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Electrically controlled switching in an antiferromagnet (AFM), utilizing a currentless mechanism, is
theoretically examined at finite temperatures. The structure consists of a metallic AFM with biaxial mag-
netic anisotropy sandwiched between a ferromagnetic spin filter and a semiconductor Schottky junction
in a two-terminal pillar configuration. The calculations show that the torque necessary for the desired 90°
rotation of the Néel vector between two easy axes can be provided efficiently by pumping spin-polarized
electrons into and out of the AFM through the metallic ferromagnetic layer. Consideration of thermal fluc-
tuations illustrates the stochastic nature of the switching, whose probability distribution can be tailored
by the electrical signal pulse as well as by the device dimensions. Detection of the Néel-vector state fol-
lowing this rotation may also be achieved straightforwardly via the large anisotropic magnetoresistance
of the biaxial antiferromagnetic material. These properties, along with an ultrafast switching speed and
a low energy requirement, are expected to be well suited for applications in nonvolatile memory and

probabilistic computing.
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I. INTRODUCTION

Since the discovery of giant magnetoresistance in mag-
netic heterostructures [1,2], the main focus of spin-based
electronics, or spintronics, has been on magnetically
ordered materials. The next breakthrough in the field was
marked by the prediction and realization of spin-transfer
torque (STT) in ferromagnetic nanostructures, where the
magnetization can be modulated by a spin-polarized elec-
trical current without the application of external magnetic
fields [3,4]. An alternative mechanism of magnetization
control was achieved subsequently by using spin-orbit
torque (SOT) in a bilayer combination with a strongly spin-
orbit-coupled material such as a nonmagnetic heavy metal
[5]. In this process, a spin current induced in the adjacent
spin-orbit-coupled layer via the spin Hall effect provides
the necessary spin interactions at the interface.

Antiferromagnets (AFMs) have only recently been
recognized as active spintronic materials with ultrafast
dynamics [6—8]. Similarly to ferromagnets (FMs), AFMs
inherently possess magnetic properties that are highly
desirable for information processing, such as the ability to
encode bits with (quasi)stable states of the Néel vector L.
Manipulation of L can also be realized in a manner akin to
the use of STT or SOT in FMs [8-10]. In both processes
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(i.e., SOT and STT), an electrical current mediates two
types of torque, namely, antidamping and fieldlike torques.
While the former (i.e., the antidamping term) is active
throughout the duration of the applied input current as in
the case of FMs, the latter impacts the Néel-vector dynam-
ics in a manner proportional to the rate of change of the
induced effective field (and thus the time derivative of the
current). This is the reason why the fieldlike term has not
been considered particularly capable of switching the Néel
vector between stable states. As such, the antidamping
torque has remained the primary mechanism for achieving
oscillation or rotation of the Néel vector. Note, however,
that antidamping via SOT or STT also requires an electri-
cal current flow of large magnitude. The resulting energy
consumption is generally much higher than the level actu-
ally needed to overcome the potential barrier separating the
stable states. This inefficiency can be explained by the rel-
ativistic origin (in the case of SOT) or the //2 limitation
on the angular-momentum transfer of each spin-polarized
electron (in the case of STT).

An alternative mechanism based on the nonrelativis-
tic (and thus strong) exchange field was proposed very
recently, operating through electron-spin accumulation in a
spin-capacitor structure to obviate the restrictions imposed
on the transient spin-angular-momentum transfer [11].
Spins pumped into the AFM via charging and discharging
of spin-filtered electrons provide the necessary effective
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field, inducing rotation of the Néel vector around it. The
advantage derives from the relatively long electron spin
relaxation time in AFMs. The resulting extended expo-
sure to the exchange field leads to an effective angular-
momentum transfer per electron much larger than that
obtained with the STT (i.e., A/2). This, combined with
the absence of an electrical current flow, can drastically
reduce the energy requirement for reversal of the Néel vec-
tor. Ironically, one major limitation of the spin-pumping
approach is the very use of a capacitor structure for spin
accumulation (i.e., no current flow), which, at the same
time, restricts detection via magnetoresistance. Further-
more, the 180° switching between the two stable orienta-
tions of the Néel vector can only be achieved in a nonselec-
tive manner, leaving the state of the AFM macroscopically
indistinguishable.

