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ABSTRACT

We report on the use of time-resolved scanning transmission x-ray microscopy imaging for the visualization of the dynamical canting of the
magnetization induced by field-like spin–orbit torques in a perpendicularly magnetized microwire. In particular, we show how the contribu-
tions to the dynamical canting of the magnetization arising from the field-like spin–orbit torque can be separated from the heating-induced
effects on the magnetization of the microwire. This method will allow for the imaging of the dynamical effects of spin–orbit torques in
device-like structures and buried layers.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0029816

An increasingly large part of the research in the field of spin-
tronics is being dedicated to the development of methods to control
the magnetic configuration of a material using electrical currents. This
research has first been focused on the study of well-established effects
such as the spin-transfer-torque mechanism,1 which has, e.g., allowed
for the displacement of magnetic domain walls by purely electrical
currents, leading to the proposal of various spintronic devices such as,
e.g., the magnetic racetrack memory.2 However, since then, an alterna-
tive approach has been discovered. This is based on current-induced
spin–orbit torques (SOTs), which have been observed in multilayered
heterostructures composed of a ferromagnetic layer in contact with a
heavy metal layer such as, e.g., Pt or Ta,3–5 where a strong spin–orbit
coupling between the electrons in the heavy metal layer and the ones
in the ferromagnetic layer is present.6 The flow of an electrical current
across the heavy metal layer leads, as a consequence of the spin–orbit
coupling between the electrons in the two layers, to two effects,
namely, the spin Hall effect and the Rashba effect.6,7

The spin Hall effect gives rise, in the heavy metal layer, to a spin
current perpendicular to the direction of the applied electrical current.
This leads to an accumulation of spins of a specific orientation at the
interface between the heavy metal and the ferromagnetic layer, which

then diffuses into the ferromagnetic layer, generating a spin-transfer
torque.7 Instead, the Rashba effect leads to a spin accumulation
inside the ferromagnetic layer, also generating a torque on the
magnetization.7 The combined torques generated by the spin Hall and
Rashba effects are collected into the term SOTs. The SOTs can be cate-
gorized into two torques, described by effective magnetic fields
applied on the ferromagnetic layer, under the names of field-like (FL)
torque and damping-like (DL) torque.3,4,6–8 Under the macrospin
approximation,3,4,8 the FL torque is proportional toM�m, while the
DL torque is proportional to M� ðm�MÞ, with M being the local
magnetization vector of the ferromagnet and m being the vector
describing the orientation of the spin magnetic moments diffusing
into the ferromagnetic layer from the heavy metal layer.

For the development of devices based on the use of SOTs, the
measurement of the torques induced by the injection of a current
across the ferromagnet/heavy metal heterostructure is, together with
the study of the dynamics of the SOTs, of vital importance. Various
techniques, based, e.g., on magneto-optical effects9 and on electrical
transport measurements10,11 have been employed for this purpose.
Here, we present another technique, relying on synchrotron-based
transmission x-ray imaging, offering the possibility to investigate the
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dynamics of the injected torques in device-like structures and in buried
layers. This additional possibility is due to the longer penetration
depth of x-rays if compared to visible light. For example, the attenua-
tion length of x-rays tuned to the L3 absorption edge of Co
(ca. 778 eV) is about 50–60nm for the heavy metal materials used to
generate the SOTs (e.g., Pt) and about 400nm for copper, used for the
electrical contacting of the magnetic structures.12 Both these attenua-
tion lengths are sufficiently large to guarantee the possibility to investi-
gate the typical SOT multilayer stacks in transmission.

Synchrotron-based x-ray microscopy gives, thanks to the nano-
meter wavelength of x-rays and to the intrinsically pulsed structure of
the x-rays generated by the synchrotron, the possibility to perform
time-resolved imaging with high temporal and spatial resolutions.
Among the various pump-probe x-ray microscopy techniques, scan-
ning transmission x-ray microscopy (STXM) is of particular interest.
This is due to the fact that STXM allows for the use of a point detector
for the measurement of the transmitted photon flux. For the acquisi-
tion of time-resolved images, a fast avalanche photodiode (i.e., with a
recovery faster than the time between two consecutive electron
bunches—2ns for the Swiss Light Source) is employed as the x-ray
detector. Thanks to the fact that x-ray photons generated by neighbor-
ing electron bunches can be temporally resolved by this detector, it is
possible to utilize the x-rays generated by the entire filling pattern of
the synchrotron (in contrast to the use of a single electron bunch),
leading to a reduction of up to two orders of magnitude in the time
required to record a time-resolved image if compared to the standard
pump-probe techniques.13,14

