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ABSTRACT

Unidirectional spin Hall magnetoresistance (USMR) is a magnetoresistance effect with potential applications to read two-terminal spin-
orbit-torque (SOT) devices directly. In this work, we observed a large USMR value (up to 0.7 x 10~ "' per A/cm?, 50% larger than reported
values from heavy metals) in sputtered amorphous PtSn,/CoFeB bilayers. Ta/CoFeB bilayers with interfacial MgO insertion layers are depos-
ited as control samples. The control experiments show that increasing the interfacial resistance can increase the USMR value, which is the
case in PtSn,/CoFeB bilayers. The observation of a large USMR value in an amorphous spin-orbit-torque material has provided an alterna-

tive pathway for USMR application in two-terminal SOT devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0097355

As emerging beyond-CMOS technologies, spin-orbit torque
(SOT)-based memory and logic devices' ° can be improved in two
aspects. First, with the device scaling down to advanced node size, the
device geometry is at the same magnitude as the polycrystalline grain
size, where the existence of domain wall pinning effects™ at crystal
boundaries cannot be negligible. Thus, film uniformity is of vital
importance for device consistency. Second, requiring a magnetic tun-
nel junction (MT])™"” or a Hall bar structure'' ' for reading, a unit
SOT device has a relatively complex structure for fabrication.'*

Compared to polycrystalline materials, amorphous materials have
more uniform microstructures even at the nanoscale, which is good to
eliminate performance variations between devices.”'® Crystalline
PtSn, was reported as a Dirac semimetal.” Semimetals were proposed
to have a smaller energy consumption due to their small resistivity and
large charge to spin conversion efficiency, which originates from their
strong spin—orbit coupling at bulk Dirac nodes.”* In our previous
work, we have shown that amorphous PtSn, films sputtered by using
a PtSn, compound target can produce a relatively large charge to
spin conversion efficiency (~0.35)"" with relatively small resistivity
(~305 u€2 cm), compared to other topological materials.

To effectively read SOT switching, unidirectional spin Hall mag-
netoresistance (USMR) was proposed as a prospective candidate.””
Originating from the interfacial spin accumulation, which induces an
effective magnetic layer, USMR in metallic systems is similar to cur-
rent-in-plane giant magnetoresistance (CIP-GMR), which has a longi-
tudinal magnetoresistance when the magnetization is switched by
180°. Thus, a simple two-terminal SOT device is possible if USMR is
used for reading.”” Previous USMR research has mostly focused on
crystalline and/or polycrystalline bilayers, USMR in amorphous sys-
tems is not reported yet. The CIP-GMR model has pointed out that an
interfacial spin accumulation may play an important role in obtaining
alarge USMR value.””** Compared to polycrystalline materials, amor-
phous materials are supposed to have a larger interfacial resistance due
to their disordered structure, which may lead to a larger interfacial
spin accumulation at the ferromagnetic (FM)/spin Hall material inter-
face” and, thus, a larger USMR value.

In this work, we report a large USMR value up to 0.7 x 10"
per current density (A/em?®) in amorphous PtSn,/CoFeB bilayers. This
value is 50% larger than reported values in crystalline heavy metal sys-
tems.”””’ We designed control experiments to adjust the interfacial
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resistance. The control samples have shown that increasing interfacial
resistance can result in larger interfacial spin accumulation, which led
to a larger USMR value compared to a transparent interface.

We deposited a PtSny(5)/CoFeB(2.5, 5, 7.5, 10)/MgO(2)/Ta(2)
multilayer structure, where the parenthesis denotes thickness in nano-
meters, by magnetron sputtering onto a thermally oxidized Si/SiO2
substrate. PtSn, was first grown on the substrate with a base pressure
of 8 x 10~*Torr and an Ar working pressure of 4.5 mTorr and then
transferred to another sputtering chamber for CoFeB deposition. A
30-s in situ etching was performed to remove the potential oxidization
during the transfer. A CoFeB(2.5, 5, 7.5, 10)/MgO(2)/Ta(2) layer stack
was then grown under 8 x 10~ ®Torr base pressure and 1.5 mTorr Ar
working pressure.