In this paper, the concept of the spin-pumping torque
is theoretically explored for a two-terminal AFM struc-
ture that can overcome the limitations discussed above
while maintaining the advantages at the same time. The
study utilizes an additional magnetic anisotropy that breaks
the uniaxial symmetry commonly assumed when the 180°
reversal of the Néel vector is considered. Specifically,
the results for antiferromagnetic materials with biaxial
anisotropy illustrate the feasibility of uniquely determin-
ing the final state along with electrical detection via
anisotropic magnetoresistance (AMR). The impact of ther-
mal fluctuations is also analyzed by adopting a Monte
Carlo treatment to account for the unavoidable stochastic-
ity in the Néel-vector dynamics at nonzero temperatures.
Further investigation reveals that the desired functionality
to modulate the probability distribution of the stochas-
tic switching can be achieved via the properties of the
signal pulse, enabling potential applications beyond the
conventional computing paradigm.
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II. THEORETICAL MODEL

The specific structure under consideration is shown in
Fig. 1(a). As stated briefly above, the main functional
material (i.e., the AFM) is assumed to have a C;y symme-
try with an in-plane hard z axis. The resulting four stable

states of the Néel vector L are taken to be along the £x
and £y directions. Further, the presence of interfaces with
heterogeneous materials is expected to break the symme-
try such that the Néel-vector orientations in the in-plane
(y) and the cross-plane (x) direction can become ener-
getically inequivalent [12]. This additional asymmetry in
the Néel-vector states (x vs y) can be engineered through
the shape of the structure, as well as through the strain
at the heterointerfaces between the layers. As schemati-
cally illustrated in Figs. 1(b) and 1(c), the inequality in the
barrier heights (and thus the torque required for switching)
can enable unique determination of the final Néel-vector
state. The magnetization of the FM layer in contact is set
along the hard z axis, inducing rotation of the Néel vector
around it. A conducting nonmagnetic spacer is assumed
between the AFM and FM layers to avoid the effect of
exchange bias. The purpose of the interface with a semi-
conductor layer at the other end of the structure is to
induce a Schottky-type rectifying junction to enable both
electrical writing and electrical reading in a two-terminal
pillar configuration. In the write process, the Schottky
junction works as a barrier when a bias is applied, caus-
ing spin-polarized electrons injected from the FM layer to
accumulate and thus inducing an effective torque for rota-
tion of the Néel vector. In the case of readout, a reverse
bias makes the barrier permeable to electrical conduction.
Orientations of the Néel vector parallel and perpendicular
to the direction of the current flow are expected to lead
to substantially different values of the output conductance
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(a) Schematic illustration of a two-terminal structure based on the spin-pumping effect. The easy axis of the FM layer is

directed along the z direction, which corresponds to the hard axis of the tetragonal AFM. The double-ended arrows indicate the four
equilibrium Néel-vector states. The interface with an n-type semiconductor (n-SC) forms a Schottky barrier. (b) Anisotropy-energy
profile in the “easy” x-y plane (solid curve) in arbitrary units. The combination of the intrinsic C4 symmetry of the AFM with the
asymmetry of the structure induces an imbalance between the x (0° or 180°) and y (90°) directions. A bias pulse of moderate strength
switches the Néel vector from the shallow state (“1”) to the deeper state (“0”) (solid arrow) but fails to induce a transition when starting
from “0” (dashed arrows). (c) Envisioned write process. Following the initialization to state “0,” a stronger pulse writes state “1,” while
a moderate pulse sets the Néel vector back to state “0.” Hence the pulse strength can uniquely determine the final configuration.

064065-2



EFFICIENT CONTROL OF STOCHASTIC SWITCHING. ..

PHYS. REV. APPLIED 13, 064065 (2020)

through the phenomenon of AMR [13,14] or the tunneling
variety of AMR (which tends to give a larger effect) [15].
A sizable bias can be used for robust detection without
disturbing the Néel-vector state.

