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Resonant soft-x-ray reflectivity and vibrating sample magnetometry have been used to characterize field driven
and spin orbit torque driven magnetization reversal in a CoFeTaB /Pt bilayer. Reversal of the magnetization
occurs either along the applied field direction or perpendicular to the current flow direction. Magnetometry
results show that field driven (current driven) coercivities are reduced by application of a current (field)
highlighting the roles played by the two external parameters. In the current switching case, it is demonstrated
with soft-x-ray hysteresis loops that only the layers near the interface with Pt switch, possibly highlighting the
role of proximity effects of the magnetized Pt. We show how magnetization reversal perpendicular to the beam
results in hysteresis behavior in the reflected intensity that is dependent on the magnetization but independent of
the helicity of the circular polarization of the incident beam.

DOLI: 10.1103/PhysRevB.106.094429

I. INTRODUCTION

The interactions between the magnetization in a magnetic
material and an electrical current are governed by the spin
orbit interaction. As well as being a popular area for scientific
study, the potential for the development of novel techno-
logical devices is significant. The spin orbit torque driven
magnetization reversal shows promise for the development of
future technological devices such as magnetic random access
memory and magnetic logic devices [1-3]. The ability to
manipulate magnetization through the application of electrical
current or voltage is a developing field [4]. Systems with
a magnetic layer and a layer with high spin orbit coupling
give rise to interesting interfacial effects. An electrical charge
current in the high spin orbit layer generates a transverse
spin current. This spin current exerts a “spin orbit torque”
(SOT) on magnetic moments in an adjacent magnetic layer
and can manipulate the magnetization in the ferromagnetic
layer [5-9].

A proximity-induced magnetism (PIM) frequently arises
in nominally nonmagnetic layers interfaced with a mag-
net [10,11], determined by the interfacial magnetism in the
magnetic layer [12]. In the high spin orbit material sys-
tems used for SOT, this PIM has an asymmetric influence
on “interfacial spin-mixing conductance,” which parametrizes
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spin-current transport across such interfaces [13]: When spin
current is directed from the high spin orbit layer into the
magnetic layer, as in SOT, the PIM makes no difference to
the spin current transmission [14], whereas when it is directed
from the magnetic layer into the high spin orbit layer, as in
“spin-pumping,” the PIM does have an impact [15,16]. The
PIM also potentially has a further impact on electrical current
flowing in the high spin orbit layer, generating a transverse
conductivity via the anomalous Hall effect (AHE) in the prox-
imity magnetized region.

Recently, Ding et al. found two competing contributions
to the transverse conductivity in a Pt film on ferrimagnetic
insulator TmIG [17]. These were explained as one term
arising from the spin-Hall magnetoresistance, deriving from
the interfacial spin-mixing conductance and representative of
the “bulk” magnetic behavior of TmIG, and another due to
the AHE in proximity magnetized Pt, representative of the
interfacial magnetic behavior of TmIG. Interestingly, the two
contributions are found to have different behavior during field
driven reversal of the TmIG magnetization.

The nature of soft ferromagnetic/high spin-orbit cou-
pled heterostructures lends itself to the study by soft-x-ray
reflectivity. This technique has the ability to probe the
element-specific magnetization as a function of depth through
a multilayered structure resolving the magnetization orien-
tation in both the layers and at the interfaces. Reflectivity
measurements are strongly sensitive to structural changes
from the electron density as a function of depth through
the sample. However, additional modification to the scatter-
ing parameters originates due to magnetic scattering effects
where magnetic contrast arises due to differences in the
absorption of polarized x-rays [18]. Magnetic scattering ef-
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fects have been used to determine the magnetic structure
from crystals [19-21] and also from magnetic heterostruc-
tures [10,22,23].

In this work, we use resonant soft-x-ray reflectivity to
compare both the field driven and spin orbit torque driven
magnetization reversal behavior in a CoFeTaB/Pt bilayer
structure.

