). The experimental results (dots) are fitted well by the
Kittel formula (line), which yields a saturation magnetization
M, = 815 kA/m. Based on these measurements, we fixed the
external field H,,, = 150 Oe during the subsequent STXM
measurements, which corresponds to a resonance frequency
~4.8 GHz. We verified similar FMR signals simultaneously
with the STXM measurements, using separate rf circuits and
a microwave diode. The STXM experiment was carried out
by synchronizing the microwave excitation (at 20 dBm) with
the x-ray detection and SSRL’s master clock. At each scanning
position of the sample, the microwave excitation was switched
on for the even ring-cycles (780 ns) and turned off for the odd
ring cycles (780 ns). All data were recorded for a dwell time
of 2500 ms.

III. XMCD IMAGING RESULTS

Figure 2(b) shows the x-ray transmission image of the
scanned area covering the NiggFe, stripe at off-resonance,
which serves as a reference for the subsequent XMCD images.
The darker region at the center of the image corresponds to the
NiggFeyq stripe and it indicates that the x-rays were partially
absorbed by the NigygFeyy. By taking the averaged intensity
along the y coordinate, we can plot the x-ray transmission
profile, at and near the NigygFe, stripe, as shown in Fig. 2(f).
The STXM experiment was carried out systematically for
different excitation frequencies in the range of 3.5 to 6.0 GHz.
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FIG. 2. (a) FMR measurement of the device and its Kittel re-
lationship. (b) X-ray transmission image of an area covering the
CPW signal-line. (c)-(e) STXM images of the same area at selec-
tive microwave excitation frequencies. The magnetic field is kept
constant at 150 Oe. (f)—(i) Corresponding averaged signals along
the y coordinate for panels (c)—(e). (j) Calculated x-ray contrast as
a function of frequency.

For example, Figs. 2(c)-2(e) are the STXM contrast images
at the same area but for selective excitation frequencies,
f=4.0, 4.5, and 4.9 GHz, respectively. The images were
obtained by calculating the ratio of the x-ray transmission
signal with the microwave excitation turned on and off. No
clear spin accumulations were observed for f = 4.0 GHz,
which is 0.8 GHz away from the FMR condition according
to the dispersion in Fig. 2(a). However, a uniform excitation
contrast was observed at the stripe area for f = 4.5 GHz,
indicating spin accumulations in Cu induced by the spin-
pumping effect. Further, at f = 4.9 GHz, interestingly, the
edge of stripe exhibits a stronger signal than the center of
the stripe, indicating possibly a stronger spin-pumping effect
from the NigyFe,y edges. Such an effect can be observed
clearly from the corresponding averaged intensity curves,
shown in Figs. 2(g)-2(i). Here, the observed frequency depen-
dence of the spin accumulation is also a strong indication of a
coherent, pure spin current. The strength of the spin-pumping
effect can be then evaluated by calculating the x-ray contrasts:
I = lg(I;/Icy), in which [ is the averaged intensity in Cu at the
stripe area and I, is the intensity in the area that contains only
Cu. The results at different frequencies are summarized in
Fig. 2(j), exhibiting clearly a resonance profile with two max-
ima, which differs from the single excitation peak observed
for the vector network analyzer based measurements; see
Fig. 2(a). This suggests that the microwave power used during
the XMCD experiment, i.e., 20 dBm, is likely already above
the linear threshold for FMR spin pumping. Unfortunately, at

lower microwave excitation power, the XMCD signal are too
weak for a meaningful exploration of the power-dependence
of these signals.

IV. THEORETICAL MODELING AND DISCUSSION

The dynamic magnetization profiles due to geometric
confinement in soft magnetic materials have been studied
extensively [33-37]. In particular, higher-order modes due
to quantization along the stripe width have been commonly
observed [38—40]. We note that the frequencies of these higher
order modes are expected to be above the maximum frequency
of 6 GHz in our experiments, indicating that the observed
inhomogeneity is expected to be of different origin. To further
understand the observed results, we performed micromagnetic
simulations using the Mumax3 code [41].