STXM is a transmission microscopy technique that, in its sim-
plest configuration, illuminates the sample with an x-ray beam ori-
ented perpendicular to the surface of the sample. The x-ray beam is
focused by a Fresnel zone plate (FZP) to a spot on the surface of the
sample. The dimensions of the x-ray spot depend on the width of the
outermost zone of the FZP, and a beam diameter on the order of
25–50nm is typically used. According to the x-ray magnetic circular
dichroism (XMCD) effect, the magnetic sensitivity when illuminating
the sample perpendicular to its surface is limited to the out-of-plane
component of the magnetization or Mz. A necessary question to ask
for the feasibility of using STXM for the investigation of the SOTs is
then if it is possible to quantitatively determine the effect of the SOTs
on the magnetization by only measuring their out-of-plane compo-
nent. In this manuscript, we will concentrate our attention on the FL
torque, as it is possible to isolate it thanks to its odd symmetry with
respect to the inversion of the magnetization direction.

For this discussion, let us consider two out-of-plane domains
with opposite orientations, which we represent, using the macrospin
approximation, as two magnetic moments with opposite orientation
(see Fig. 1). Let us start by considering only the influence of the FL tor-
que on the two macrospins. Under this approximation, the FL torque
is proportional to M�m. Therefore, the application of the FL torque
will lead to an in-plane canting of the two spins along the axis parallel
to the direction of the injected current. This canting is described by
the canting angle hS shown in Fig. 1. Given the fact that the two mac-
rospins have opposite orientations, the sign of the Mx component will
be opposite for the two magnetic moments. Therefore, in the absence
of other effects, the FL torque would lead to a reduction of the Mz

component of the two macrospins, and its dynamics could be
measured by time-resolved STXM simply by determining the

time-resolved change in the z component of the magnetic contrast
during the application of the SOT pulse.

Let us now relax the stringent assumptions set in the previous
paragraph and consider the contribution of other effects that occur in
the magnetic material when injecting the current pulse generating the
SOTs. In particular, let us now introduce the contributions arising
from the DL torque and from the heating induced by the current
pulse. The DL torque, under the macrospin approximation, gives rise
to a torque proportional to M� ðm�MÞ. Similar to the case of the
FL torque, the DL torque gives rise to an in-plane canting, but this
time along the axis perpendicular to the direction of the injected cur-
rent (y axis in Fig. 1). This canting angle hD, opposite for the two mac-
rospin orientations (i.e., My is the same for both orientations), gives
rise to the same reduction of the Mz component for the two macro-
spins. Furthermore, the injection of an electrical current across the
microwire will generate an Oersted field (along the y axis), which will
cause an additional tilting of the macrospins of a canting angle hOe,
opposite for the two macrospin orientations (i.e., My is the same for
both orientations), also giving rise to the same reduction of the Mz

component for the two macrospins. Finally, the heating caused by the
injection of the current pulse will cause a reduction of the saturation
magnetization of the magnetic material, which will manifest, in the
macrospin approximation, as a reduction of the length of the two
spins, therefore also resulting in a reduction of theMz component.

Therefore, in the absence of external biasing fields, spin–orbit
torques, the Oersted field, and the heating caused by the current pulse
generating the torques will lead to a reduction of the Mz component
for the two perpendicularly magnetized domains. As the four contri-
butions all have the same response on DMz , it is effectively impossible
to separate one from the other, making the measurement of the
spin–orbit torques impossible in this configuration.

To separate these four contributions, we propose to apply an
in-plane magnetic field bias along the axis parallel to the direction of
the injected current. Under the macrospin approximation, the effect of

