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Origin of helicity-dependent photoconductivity in magnetic and nonmagnetic wires
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We study the opto-electric response in metallic wire structures. The aim is to understand the origin of helicity-
dependent photoconductivity. For nonmagnetic metals this effect is generally believed to probe spin polarization.
Using magnetic wires we show that this method enables background free imaging of spin textures. Analyzing the
physical origin we find that the circular dichroism slightly modulates the absorption. The corresponding thermal
modulation explains the measured electrical signals. We apply this result to examine the spin Hall effect induced
spin accumulation in heavy metals. Here, we show that previously reported results in nonmagnetic wires are well
reproducible, but not related to the spin polarization.
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I. INTRODUCTION

Imaging of spin textures is critical for fundamental un-
derstanding and technological applications in spin-based
electronics [1,2]. These include racetrack and other spin orbit
torque memories [3,4]. Such imaging of spin textures can
be very challenging in device structures and the observation
often relies on electric signals related to magnetoresistive or
Hall effects. Alternatively, magnetic circular dichroic effects
in the x-ray range (x-ray magnetic circular dichroism) and at
optical frequencies (magneto-optic Kerr effect) can be used
to detect the magnetic state. Recently, hybrid opto-electric
approaches have been introduced. These experiments, based
on anomalous Nernst and spin Seebeck effects, demonstrated
imaging of the in-plane magnetic texture down to a resolution
of a few tens of nanometers [5–7]. Magnetic texture can be
controlled by spin polarized charge currents or pure spin cur-
rents. Such currents can be generated effectively via the spin
Hall effect (SHE) in heavy metals [8–10] or due to spin mo-
mentum locking with surface states in topological insulators
[11–14]. Typically, the detection of spin currents relies on the
magnitude of spin-to-charge conversion effects, which is usu-
ally quantified in ferromagnet/normal metal bilayer structures
by observing the spin torque exerted on the magnetization
[15–17] or by detecting a voltage generated by the in-
verse SHE [18–20]. However, this approach is fundamentally
complicated by unknown parameters such as spin-to-charge
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conversion efficiency [21] and interface effects [22]. Interface
effects may be avoided by manipulating and detecting spin
currents within a single material using spin-orbit interaction
[23–25]. However, in comparison to the well established opti-
cal detection of spin polarization in semiconductors, which is
resonantly enhanced in the vicinity of the band gap, such mea-
surements appears to be much more challenging for metals
[23,26]. However, in metals only recently spin accumulation
was measured by magneto-optical means [27], nonlinear op-
tics [28], and x-ray magnetic circular dichroism [29].

In this article, we explore an opto-electric method that
allows for the detection of spin polarization in any conducting
material. We use helicity-dependent photoconductivity (HDP)
to image the spin polarization in magnetic domains. Here,
large HDP signals can be expected due to a sizable magnetic
moment. We show that magnetic textures can be imaged opto-
electrically with sub-micrometer resolution. In addition, the
experiments allow us to quantify the HDP signal and link it to
magnetic circular dichroism (MCD). Subsequently, we study
current-induced spin polarization in nonmagnetic wires. We
find that the spin accumulation induced by SHE is not suffi-
cient to account for the observed HDP signal. We demonstrate
that previously reported results can be explained by an optical
artifact [30–32].

II. RESULTS WITH MAGNETIC WIRES

First, the magnetic texture of a wire structure is imaged
by means of opto-electric microscopy [Fig. 1(a)]. An out-of-
plane magnetized sample provides large MCD in the absorp-
tion. The magnetic wire structure is defined by dry etching and
consists of a Co/Ni/Co stack sputter-deposited on a MgO(001)
substrate [33,34]. In the experiment, a magnetic domain wall
is trapped in the wire, as verified by polar magneto-optic Kerr
microscopy (MOKE) [see Fig. 1(b)]. The sample is illumi-
nated with circularly polarized light. The light’s helicity is
modulated by means of a photo-elastic modulator (PEM). A
dc current is applied to measure the photoresistance. This
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FIG. 1. (a) Measurement geometry of the magnetic sample.
While illuminating the sample with a polarization-modulated laser
beam, a small dc current (a few mA) is applied. The resulting
photovoltage is detected using a lock-in amplifier (LIA) (b) Kerr
microscopy image of the out-of-plane magnetized Co/Ni/Co wire.
(c) and (d) show the corresponding spatially resolved maps of the
helicity-dependent photoresistivity signal of a Co/Ni/Co wire for
2.5 mA and −2.5 mA, respectively. The domain contrast amounts
to 400 nV. The signal is detected while the polarization is modulated
between σ+ and σ−.

resistance is modulated due to absorption-induced heating
[see Figs. 1(c) and 1(d)]. The electric signal arising from the
magnetic polarization has a magnitude of a few hundred nV
and changes its sign as the current direction is reversed. The
location of the domain wall observed by means of the HDP
signal is consistent with the polar MOKE image. This shows
that the signal is caused by the absorption modulation due to
MCD and thus provides a probe for spin polarization.

