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In this Letter, we show the demonstration of a sequential antiferromagnetic memory operation with a
spin-orbit-torque write, by the spin Hall effect, and a resistive read in the CoGd synthetic antiferromagnetic
bits, in which we reveal the distinct differences in the spin-orbit-torque and field-induced switching
mechanisms of the antiferromagnetic moment, or the Néel vector. In addition to the comprehensive
spin torque memory operation, our thorough investigations also highlight the high immunity to a field
disturbance as well as a memristive behavior of the antiferromagnetic bits.
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Magnetic susceptibilities of antiferromagnetic materials
are usually several orders of magnitude smaller than those
of ferromagnetic materials [1]. Antiferromagnets are there-
fore essentially invisible to an external magnetic field.
Furthermore, there is no dipole field seeping out of the
material since the magnetic moments in antiferromagnets
are compensated by each other. These properties give a
breakthrough on the memory density when memory bits are
packed closer and a bit interference due to the stray field
becomes a concern for the conventional ferromagnetic bits
[2–7]. Some reports have already suggested that it is
possible to control the antiferromagnetic moments by the
spin transfer torque [8–12] as well as by the relativistic spin
orbit torque [13,14] in a similar principle to that for
ferromagnets. The spin torque (ST) control of the mag-
netization and the immunity to a field disturbance can
therefore be reconciled in antiferromagnetic memory bits.
Wadley et al. [14] have recently reported that the

tetragonal phase CuMnAs having a broken inversion
symmetry in its spin sublattices gives rise to the ST by
a flow of an electric current in itself. Although their seminal
reports [13–15] seem to magnificently advance the memory
operation principle of antiferromagnetic bits, the choice of
the materials having such a complex unit cell structure is
quite limited. To further pave a wide pathway of anti-
ferromagnetic spintronics [2,3], it is desirable to seek the
possibility of a universal operation principle of the anti-
ferromagnetic memory.
In this work, we make use of the spin Hall effect [16] to

generate a spin current. A variety of architectures based on
the spin Hall effect have already been proposed and
demonstrated for ferromagnetic memory and logic device
applications [17,18]. We show a successful write-read
operation of the antiferromagnetic bits made of a multilayer
of CoGd amorphous alloys using a spin current generated

by the spin Hall effect of Pt as the basic scheme shown in
Fig. 1(a), demonstrating a more general antiferromagnetic
memory operation principle without relying on the complex
crystalline structure.
Multilayers of Pt 4 nm/ Co86Gd146 nm=Co62Gd386 nm/

Pt 4 nm (sample #1) and Co86Gd146 nm=Co62Gd386 nm/
Pt 4 nm (sample #2) were prepared on a thermally oxidized
Si substrate by magnetron sputtering. The CoGd alloys
were formed by codeposition of Co and Gd at room
temperature with a base pressure below 1 × 10−7 Pa.
Composition of the CoGd alloy was determined by electron
probe x-ray microanalysis. CoGd amorphous alloys are
a well-known ferrimagnet in which the Gd and the Co
moment are antiferromagnetically coupled [19]. Therefore,
one can tune the size of the net magnetization by Co and Gd
compositions. Alternatively, the size of the net magneti-
zation can also be controlled by temperature as the size
of the Gd moment changes significantly with temperature.
In our experiments, we used a bilayer of the different
composition CoGd layers so that, at a certain temperature,
we can synthetically realize an antiferromagnet in which
the net magnetizations in the two CoGd layers are anti-
ferromagnetically coupled with zero total magnetization as
shown in Fig. 1(b) (see Supplemental Material for detail
[20,21].). In order to demonstrate the memory operation,
the multilayers were patterned into a Hall cross structure
shown in Fig. 1(c). We measured both the sheet resistance
(Rsheet) and the Hall resistance (RHall) using a multiplexer
system.
In the following, we show the results of the ST writing