Our analysis of the response of the AFM to an effective-
field pulse is based on the o model of a collinear AFM,
since the magnitude of the Néel vector |L| can be main-
tained essentially unchanged throughout all stages of
evolution owing to the strong interlayer exchange inter-
action [16]. Accordingly, the actual variables used are
the polar and azimuthal angles 6,¢ of the unit vector
n = L/|L| = (sinf cos ¢, sin 6 sin ¢, cos §). In this treat-
ment, the expression for the anisotropy energy of the
structure shown above in Fig. 1(a) is written as

1o o 1.5, 1 4 4
W(Il) = EK”nZ — E 2n — ZK4(nx + ny), (1)
where K| establishes the hard z axis, K4 denotes the intrin-
sic C4 anisotropy in the x-y plane, and K, specifies the
additional contribution induced by the shape, interfacial
strain, etc. The corresponding Lagrangian of the system,
including the dissipation function, yields a set of second-
order differential equations that are quite interdependent.
However, as has been shown earlier [17,18], these equa-
tions for 8 and ¢ can be decomposed provided the mag-
netic field affects the AFM along the hard z axis [i.e., H =
(0,0, H)] and the initial states lie in the easy plane, which
corresponds to the present conditions shown in Fig. 1. In
this case, one solution for the polar angle, (1) = /2,
remains stable in the subsequent evolution of the azimuthal
angle ¢ = ¢(f). Thus, the transition of the Néel vector
between the stable states essentially takes place in the x-
y plane by overcoming a potential barrier of %K4 + j—‘Kz,
depending on the initial orientation.

For a systematic analysis, it is convenient to intro-
duce the dimensionless variables ¢t — w,t for time and
h = yH/w, for the magnetic field, where y denotes the
gyromagnetic ratio and @, = y /2HxH,, is the frequency
of the intrinsic resonance of the AFM, with an exchange
field Hex and an anisotropy field H,, = Ka/My. My rep-
resents the sum of the absolute values of the sublattice
magnetizations. By following the formalism developed in
Ref. [18], the equation for the azimuthal angle can then be
reduced to a canonical form

@+ 200 + % sin2¢ + % sindg = heg+ by,  (2)
where the conventional notation is used for the time deriva-
tives ¢ = dp/dt, ¢ = d*¢/dr*, etc. The first term on the
left-hand side accounts for the kinetic energy responsi-
ble for the inertial motion of the Néel vector, whereas
the second term describes the dissipation by the damp-
ing parameter A, which is directly related to the line width
8, of the resonance of the AFM (equal to Aw,). The two

remaining contributions represent the anisotropy energy of
the four potential wells discussed earlier in Eq. (1). The
term }lsin 4¢ arises from the intrinsic anisotropy of the
AFM, while the factor { = K,/K4 in the third term sig-
nifies the relative importance of the symmetry reduction
via the extrinsic factors (C4 — C5). The right-hand side of
Eq. (2) describes the torques due to the driving effective
field A and the fluctuating thermal field Ay,. The origin
of K. is the exchange interaction of the sublattices of the
AFM with spin-polarized electrons delivered from the FM
spin filter (i.e., the spin-pumping torque). As for Ay, the
thermal fluctuations are directly related to the relaxation
of the Néel vector via the fluctuation-dissipation theorem.
The dependence on the time derivative shows clearly that
a constant effective field does not contribute to the mech-
anism of switching from an energy minimum. This is
apparent from the consideration that the torque induced
by a constant field (T = yH X n) cannot deliver energy
to the system, due to its orthogonality with the resulting
angular momentum (parallel to H).

II1. RESULTS AND DISCUSSION

The most prominent features of the Néel-vector dynam-
ics under the influence of a spin-pumping torque can be
captured by examining the case of an asymmetric driving
pulse with a steep leading edge whose characteristic rise
time is much shorter than the inverse resonance frequency,
followed by a slow trailing edge. The situation mimics
the dependence e = hod (1), where hg corresponds to the
pulse amplitude. Since this approximation essentially sets
the right-hand side of Eq. (2) to zero for # > 0 (A, is not
considered for the time being), the torque appears as the
initial condition ¢(0) = Ay. Starting with an appropriate
strength of 4y above the threshold, the applied torque is
capable of rotating the Néel vector between the x and y
directions (states “0” and “1,” respectively) in the course
of'its inertial motion. The numerical solutions clearly illus-
trate switching into the desired states, depending on the
strength of Ay (Fig. 2). As expected, a stronger pulse is
needed to drive the Néel vector out of the deeper well (state
“0”). In the case when the pulse is too strong (e.g., above
the range for writing “1”), the induced torque can rotate
the Néel vector by more than the desired 90°, eventually
causing it to settle into state “0” (i.e., a 180° reversal).
The upper bound on 4y is set to prevent such occurrences
in deterministic switching between states “0” and “1.” A
larger anisotropy factor ¢ increases the difference in the
two energy-barrier heights, resulting in an increased range
of values of A that set the final configuration to state “0”
(the deeper well).