In addition to the expected magnetization-induced contrast,
we observe a surprisingly large signal (a few μV) at the
edges of the wire. Similar edge effects have been reported in
topological materials, such as BiSbTeSe2 [30], Bi2Se3 [31],
antiferromagnet IrMn3 [32], and heavy metals, such as Pt
[31,35]. These signals were attributed to current-induced mag-
netic moments. The HDP signals were assumed to be caused
by magnetic diochroism. Hence these signals are expected
to scale with the intrinsic or induced magnetic moment per
atom in the sample. Therefore, we compare the HDP signals
obtained from the magnetic wires with known magnetic mo-
ment (domain contrast) to the signals obtained at the edges of
nonmagnetic wires. The domain contrast in the magnetic wire
amounts to 100 nV/mA, as shown in Fig. 1.

III. RESULTS WITH NONMAGNETIC WIRES

Next, we opto-electrically measure nonmagnetic metallic
wires, as depicted in Fig. 2, exhibiting different signs and
magnitudes of the spin Hall angle (SHA). Specifically, we

FIG. 2. Measurement geometry for nonmagnetic wire structures.
The HDP signal is detected while the optical polarization is modu-
lated between σ+ and σ−. Note that the cross shape allows to direct
the current around a corner.

investigate wire structures made of Pt (positive SHA), Cu
(almost zero SHA), and Ta (negative SHA). Like the magnetic
samples discussed above, these wires were also prepared by
sputter deposition on MgO(001) substrates. Figure 3(a) shows
scanning HDP maps obtained on a 10 nm thick Pt wire with
an applied current of ±8 mA. The photo-resistive signal ob-
served on the edges of the wire reverses sign between the left
and right edge and with current direction. Its amplitude scales
linearly with applied current and laser power [36]. These
findings reproduce the results of Liu et al. [31]. At the edges
of the Pt wire the signal amplitude amounts to 900 nV/mA
(compared to 100 nV/mA for the magnetic contrast). This
implies that the total magnetic moment at the edges must
be an order of magnitude larger than in the ferromagnet. In
typical ferromagnets, a magnetic moment of 1 μB per atom is
expected. However, based on previous experiments [29] and
theoretical considerations, the current-induced moment at the
sample surface is expected to be 2 × 10−5 μB only [27]. This
means that the observed signal due to current-induced spin
accumulation is at least five orders of magnitude larger than
expected.

Furthermore, the measurement geometry needs to be con-
sidered. The short spin diffusion length (on the order of 1 nm
for Pt and Ta [37–40]) is two orders of magnitude below the
diffraction limited resolution of the microscope (300 nm),
adding another two orders of magnitude to the discrepancy.
Therefore, we need to explain why the electro-optical signals
at the edges of nonmagnetic wires are at least seven orders of
magnitude larger than expected.

To understand the true physical origin of the HDP signals
in nonmagnetic wires, we analyze their current and material
dependence. As one can see from Fig. 3, the sign of the edge
signal reverses as the bias current is reversed. This behavior
is actually not consistent with SHE for the following reason:
current reversal should invert the SHE induced spin polariza-
tion as well as the sign of the voltage drop across the wire
[cf. Figs. 1(c) and 1(d)] resulting in a signal that does not
depend on current direction. Moreover, signals with the same
symmetry and sign but different magnitude are observed for
Cu [Fig. 3(b)] and Ta [Fig. 3(c)] wires as well. While the
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FIG. 3. Photoresistive signal in nonmagnetic wire structures: Spatially resolved maps of the helicity-dependent photoresistivity signal
detected at the modulation frequency fPEM in (a) Pt, (b) Cu and (c) Ta wires. In the upper part of the maps a current of 8 mA and in the lower
part −8 mA is applied. The grey boxes indicate the switching of current direction. The arrows indicate the current direction and the black,
dashed lines show wire edges. (d)–(f) Horizontal line scans obtained at the red dashed line in figures (a)–(c).

different magnitude of the HDP signal can be attributed to
different photoconductivity of these materials, the observation
of the same signal polarity for Pt and Ta is unexpected since
the sign of the SHA in these two materials is opposite. Clearly,
the HDP signals at the wire edges are not related to the SHE
at all.

To identify the true origin of the edge signals we study their
angular dependence. For this, the sample geometry is changed
to a cross bar in order to direct the electrical current around a
corner. Here, we observe the signal only at the lower vertical
edges [Fig. 4(a)] with a two times larger amplitude on the

left side than on the right side. Note, that the current flow
direction is indicated by the arrows in Fig. 4(a). In contrast,
for SHE induced spin polarization, one would expect the same
signal amplitude at both, vertical and horizontal lower edges.
To verify whether the current density in both wire sections is
indeed comparable, we use our photoresistive method to im-
age the current distribution directly. For this, the light intensity
is modulated while the photoresistance is recorded [36]. The
resulting ac resistance at the light modulation frequency re-
veals a direct map of the current distribution, as indicated in
Fig. 4(b). Obviously, the current densities in horizontal and