FIG. 1. Schematic overview of the effect of the FL torque on the spins in a continu-
ous PMA domain in the absence and the presence of an in-plane magnetic field. In
the absence of both the in-plane field and the FL torque, the spins in the PMA
domains point either up or down (angle of 6p=2 with respect to the surface plane).
If the FL torque (direction marked by the blue arrows) is applied, the two macro-
spins will cant at an angle hS, causing an equal reduction of the Mz component for
the two macrospins. However, if an in-plane magnetic field is added, the spins will
cant of an angle hF along the direction of the applied in-plane magnetic field
(marked by the green arrow). The sign of this additional angle will depend on the
original orientation of the spins. Therefore, if the FL torque is now applied, the Mz

component of the two macrospins will now be different, allowing for the extraction
of the canting angle hS due to the FL torque.
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this biasing field can be described by an in-plane canting of the
perpendicularly magnetized macrospins along the direction of the
applied field. This canting is depicted in Fig. 1 by the angle hF. In
this case, the sign of the angle is opposite for the two macrospins, as
they both cant toward the same direction. Let us now inject the current
pulse causing the SOTs and analyze the effect of each of the contribu-
tions described above. The FL torque will, again, cause a canting of the
two macrospins of an angle hS along the axis parallel to the injected
current. Under the assumption of a small canting angle caused by the
FL torque, this angle will be summed to the canting angle hF caused by
the in-plane field, of opposite orientation for the two macrospins.
Therefore, the total canting angle along the axis parallel to the current
direction will be hS6hF for the two oppositely oriented macrospins.
The DL torque and the Oersted field will cause the canting of the two
macrospins along the axis perpendicular to the current direction by an
angle 6ðhD þ hOeÞ for the two macrospins. Finally, the heating caused
by the injection of the current pulse will cause a reduction of the mag-
nitude of the two macrospins.

Therefore, applying the superposition principle, the following
relation will be valid for the two macrospins:

M2
x þM2

y þM2
z ¼ M2;

M2 sin 2ðhS6hFÞ þM2 sin 2ðhD þ hOeÞ þM2
z ¼ M2;

withM being the total magnitude of the two macrospins.
Definingmi as the normalized magnetization along the i-th direc-

tion (i.e., mi¼Mi=M), it is possible to calculate that the magnitude of
the canting angle hS caused by the FL torque is given by the following
relation:

sin ð2hSÞ ¼ �
Dm2

z

sin ð2hFÞ
; (1)

where Dm2
z ¼ jm2

z;þ �m2
z;�j, with mz;6 being the normalized z pro-

jection of the magnetization of the two opposite oriented macrospins.
Under the assumption that the canting angle hF caused by the

external in-plane magnetic field exhibits negligible changes during the
whole excitation, the time-resolved value of hS can be extracted by
determining the time-resolved variation of the z projection of the mag-
netization Mz for two opposite perpendicularly magnetized (PMA)
domains in the material, normalized to the magnetization measured in
the absence of an in-plane biasing field. It is, according to the relation
given in Eq. (1), therefore, possible to determine, through time-
resolved (TR) STXM imaging, the dynamics of the canting induced by
the FL torque in a PMA material. However, in order to conduct a
quantitative measurement of these dynamics, it is necessary to image
both orientations for the PMA domains at the same time (i.e., the
measurement needs to be performed at a domain wall site).

To verify whether it is possible to employ TR-STXM for the quan-
titative determination of the canting induced by the FL torque, we have
carried out such measurements on a 2lmwide microwire patterned out
of a Ta(2.7nm)/Pt(2.5nm)/[Co68B32(0.9nm)/Ir(0.4nm)/Pt(1.3nm)]�3/
Pt(2.1nm) multilayer stack (from now on referred to as Pt/CoB/Ir)
exhibiting both PMA and interfacial Dzyaloshinskii–Moriya interaction,
allowing for the stabilization of N�eel-type domain walls.15 Themicrowire
was fabricated on top of a 200nm thick x-ray transparent Si3N4 mem-
brane on a 200lm thick high resistivity Si frame. The patterning
was performed by electron-beam lithography followed by liftoff of the

Pt/CoB/Ir multilayer stack (details on the deposition of the Pt/CoB/Ir
stack can be found in Refs. 15 and 16). To inject the current pulses across
the Pt/CoB/Ir stack, the microwire was contacted by 200nm thick Cu
electrodes fabricated by electron-beam lithography followed by liftoff. To
nucleate two PMA domains of opposite orientations on the microwire, a
400nm thick Cu strip line was fabricated on top of the microwire, again
by electron-beam lithography followed by a liftoff process. The micro-
wire and the Cu strip line were electrically insulated by a 200nm thick
SiO2 layer deposited between the microwire and the strip line. A sche-
matic overview of the sample, along with an overview of the electrical
setup employed for its excitation, is shown in Fig. 2. More details about
the fabrication processes used for the samples reported here are given in
Refs. 15–17.