Since the electrical bias applied to the two terminals sup-
posedly induces the necessary effective magnetic field, it is
important to examine the magnitude of 4, that can be prac-
tically achieved. For this, a capacitance analysis is used
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FIG. 2. Ranges of parameters Ay (pulse amplitude) and ¢
(strain anisotropy) for realizing initialization in state “0” (dark
gray) and writing to state “1” (light gray). The results are
obtained with a single steplike signal pulse. Thermal fluctuations
are not considered. Both £y and ¢ are normalized so that they are
expressed in dimensionless units.

to obtain an expression for /% in terms of typical parame-
ters of the structure. As the potential drop occurs mainly at
the AFM/semiconductor interface, the primary contribu-
tion comes from the capacitance of the Schottky barrier,
which can be given as C = (egN;/V,)'/? per unit area
[19]. Here, € is the dielectric constant of the semiconduc-
tor, ¢ is the unit charge, N, is the doping density, and ¢V, is
the Schottky-barrier height. When a reverse bias V' (equal
to —Up) is applied, excess electrons are injected from the
FM layer into the AFM/semiconductor interface with a
density n, = UyC/q. As only a fraction 5 of these spin-
polarized electrons mediate the effective exchange field,
the result is

_ nn.J Qo
Y hdapm ’

Hy 3)

which is averaged over the AFM thickness dapyv. Here,
J is the strength of the s-d exchange interaction, and
Qo denotes the volume of the primitive cell. Assuming
the values € = 11, N; = 10! cm™3, and ¢V; = 0.5 eV,
a reverse bias of Uy = 300 mV induces an excess elec-
tron density of about n, = 2.4 x 10'> cm~2. This yields
Hy=2.5T in an AFM of thickness dapm = 3 nm with
n=04,J=0.7¢eV,and Q) =2 x 107% cm?. The cor-
responding angular velocity yHy of 4.4 x 10!! s™! gives
roughly iy (= yHy/w,) ~ 1, as w, is typically in the range
of approximately 10!'-10'% s~! in an AFM.

For a more specific example, the material parameters of
the commonly used bimetallic alloy MnPt are adopted for a
numerical estimate. As desired, MnPt has tetragonal sym-
metry and is quite sensitive to structure-induced magnetic

anisotropy [12]. The relatively weak in-plane anisotropy
in MnPt (see Refs. [20—22]) suggests that K4 and w, are
around 10° erg/cm® and 4.9 x 10" s~! (i.e., 1 /w, = 2 ps),
respectively. These values indicate that a Uy of 330 mV is
sufficient to generate a dimensionless amplitude 4y = 1 in
a FM/MnPt/n-Si structure. With the parameters specified
above, the energy required for 90° switching is estimated
to be in the tens of attojoules for an AFM of suffi-
ciently large dimensions (i.e., with a sufficiently large total
anisotropy energy) to ensure nonvolatile operation at room
temperature. These estimates are used in the subsequent
analysis.

The results discussed thus far do not explicitly account
for the effect of random thermal fields. As such, the out-
come of the antiferromagnetic dynamics is determined
solely by the input signal, without any uncertainty or
stochasticity (see, for example, Fig. 2). In reality, how-
ever, thermal fluctuations not only control the spontaneous
transitions from the potential wells but also affect the
switching dynamics, leading to a probabilistic description,
particularly in the vicinity of threshold conditions. The
contribution of the fluctuating field /¢, (f) can be considered
by simply adding the fieldlike torque (d/dt)hw(f) to the
right-hand side of Eq. (2). Because of the explicit depen-
dence on the time derivative, the conventional approxima-
tion based on a series of random step functions for white
noise cannot be applied to the antiferromagnetic dynamics
[23]. As an alternative, a spectral representation is adopted
in the form of a Fourier-series expansion with random
amplitudes [18]. Here, the broadening §, of the resonant
frequency (or the inverse relaxation time 7,,!) offers a
physical basis for discretization of the spectral domain into
comparable intervals, since the response of a damped Néel-
vector motion becomes practically invariant with respect
to a perturbative frequency swing in the range of §, due
to the broadening. In other words, the response of the
AFM to thermal noise is virtually equivalent to a series of
sinusoidal perturbations with random amplitudes and fre-
quencies né, (n = 1,2, ...). An upper bound on the sum N
can also be introduced by considering the finite autocorre-
lation time 7., where N can be estimated as t,,/7.. Finally,
the fluctuation-dissipation theorem determines the ampli-
tudes of the fluctuating field components in the form (see
Ref. [18] for additional details)