II. EXPERIMENT

The CospFesTaygBig(6 nm)/Pt(3 nm) thin-film bilayer
sample was prepared by dc magnetron sputtering under Ar
working gas in an ultrahigh-vacuum deposition system. The
Cos,FesrTayB g (CoFeTaB) layer was deposited from an al-
loy sputtering target of the stated nominal composition (at. %),
and the substrate was a Si(001) wafer with 100 nm ther-
mally grown insulating SiO, coating. The CoFeTaB layer
was deposited directly onto the wafer and then immediately
capped with Pt. Deposition rates of around 0.02 nm/s were
determined using a quartz crystal microbalance, and layer
thicknesses were confirmed by postdeposition x-ray reflec-
tivity measurements. The initial sample was then diced into
individual pieces used for the various measurements presented
here; confocal deposition geometry with sample rotation pro-
vides thickness uniformity over the initial sample area.

CoFeTaB is an amorphous ferromagnetic alloy where the
saturation magnetization and Curie temperature can be tuned
with the abundance of Ta [12]; 20 at. % Ta leads to a
Curie temperature in excess of 100°C. The amorphous struc-
ture of CoFeTaB leads to a high electrical resistivity (200
©#-Ohm cm), meaning that to a good approximation it can
be assumed that electrical current in the bilayer structure
flows only through the Pt layer (15-20 p-Ohm cm) [24]. In
combination with the relatively low saturation magnetization
of CoFeTaB, it is anticipated that this should result in efficient
SOT driven magnetization reversal with a low critical current
density.

Resonant soft-x-ray reflectivity measurements were per-
formed in the RASOR diffractometer on the 110 beamline at
Diamond Light Source [25]. The sample size was 1 x 10 mm
and mounted on the cryostat arm of the diffractometer with
its long axis aligned along the beam direction. The x-ray
beam with a size of 100 x 100 um was incident upon the
sample at grazing angles and had an elongated footprint at the
sample position. The beam was reflected from the sample, and
the intensity of the specular reflectivity was measured with a
photodiode orientated in a coupled -2 geometry. Slits on the
26 arm before the photodiode define the angular resolution of
the measurements to 0.2°. In addition to the reflectivity, the
incident x-rays excite electrons within the sample, which relax
through fluorescent emission. This fluorescence was recorded
simultaneously with a second photodiode positioned away
from the reflected beam at a distance of 208 mm at an angle
of 30° from the surface normal.

The reflectivity measurements were performed with po-
larized soft x-rays tuned to the Co L3 absorption edge at
777 eV. The incident polarization was controlled using a six-
axis insertion device [26], and measurements were performed
with left- and right-circular polarization (LCP and RCP)
along with both linear vertical (o) and linear horizontal (1)

FIG. 1. Reflectivity measurements geometry, where e; and e; are
the incoming and outgoing polarizations, and 6 is the grazing angle
of incidence and exit angle (20 is the scattering angle). The arrows
I(H) show the direction of the applied current (magnetic field). =
and o represent polarization components parallel and perpendicular
to the scattering plane, respectively.

polarizations. These combinations allow the probing of the
various scattering matrix components which determine the
reflected intensity. In this experiment, the polarization of
the outgoing beam was not measured, and the reflectivity
measurements therefore show a sum over all outgoing polar-
izations.

A pair of electromagnet coils were used to supply an ex-
ternal magnetic field to the sample. This field was orientated
within the plane of the sample and in the scattering plane.
Electrical currents were also applied to the sample through
contacts on either end of the sample such that the current flow
was along the long axis of the sample, in the sample plane, and
also in the scattering plane. The geometry of the experimental
setup is illustrated in Fig. 1. Both the field and the current were
applied to the sample individually with a sinusoidal waveform
with a frequency of 1 Hz, and the quasistatic magnetization
state was measured by averaging over multiple hysteresis loop
cycles. This approach allowed measurements to be performed
faster, and mitigated against any intensity drift in the incident
beam intensity. Furthermore, this approach allowed the mea-
surements to be performed with an effectively constant power
load on the sample during the current driven measurements,
and also on the electromagnet coils. Additional measurements
as a function of current, with a constant field, and measure-
ments as a function of field in a constant current were also
performed for comparison. Throughout all the measurements,
the temperature of the sample was maintained at 300 K to
compensate for any Ohmic heating from the sample.