The time-resolved measurements presented in this work have
been carried out in the pump-probe regime using TR-STXM. In order
to measure the dynamics of the canting of the spins caused by the
FL torque using Eq. (1), the Pt/CoB/Ir microwire was initialized in a
bi-domain state by the injection of a 4 ns long, 350mA current pulse
across the Cu strip line shown in Fig. 2. The time-resolved measure-
ments were then performed using the following protocol, which guar-
anteed the reproducibility of the dynamical processes necessary for
pump-probe measurements: (i) a 20 ns long current pulse with a cur-
rent density of 7:5� 1011 A m� 2 was injected across the Pt/CoB/Ir
microwire, causing the SOT-induced canting of the two PMA domains
and a current-induced motion of the domain wall (CIDWM) between
the two PMA domains;15,17 (ii) after 500 ns from the end of the first
pulse, a 20 ns long current pulse with a current density of
�7:5� 1011 A m�2 was injected across the Pt/CoB/Ir microwire,
causing the SOT-induced canting of the two PMA domains [in the
opposite direction with respect to (i)], and the CIDWM of the domain
wall back to its original position; (iii) after 700 ns from the end of the
second current pulse, a 4 ns long, 350mA current pulse was injected
across the Cu strip line. This pulse is injected to guarantee that the
magnetic configuration is reset to the exact same state at each cycle.
The first pulse, described in step (i), is injected 800ns after the

FIG. 2. Schematic overview of the Pt/CoB/Ir microwire sample employed for the
time-resolved measurement of the canting induced by the FL torque and of the
electrical setup used for the pump-probe experiments. The timing and synchroniza-
tion signals are marked in red. JSOT marks the path of the current pulse employed
to generate the SOTs, and Istrip marks the path of the current pulse employed for
the generation of the two opposite PMA domains in the Pt/CoB/Ir microwire. The
direction of the applied in-plane magnetic field is indicated by the green arrow in
the figure, and the coordinate system employed here is also marked in the figure.
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magnetic field pulse, leading to a total duration of one cycle of excita-
tion of 2 ls. The long intervals between the pulses were selected to
allow the microwire sufficient time to cool down before the injection
of the next pulse.

The TR-STXM investigations were performed with a spatial reso-
lution of 50 nm and a time step of 2 ns, using a prototype STXM and
ptychography endstation currently under development at the SIM
(X11MA) beamline of the Swiss Light Source.18 The SIM beamline is
equipped with two twin undulators,19 allowing for the generation of
x-rays at the Co L3 edge with pure circular polarization by operating
the undulators at their first harmonic. To quantitatively determine
both the static canting angle of the two PMA domains caused by the
applied in-plane magnetic field and the dynamical canting of the spins
in the two domains caused by the SOTs, all the TR-STXM images pre-
sented in this work have been acquired with both circular left and right
polarizations, allowing us to calculate the x-ray magnetic circular
dichroic (XMCD) images. Given the orientation of the sample
(perpendicular to the x-ray beam), the TR-XMCD images so obtained
allow us to determine the z component of the magnetization vector,
therefore enabling us to directly employ Eq. (1) for the calculation of
the dynamical canting angle induced by the FL-torque.

To determine the canting of the PMA domains induced by the
in-plane field, we acquired quasi-static XMCD images of the two PMA
domains both with and without the in-plane field. From the ratio in
the XMCD contrast between these two configurations, we could deter-
mine that an applied field of 115mT leads to a canting hF of the PMA
domains of about 30� away from the surface normal.

From the time-resolved XMCD-STXM images (videos of the
time-resolved scans are shown in the supplementary material), we
could extract the time-resolved variation of the magnetization in the

two PMA domains during the application of the current pulses.
The regions of interest used for extracting the time traces are shown in
Fig. 3 (note here that the Pt/CoB/Ir microwire is buried below a thick
Cu and SiO2 layer). These time traces are shown in Fig. 4. The

FIG. 3. (a) Snapshot of a TR-STXM image prior to the injection of the first current
pulse; (b) Snapshot after the injection of the first current pulse, showing the displace-
ment of the domain wall (direction of the current pulse marked by the red arrow). The
green dotted lines mark the region where the domain wall motion is observed, while
the blue dashed lines mark the position of the Cu strip line in the image. The two red
rectangles mark the regions of interest (ROIs) from which the time traces shown in
Fig. 4 were determined. The legend at the bottom of the image depicts the direction of
the magnetization corresponding to the contrast in the two snapshots.

