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We study the current-driven perpendicular magnetization switching in Ta/CoFeB(wedge)/[TaOx or
MgO/TaOx] devices with a lateral structural asymmetry introduced by a varying CoFeB thickness.
In these devices, an in-plane current can generate a field-like torque and its corresponding effective
magnetic field (HzFL ) is out-of-plane, which can deterministically switch perpendicular magnetization at zero magnetic field. Experimental results indicate that the method used for breaking lateral
structural symmetry greatly affects the resulting field-like torque, and that the gradient of perpendicular anisotropy, resulting from the CoFeB thickness variation, is not by itself sufficient to give
rise to the current-induced HzFL . Analysis of the oxidation gradient at the CoFeB/TaOx interface
indicates that the oxidation gradient may play a more important role than the gradient of magnetic
anisotropy for the generation of HzFL . For practical applications, the demonstration of perpendicular
magnetization switching in Ta/CoFeB(wedge)/MgO/TaOx devices potentially allows for
using MgO-based magnetic tunnel junctions for readout in three-terminal memory devices without
C 2014 AIP Publishing LLC.
the need for external magnetic fields. V
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It has been recently demonstrated that an in-plane current passing in a heavy metal/ferromagnetic layer/insulator
film structure is able to generate spin-orbit torques (SOTs)
on the magnetization of the ferromagnetic layer,1–9 which
can be used to switch perpendicular magnetization with low
writing energy.10–12 These SOTs are usually attributed to the
Rashba effect and the spin Hall effect.1,2 Based on the SOTdriven magnetization switching, a three-terminal device with
a perpendicular magnetic tunnel junction (MTJ) for reading
via the tunneling magnetoresistance (TMR) effect has been
demonstrated.10 In such devices, in addition to low current
densities required for writing,13 the current does not have to
pass through the tunnel barrier, thereby improving the device
lifetime. For perpendicular magnetic films, however, an inplane external magnetic field, collinear with the current flow,
is normally required to determine the switching direction in
this configuration.1–3,7 This can be explained based on symmetry arguments14 as well as analysis of the current-induced
torques.3,15 The need for this external field was recently
shown to be eliminated by introducing a field-like SOT,14 by
artificially breaking the lateral structural symmetry of the device using a wedged TaOx layer in Ta/CoFeB/TaOx structures.14 The equivalent effective magnetic field (HzFL ) of this
field-like SOT is perpendicular to the film plane, which facilitates deterministic perpendicular magnetization switching in
the absence of external fields. In principle, a three-terminal
device can be constructed using this field-like SOT for memory applications; however, this material system is limited by
the fact that TaOx does not offer a high TMR ratio for readout. In addition, the effect of the material chosen for the
dielectric layer, as well as the method used for lateral symmetry breaking, on the resulting SOTs are important questions both for device design and to gain a deeper
understanding of SOT mechanisms in such structures.
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In this report, we experimentally demonstrate that the
HzFL can also be induced by breaking the lateral structural
symmetry via wedging the CoFeB layer in both Ta/CoFeB/
TaOx (TaOx-based) and Ta/CoFeB/MgO/TaOx (MgO-based)
structures. Since MgO is a common MTJ barrier material,
offering high TMR, this may allow for using MgO-based
SOT-switched MTJs for memory with TMR readout.
Additionally, the results provide further insights into the origin of the current-induced SOTs in such asymmetric
structures.
Material stacks consisting of Ta(5 nm)/Co20Fe60B20/
[TaOx or MgO/TaOx] layers were sputter-deposited at room
temperature on a thermally oxidized Si/SiO2 substrate. The
Co20Fe60B20 (CoFeB) was grown with a varying thickness
along y axis (i.e., in a wedge shape), as shown in insets of
Figs. 1(a) and 1(b). TaOx and MgO/TaOx are used as the
capping oxide layer in order to induce perpendicular magnetic anisotropy (PMA). For the TaOx layer, it was formed
by oxidizing a uniform 1.5 nm Ta layer under an O2/Ar
plasma. In the case of MgO, a 5 nm MgO film was grown by
rf-sputtering from an MgO target. For MgO-based samples,
a TaOx layer was further grown on top of the MgO for protection. The TaOx and MgO-based samples were annealed at
200 and 250  C for 30 min, respectively, and were subsequently patterned into 20 lm  130 lm Hall bar devices by
standard photolithography and dry etching techniques. The
devices were characterized by extraordinary Hall effect
(EHE) measurements at room temperature.