Resonant x-ray magnetic reflectivity measurements to
probe proximity-induced magnetism in the Pt layer were also
performed using the BM28 XMaS beamline at ESRF. Due
to the element specificity of resonant scattering, these mea-
surements are sensitive only to magnetism in Pt, which is
induced due to proximity to an adjacent ferromagnet [12], and
which we expect to be located close to the CoFeTaB /Pt in-
terface only. The monochromatic, linearly polarized, incident
x-ray beam had energy tuned close to the Pt L3 absorption
edge (11.569 keV), and a diamond phase plate was used to
induce circular polarization (~90%) [27]. The sample magne-
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FIG. 2. Specular reflectivity from a CoFeTaB-Pt bilayer as
a function of (a), (b) applied field and (c),(d) applied current.
Measurements are at the Co L3 absorption edge with both left-
and right-circularly polarized x-rays (left and right columns, re-
spectively). Measurements are performed at an angle of 8 = 10°
(0. = 0.13 A~!) and the red lines show tanh fits to the transitions in
intensity. The arrows indicate the direction of the ramps in reflected
intensity.

tization was reversed between positive (4) and negative (—)
applied magnetic field giving polarized reflectivities R and
R™. The x-ray magnetic reflectivity (XRMR) is (R + R™)/2,
which only contains structural contributions, and the XRMR
asymmetry is (Rt — R7)/(R™ + R™), which contains the con-
tribution from magnetic scattering. Asymmetry measurements
are made with both left- and right-hand incident circular po-
larization; the magnetic asymmetry signal reverses with the
helicity. The data were analyzed using GENX software [28].

In addition to the x-ray study, the samples were also
characterized using a superconducting quantum interference
device vibrating sample magnetometer (SQUID-VSM) using
smaller 1 x 2 mm sections of the sample. Complementary to
the soft-x-ray study, measurements of the magnetization as a
function of field were performed with an additional dc current
applied parallel to the magnetic field axis. The magnetization
was also probed along the same axis.

III. RESULTS

Soft-x-ray reflectivity measurements were performed at
the Co L3 edge. This was found from the energy that gave
the biggest difference in fluorescence intensity between mea-
surements with opposite circular polarization. At this energy,
the reflected intensity provides an element-specific probe
of the magnetization within the ferromagnetic layer in the
CoFeTaB /Pt bilayers. We initially measure this reflected
intensity as a function of the magnetic field with no ap-
plied current. These measurements reveal the hysteresis loops
shown by the examples in Figs. 2(a) and 2(b) at an incidence
angle of 6 = 10°.

The field driven hysteresis loop shape is relatively sharp,
with a small coercivity. This shape is typical for a soft

ferromagnetic material and indicates magnetization reversal
between two distinct saturated states. Measurements with left-
and right-circularly polarized x-rays provide inverted contrast
to the magnetization. This results in the inversion of the hys-
teresis loop shape between panels (a) and (b) in Fig. 2.

Figures 2(c) and 2(d) show the reflected intensity where
the magnetization state is manipulated by an applied current
through the sample in zero external magnetic field. A similar
hysteresis loop behavior is observed in the reflected intensity
where switching between two clear states occurs when the
current exceeds a critical current density.

In contrast to the field driven loops, we find that the sign
of the current driven loops is not inverted when comparing
the intensity measured with the opposite circular polarization.
Furthermore, we note that the reflected intensity in the two
saturated states is different for the two polarizations. We will
discuss these features in more detail later.