2k T\ '? al al
hn(®) = A <NK4 V) ;(xn sin nAt + Z BncosnAt |,

4)

where the time ¢ is in dimensionless units and
(1/2N) 3N (@2 + B2) = 1. This expression clearly pro-
duces the derivative (d/dt)hy(?) in the form of a smooth
function that can be directly incorporated into Eq. (2).
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Since the noise expression given above applies only
for a duration up to 7,, due to relaxation, a time period
longer than this interval requires repeated random selec-
tions. Moreover, each switching event necessitates inde-
pendent consideration to ensure an accurate description
of its stochastic nature, whose probability distribution can
be obtained by a Monte Carlo treatment. Evidently, the
resulting probability distribution depends also on the prop-
erties of the input signal, such as the pulse strength 4.
In the actual computation, Eq. (2) is solved numerically
for each time step t,, under the specified conditions (e.g.,
he) along with a set of Fourier amplitudes «, and S,
selected randomly for the given period. This process is
continued in time until the simulation concludes. Then,
the entire calculation is repeated for a sufficient number of
iterations to establish accurate statistics (i.e., of success-
ful versus unsuccessful events) for the desired probability
distribution function.

Figure 3 shows the calculated switching probability (for
“1” — “0”) as a function of Ay for different AFM sizes.
The dashed line represents the deterministic case, where
random thermal fields are not considered. Accordingly, the
90° Néel-vector rotation occurs with 100% certainty in this
case if A is even slightly above the threshold. The resulting
probability distribution has a step-function form. In con-
trast, thermal fluctuations broaden the distribution so that
it has a finite slope, as expected. It is interesting to note that
the best fit to the calculated probability distribution can be
expressed in terms of the Gaussian error function erf(x)
[24] as

11 -
P(ho) =5 + 5 erf(h(i/zj{) : (5)

The standard deviation o at a finite temperature is directly
related to the geometry of the structure, while the critical
field 4, depends on the anisotropy factor ¢. For cases with
AFM dimensions of 10 x 10 x 3 nm?, 25 x 25 x 3 nm?,
and 65 x 65 x 3 nm?, this estimate gives standard devi-
ations of 0.18, 0.11, and 0.05, respectively (or 60, 36,
or 16 mV in the units of the bias voltage). The value of
h; is fixed at 0.53 in all three cases (see also the dashed
line). Needless to say, large AFMs are less susceptible to
thermal fluctuations with respect to random switching. A
similar picture arises in the case of “0” — “1” switching,
with threshold behavior around /, ~ 0.83. Compared with
the case in Fig. 3, however, the dispersion of the success-
ful events (i.e., the standard deviation) becomes narrower,
since the stronger pulse amplitude diminishes the impact
of thermal fluctuations. As such, this case may not be
as desirable when the focus is to exploit its probabilistic
applications and control.

The significance of these results can be far more promi-
nent if electrical control of o can be achieved dynamically
rather than via the geometry of the structure. One such

°c o o =
N o o o
1 1 1 1

Switching probability

o
o
1

040 045 050 055 060 065
Pulse amplitude A,

FIG. 3. Switching probability versus pulse amplitude calcu-
lated in the presence of thermal fluctuations at room temperature
with ¢ =0.3 and A =0.2 (for “1” — “0”). A single step-
function signal pulse is assumed. Curves 1, 2, and 3 correspond
to AFM dimensions of 10 x 10 x 3 nm?, 25 x 25 x 3 nm?, and
65 x 65 x 3 nm?, respectively. The dashed line shows the deter-
ministic switching in the absence of thermal fields (or in the limit
of very large size with 4, = 0.53). As stated in the text, the pulse
amplitude is in dimensionless units.