Figures 1(a) and 1(b) show the perpendicular anisotropy
field (Hk) dependence on the device position (i.e., CoFeB
thickness tCoFeB) for perpendicularly magnetized TaOx- and
MgO-based samples. The Hk is measured under an in-plane
magnetic field by EHE transport measurement, which shows
a non-monotonic dependence on the tCoFeB for both samples.
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FIG. 1. The measured Hk as a function of device position (CoFeB thickness)
for (a) TaOx and (b) MgO-based samples, respectively. Inset: perpendicularly magnetized sample structure of the studied devices. The white arrows
schematically show the perpendicular magnetic anisotropy change across
the samples on the wafer.

As the anisotropy energy can be expressed as 12 Hk Ms
¼ 2pMs 2 þ Ki =tCoFeB ,13,16 it is expected that Hk decreases
when the CoFeB layer thickness increases. Here, Ms is the
CoFeB layer saturation magnetization and Ki is the interfacial anisotropy. However, Hk is observed to increase with
thickness for tCoFeB < 0.8 nm for both samples. This is similar to behaviors observed in previous works,17–20 where it
has been attributed to the change of CoFeB/oxide interface
(i.e., the Ki) caused by Ta diffusion.19
Figures 2(a) and 2(b) show the EHE measurements at
610 mA currents for two typical TaOx-based devices A and
B. These two devices are in the dHk/dy > 0 and dHk/dy < 0
regions of the CoFeB wedge, respectively, as shown in Fig.
1(a) in dashed circles. The EHE loops are shifted to the left
(right) by positive (negative) currents for device A. For device B, the current-induced shift reverses its direction for
each current direction compared to device A. The results are
qualitatively similar to our previous results in a Ta/CoFeB/
TaOx(wedge) structure,14 where the shift was shown to be
due to the generation of a current-induced effective magnetic
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field HzFL in the out-of-plane direction, induced by the lateral
structural symmetry breaking due to the wedged TaOx. The
present results indicate that an HzFL field is also produced by
breaking the lateral structural symmetry through wedging
the CoFeB layer. Furthermore, the current-induced HzFL can
still be generated when the TaOx layer is replaced by an
MgO layer, which is a typical MTJ barrier material for magnetic random access memory (MRAM) applications. The
results for MgO-based devices C and D are shown in Figs.
2(c) and 2(d). Devices C and D are in the dHk/dy > 0 and
dHk/dy < 0 regions of the CoFeB wedge, respectively, which
are shown in Fig. 1(b) in dashed circles. The results for device C are qualitatively similar to those of device A. The
EHE loops are shifted to the left (right) for positive (negative) currents. However, no obvious shifts in the EHE loops
are observed for either positive or negative currents for device D. This result is unexpected and different from similar
devices with TaOx capping as further discussed below.
The values of HzFL for both TaOx and MgO-based devices were extracted from the positive and negative switching
field HSþ and HS , given by HzFL ¼ ðHSþ þ HS Þ=2. The
switching fields as a function of currents for devices A and C
are shown in Figs. 3(a) and 3(c). Using a linear fit, HzFL can
be expressed as HzFL ¼ bJ, where J is the current density and
b parameterizes the strength of the current-induced perpendicular effective magnetic field. In a similar manner, the b
values for all the devices were extracted for both TaOx- and
MgO-based devices, as shown in Figs. 3(b) and 3(d). For
TaOx-based devices (Fig. 3(b)), b is positive for thinner
CoFeB layers. It decreases with thickness and changes sign
for thicker CoFeB layers, corresponding to the opposite
current-induced shift direction for devices A and B as shown
in Figs. 2(a) and 2(b). For MgO-based devices (Fig. 3(d)),
the value of b also decreases with the thickness of the
CoFeB layer. However, we do not observe any change of the
sign of b at the thick end of the CoFeB layer wedge.