FIG. 4. Time-resolved variation of the absolute value of the z component of the mag-
netization in the two PMA domains. The time steps where the pulses are applied are
marked by the light blue background. (a) Time trace of the z component of the mag-
netization showing the injection of the positive and negative current pulses across the
Pt/CoB/Ir microwire. A strong contribution to the dynamics of the z component of the
magnetization is given by the heating caused by the injection of the current pulse. (b)
Detail of (a), showing the regions where the current pulses are applied. No substantial
differences can be spotted for the two PMA domains when no in-plane field is
applied. (c) Time trace of the z component of the magnetization with an in-plane field
of �115mT being applied. Here, a difference between the two PMA domains, attrib-
uted to the contribution of the FL torque, can be spotted.
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injection of a current pulse across the Pt/CoB/Ir microwire causes a
visible variation in the XMCD contrast [Fig. 4(a)]. This variation is
due to the combination of the canting induced by the SOTs and the
reduction of the saturation magnetization caused by the heating of the
microwire.16 The contribution arising from the SOTs needs to be
extracted from the total signal.

As shown in Fig. 4(b), if no in-plane field is applied, the time-
resolved response of the magnetic contrast is equal within the mea-
surement error for both orientations of the PMA domains. However,
if an in-plane field is applied, as shown in Fig. 4(c), a different response
is observed depending on the orientation of the PMA domain. This,
according to the model introduced earlier, and schematically shown in
Fig. 1, is attributed to the contribution of the FL torque, and this con-
tribution can be extracted from the time-resolved variation of the z
component of the magnetization according to Eq. (1). The result of
such analysis is shown in Fig. 5, where the calculated angle of the FL
torque is displayed.

From the time dependence of the canting angle induced by the
FL torque shown in Fig. 5, it is possible to observe that a maximum
canting angle of 1.56 0:5� occurs and that the sign of the canting
angle inverts, as would be expected, when inverting the direction of
the current pulse. While Eq. (1) should account for the effect of the
reduction ofMz due to the heating of the Pt/CoB/Ir microwire induced
by the current pulse, we verified that this statement holds by observing
that, when no pulse is applied to the microwire but where the heating
effects are still present, no canting angle arises according to the calcula-
tions from Eq. (1), as shown in the supplementary material.

From the canting angle shown in Fig. 5, it is then possible to
estimate, using a coherent rotation model,20 the effective field
generated by the FL-SOT that would result in such a canting of the
magnetization. Utilizing a value of 1.14 MA m�1 for the saturation
magnetization and of 600 kJ m�3 for the perpendicular magnetic
anisotropy for the Pt/CoB/Ir multilayer presented here,17 an effective
field of 266 6mT for the FL-SOT at an injected current density of
7.5� 1011 A m�2 can be calculated. This value is consistent with the
values for the FL-SOT effective magnetic field determined for other
material systems using electrical transport measurement techniques,21

providing another indication of the applicability of TR-STXM for the
investigation of SOT processes.

In conclusion, we have shown in this manuscript that
TR-STXM can be employed for the quantitative investigation of
the canting of the local magnetization induced by the FL torque
generated by the injection of a current pulse across a microwire
fabricated out of a Pt/CoB/Ir multilayered stack and for the indi-
rect determination of the effective magnetic fields generated by the
FL torque acting on the CoB layer. The visualization of the FL
torque-induced canting requires, in order to be able to separate it
from the contributions of the DL torque and of the Joule heating,
the application of an in-plane magnetic field to provide a symme-
try breaking. Using this technique, thanks to the longer penetra-
tion depth of x-rays in metals as compared to visible-light optical
techniques, it will be possible to investigate the SOTs in device-like
structures and in buried layers.

See the supplementary material for the following: Determination
of the canting angle when no current is applied
(SOT_Dynamics_SI.pdf); TR-STXM image used to extract the data
shown in Figs. 4(a) and 4(b). The image was acquired at an applied in-
plane field of 0 mT (TR_STXM_0mT.avi); TR-STXM image used to
extract the data shown in Fig. 4(c). The image was acquired at an
applied in-plane field of �115 mT (TR_STXM_-115mT.avi); and
additional TR-STXM image acquired at an in-plane field of þ115 mT
(TR_STXM_þ115mT.avi).
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