The hysteresis loops have been further analyzed by fitting
the data with tanh functions to represent the transition between
the two saturated states. These are indicated by the red lines
overlaid on the data in Fig. 2. The reflected intensity at the
two saturated states, s1 and s2, as well as the coercivity H, or
the critical current for reversal and a parameter representing
the shape of the transition were all extracted from the fit
parameters. These parameters provide the data shown in the
rest of the analysis in this manuscript.

The x-ray reflectivity measured during both field and cur-
rent driven hysteresis loops was measured for a range of
reflectivity angles. This is shown in Fig. 3(a) for both of the
saturated states, s1 and s2, as a function of the momentum
transfer, Q.. Again, the measurements were performed at the
Co L3 edge and repeated with both left- and right-circularly
polarized light.

All the lines show a typical reflectivity curve shape with a
Q* decrease in intensity coupled with Kiessig fringes resulting
from interference effects between the layers. In addition to
the strong structural contributions to the reflectivity signal,
magnetic scattering effects lead to an additional modulation
of the signal, as also seen in Fig. 2. The difference in intensity
between the two saturated states is shown more clearly as
the asymmetry in Fig. 3(b). This asymmetry is defined as the
difference divided by the sum of the two intensities, and it
allows for a comparison over a large dynamic range in the
reflected intensity. The asymmetry between the different pairs
of reflectivity measurements for both field and current driven
loops measured with both left- and right-circularly polarized
light is compared.

The asymmetry between the reflected intensities from the
two saturated states obtained from field driven loops is shown
by the dashed lines in Fig. 3(b). This signal contains large
variations as a function of Q, with a periodicity linked to
that of the Kiessig fringes. When measurements are compared
with opposite circular polarization, the asymmetry shows the
same behavior with an inverted sign.

In comparison, the reflectivity curves from the two current
driven states share many similarities. Again there is a decrease
in reflected intensity as a function of Q,, with Kiessig fringes
at a periodicity matching that of the field driven reflectivity
measurements. This similarity is expected as the structure of
the film dominates the reflectivity signal and remains the same
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FIG. 3. (a) Specular reflectivity intensity from a CoFeTaB-Pt
bilayer as a function of the momentum transfer Q, measured at
the Co L3 edge. The intensities from the two saturated magnetiza-
tion states, s1 and s2, were obtained from fits to hysteresis loops
driven by either applied magnetic field (dashed lines) or electrical
current (solid lines). The measurements are shown with both left
and right circular polarization (LCP and RCP, respectively), and
pairs of curves (sl and s2) are shifted by x 10 for clarity. (b) The
asymmetry, [(s1 — s2)/(s1 4 s2)], between the reflected intensities
from the different states as a function of Q, shown for both field and
current driven states and measured with both polarizations.

when the magnetism is manipulated by either the applied field
or the current. However, the asymmetry between the curves
in Fig. 3(b) reveals details resulting from the differences in
magnetic structure between the two states. Again, the asym-
metry varies as a function of Q, with the same periodicity
of the Kiessig fringes, however there is no change in the
asymmetry when inverting the polarization of the incident
x-rays. This occurs over the entire measured Q, range. The
absence of the inversion in the asymmetry is representative of
the consistency of the hysteresis loop shape when varying the
incident polarization, as seen in Figs. 2(c) and 2(d).

