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ABSTRACT

Recently, electrical switching of interface states in nonferromagnet/ferromagnet (FM)/antiferromagnet (AFM) heterostructure using
spin-orbit torque (SOT) is promising due to its high efficiency, zero magnetic field, and multilevel memory state. However, the reversal
mechanism of the AFM interface state is still unclear. In this work, we explained the bipolar current switching of the AFM interface state at
zero magnetic field by spin-orbit torque (SOT) in a perpendicularly magnetized Pt/Co/IrMn multilayer. By considering symmetry, we reveal
that the mechanism behind the AFM interface bipolar current switching is consistent with FM layers perpendicularly switching induced by
SOT. The distinct AFM bipolar current switching by SOT is contributed to the symmetry broken by adjacent FM interface coupling. Under
such broken symmetry, the antiparallel interface configuration (AP) between FM and AFM could be switched to parallel configuration (P)
for both positive and negative currents; however, P is only allowed to be switched to the AFM multiple domain configuration (M), instead of
AP. Our result will be helpful for the formulation of a comprehensive understanding of AFM switching induced by SOT and for the

development of the interface AFM spintronic devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0039074

Antiferromagnet (AFM) has triggered renewed interest in the
future information industry.”” Compared to the ferromagnet (FM)
order dominated information storage, such as magnetic tapes, hard
disk, and magnetic random-access memory,‘%’4 AFM order with a com-
pensated magnetic moment can have its advantages for information
storage and neuromorphic computing, such as magnetic field interfer-
ence immunity, zero stray fields, high response frequency, multilevel
memory state, and so on.”” '’

Experiments and theories have demonstrated that AFM can be
electrically efficiently manipulated by spin-orbit torque (SOT),"" "
which can be divided into two categories. The first category is the
manipulation of the bulk state of the AFM layer with in-plane magne-
tization.”' " ** Due to the local staggered effective field arising from
SOT instead of the uniform magnetic field, the two spin sublattices of
AFM can be rotated together, which makes it equally efficient as
current-induced rotation in FM. The other category is the modulation
of the AFM interface state in perpendicularly magnetized FM/AFM
heterostructure.”’ ** For antiparallel configuration (AP) between FM

and AFM at the interface, even at the zero magnetic field, the AFM
interface magnetization can be switched to parallel configuration (P)
for both positive and negative currents. However, unlike the previous
SOT switching,” *° the AFM interface state cannot be electrically
switched back from P to AP. Moreover, such AFM interface switching
behavior in FM/AFM heterostructure does not require the auxiliary
magnetic field and does not depend on the current polarity.”
Therefore, it is still an open question to understand such AFM switch-
ing in the FM/AFM heterostructure.

In this work, we systemically study the AFM interface state
switching under bipolar current in a perpendicularly magnetized FM/
AFM heterostructure. First, we demonstrate that the switching of the
AFM interface state can be understood by the broken symmetry due
to the exchange coupling at the FM/AFM interface.”” Second, we pro-
pose a reversible AFM interface switching process, where the AFM
spin state can be freely switched back and forth between P and the
AFM multiple domain configuration (M), by adjusting the current
pulse and magnetic field. Finally, we demonstrate that M is high
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tunability and stability when the amplitude of current pulse and
magnetic field is changed, which will be useful for neuromorphic
computing.

The film stack of Ta(2.6)/Pt(5.5)/Co(0.8)/Ir,oMng(6.2)/Ta(1.3)/
TaO,(1.6) with perpendicular anisotropy (the numbers are layer thick-
nesses in nanometers) was deposited on the corning glass substrate by
magnetron sputtering with a base pressure of 3.0 x 10> Pa. To electri-
cally switch and detect the AFM interface state, the as-deposited film
was patterned into 10 um wide and 190 um length Hall bar. The
current pulse (the pulse period t=10 us in our work) was applied
along the x-direction, and the SOT switching was detected by anoma-
lous Hall measurement.

