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We report on a memory device concept based on the recently discovered unidirectional spin Hall
magnetoresistance (USMR), which can store multiple bits of information in a single ferromagnetic
heterostructure. We show that the USMR with possible contribution of Joule heating-driven mag-
netothermal effects in ferromagnet/normal metal/ferromagnet (FM/NM/FM) trilayers gives rise to
four different 2nd harmonic resistance levels corresponding to four magnetization states (=, <,
=, £) in which the system can be found. Combined with the possibility of controlling the individ-
ual FMs by spin-orbit torques, we propose that it is possible to build an all-electrical lateral two-
terminal multi-bit-per-cell memory device. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4983784]

Beginning with the discoveries of giant magnetoresistance
(GMR) and later tunneling magnetoresistance (TMR),14
there has been tremendous effort towards understanding the
dynamics of the electron spin and its potential use in elec-
tronic circuits, leading to the rapidly developing field of
spintronics.*> GMR and TMR provide means for all-
electrical readout in magnetic sensors and memory devices
based on ferromagnet/spacer/ferromagnet stacks. However,
although four distinct stable magnetic states are possible,
(=, &, 5, £) (arrows indicating the magnetization direc-
tions of the two layers), magnetoresistive sensing can only
distinguish between two resistance states, parallel and anti-
parallel. Hence, magnetoresistive stacks require one mag-
netic layer to remain fixed and serve as a reference layer,
rather than to be used to directly store a bit.

The switching of memory cells such as magnetic tunnel
junctions has conventionally been accomplished by injecting
a spin current from the fixed layer to the free layer or vice-
versa to exert spin-transfer torque on the latter. Recently,
however, it has been found that spin currents can be more effi-
ciently injected by utilizing the spin Hall effect (SHE)® in a
nonmagnetic metal (NM) layer adjacent to the ferromagnetic
(FM) free layer. An in-plane charge current near the NM/FM
interface leads to a vertical spin current that exerts spin-orbit
torques (SOTs) that can be used to efficiently control the mag-
netization.””'? This has been used to achieve SOT switching
of the free layer in magnetic tunnel junctions,'*'> efficient
current-induced domain wall motion,l@18 and control of mag-
netic elements in spin-logic devices."”

Recently, the SHE also has been shown to lead to new
transport phenomena such as the spin Hall magnetoresis-
tance.’ A few years later, a related magnetoresistance effect
has been reported in NM/FM bilayers, resulting from the
interaction of the current-induced interface spin accumula-
tion due to the spin Hall effect and the magnetization.”' >
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This so-called unidirectional spin Hall magnetoresistance
(USMR) is a nonlinear and nonreciprocal effect that modu-
lates the longitudinal resistivity depending on the component
of the in-plane magnetization vector perpendicular to the
current injection direction (|m,|). This allows for the detec-
tion of in-plane magnetization reversal along the axis collin-
ear with the interface spin accumulation without requiring an
auxiliary magnetic layer, as depicted in Fig. 1(a). Although
it is a rather small effect, ~0.002%—-0.005% of the total
resistance in NM/FM bilayers for a current density of
j=10"" A/m?, the chiral property of the USMR distinguishes
it from other linear magnetoresistance effects such as the
spin Hall magnetoresistance and anisotropic magnetoresis-
tance, both of which are current-independent and propor-
tional to |m|?. In this letter, we demonstrate experimentally
that the USMR can allow for the electrical reading of four
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FIG. 1. (a) Illustration of SHE-induced spin accumulation at the interfaces
of the normal metal (top) and the change in the longitudinal resistance
depending on the magnetization direction collinear with the spin accumula-
tion due to the unidirectional spin hall magnetoresistance (bottom). (b) The
effect of adding another ferromagnet to the system with a different coerciv-
ity (top). The expected resistance has four levels instead of two, correspond-
ing to the four different magnetic states indicated by the arrows (bottom). Ay
denotes the spin diffusion length of NM.
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independent resistance states corresponding to the four dis-
tinct magnetic states in a FM/NM/FM stack, allowing us to
realize magnetic multi-bit-per-cell memory devices in a
straightforward manner.