An additional PtSny(20)/MgO(2)/Ta(2) film was also deposited
under the same condition for scanning transmission electron micros-
copy (STEM) study (see Methods paragraph for details). Figure 1(a)
shows a bright-field conventional TEM (CTEM) image of the layer
stack. The PtSn, layer appears to be amorphous since no crystalline
features are observed in these high-resolution CTEM images. In con-
trast, crystalline grains are visible in the adjacent MgO layer, indicating
that the MgO layer is polycrystalline [Fig. 1(a)]. The PtSn, film shows
relatively high uniformity. Additional elemental analysis of the layers

(a)

Ta/TaO,

(b)
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using energy dispersive x-ray (EDX) spectroscopy was also performed,
and the results are shown in Fig. 1(b). The measured Sn to Pt atomic
ratio is 3.71, which is close to the expected composition of PtSn,. The
difference in atomic mass and vapor pressure between Sn and Pt may
be the reason for this slight composition shift.

We then characterized the charge to spin conversion efficiency
for the PtSn, samples via spin-torque ferromagnetic resonance (ST-
FMR). The PtSn4(5)/CoFeB(x)/MgO(2)/Ta(2) samples (x =2.5, 5, 7.5,
and 10) were first patterned into microstrips 40 um in width and
60 um in length. The electrode for the ST-FMR measurements was
then deposited onto the microstrip, as shown in Fig. 2(a). The pat-
terned devices were then connected to the GHz generator and nano-
voltmeter as shown in Fig. 2(a) with a capacitor and an inductor to
block the DC and RF current components, respectively, to carry out
the ST-FMR measurements.””””' The ST-FMR signal of the PtSny(5)/
CoFeB(5)/MgO(2)/Ta(2) sample under 9 GHz is shown in Fig. 2(b),
which can be separated into symmetric and antisymmetric Lorentzian
parts.”>” A well-established analysis method™” gives the charge to
spin conversion ratio by the following equation:

T0e + TFL Js\ ' eroMs TRL
—_ = (*) ——terpdpisn +—— (1)
TAD Jc h TAD

FIG. 1. Electron microscopy analysis of the device. (a) Conventional TEM image of the device showing functional Ta/TaO,, MgO, and PtSn, layers. The MgO layer is polycrys-
talline. The lattice fringes in two neighboring grains, indicated by the yellow lines, are visible in the magnified region of MgO highlighted by red square and (b) HAADF-STEM
image and complementary EDX elemental maps of the layer stack of the device. The scale bar is 5 nm.
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FIG. 2. (a) Optical image of the waveguide structure for the ST-FMR measurement. An illustration of the measurement setup is also shown. (b) The experimental data and fit-
ting results for sample PtSny(5 nm)/CoFeB(5 nm)/capping, where the black squares are the experimental data, the red line is the fitting result, and the blue (green) dashed line
is the symmetric (antisymmetric) Lorentzian, which stands for the DLT (FLT and Oersted field) component. (c) Kittel fitting of the PtSn,(5 nm)/CoFeB(5 nm)/capping sample,
which is used to obtain the effective magnetization. (d) = J;’FL vs CoFeB thickness fitting. The slope is used to calculate the charge to spin conversion ratio.

TAl

where 7o, (TpL, Tap) is the Oersted field torque [field like torque
(FLT), damping like torque (DLT)], M is the CoFeB saturation mag-
netization, and tcpp (dpssy) is the thickness of CoFeB (PtSn,) layers.
We can obtain the ratio % by the symmetric and antisymmetric

Lorentzian voltage: ‘=t — Yaom [1+ (4nM5/Hp)] %, where My is

TAD Vy
the effective magnetization of the CoFeB layer, which can be obtained

by the Kittel formula f =5-./Ho(Ho + 4nMes), as shown in

. . . Toe +TFL . .
Fig. 2(c). The linear dependence fitting of ";AD and tcpp is shown in