and compare them with the results of the complemental
field writing. Figure 1(d) describes the ST writing scheme.
A current flowing from electrode 2 and 4 to electrode 1 and
3 writes “0.” A current flowing from electrode 2 and 3 to
electrode 1 and 4 writes “1.” For instance, considering
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sample #1, due to the spin Hall effect of the top and the
bottom Pt layers, the net current Iw to write “1” generates
the spin currents with their polarizations orthogonal to the
direction of the net current flow as described in Fig. 1(e)
where Ps;1 and Ps;2 represent the polarization of the spin
current from the top and the bottom Pt layers, respectively.
These spin currents exert a spin torque τ1 ∝ m1 × Ps;1 ×m1

and τ2 ∝ m2 × Ps;2 ×m2 on the magnetization of the top
(m1) and the bottom (m2) CoGd layers, respectively.
Consequently, τ1 and τ2 rotate m1 and m2 in the same
rotation direction and the magnetizations are stabilized
when they are in the same direction as Ps;1 and Ps;2. The
writing operation therefore directs the magnetizations
perpendicular to the direction of the writing current. The
state “0” and “1” are read by a change of RHall due to the
planar Hall effect. For our switching measurements, Iw was
applied for a duration of 6 sec and then RHall was read
multiple times with an interval of 30 sec. The “measure-
ment count” in the switching results (e.g., Fig. 3) represents
each reading. Figure 1(f) describes the field writing
complementally performed in our experiment. An in-plane
external field Hex is applied at θH ¼ 45° and θH ¼ 135°
[see Fig. 1(c) for the definition of θH] which, respectively,
writes “0” and “1.” More detailed descriptions on these
measurement schemes can be found in the Supplemental
Material [20,21]].

We first determine the magnetic state of the samples
by measuring RHall in a rotating in-plane magnetic field.
Figure 2(a) shows RHall as a function of θH in sample #1
at various temperatures (see also the Rsheet profiles in
Supplemental Material [20,21]). We applied a constant
external field of Hex ¼ 3 kOe. At T ¼ 312 and 254 K,
RHall shows a 1 − sin 2θH function indicating the total
magnetization of the sample is pointing in the same
direction as Hex [see Fig. 2(b)]. On the other hand, at
T ¼ 283 K, the RHall profile shifts by θH ¼ π=2, indicating
that the total magnetization becomes zero (becomes anti-
ferromagnetic) and the two magnetizations of the CoGd
layers are now perpendicular to the external field in order
to reduce the Zeeman energy as well as the exchange
energy as described in Fig. 2(c). We call this temperature
the magnetization compensation temperature (Tc) in the
following discussion. In the same manner, we also estimate
Tc of sample #2 to be 256 K. The slight difference in Tc in
the two samples may originate from the layer growth
quality of the CoGd with and without a presence of the
bottom Pt layer.
Figure 3 shows the results of the ST writing and the

field writing of sample #1 at various temperatures (see
Supplemental Material [20,21] for comprehensive data).
The ST writing and the resistive reading are clearly
successful at Tc as shown in Fig. 3(a). RHall becomes a

FIG. 1. The spin torque (ST) writing scheme and the samples. (a) The basic scheme of the ST rotation of the antiferromagnet using the
spin Hall effect. The writing current Iw invokes the spin Hall effect, and injects the spin currents toward the antiferromagnetic bit. The
spin torques rotate the magnetizations in the same rotation direction. (b) Layer stacks of sample #1 consisting of a thermally oxidized Si
substrate/ Pt 4 nm/ Co86Gd146 nm=Co62Gd386 nm/ Pt 4 nm and sample #2 consisting of a thermally oxidized Si substrate/
Co86Gd146 nm=Co62Gd386 nm/ Pt 4 nm. The blue and red arrows represent the Co and Gd moments, respectively.m1 andm2 are the net
magnetization in each layer. (c) Microscope image of the Hall cross structure. Electrodes labeled with 1–4 are made of Ti 5 nm=Au
100 nm. Definition of the field angle θH is also indicated. (d) The ST writing scheme. The directions of current flow up on writing “0”
and “1” are presented. (e) Vectors of the net writing current Iw, polarization of the spin current Ps;1 and Ps;2, magnetizations in the CoGd
layers m1 (top) and m2 (bottom), and the ST acting on the magnetizations τ1 and τ2 when considering sample #1. (f) The field writing
scheme. The directions of the external field up on writing “0” and “1” are presented.
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high state after writing “1”, which implies that the
magnetization directions are set perpendicular to Iw [refer-
ring to Fig. 2(a), it is the same situation when the external
field is applied at θH ¼ 45° at Tc]. It is noteworthy that
even at T ≠ Tc, the temperatures at which the sample
becomes ferrimagnetic, the ST writing current successfully
rotates the magnetizations m1 and m2 as seen in Fig. 3(c).
This indicates that the operation principle described in
Fig. 1(e) is effective even for the ferrimagnetic state since
the spin current from the Pt layer most probably exerts a
spin torque only on the adjacent CoGd layer. Contrary to
the STwriting, the field writing and the resistive reading at
T ¼ Tc are not as clear [Fig. 3(b)]. We observed only a
small change of RHall after each writing operation, which
proves that the antiferromagnetic memory bits are indeed
immune to an external field. Note that with Hex ¼ 4 kOe
the resistance low-high trend is reversed, suggesting that
the magnetizations are spin flopped and, consequently, they
point perpendicular to the writing field. At T ≠ Tc, the RHall
response after the field writing [Fig. 3(d)] simply indicates