Thus far, USMR has been reported in bilayer structures
where only one interface actively contributes to the
effect.”?'2* However, by adding another FM layer in contact
with the opposite interface of the NM, it is possible to
increase the overall amplitude (AR/R) of the effect when the
magnetization vectors are aligned antiparallel with respect to
each other (=) and to detect the magnetization state of each
FM if their coercivities are different (HFM! £ HFM2). Figure
1(b) shows the proposed structure and the expected USMR
signal. The largest (lowest) resistance is obtained when the
top magnetization and bottom magnetization are parallel
(antiparallel) to the spin accumulation of the respective inter-
faces. In the ideal case, for the parallel alignment of the two
identical FMs, the USMR of the top and bottom interfaces
should cancel each other. However, in real devices, differ-
ences in the spin transmission and spin current generation
may occur due to a slightly different growth mode, strain,
and interdiffusion between NMs deposited on FMs and vice
versa. Consequently, the interfaces may contribute unevenly
to the USMR, as in the case of other spin-orbit-driven effects
such as the spin Hall torque® and Dzyaloshinskii-Moriya
interaction® in symmetric Pt/FM/Pt stacks, and produce a
net difference between (=2) and (&) states. Moreover, the
anomalous Nernst (ANE) and spin Seebeck effects (SSE)
due to Joule heating and associated temperature gradient per-
pendicular to the layer plane produce an additional voltage
driven by an electric field with symmetry E = —aVT x m,
where o is an effective coefficient taking into account both
ANE and SSE.”” In the parallel configuration (=% or £),
when m lies in-plane and perpendicular to the current injec-
tion direction, a net difference in the longitudinal voltage
should occur between (=) and (&) states. This magneto-
thermal signal adds to the USMR and can also be effectively
used to distinguish between the (=) and () states.

Here, we experimentally realize the above FM/NM/FM
trilayer structure where we observe four different resistance
states similar to Fig. 1(b). We demonstrate that this simple
structure can be used as a memory device to store up to four
bits of information. Switching between magnetic states is
realized by an external magnetic field as low as several tens
of Oe. The readout relies on the 2nd harmonic longitudinal
resistance measurement, which probes the USMR and mag-
netothermal voltages and is highly sensitive to the magneti-
zation orientation of each FM layer. We propose that, by
further device and material optimization, the writing and
reading processes can be used for two-terminal device
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applications. Furthermore, the writing process can be
substituted by SOT and/or Oersted field switching, opening
the way to realize lateral two-terminal multi-bit memory
devices that can be fully controlled by electrical currents.

We grew Ta(1)/CosoFeso(2)/Pt(3)/CosoFeso(2)/NiO (~12)
multilayer stacks [Fig. 2(a)] on a thermally oxidized SiO, sub-
strate by DC magnetron sputtering. Here, thicknesses are in
nm and subscripts denote at. %. The Ta underlayer serves as a
buffer layer and is expected to be highly resistive, and thus its
contribution to the conduction can be neglected. The NiO layer
is grown reactively by sputtering Ni in the presence of a partial
pressure of ~1.5 mTorr of O,. Its role is to enhance the coer-
civity of the top CoFe layer with respect to the bottom one.”®
Depositions were performed in an in-plane field of ~100 Oe to
induce a uniaxial in-plane magnetic anisotropy in the CoFe
layers.

We characterized the magnetic properties of the continu-
ous multilayer stack by vibrating sample magnetometry.
Figure 2(b) shows the representative easy axis (red curve) and
hard axis (black curve) hysteresis loops for the CoFe/Pt/CoFe/
NiO film. By considering the total CoFe thickness of 4 nm,
we find the saturation magnetization value of 1.7 + 0.1 x 10°
A/m, which is slightly below the bulk value of CoFe (~1.95
x10® A/m). The hard-axis loop is sheared, while the easy-
axis loop exhibits two distinct steps corresponding to switch-
ing of the two CoFe layers. Note that in addition to enhancing
the coercivity, the NiO layer induces a small exchange bias,
resulting in a loop shift along the field axis.

To perform the electrical measurements, we fabricated
Hall bar devices using standard optical lithography and lift-
off. The deposition for Hall bars was performed simulta-
neously with the continuous layers discussed above, and
thus, their properties are expected to be very similar. The
device structure, coordinates, and measurement scheme are
depicted in Fig. 2(c). To probe the USMR and magnetother-
mal effects, we measured the longitudinal 2nd harmonic
voltage (V5,,) using a standard lock-in method with an ac
density of jus ~ 10'° A/m? and a frequency of 1916 Hz and
with field H., swept along the y-axis. To improve the signal-
to-noise ratio at the low probing current densities used, data
were averaged over ~100 field sweep cycles. All measure-
ments were performed at room temperature.

Figure 3(a) shows V5, versus H, for CoFe/Pt/CoFe,
with j,s = 1.16 x 10'® A/m?. The sample exhibits four dis-
tinct Vy,, signal levels corresponding to four different mag-
netization states (=, £, =, 5). The data closely resembles
the behavior expected from the USMR and magnetothermal
effects as shown in Fig. 1(b). There is a large difference in
Vs, between the two antiparallel states (=, <), where the
USMR, AR, is expected to be maximum and the

FIG. 2. (a) Layer structure and (b)
magnetization curves of CoFe/Pt/CoFe
layers obtained by vibrating sample
magnetometry. Two step reversal along
the easy axis shows that the top and
bottom CoFe layers switch at different
fields. (c) Device structure, coordinate
axis, and measurement scheme.