The reflectivity measurements provide insight into the
detailed depth dependence of both the structure and the mag-
netization through the sample. At the Co edge, this probe
is expected to extend up to 100 nm into the sample, prob-
ing the entire sample stack [29], and the contrast arises due
to a combination of factors including x-ray absorption and
polarization-dependent scattering effects. In addition to the
reflectivity, the x-ray induced fluorescence from the sample
was also measured. This provides a measure of the x-ray
absorption, revealing the projection of the magnetization onto
the incident beam direction, which is independent of any
scattering phenomenon.
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FIG. 4. (a) Fluorescent intensity from a CoFeTaB-Pt bilayer as a
function of incident x-ray energy at a fixed x-ray incidence angle of
6 =10°(Q,=0.13 A~"). Intensities are shown for the two saturated
magnetic states, s1 and s2, obtained from fits to field driven (dashed)
and current driven (solid) hysteresis loops. Measurements with both
left and right circular polarization (LCP and RCP, respectively) are
compared, and pairs of curves (s1 and s2) are shifted by x10 for
clarity. (b) The asymmetry, [(s1 — 5s2)/(s1 + 5s2)], between the fluo-
rescent intensities, also as a function of energy.

The fluorescence intensity variations between the current
and field driven states are best illustrated in Fig. 4 as a function
of incident beam energy. Following a similar process, we
measure the intensity as a function of either field or current
and fit the hysteresis loops to extract parameters s1 and s2
representing the intensity in the two saturated states. These
measurements are repeated at each energy with both left- and
right-circularly polarized x-rays.

In all cases, we observe a peak in the x-ray fluorescence at
both the L3 and L, absorption edges in Co at 777 and 794 eV,
respectively. In the field driven case, there is a clear differ-
ence in the fluorescence and the related asymmetry from the
two oppositely magnetized states. Furthermore, we observe
an inversion of the asymmetry when changing the circular
polarization, and we also observe an inversion of the sign of
the asymmetry when comparing the Lz and L, edges.

In contrast to the field driven switching, the x-ray fluores-
cence spectra appear quite different when driving the system
using the applied current. First, the x-ray fluorescence spectra
appear distorted, with lower intensity at each absorption edge.
This modification may suggest a change in the L3 » transition
when a spin-polarized current is flowing in the Pt layer. Fur-
thermore, there is no measurable difference in fluorescence
between the two saturated states at either the L3 or L, edge.

The strong dichroism in the fluorescence signal at the L; 3
absorption edges, the inversion of the sign of the dichroism
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FIG. 5. (a) Specular reflectivity intensity from a CoFeTaB-Pt
bilayer as a function of the momentum transfer O, measured at the
Co L; edge. The intensities, s1 and s2, from the saturated states were
extracted from fits to field driven (dashed lines) and current driven
(solid lines) hysteresis loops. Measurements are repeated with o and
7 linearly polarized light, and pairs of curves are shifted by x10
for clarity. (b) The asymmetry, [(s1 — s2)/(s1 + s2)], between the
reflected intensities also shown as a function of Q..

between L3 and L,, and also that between measurements with
left- and right-circularly polarized light are all consistent with
field driven magnetization reversal with a dominating com-
ponent along the incident beam direction [30]. This supports
the reflectivity measurements. However, the contrast from the
reflectivity measurements, accompanied by the lack of any
asymmetry in the fluorescence between the current driven
states, indicates that magnetization reversal is taking place in
this system along an axis with no projection onto the incident
beam direction. This suggests a current driven reorientation
of the magnetization perpendicular to the incident beam di-
rection that is expected to be in-plane in the sample due to the
strong anisotropy associated with the thin film.

In addition to the reflectivity measurements with circularly
polarized light, measurements were also performed with both
vertical, 7, and horizontal, o, linear polarized light. Here the
contributions to the scattering are more complex, with com-
ponents of the magnetic scattering matrix revealing greater
sensitivity towards magnetization components that lie on axes
perpendicular to the beam propagation direction [19].

Figure 5 shows the specular reflectivity from the saturated
states extracted from both field and current driven hysteresis
loops measured with both o- and w-polarized x-rays. As in
Fig. 3, the reflectivity is sensitive to the layered structure of the
films giving rise to the characteristic x-ray reflectivity pattern
with Kiessig fringes. When probed with m-polarized light,

the intensity becomes extinct at Q. = 0.55 A~!. Here the
charge scattering is zero at the Brewster angle, but magnetic
scattering still remains [19].