Standard parameters for NiggFey, are used, i.e., a gyro-
magnetic ratio 2.8 GHz/kOe, saturation magnetization, M; =
815 kA /m, exchange constant, A = 13 x 1072 J/m, damping
constant 0.008, and an anisotropy constant K;; = 0. The cell
size was fixed at 5 x 5 x 5 nm?. In particular, we performed
the simulation at different microwave excitation powers to
elucidate also any nonlinear effects. In our simulation, an AC
magnetic field with an amplitude of hy = 20 Oe is applied
along the width of the stripe to simulate the microwave exci-
tation from the G-S-G waveguide. We note that at such high
microwave fields, nonlinear phenomena, such as Suhl insta-
bilities, are readily observed [42,43]. The averaged response
of the stripe for each frequency is summarized in Fig. 3(a).
Two peaks can be observed at 4.5 and 4.9 GHz, which is
in agreement with our experimental results. Figure 3(b) is
a cross-section view of the intensity map at the stripe area
as a function of the frequency. A uniform excitation can be
observed at 4.5 GHz. However, the edge response is also
quite pronounced, and extends to a much wider frequency
range. These observations agree well with our experimental
results summarized in Fig. 2. As a comparison, a set of similar
simulation was performed with a much lower excitation power
(hy = 1 Oe). The simulation results show only one resonance
mode around 4.7 GHz, as shown in Fig. 3(c), and the two-
dimensional resonance map also suggests a nearly uniform
excitation around 4.7 GHz.

Now that we see that the observed spatial profiles of
the observed spin accumulation in Cu agree well with the
frequency dependence of the expected spatial distribution
of the magnetization dynamics, we will analyze also the
signal magnitude quantitatively. Following the discussion in
Ref. [30], we can estimate the induced magnetic moment per
Cu atom from the XMCD contrast in Fig. 2(j). Taking into
account the Cu thickness of 70 nm in our measurement, which
is 2.5 times larger than in the earlier experiment [30], we
can estimate a magnetization of 2 x 10~* upz per Cu atom. At
the same time the spin current from spin pumping is given
by [8]

how
i, = —Re(2 sin?(9), 1
Js= 1= (2g41,)sin”(0) (1)
where o is the resonance frequency, g4, is the spin-mixing
conductance, and 6 is the precession cone angle of the FMR.
From earlier measurements on similar devices [44], we can
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FIG. 3. (a), (c) Simulated dynamical response of the NigyFeyy
stripe at iy = 20 Oe, and iy = 1 Oe, respectively. (b), (d) The cor-
responding two-dimensional cross-section images of the resonance
response in the area of interest.

estimate for our excitation power the precession cone angle
to be about # = 10°. Based on the nominal charge density
of copper we can also estimate g;; = 1.5 x 10"’m~2, which
is consistent with the values for most normal metals. We
can now compare the injected spin-current in our experiment
to earlier measurements with electrical injection [30], by
converting the spin current into an equivalent charge current

into account the finite spin polarization for the electrical
injection), even though we estimate an injected moment
from the spin pumping comparable to the previous mea-
surement. This suggests that to explain our experimentally
observed magnitude of spin accumulation, processes beyond
spin pumping, such as thermal spin injection may be impor-
tant. Given the high excitation power of 20 dBm, significant
resonant heating of the permalloy stripe upon resonant ex-
citation is possible [45]. However, a precise estimate of the
temperature increase is difficult, and given the uncertainties
of the spin Seebeck efficiency in all-metallic structure, a
quantitative comparison is not straight forward.

V. CONCLUSIONS

In summary, by using scanning transmission X-ray
microscopy measurements with x-ray circular dichroism
(XMCD) contrast, we have observed spin accumulations in
Cu induced by the spin-pumping effect. The observed spin
accumulation depends on both the driving frequency and
microwave power. Upon a strong microwave excitation, the
XMCD effect at the Cu L3 absorption edge indicates clearly
a nonlinear resonance profile with dual-modes across the fer-
romagnet stripe. Specifically, the low-frequency mode is uni-
formly distributed across the stripe, while the high-frequency
mode is primarily located at the edges of the stripe. The exper-
imental results are further validated by using micromagnetic
simulations. Our work provides direct evidence of the spin
accumulation caused by a pure spin current that is not accom-
panied by any charge motion. Therefore, spatially resolved
XMCD imaging may provide further detailed insights into
the formation of spin accumulations from a wide variety of
phenomena.
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