According to orientations, the SOTs are divided into two parts,
named by Field-Like (FL) torque Tp; ox # X ¢ and Damping-Like
(DL) torque Tpy, o m X (G X ), where m1 and & are the unit vectors
of the AFM sublattice magnetization and spin polarization, respec-
tively.”* When an in-plane current is applied through the Pt/Co/IrMn
heterostructure in Fig. 1(a), the spin current J is generated by the Pt
layer and its interface.”””” Because of the thin thickness of the Co layer
(0.8 nm), the spin current can pass through the Co layer and exert
SOTs on the interface magnetization of the IrMn layer.””" For the
perpendicularly magnetized IrMn, Tp;, on the two AFM sublattices are
antiparallel that cancels each other, while Tp;, are even function of 1,
indicating that 7p; on two AFM sublattices are parallel, thus providing
a total torque to rotate the two AFM sublattice spins together in

(a)
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J“ £-§~,1“ >
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Fig. 1(a). However, under such SOTs in the perpendicularly magne-
tized AFM layer, switching from up to down is equal to switching
from down to up. As a result, such switching cannot occur, which is
forbidden due to the limitation of symmetry. To break the symmetry,
an in-plane auxiliary magnetic field has to be used to provide addi-
tional torque,”” ** which makes a favorite rotation direction. Unlike
the above case that uses an external magnetic field to break the sym-
metry, the exchange coupling at the FM/AFM heterostructure inter-
face naturally breaks the symmetry of the AFM interface.”” The AFM
interface magnetization favors the adjacent FM magnetization to mini-
mize the interface coupling energy. As shown in Fig. 1(a), without the
auxiliary magnetic field, the AFM interface state can be rotated clock-
wise and switched from AP to P. If the current is reversed, i.e., along
the —x direction, the AFM interface state switching still occurs, but
the rotation direction is opposite to the positive current due to the
inverse spin polarization. However, as shown in Fig. 1(b), such field-
free AFM switching in FM/AFM cannot be switched back from P to
AP again, which contrasts with the reported reversible electrical
switching between the two orthogonal AFM bulk states by applying
the current along with two orthogonal in-plane directions.' "’

Figure 1(c) shows the typical current-induced switching of the
AFM interface state from AP to P in the Pt/Co/IrMn heterostructure.
Owing to the AFM interface pinning effect,”” the shift of the FM
hysteresis loop by the amount of exchange bias field (Hg) is usually
used to demonstrate the AFM interface state.”® Similar to the

(b)
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FIG. 1. (a) The schematic of the AFM interface state switching from AP to P is allowed in the Pt/Co/IrMn structure for a positive current pulse. (b) The switching from P to AP
is forbidden. (c) The current-induced fully switching of the AFM interface state from AP to P. (d) The current-induced partially switching of the AFM interface state from P to M.
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observations by Lin et al,”" after applying current pulse I = +20 mA
under zero magnetic field [the initial state marked as a star in Fig. 1(c)],
Hg, changes from negative to positive, representing the total switching of
the AFM interface state from AP to P.

Figure 1(d) shows the typical current-induced switching of the
AFM interface state from P to M in the Pt/Co/IrMn heterostructure.
When applying a pulse current I = *£20 mA at a parallel interface state
under a perpendicular magnetic field H,=1500e [the initial state
marked as a star in Fig. 1(d)], a double-biased loop is observed in Fig.
1(d), representing the formation of M. Here, we define the multilevel
remanence state (MRS) by the ratio of the height of shift-loop (ARg)
to the total height of sub-loops (AR) at H,= 0 Oe. MRS can be consid-
ered as the content of the partial switching of the AFM interface state.
One can find that there is a little difference in MRS for the positive and
negative current pulses in Fig. 1(d), which might result from the different
switching energy under rotation clockwise and anticlockwise.