Fig. 2(d), where we can extract the charge to spin conversion ratio ]’—z
in Eq. (1), which is 0.32 = 0.09 for the amorphous PtSn, layer. The
results show that amorphous PtSn, has a charge to spin conversion
ratio comparable to heavy metals,”'*'® which is favored to obtain a
large USMR value.”” **

The film stack was then patterned into a Hall bar structure
10 um in width and 60 um in length as shown in Fig. 3(a). The dis-
tance between the two Hall channels is 35 um from center to center
(30 um between the edges). The current flows in the x-direction, and
the longitudinal voltage was measured between the Hall channels in
the same direction. We applied an AC with an amplitude of 1.2 mA
and a frequency of 133 Hz to the sample and measured the second

harmonic voltage between the longitudinal Hall channels by an SR830
lock-in amplifier, as shown in Fig. 3(a). A 5 T magnetic field was
applied in the XY plane, and the angle 0 between the external mag-
netic field and the current was rotated in-plane. The resulting angular
dependence of the second harmonic signal is shown in Fig. 3(b) (black
curve), where the peak-to-peak voltage is 18 uV. (The constant mea-
surement background is removed to show the signal scales better.)

The second harmonic signals may have three origins: USMR,
thermal effects [anomalous Nernst effect (ANE) and spin Seebeck
effect (SSE)], and SOT contributions. To obtain the USMR signals,
each contribution needs to be separated. Here, we measured the angu-
lar dependence of the transverse second harmonic signal under differ-
ent fields, as shown in Fig. 3(c). The field dependence of the SOT and
thermal contribution is

Hpr, Hrr
Vsors thermal = — = Rang + Rppe

—_— +1aVT )
2 Hey + Hy Hey ’

where Hp;, (Hp) is the damping like (field like) torque effective field,
H,y is the external field, H is the anisotropy field, Rayr (Rpug) is the
anomalous Hall effect (planar Hall effect) resistance, I is the current, o
is a constant, and VT is the temperature gradient. We plotted the
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FIG. 3. (a) Optical image of the Hall bar structure for the sample PtSny(5 nm)/CoFeB(7.5 nm)/capping and the illustration of the AC measurement. (b) The longitudinal second
harmonic angular dependent voltage (black line) and the resulting USMR (red line) under a 5T magnetic field. The left axis is the voltage, and the right axis is the resistance
change. (c) Transverse second harmonic measurement for the same device. The curve is fitted to remove the FLT contribution and get the DLT and thermal effect contribution.
The blue (green) dashed line stands for the DLT plus the thermal part (the FLT part). The measurement setup is shown in the inside part. (d) Field dependence of the DLT and
thermal contribution, where the interception is the thermal contribution in the transverse direction.

transverse voltage against 1/(Hex, + Hy), as shown in Fig. 3(d). At5 T,
the SOT contribution is quite small compared to the intercept, which
represents the ANE and SSE contributions. Thus, the SOT contribu-
tion is negligible at high magnetic fields.

A scaling method is used to calculate the ANE and SSE contribu-
tions in the longitudinal direction.”” The ANE and SSE voltages are
proportional to the length of the area that is measured as a result of a
perpendicular temperature gradient. The thermal contribution for the
longitudinal direction can be estimated by the geometry factors

l
Rthermal, longitudinal = ;Rthermul, Halls (3)

where [ is the length between the two Hall channels (30 #m from edge
to edge) and w is the width of the Hall bar (10 xm). The scaled thermal
contribution is ~50% of the total signal, as shown in Fig. 3(b).

With the estimated thermal contribution, the final USMR
value is extracted and shown in Fig. 3(b) (red curve). Considering
the USMR is a nonlinear magnetoresistance and is proportional to
the current, we calculated the USMR ratio per unit current density
(the current density is 0.7 x 10° A/cm? and the sample resistance
is 870 Q), giving 0.7 x 10" per unit current density (A/cm®).