With field driven magnetization reversal, only a small
asymmetry is observed with m-polarized light towards higher
Q. values, and no asymmetry is observed with o-polarized
light. This is consistent with the circular polarized x-ray
reflectivity in Fig. 3, suggesting a strong magnetization align-
ment along the applied field direction which lies in the
scattering plane.

The current driven magnetization reversal shows a signif-
icant asymmetry when probed with m-polarized light. These
measurements indicate the presence of a magnetization that is
aligned perpendicular to the beam propagation direction.

The reflectivity and fluorescence results indicate that the
magnetization in the CoFeTaB /Pt bilayer can be manipulated
by both an external magnetic field and also using the electrical
current. With the field, the magnetization reversal is along
the field direction. The projection of this magnetization onto
the beam direction gives rise to the signal in the reflectiv-
ity with circular polarized light and also a difference in the
fluorescence resulting from dichroic absorption. The current
acts to align the magnetization perpendicular to the current
flow direction, with no change in net magnetization projec-
tion along the beam direction resulting in no difference in
the fluorescence. Furthermore, magnetization in this geometry
results in a strong asymmetry in the reflectivity with linearly
polarized light.

The behavior of the reflectivity with circular polarized
light with the current driven magnetization is interesting as
an asymmetry between the two magnetized states is still ob-
served without any change in projection of the magnetization
along the beam direction. This difference in intensity is also
unusual as it is not symmetric and the contrast is not inverted
when changing the polarization. This can be further under-
stood by considering the change in the resonant magnetic
scattering form factor [19],

f=(e)F Y —ie xe)-MFV. (D

Here ¢’ and ¢ are the incoming and outgoing polarization,
respectively, M is the magnetic moment, and the F® and
F are dependent on the transitions and atomic properties.
Circular polarization can be represented in terms of light
parallel to the scattering plane, 7, and perpendicular, o. Here
one handedness is represented by o + iw and the opposite by
o — ir. By inserting these into the above equation, it can be
seen that f has a linear dependence on the magnetization. The
scattering should therefore show a clear hysteresis loop as a
function of applied field (or current). It can also be shown
that if the magnetization is in the scattering plane, the loops
can be inverted when the helicity is inverted. It is interesting
to note that if the magnetization vector is perpendicular to
the scattering plane, while the measured hysteresis loops do
not invert with helicity, they remain sensitive to the sample
magnetization.

To understand the data shown in Fig. 2, we have simu-
lated the expected reflectivity at the Co L; edge at 6 = 10°
from the bilayer using the magneto-optics model developed
by Zak [31-33] and the scattering form factor from the x-ray
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FIG. 6. Models showing the reflected intensity from a
CoFeTaB/Pt bilayer as a function of an effective field or current
for left- and right-circularly polarized x-rays (LCP and RCP), at
the Co L; edge and at an incidence angle of 6 = 10°. The entire
magnetization in the 6 nm magnetic layer is switched (a) parallel
and (b) perpendicular to the beam. Partial magnetization reversal in
the (c) top and (d) bottom 1.5 nm of a 6.0-nm-thick magnetic layer
where the remaining magnetization remains pinned along the beam
axis. The insets illustrate the orientation of the magnetic moment
direction with respect to the incident x-ray beam.

interaction database [29]. The results of our simulations show
that for the field driven loop in Fig. 6(a), where the magnetic
moments follow the applied magnetic field and rotate along
the x-ray propagation direction, we observe a hysteresis loop
shape with inverted contrast when changing between left-
and right-circularly polarized light. In the case of current
driven loops, where the magnetic moments switch within the

sample plane and perpendicular to the current and x-ray probe
direction, Fig. 6(b) shows the hysteresis loop shape with no
dependence on the helicity of the circular polarization.