Figures 2(a) and 2(b) show the typical hysteresis loops after
applying a different perpendicular magnetic field and current pulses.
One can find that the MRS can be significantly controlled by both the
magnetic field and current pulses. When current pulse I, = 20 mA is
fixed under different magnetic fields, MRS gradually increases with the
increasing magnetic field, as shown in Fig. 2(a). Similarly, MRS also
increases with the increasing amplitude of the current pulse under a
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FIG. 2. The R,,~H, curves switched from P in the initial loop (a) after applying a
current pulse [, =20mA under different magnetic fields and (b) after applying a
current pulse with different amplitudes under H, = 150 Oe.
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fixed magnetic field H, =150 Oe, as shown in Fig. 2(b). Such AFM
multiple domain states tuned by applying magnetic fields and current
pulse have been reported in previous works,””** which is attractive for
neuromorphic computing and multiple state memories; however, the
switching mechanisms to form M in these works are different. In our
previous works,”” we use current-induced SOT to switch EM by apply-
ing an in-plane auxiliary magnetic field. Owing to the partitional
switching of FM, it rotates interface AFM spin together, thus M is
formed. When the current pulse is large enough, MRS can reach one,
indicating a complete switching. Here, we use the SOT to directly
switch two AFM sublattice spins together. The formed M from P is
ascribed to the competition between the current induced SOT and
FM/AFM interface coupling. Again, one can also find that MRS
cannot reach one due to symmetry limitations.

Unlike the irreversible AFM switching between P and AP at the
FM/AFM interface, there is a reversible switching between P and M in
Fig. 3. Figure 3(a) shows the MRS color map of AFM switching from
P to M, where MRS = 0 is representing P, MRS =1 is presenting AP,
and other MRS value is representing M. It should be noted that the
AFM switching from P to M only occurred under the negative mag-
netic field. Interestingly, the reversible switching back from M to P is
observed in Fig. 3(b), where the switching can only occur under the
positive magnetic field. We noted that the interface AFM spin switch-
ing is almost symmetric under the positive and negative current pulses
for both Figs. 3(a) and 3(b). Moreover, the smaller amplitude of the
current pulse requires a larger perpendicular magnetic field to switch
the AFM spins, which is consistent with previous work,” and can rule
out the conventional field-cooling effect due to current-induced Joule
heating. Interestingly, we also noted that switching from M to P is

(@) MRS

(b) I, (mA) MRS

10
I, (mA)

FIG. 3. The color map of MRS shows reversible switching (a) from P to M and (b)
from M to P in the Pt/Co/IrMn heterostructure.
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FIG. 4. Manipulating multilevel remanence state by applying various current pulses
and magnetic fields.

easier than that from P state to M state. This is because the AFM/FM
interface coupling can help AFM spin switching from M to P but hin-
der the switching from P to M.

Figure 4 show a high tunability and stability of M state at the
AFM/FM interface by adjusting different currents and magnetic fields,
which are attractive for neuromorphic computing, memristor, and
logic operation basic devices.”'"”” In order to test whether M can be
manipulated or not, the current pulses and magnetic fields with vari-
ous amplitudes were applied. After applying a combination of current
pulses and magnetic fields, R, at the zero magnetic field is recorded.
One can easily find that the variation trend of R,, significantly depends
on the direction of the magnetic field. R,, increases (decreases) for the
positive (negative) magnetic field, no matter what the polarity of the
current. Particularly, the evolution of M can be continuously manipu-
lated by the current pulse and magnetic field, without being reset to
the initial state. Moreover, the five recorded values of R,, keep nearly
constant after applying the current pulse and magnetic field, demon-
strating a very high stability. It should also be noted that R, is
immune to very strong magnetic fields even to several teslas, owing to
the zero magnetization of AFM. These results demonstrate that the
storage cell with relatively stable multilevel states tuned by SOT can be
realized in Heavy Metal/FM/AFM multilayers.

In conclusion, we explain the physical mechanism of SOT
switching AFM in Pt/Co/IrMn multilayers according to symmetry,
where AFM can have two equivalent switching polarities under posi-
tive and negative currents. Although the AFM interface spin cannot be
reversibly switched between P and AP, it can be manipulated back and
forth between M and P, by applying a different perpendicular mag-
netic field and current pulse. This feature is attractive in the nonvola-
tile multilevel storage. We further demonstrate that the nonlinear
evolution of M for Pt/Co/IrMn multilayers under various magnetic
fields and current pulses has a high repeatability and stability, which is
important for neuromorphic computing.

This work was supported by the NSFC of China (Grant Nos.
11774139, 11874189, 51372107, 51671098, 91963201, and 11674143),
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