The values of dHk/dy are also plotted in Figs. 3(b) and
3(d) for comparison. As expected from Figs. 1(a) and 1(b),
dHk/dy is positive for devices with thinner CoFeB layer and
changes to negative for devices with thicker CoFeB layer.
As discussed previously,14 the value of b correlates with
dHk/dy, which reflects the lateral structural symmetrybreaking in the device. However, unlike the case where the
asymmetry is induced by a lateral oxidation gradient,14 in
the present case of varying CoFeB thickness, the sign and
magnitude of b do not follow dHk/dy proportionally for either TaOx- or MgO-based devices. This is more obvious for
MgO-based devices (see Fig. 3(d)), for which the b values
approach zero for devices with negative dHk/dy values. This
suggests that, while lateral symmetry breaking is required to
achieve deterministic perpendicular switching of magnetization, the anisotropy gradient alone is not a sufficient condition for generating the current-induced perpendicular HzFL .
These results also suggest that a possible explanation for
HzFL based on the anisotropy gradient alone, in conjunction
with conventional SOTs, is not sufficient to account for the
present observations.
In our previous work,14 it was hypothesized that the
current-induced HzFL may be a consequence of the lateral oxidation gradient at the CoFeB/TaOx interface, which can
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FIG. 2. Perpendicular magnetization of
TaOx- ((a) and (b)) and MgO-based
((c) and (d)) samples measured by
EHE at currents of 610 mA. Red
circles (black squares) indicate positive
(negative) currents. The plots in (a)
and (c) are the results for the device A
and C shown in Figure 1, which are
located in the dHk/dy > 0 region. The
plots (b) and (d) are the results for the
device B and D shown in Figure 1,
which are located in the dHk/dy < 0
region.

induce Rashba-like spin-orbit coupling with the effective
electric field pointing along the wedging direction. In the
present samples, despite the uniform TaOx and MgO layers
deposited on the CoFeB layer, the CoFeB/oxide layer interface may still be affected by the CoFeB layer thickness, as
suggested by the non-monotonic Hk dependence on CoFeB
layer thickness seen in Figs. 1(a) and 1(b). As discussed
above, the Hk increases with thickness for tCoFeB < 0.8 nm,
which may be indicative of changes to the CoFeB/oxide
interface for very thin CoFeB films.
We further investigated the CoFeB/TaOx interface as a
function of CoFeB layer thickness by using X-ray photoemission spectroscopy (XPS) for the TaOx-based samples. The
XPS measurements were performed with an AXIS Ultra
DLD using a monochromatic Al Ka X-ray source. The

Ta/CoFeB(wedge)/TaOx film (1 cm 5 cm) was first cut into
five pieces (1 cm 1 cm) along the changing direction of
CoFeB layer thickness, so that the CoFeB thickness monotonically decreased from sample #1 to #5. Figure 4(a) shows
the high-resolution XPS spectra for Fe2p peaks for the five
samples. It is noted that the dashed lines clearly show the existence of both Fe3þ(Fe2O3) and Fe0(Fe) states, even though
the signal to noise (S/N) ratio of the Fe3þ and Fe0 2p3/2 peaks
is poor due to the relatively thick TaOx layer (3 nm) on
top, in which the inelastic mean free path of photoelectrons
is about 3 nm. The solid red lines in Fig. 4(a) show the simulated Fe3þ 2p3/2 and Fe0 2p3/2 peaks by the CasaXPS software, where the composition percentages of the two states
shown in Fig. 4(b) are calculated from the area under the
peaks. The total contribution of oxidized Fe3þ states

FIG. 3. Switching field as a function of
applied current for (a) device A and (c)
device C. b (red circles) and dHk/dy
(black squares) values as functions of
the position of the Hall bar devices for
(b) TaOx and (d) MgO-based samples.