that the total magnetization rotates in the direction of the
writing field. We note that both of the ST and the field
write-read results are found irrelevant to the polarity of the
current and the field.
In addition to the normal memory writing tests described

above, we conducted the continuous writing with the ST
write “0” as well as the write “1.” The results for sample #1
are shown in Figs. 3(e) and 3(f). The continuous ST writing
keeps changing RHall to a low value for write “0” and a high
value for write “1” and RHall then shows a saturation. This
accumulative change of RHall with respect to the amount of
current flow is nothing but a memristive behavior which
is recently researched actively for neuromorphic devices
[22,23]. We find that this asymptotic RHall behavior is well
fitted with an exponential decay function. The saturated
value ΔRHall;sat, considered the full change of RHall up on the
STwriting, is extracted by extrapolating the decay functions.
Concerning a future memory architecture with a mag-

netic tunnel junction structure to enhance the read signal, it
is important to leave one of the surfaces for a tunnel barrier
contact [24]. We foresee sample #2 could be more suitable
in this regard. The results of write-read tests and the
memrisitve behavior turn out to be quite similar to those
of sample #1 (see Supplemental Material [20,21]).
Figure 4 summarizes ΔRHall (change of RHall after each

writing operation indicated in Fig. 3) with various strengths
of the writing current and field for Sample #1 and #2. For
the STwriting (Fig. 4(a) and 4(c)), larger Iw induces larger
ΔRHall and it also shows a threshold. At T ¼ Tc, the
threshold current is about 10 mAwhich corresponds to the
current density of 7 × 106 A=cm2 for Sample #1 and is
about 7 mA corresponding to 6 × 106 A=cm2 for Sample
#2. For the field writing (Fig. 4(b) and 4(d)), ΔRHall is
almost insensitive to the writing at T ¼ Tc, while it
saturates above 1.5 kOe for T ≠ Tc. The negative ΔRHall
at T ¼ Tc with a high writing field (see the green plots in
Fig. 4(b) and 4(d)) is a consequence of the spin flopping.
It is important to note that the ST writing induces ΔRHall
by only a fraction of ΔRHall (∼32 mΩ and ∼17 mΩ for
samples #1 and #2, respectively) induced by the field
writing. This essentially implies that a single ST writing
rotates the magnetizations in only a portion, maybe as a
domain, of the sample at a time.
In Fig. 5, we plot ΔRHall;sat induced by ST writing and

ΔRHall induced by the field writing with respect to temper-
ature for samples #1 and #2. The plots clearly represent the
excellence of the antiferromagnetic memory bit, i.e., the
robustness against the field disturbance and the capability
of the ST manipulation [25] (Also see Supplemental
Material [20,21] for further discussion.). While the ST
writing is always effective regardless of the temperature in
sample #1, it seems that the ST becomes less effective to the
rotation of the magnetizations at T ≠ Tc in sample #2. This
may indicate that, when the spin current is applied from one
side, the ST efficiency depends on the size of the total