The USMR value reported in amorphous PtSn, is 50% larger than
reported values in heavy metals.”” **

The CIP-GMR is dependent on the relative magnetization of the
two magnetic layers.”"" In the case of USMR, one of the magnetic
layers is an effective magnetic layer, which is a layer with spin-
polarized electrons accumulated at the interface. Both field-dependent
measurement and current dependent measurement show the majority
of the USMR signal is in the spin-dependent regime, in which the
CIP-GMR is the major contribution to the USMR signal™ (see the
supplementary material for details). Compared to heavy metal/ferro-
magnetic metal bilayers, amorphous PtSn, has a relatively large resis-
tivity (~305 pQcm) and a more disordered structure at the interface
with the ferromagnetic layer. Based on the resistivity values of PtSny
and CoFeB, the calculated resistance for the USMR device should be
~809 Q, which is smaller than the real device resistance (~870 Q)
even with the contribution of the capping Ta layer that may not be
fully oxidized (see the supplementary material for error analysis). This
result suggests a larger interfacial resistance. Though limited by accu-
racy, direct detection of interfacial spin accumulation has shown the
upper limit of the spin accumulation decreases with top material resis-
tivity (and interfacial resistance as well) in Pt/normal metal bilayers.‘“’
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A larger interfacial resistivity usually means more interfacial defects,
which may trap the electrons and result in more spin-polarized elec-
tron accumulation at the interface. As a result, the effective magnetiza-
tion of the accumulated spin-polarized electrons also increases as the
interfacial resistance increases. This leads to a larger effective magneti-
zation at the interface and a larger USMR ratio in amorphous mate-
rial/ferromagnetic bilayers.

To verify this explanation, we fabricated two well-studied multi-
layer stacks as control samples: Ta(5)/(MgO(0.3))/CoFeB(5)/MgO(2)/
Ta(1.5) and Ta(2)/(MgO(0.3))/Pt(4)/Co(5)/MgO(2)/Ta(1.5) (thick-
ness in nm). A 0.3 nm MgO layer was inserted in one sample for both
structures between the heavy metal layer and the magnetic layer. If the
previous explanation is to hold, this will increase the interfacial resis-
tance and, thus, enhance the accumulation of the spin-polarized elec-
trons, as shown in Fig. 4(a). Since the CoFeB layer has a large dead
layer (~0.8 nm, referring to the supplementary material for detailed
information), inserting MgO will not significantly change its magneti-
zation and interfacial spin scattering. Previous studies have reported a
range of the dead layer thickness in Ta/CFB bilayers from ~0.3 to
~0.85 nm, depending on the fabrication condition and diffusions.””**
A large dead layer value is not rare at the Ta/CFB interface. However,
adding a MgO layer to the Pt/Co interface will oxidize the interfacial
Co layer and, thus, change the magnetization and interfacial scattering
process.””"” The measured second harmonic voltage in the Ta(2 nm)/
Pt(4 nm)/Co(5nm) sample is illustrated in Fig. 4(b). With a relative
large contribution of the field-like torque, Fig. 4(b) is plotted with a
90° phase difference compared to Fig. 3(b) for a clearer view. We mea-
sured the USMR and processed the data with the same analyzing
method. The results are shown in Table I. With a MgO insertion layer,

(a)
Capping
Capping ’ ’ CoFeB or Co
CoFeB or Co o - — MgO
Spin Hall material - ”‘{‘(’ Spin Hall material
6
(b) |, _
4 = Ta/Pt/Col/capping -
2
>
E ¥
3
~
> 2
) "
6} )
0 180 360

Angle (degree)

FIG. 4. (a) lllustration of the control sample. The magnetic layer is CoFeB or Co
with a MgO layer inserted at the interface. The insertion MgO layer can change the
spin accumulation at the interface. (b) Second harmonic signal of the Ta(2 nm)/
Pt(4 nm)/Co(5 nm)/capping control sample. The figure is plotted with a 90° phase
difference compared to Fig. 3(b) for a clearer view.

scitation.org/journal/apl

TABLE I. The USMR ratio per unit current density for different control sample struc-
tures. These results suggest that increasing interfacial resistance can lead to an
increase in the USMR value, which can explain the relatively large USMR value in
PtSn,/CoFeB bilayers.