Furthermore, Figs. 6(c) and 6(d) show the simulated in-
tensity for a sample in which only a fraction of the magnetic
layer experiences the magnetization reversal while the rest
remains pinned along the beam direction. In Fig. 6(c) only
the top 2 nm, and in Fig. 6(d) only the bottom 2 nm of the
12 nm ferromagnetic layer is reversed. The shift in intensity
between the loops is reminiscent of the shift observed in the
experimental current driven loops in Figs. 2(c) and 2(d) and
suggests that the spin orbit torque driven reversal acts with
local proximity to the upper interface with the Pt layer where
the torque is applied to the ferromagnetic layer.

The importance of the role of the CoFeTaB-Pt interface is
also highlighted through reflectivity measurements at the Pt L
edge, which are shown in Fig. 7. Similarly to the soft-x-ray
reflectivity, Fig. 7(a) shows the reflected intensity as a function
of angle, while Fig. 7(b) shows the asymmetry in the magnetic
reflectivity, measured with opposite circularly polarized light.

The reflectivity data have been fitted to a layered model
for the SiO,/CoFeTaB /Pt structure. The structural scattering
length density profile for this model is shown in Fig. 7(c)
as a function of depth through the film. In addition to
the structural scattering length density, the modeling reveals
the magnetic scattering length density profile associated with
the element-specific magnetic depth profile within the Pt
layer, which is illustrated by the red line in Fig. 7(c). Here,
a peak at the CoFeTaB/Pt interface is consistent with the
proximity-induced magnetism (PIM) in heavy metal lay-
ers [10,12,34]. The PIM in Pt has been shown not to have
any influence on SOT driven magnetization reversal [14], but
the PIM provides an important proxy measurement for the
interfacial magnetic behavior in CoFeTaB. The presence of
a PIM in the Pt layer indicates that there is no magnetic
“dead-layer” at the CoFeTaB /Pt interface, and the interface
magnetization lies predominantly in the sample plane and
along the beam direction—the direction to which XRMR
is sensitive. The interfacial region in the CoFeTaB layer is
ferromagnetic and magnetized in the sample plane along the
direction of the “bulk” layer magnetization. The reversal of
the spin-asymmetry, Fig. 7(b), on switching incident helicity
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FIG. 7. X-ray reflectivity (a) and spin asymmetry (b) for the CoFeTaB /Pt sample measured at the Pt L; absorption edge at 11.569 keV.
The solid lines represent the best fit to the data from a layered model illustrated by the structural (black) and magnetic (red) scattering length

density profile (c).
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from LCP to RCP suggests that in the field driven case the
PIM, and hence also interfacial CoFeTaB magnetization, fol-
lows the bulk layer magnetization of CoFeTaB—as depicted
in Fig. 6(a).

With the knowledge of the magnetic moments direction,
we can also understand the observations in Fig. 5, i.e., the
observed change in scattering intensity is dominated by the
interference between the charge and -7 magnetic scattering.
Even though the o -polarized light has a magnetic contribution
from o -7 scattering, the amplitude is small and it is below the
detection level of our experiment, therefore the o reflectivity
is insensitive to the magnetic moments direction. When the
system is driven by a magnetic field, the magnetic moments
following the magnetic field result in no changes in the over-
all scattering form factor, hence there is no change in the
observed reflectivity. In the current driven scenario, the mag-
netic moments rotate perpendicular to the x-ray propagation
direction. This changes the sign of the magnetic form factor,
causing a notable change in the magnetic scattering. Fur-
thermore, the largest changes of the asymmetry are observed
around the Brewster angle. This is due to the nonmagnetic
form factor being close to zero near the Brewster angle, and
therefore the intensity is dominated by the magnetic scattering
resulting in maximum asymmetry. Finally, the lack of asym-
metry in current driven fluorescence in Fig. 4 is to be expected
as the absorption cross section for circular light is identical
for magnetic moments perpendicular to the x-ray propagation
direction.