FIG. 2. Electrical resistance measurements in a rotating in-
plane magnetic field. (a) The Hall resistance RHall as a function of
θH with Hex ¼ 3 kOe at various temperatures. RHall curves are
offset for visibility. Rotation of magnetizations with respect to
the rotatingHex direction (b) at T ≠ Tc and (c) at T ¼ Tc. The net
magnetizations of m1 and m2 are always either parallel or
antiparallel to the rotating Hex at T ≠ Tc, while magnetizations
m1 and m2 are always perpendicular to the rotating Hex at
T ¼ Tc.
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magnetizations of the sample. The comparison between
the ST and the field writing for sample #2 at T ¼ Tc [see
Fig. 5(b)] clearly dictates the rotation of the magnetizations
are predominantly driven by the ST not by the emerging

FIG. 3. Sequential write and read operation for sample #1. (a), (b), and (e) show the results of the ST write-read, the field write-read,
and the continuous STwrite-read, respectively, at T ¼ 283 K (¼Tc). (c), (d), and (f) show the results of the STwrite-read, the field write-
read, and the continuous ST write-read, respectively, at T ¼ 312 K. The arrows on the top represent the write “1” and “0” operations
described in Figs. 1(d) and 1(f). As indicated in the graph, ΔRHall is defined as ΔRHall ¼ RHallð“1”Þ − RHallð“0”Þ where RHall (“1”) and
RHall (“0”) represent the RHall after the write “1” and the write “0”, respectively. For the continuous write-read tests, the blue and the red
plot represent the continuous STwrite “0” and the continuous write “1” operation, respectively, with Iw ¼ 16 mA. Note that the first 2
cycles of the blue data plot show a normal “0” → “1” writing operation. The dotted curves are the fitting with an exponential decay
function y ¼ y0 þ Ae−½ðxþx0Þ=τ�. ΔRHall;sat, indicated in (f), is determined by extrapolating the decay functions.

FIG. 4. Iw and Hex dependence of ΔRHall. ΔRHall as a function
of the writing current Iw (a) and the writing field Hex (b) for
sample #1 at various temperatures and ΔRHall as a function of the
writing current Iw (c) and the writing field Hex (d) for sample #2
at various temperatures.

FIG. 5. Summary of the STand the field writing.ΔRHall;sat by the
ST writing (red) and the ΔRHall by the field writing (blue) as a
function of temperature for sample #1 (a) and sample #2 (b). The
presented values of ΔRHall by the field writing are taken from the
data shown in Fig. 4 atHex ¼ 4 kOe. The temperature rangewhere
the sample becomes antiferromagnetic (AF) is indicated in the red
area. Outside the temperature range, the sample is ferrimagnetic (F).
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field created by the current flow (e.g., the Oersted field or
other fieldlike torques). It should be emphasized that the
experimental results essentially prove that τ1;2 ∝ m1;2 ×
Ps;1;2 ×m1;2 directs magnetization rotation and stabilizes it
in our writing scheme and Heff;1;2 ∝ m1;2 × Ps;1;2 the
direction of which is perpendicular to the sample plane
is less relevant in this case [11,12].
In summary, we demonstrated a ST memory operation

principle with antiferromagnetic bits made of CoGd amor-
phous alloys. We have successfully written the antiferro-
magnetic bits using the ST generated by the spin Hall effect
and read the written magnetic state by the resistance. By
comparing with the complemental field writing tests, we
revealed the clear differences in ST and field switching
mechanisms and also showed that the antiferromagnetic
bits were immune to an external field disturbance. The ST
switching seems to occur in a portion of the antiferromag-
netic bit at a time, leading to the memristive behavior which
may be useful for the neuromorphic applications. We also
implicate that our architecture and operation principle will
well be used in practical memory devices as it, in the case
of sample #2, can be implemented with a general process of
making a magnetic tunnel junction to enhance the resistive
signal. Finally, we remark that the universal operation
principle of the ST antiferromagnetic memory is now ready
for next generation spintronic devices.
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