Appl. Phys. Lett. 110, 203506 (2017)

FIG. 3. (a) Voltage difference corre-
sponding to the four different magnetic
states of CoFe/Pt/CoFe multilayers mea-
sured during a field sweep along the
y-axis. (b) Minor loops measured after
initial polarization of the top CoFe layer
with £300 Oe. Depending on the magne-
tization orientation of the top CoFe layer,
the overall signal shifts vertically, dem-

203506-3 Avci et al.
(a) : : : : : (b) -
0.182{ 4.9 0.207 initial
7=1.16x10" A/m? (7 polarization
0.178- 1466 - +33,(§)(;)ge
< © < 02037 PVE
) <
£ 0.174] luo X E
<] <}
N 0 % > 0.199
0.1701 h3.9 5
01661 . 2 . . . HM3s 01951
200  -100 0 100 200 -40

H.. (Oe)

magnetothermal effect to vanish by symmetry. The extrapo-
lation of the data to j = 10" A/m? (for a comparison with
the literature) yields AR/R =27 x 1073, which is more than
twice larger with respect to the Pt(3)/Co(2.5) bilayer studied
in Ref. 21, and represents the largest USMR effect obtained
so far in all-metallic layers. However, we caution that, even
in the antiparallel configuration, a non-zero magnetothermal
effect might be present if VT experienced by each FM layer
is different. For instance, based on previous work,27 there is
a possibility that the bottom CoFe layer, being closer to the
substrate, experiences a larger temperature gradient and pro-
duces a higher magnetothermal signal with respect to the top
CoFe layer. Thereby, the USMR contribution might be lower
or higher than this value depending on the difference in the
thermal gradients across the two FM layers. Unfortunately,
standard methods to quantitatively separate magnetothermal,
spin-orbit torque, and USMR signals cannot be easily used
in this double FM layers, and therefore, we are unable to
quantify the exact value of the USMR.

In order to demonstrate the independent programming
of the four V,,, states, we perform an experiment where we
initially configure the top layer by applying a large field (in
excess of its larger coercivity H,.) and then switch the bottom
layer by cycling through a minor loop. Figure 3(b) shows
such measurements for the CoFe/Pt/CoFe layer. Prior to
measurements, a field of 4300 0Oe or —300 Oe was applied
to set the top CoFe magnetization direction. Then, the field
was swept between *£450e. We note that the curves shift
vertically depending on the orientation of the top CoFe layer,
allowing us to obtain four different signal levels at a zero
external field.

Finally, we demonstrate the selective switching between
different magnetic configurations using tailored field pulse
sequences and subsequent electrical readout of those states.
The measurements are described in Fig. 4. The upper and
lower panels show the field input and the signal output,
respectively, in the absence of the field. Here, a field larger
than 200 Oe is used to set the top layer, followed by a field
magnitude of 30 Oe that sets the bottom layer orientation.

We remark that the signal levels in this device, while suffi-
cient to distinguish the four states, can be significantly opti-
mized further. For instance, injecting a larger current will
increase the V5, output. Since V5, scales with I, increasing
the applied current tenfold, i.e., to the ~10" A/m> range, will
result in an enhancement of two orders of magnitude in V5.
The optimization of the layer thicknesses, FM choice, and
device design could increase the output voltage even further.
Another possibility is to use other spin-orbit materials instead of
conventional heavy metals. For instance, using semiconductors

20 0 20 40

onstrating that it is possible to obtain
four stable signal levels at a zero field.

H., (Oe)

and topological insulators with large charge-spin conversion
could substantially boost the USMR signals.***

Finally, we remark that inasmuch as the device involves
NM/FM layers in which strong spin-orbit torques are
expected, it should be straightforward to design in-plane
current-switched multi-bit memory elements rather than devi-
ces switched by the field ®131° Moreover, while here we con-
sider stacks with two FM layers, the concept can be readily
scaled to higher bit densities by including additional layers in
the stack. By combining NMs with opposite spin Hall angles
and FMs with different H,. values, such as a device compris-
ing FM,/Pt/FM,/Ta/FM3;, one could realize 8 different mag-
netization states each with a unique V>, signal.

In conclusion, we have demonstrated that in a trilayer
structure consisting of FM/NM/FM, it is possible to enhance
the amplitude of the USMR by including an additional FM/
NM interface and to detect the in-plane magnetization direc-
tion of each FM perpendicular to the current injection. The
detection relies on the 2nd harmonic resistance measurements
driven by the USMR with possible contribution of Joule
heating-induced magnetothermal effects (ANE and SSE). The
four different magnetization states give rise to four unique
resistance levels, which can be read out by a simple two-
terminal electric measurement. We propose that by further
optimization, it is possible to build a lateral two-terminal
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FIG. 4. Demonstration of the four-state USMR device. Depending on the
input field, it is possible to set the system in one of the four states and read
the state with the longitudinal V5., measurements. The top plot shows the field
pulse sequence, and the bottom one shows V,,, measured after the pulse.
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device that can store multiple magnetic bits. Moreover, the
magnetic states can be manipulated by spin-orbit torques,
thereby opening the possibility for all-electrical operation.

This work was supported by C-SPIN, one of the six
SRC STARnet Centers, sponsored by MARCO (USA) and
DARPA (USA).
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