In addition to the purely field or current driven loops, the
effect of a dc offset on the loop behavior has also been consid-
ered. Figure 8(a) shows field driven hysteresis loops measured
with a dc applied current, while Fig. 8(b) shows current driven
hysteresis loops measured with a dc applied field.

With a dc current, Fig. 8(a) shows field driven hystere-
sis loops that experience a reduction in the coercivity as a
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FIG. 9. Field driven hysteresis loops measured by VSM-SQUID
magnetometry with a dc current applied parallel to the measurement
and applied field direction. Loops are offset for clarity.

function of the applied current. This is symmetrical for both
current directions and is dependent only on the magnitude of
the current. The temperature of the sample is maintained at
300 K during all measurements, and therefore any thermal
effects assisting in the field driven reversal can be neglected.
With the dc current, an additional torque is applied to the
moments due to the spin orbit torque. This additional torque
reduces the external field required for field driven magnetiza-
tion reversal, and it results in a reduction in the coercivity.
Since the spin orbit torque acts perpendicular to the field
direction, a current in either direction results in a reduction in
the coercivity for both increasing and decreasing field sweep
directions.

The current driven loops in Fig. 8(b) show a reduction
in the critical current needed for current driven switching
when assisted by the dc magnetic field. This can be explained
through a similar approach in which the torque required for
magnetization is effectively reduced by the application of the
dc field. In addition to the reduction of the critical field, Fig. 8
shows that the transitions between states are broadened.

These loops also show an asymmetry where for the right
circular polarized x-rays shown in Fig. 8(b) the positive fields
shift the transitions in the loops towards higher currents, and
the negative fields shift the transitions towards lower currents.
When left circular polarized x-rays are used, this shift is
reversed. While there is no circular dichroism measured in the
current driven hysteresis loops in zero field, the combination
of both current and field reveals coupling between the current
and the magnetization of the sample when both are applied
simultaneously.

Complementary measurements of the magnetization as a
function of field were performed on the CoFeTaB-Pt sample
using a VSM-SQUID magnetometer. Figure 9 shows hystere-
sis loops of the magnetization as a function of field where a
current is applied to the sample parallel to the field direction,
in the same geometry as for the x-ray reflectivity measure-
ments. Again, the current modifies the hysteresis loop shape,
leading to a reduction in the coercivity and a closing of the
hysteresis loop shape.

The results from the VSM-SQUID are important as not
only do they support the x-ray measurements, but they also
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rule out any potential effects that could be attributed to heating
from the x-ray beam.

IV. CONCLUSIONS

In conclusion, the field driven magnetization reversal in a
CoFeTaB /Pt bi-layer has been measured with x-ray reflec-
tivity, x-ray fluorescence, and VSM-SQUID magnetometry.
These measurements show a typical ferromagnetic hysteresis
loop with two magnetized states orientated along the field
direction. A current applied through the CoFeTaB /Pt bilayer
also results in magnetization reversal within the ferromagnetic
layer through spin orbit torque effects. This effect is consistent
with modeling indicating the reversal of the near-interface
region of the ferromagnetic layer in close proximity to the
interface with the Pt layer. The lack of asymmetry in fluo-
rescence absorption measurements, and a strong reflectivity
asymmetry with linear polarized light, indicate magnetiza-
tion reversal perpendicular to the current flow direction. We
observe hysteresis loops in the reflectivity measured with

circular polarized light which do not invert in contrast when
changing between left and right circular polarization, which is
also attributed to perpendicular magnetization reversal.

In combination, the applied field and spin orbit torques act
to reduce either the coercivity or critical current density re-
quired for switching. These measurements are also supported
by corresponding VSM-SQUID magnetometry and demon-
strate the potential for x-ray reflectivity techniques to provide
an important layer- and interface-resolved probe of spin orbit
torque effects.
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