FIG. 4. (a) Helicity-dependent photoresistivity signal detected at the modulation frequency fPEM in a Pt cross section wire for 8 mA
current as an ac voltage. (b) Photoresistive detection of the current density in a Pt cross structure using light intensity modulation at 2 fPEM

and demodulation on of the detected phototresitivity signal at the same frequency. At 8 mA, a photoresistivity of 10 m� corresponds to a
photovoltage of 80 μV. Panel (c) shows the ac component of the reflectivity demodulated at fPEM. (d), (e), and (f) show line scans at the bottom
arm of the cross section for helicity-dependent photoresistivity, current density, and ac reflectivity, respectively.
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FIG. 5. Magnitude of the HDP signal at the wire edge as a func-
tion of retardation amplitude is depicted in black. The difference of
the magnetic HDP signal between up and down magnetized domains
in Co/Ni/Co wire is shown in green. The error bars represent the
rms noise of signal averaged over about 30 seconds in the case of
the domain signal (Vrms = 20 nV) and 2 seconds for the edge signal
(Vrms = 150 nV).

vertical directions are comparable. This means, that the signal
scales with the current density but the current alone does not
cause the signal at the edges.

The anisotropic behavior of the signal may be explained
by a wobbling motion of the focal spot as the helicity is
modulated. In this case, different reflectivities of substrate and
wire lead to a modulation of the reflected light intensity with
the same frequency as the helicity modulation. The obtained
map of the ac reflectivity at the polarization modulation fre-
quency indeed contains large signals at the upper and lower
wire edges in the vertical direction, as shown in Fig. 4(c).
In contrast, no signal is detected at horizontal edges. Again,
as for the resistivity, the polarity of the signal changes from
the left to the right edge but, in this case, it is not related
to the current at all. This result confirms that the focal spot
position oscillates in a horizontal direction, as indicated in
Fig. 4(c). One can expect that the observed periodic shifting
of the focal spot in turn induces a periodic heating of the
sample at the wire edges leading to a modulation of resis-
tance at the PEM modulation frequency. This conclusion is
consistent with a linear scaling of the HDP edge signal with
retardation amplitude, i.e., it does not at all depend on the
polarization. In contrast, the magnetic domain signal actually
scales periodically with the retardation amplitude as expected
for a helicity-dependent signal (see Fig. 5). We conclude that
the periodic shifts are caused by the photoelastic modulator.
Based on the detailed measurements presented in the Supple-
mental Material [36], we speculate that the wave fronts of
the light are periodically tilted by a very small angle (a few
micro rad) due to the excitation of surface acoustic waves in
the optical crystal used for the modulation of the polarization.
The objective lens subsequently translates these tilts into shifts
of the focal spot on the order of 10 nm.

It is possible to distinguish the shift-induced artifact from
the true magnetic signal by studying their dependence on the
excitation amplitude of the PEM. The phase shift between fast

and slow axis of the PEM is generated by a strain wave in
a quartz crystal, e.g., for a retardation amplitude of 90◦ and
light linearly polarized at 45◦ with respect to the PEM axis,
a modulation between LCP and RCP results. Based on this,
one can expect an oscillatory dependence of the HDP signal
as a function of PEM retardation amplitude having extrema
of opposite sign at 90◦ and 270◦. Naively one may expect a
purely periodic signal as a function of the retardation ampli-
tude for the magnetic case. However, as the retardation depth
is increased beyond ±λ/4 the light undergoes multiple RCP-
to-LCP transitions within one modulation cycle reducing the
detectable HDP signal. This decreases the overall signal am-
plitude that can be measured and results in a damped periodic
signal as a function of retardation. Figure 5 shows that while
the magnetic signal oscillates with decreasing amplitude as
expected, the HDP signal at the edges only scales linearly
with retardation. This is expected as it is an optical artifact
and caused by the PEM excitation. Most likely, this effect is
caused by small periodic tilts of the optical wavefronts due to
the strain waves in the PEM resulting in small periodic shifts
of laser focal spot.

IV. DISCUSSION AND CONCLUSION

Our results show that, at the wire edge an optical artifact
arises that mimics the expected signal from spin Hall induced
spin accumulation. Using several PEM systems, as well as
the rotation of a quarter wave plate. we have verified that
beam shifts in the nm-range during helicity modulation are
hardly avoidable. Thus, the measurement geometry must be
carefully chosen in order to minimize optical artifacts. As we
have demonstrated, it is possible to distinguish between sig-
nals induced by spin polarization and optical artifacts by their
retardation dependence, see Fig. 5. Hence, there is no funda-
mental obstacle of using HDP imaging, even in the vicinity of
edges. Applying this result to SHE induced spin polarization
in heavy metals one needs to consider that here the expected
signals are more than at least five orders of magnitude smaller
compared to the domain contrast. Considering the noise level
of about 100 nV obtained in our experiments, future measure-
ments of SHE induced spin accumulation in photoresistive
experiments would require a significantly improved signal- to
noise-ratio.

To conclude, we demonstrate that HDP imaging allows
for background free imaging of magnetic domain structures.
Based on the domain imaging we also clarify the origin of
HDP signals at the edges of nonmagnetic wires and attribute
them to optical artifacts. In previous studies, such signals were
erroneously interpreted as current-induced spin accumulation
[30–32,35].
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