USMR ratio per current

Structure (layer thickness in nm) density (A/cm?)
Ta(5)/CFB(5)/capping 43x107"
Ta(5)/MgO(0.3)/CFB(5)/capping 46x 1071
Ta(2)/Pt(4)/Co(5)/capping 32x 10713
Ta(2)/Pt(4)/MgO(0.3)/Co(5)/capping 1.0x 1075

the CoFeB control samples show similar or larger USMR values due to
the increase in the interfacial spin accumulation without changing the
interfacial magnetization. Even if this system may get larger SOT effi-
ciency compared to the case without MgO insertion,"”*" the Co con-
trol sample shows a smaller USMR value due to the oxidization of the
Co layer leading to a smaller reference layer magnetization as well as a
smaller interfacial spin scattering, since the Co/Pt interface does not
have a large dead layer."” These results imply that increasing interfacial
resistance without reducing the interfacial magnetization can increase
the USMR value in an optimized system.

In summary, we deposited amorphous SOT PtSn,/CoFeB
bilayers by magnetron sputtering. TEM and AFM images show uni-
form amorphous microstructure across the whole film area. ST-FMR
was used to determine a charge-to-spin conversion ratio of ~0.32 in
this bilayer structure. This relatively large charge-to-spin conversion
ratio is beneficial to achieving a large USMR value. USMR up to 0.7
x 10711 per unit current density (A/cm?) was demonstrated in PtSn,/
CoFeB bilayers, which is 50% larger than that of any reported crystal-
line heavy metal SOT materials. Based on the current-in-plane GMR
model, the large USMR value possibly originates from increased inter-
facial spin accumulation. The amorphous nature of PtSn, leads to a
larger interfacial resistance, and thus, amorphous structures may be
favored to obtain a larger USMR. This was verified by the control sam-
ples Ta/Pt/CoFeB and Ta/Pt/Co with a MgO insertion layer at the
FM/HM interface, which showed that increasing the interfacial resis-
tance without reducing the magnetization can increase the USMR
value. The enhanced USMR value in amorphous materials, as well as
the underlying physics, has shown potential for amorphous SOT
materials in USMR-related applications.

The details of the sample growth and characterization are shown
below.

The PtSn, layer is grown by an eight-target sputtering system
with in situ heaters. The CoFeB has a composition Co,FegoB,o and is
grown by a Shamrock sputtering system (see https://nanospin.umn.edu/
sputtering-systems for facility info). The CoFeB and capping Ta layer is
grown at 100 W with an Advanced Energy MDX 1.5 K power supply,
while the capping MgO layer is grown at 320 W using an Advanced
Energy RFX600 power supply.

The GHz signal in ST-FMR measurement is generated by an
Agilent E8241A RF power generator. The DC signal is measured by a
Keithley 2182A nanovoltmeter. The external in-plane magnetic field is
rotated at 45° to maximize the ST-FMR signal.

The details of TEM characterization are shown as follows. First, a
50 nm am-C layer was deposited onto the surface of the device using a
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sputter coater. Then, a 30-50 nm thick cross-sectional lamella was pre-
pared through a focused ion beam (FIB) (FEI Helios NanoLab G4
dual-beam focused ion beam). Before FIB-cutting, additional layers
and the am-C protection and Pt were deposited on the region of inter-
est. ThermoFisher Scientific Talos F200X G2 S-TEM with Super-X
EDX spectrometer was used to obtain conventional TEM, high-angle
annular dark-field (HAADF) - scanning transmission electron
microscopy (STEM) images, and STEM-EDX maps. The STEM was
operated at an accelerating voltage of 200 kV. The probe convergence
angle was 10.5 mrad for HAADF-STEM imaging. For STEM-EDX-
mapping, the beam current ranged from 300 to 400 pA.

See the supplementary material for the determination of the
source of USMR, the detail of the CoFeB dead layer thickness, and the
resistance analysis.
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