example is provided by probabilistic computing [25,26].
To examine this possibility, a more complete expression
is considered for the input effective field A.g(f) (or bias).
Instead of a step-function-like form, the pulse front is
described more accurately by the rise time 7; and the
electron spin-flip relaxation time 77 as /h;(¢) = ho(l —
e //m)e~/T1 Then, assuming that the input bias is turned
off after a duration At, the falling edge of the effective field
(at t > At) can be written similarly as /4, (¢f) = [k (Af) —
ho(1 — e~ =AD/72)]e=(=AD/T1 Here, the second part of the
expression describes the depletion of carrier spins via
discharging through the FM spin filter (with a character-
istic time 7). Apparently, the step-function approximation
corresponds to the case of 71 < 1 and long 1, At, and 7.

Among the parameters that determine /.g(f), our analy-
sis is focused on the pulse amplitude /4y and the duration
At, since these can be modulated dynamically as desired.
In addition to the amplitude, the pulse duration also affects
the Néel-vector dynamics, which is apparent from the
expression for /;(¢). For instance, a reduction in A¢ tends
to enhance the impact of the falling edge, which counter-
mands the initial torque induced by the pulse front. This
may not only shift the critical value 4, but also provide
an environment where the influence of thermal fluctua-
tions can manifest itself prominently in the Néel-vector
dynamics. Figure 4 shows the probability distribution cal-
culated as a function of A for three different values of
At. Indeed, a shorter pulse duration tends to require a
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FIG. 4. Switching probability versus pulse amplitude calcu-

lated in the presence of thermal fluctuations at room temperature
for three different values of the pulse duration (for “1” — “0”).
Specifically, curves 1, 2, and 3 correspond to Az values of 2, 3,
and 5 (or 4, 6, and 10 ps, respectively, for a MnPt structure of
dimensions 65 x 65 x 3 nm?®). The parameters used are 7; = 0.5,
7, =5,T1 =5,¢ =0.3, and A = 0.2. The pulse amplitude 4 is
also in dimensionless units.

stronger pulse strength to achieve the same level of switch-
ing, leading to a more gradual line shape. Assuming the
typical parameters 7y = 0.5, 1, =5, Ty = 5, ¢ = 0.3, and
A = 0.2, the estimated standard deviation o is shown to be
0.14, 0.11, and 0.09 for At values of 2, 3, and 5 (e.g., 4,
6, and 10 ps, respectively, for a MnPt structure of dimen-
sions 65 x 65 x 3 nm?). The corresponding /4, gives 0.91,
0.82, and 0.77, respectively. The electrical bias can clearly
modulate the probability distribution function rather sub-
stantially, as anticipated. Note that a trade-off may need to
be made between nonvolatility and the thermally induced
range of control of the probability distribution. The results
obtained are qualitatively consistent with experimentally
observed stochastic switching in a FM via the STT [25].
AFM structures based on the spin-pumping torque are
expected to offer significant advantages in terms of energy
consumption and switching speed.

IV. SUMMARY

This study shows that both electrostatic control of Néel-
vector states and their detection via AMR can be achieved
in a pillar structure containing a metallic AFM with
tetragonal symmetry by taking advantage of a Schottky
junction with an adjacent semiconductor layer. In par-
ticular, the currentless spin-pumping torque originating
from the exchange field of injected spin-polarized elec-
trons can achieve the desired rotation with an operating
energy that can be reduced to tens of attojoules. The
additional structure-induced anisotropy facilitates selec-
tive localization of the Néel vector in a state either parallel

or perpendicular to the pillar axis. Consideration of thermal
fluctuations at finite temperatures affects the device perfor-
mance, especially when the AFM layer is small. Moreover,
the stochastic properties of the switching probability can
be controlled by tailoring the input pulse in the electric
bias. Compared with their FM-based counterparts, the fast
dynamics makes AFM-based devices particularly attrac-
tive, as many more independent events can be evaluated
in a given time duration (i.e., a faster computing speed is
possible). Similar advantages are expected in terms of the
energy requirement per operation, since the applied electri-
cal signal can be much shorter. In addition, the absence of
stray fields can allow high-density integration where this
is not possible in FM multicell systems due to the long-
range nature of the magnetic field (i.e., crosstalk). These
characteristics are expected to make AFM-based structures
a strong candidate for applications in nonvolatile memory
and probabilistic computing.
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