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FIG. 4. (a) High-resolution XPS spectra of Fe 2p peaks for five samples,
which are cut from a Ta/Co20Fe60B20(wedge)/TaOx film along the lateral
direction, so that the Co20Fe60B20 thickness monotonically decreases from
sample #1 to #5. The solid red lines indicate the Fe3þ 2p3/2 and Fe0 2p3/2
peaks simulated by the Casa software. (b) Composition percentage of
Fe3þ(Fe2O3) and Fe0(Fe) states estimated from simulated peaks in (a). The
Fe3þ increases by 5% from sample #1 to #5 as the CoFeB thickness is
reduced.

increases by about 5% from sample #1 to #5 while the thickness of Co20B60B20 reduces. Hence, the XPS experimental
results indicate that the thickness of CoFeB layer influences
the oxidation level at the CoFeB/oxide layer interface. This
change of oxidation is qualitatively similar to that previously
observed in Ta/CoFeB/TaOx (wedge) samples14 (where a
nonuniform oxide layer is created by oxidizing a wedgeshape Ta layer deposited on a uniform CoFeB film) and is
likely related to the origin of the field-like torque.
We next discuss possible explanations for the discrepancy between the thickness dependence of b and dHk/dy values. In the present samples with a wedged CoFeB layer, the
change of PMA is induced by the change of the CoFeB layer
thickness and the Ki variation caused by the change of the
CoFeB/oxide interface. In the dHk/dy > 0 region of the
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CoFeB wedge, the Ki variation dominates the anisotropy
change, while in the dHk/dy < 0 region of the wedge it is
expected that the thickness variation dominates the change
of anisotropy. Hence for thicker CoFeB films, the anisotropy
decrease is not due to a change at the CoFeB/oxide interface,
but mainly because of the increase of the thickness of the
CoFeB layer. Since the b values approach zero when the
CoFeB thickness is increased for the MgO-based samples, it
is suggested that the anisotropy gradient which originates in
the change of CoFeB thickness alone cannot contribute to
the generation of HzFL . By contrast, in our previous work,14
the CoFeB thickness remains unchanged, while Hk changes
mainly because of varying oxidation levels at the CoFeB/
TaOx interface, resulting in the Hk variation faithfully
reflecting the change of oxidation state at CoFeB/TaOx interface. In the present samples with a wedged CoFeB, the Hk
changes due to variations from both CoFeB thickness and
CoFeB/Oxide interface. This may explain why the b values
do not follow the values of dHk/dy in this work, especially at
thicker CoFeB film thickness, where the Hk variation mechanism is different from previous experiments.
Figure 5 shows the current-driven perpendicular magnetization switching in the absence of the external magnetic
field for MgO-based devices. The positive current favors
Mz > 0 due to the positive b value. For larger b values, a
smaller current is needed to switch the magnetization. The
critical current density (Jc) for different devices is shown in
the inset in Fig. 5. The Jc increases with the thickness of the
CoFeB layer because b decreases and the PMA increases,
which makes the switching more difficult. By using a uniform MgO film as the capping layer, this potentially facilitates using MTJs with high TMR for readout.
In summary, we demonstrate the current-driven perpendicular magnetization switching in Ta/CoFeB(wedge)/[TaOx
or MgO/TaOx] structures. By breaking the lateral structural
symmetry via a wedged CoFeB layer, a current-induced perpendicular field HzFL is generated and can be used to deterministically switch the perpendicular magnetization at zero
magnetic field. The experimental results suggested that the
lateral structural symmetry breaking induced by oxidation

FIG. 5. Current-driven perpendicular magnetization switching in the absence of external magnetic field for MgO-based devices. The circles,
squares, and triangles show devices with CoFeB thickness of 0.81, 0.72, and
0.66 nm, respectively. The inset shows the critical current density as a function of CoFeB thickness.
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change at the interface may be important for generating the
HzFL . An anisotropy gradient alone, such as that induced by a
thickness variation in the magnetic film rather than the interface oxidation change, is not sufficient to give rise to this
type of SOT. The demonstration of switching in the MgObased samples potentially allows for using MgO-based MTJs
with high TMR for data readout.
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