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Abstract—Electrical control of a magnetic tunnel
junction (MTJ) through spin-orbit torques (SOTs) offers
opportunities to introduce MTJs into high-performance, low
energy applications. SOTs support a high-speed and energy-
efficient three terminal MTJ with perpendicular-to-the-plane
magnetization (PMTJ). The read path is separated from the
write path, enhancing the reliability of the device. SOTs exhibit
two coexisting contributions: 1) a damping-like torque and
2) a field-like torque. In this paper, a physics-based compact
model for a three terminal PMT] is presented, which accurately
models the magnetic, electrical, and thermal behaviors of a
PMT]J controlled through SOTs. The proposed compact model is
validated with experimental data, exhibiting reasonable accuracy
with an average error of <5.4%. The integration capability of
the proposed compact model with CMOS technology is also
demonstrated.

Index Terms— Compact models, damping-like spin-orbit
torque (SOT), field-like SOT, three terminal magnetic tunnel
junction.

I. INTRODUCTION

LECTRICAL control of a magnetic tunnel junc-

tion (MTJ) through spin-polarized current pulses provides
opportunities to enhance speed, energy consumption, and den-
sity in a variety of applications ranging from memory [1]—[3]
and logic [4] to RF oscillators [5]. Conventional two ter-
minal MTJs are electrically controlled through spin transfer
torques arising from spin-polarized current pulses with spin
polarization nearly collinear with the magnetization of the free
layer (FL) [6]. These torques are, therefore, initially weak, and
the magnetization of the FL only gradually absorbs the energy
required for switching. The time for the FL to absorb sufficient
energy, referred to as the incubation time, significantly depends
upon thermal fluctuations. Consequently, the device switches
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stochastically over a widely distributed switching time. The
switching time of the conventional two terminal MTJs is on
the order of several nanoseconds [6]. Hence, the device is
slow and energetically inefficient due to ohmic losses during
the extended period when the current pulse is applied to the
device.

Current-induced spin—orbit torques (SOTs) have recently
attracted considerable attention for high-performance spin-
tronic applications operating at low energy levels [7]-[10].
Control of the magnetic configuration of an MTJ through SOTs
supports a fast and energy-efficient three terminal MTJ with
perpendicular-to-the-plane magnetization (PMTJ), where the
read path is separated from the write path. This separation
significantly enhances the reliability of the device [7], [9],
[10], since the write current does not flow through tunnel
barriers sensitive to electrical breakdown. Since spin polar-
ization is nearly orthogonal to the magnetization of the FL at
equilibrium states of the three terminal PMTJ, the initial SOTs
are sufficiently large. Consequently, the FL is excited with an
undetectable incubation time once a current pulse is applied.
Deterministic and energy-efficient control of the device is,
therefore, enabled, requiring short current pulses (<500 ps)
[71-[9].

An efficient compact model for an MTJ should accu-
rately capture the device response to the applied control-
ling mechanism while maintaining computational efficiency.
A comprehensive compact model for two terminal MTJs,
known as the adaptive compact MTJ model, has recently been
developed [11]. A compact model has also been proposed for
three terminal PMTJs [12], [13]. Field-like and damping-like
SOTs coexist within a PMT]J, and the field-like SOT may be as
large as 30% of the damping-like SOT [14]. Furthermore, the
magnetic and electrical responses of a PMT]J are a function of
device temperature, which is characterized by Joule heating
within the device [9], [15], [16]. The previously published
compact model of a three terminal PMTJ [12], [13] neglects
the effects of temperature on device behavior, considerably
compromising model accuracy.

In this paper, a compact model is proposed for a three
terminal PMTJ controlled through SOTs. The proposed com-
pact model considers both field-like and damping-like SOTs.
The model accurately captures the thermal behavior of the
device and includes the effects of temperature on both the
magnetic and electrical responses. The model can, therefore,
be used to accurately simulate a three terminal PMTJ whose
magnetic state is switched through SOTs. Furthermore, the
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(W)

Fig. 1. Structure of a three terminal PMTIJ. (a) Physical structure of the MTJ.
(b) Magnetization of the FL and externally applied magnetic field. m denotes
the unit vector along the magnetization of the FL and H, is an externally
applied magnetic field which assists SOTs.

model supports the analysis of a three terminal PMTJ under
process variations. The capability of the model for evaluating
hybrid MTJ/CMOS circuits is also illustrated through a hybrid
MTIJ/CMOS nonvolatile flip flop (NVFF).

The rest of this paper is organized as follows. The compact
model is characterized in Section II. The model is validated
with experimental data in Section III. Integration of the model
with an advanced CMOS technology is shown in Section IV.
Finally, some conclusions are drawn in Section V.

II. CHARACTERIZATION OF COMPACT MODEL

The proposed compact model is based upon a modified
Stoner—Wohlfarth monodomain magnetic body approximation
that considers the effects of temperature on the device para-
meters. The proposed model captures the magnetic, electrical,
and thermal behaviors of a three terminal PMTJ in response
to current-induced SOTs. The compact model uses Verilog-A,
a standard behavioral description language [17].

A. Structure and Operation of a Three Terminal PMTJ

A three terminal PMT]J, as shown in Fig. 1(a), is composed
of two ferromagnetic (FM) layers separated by a tunneling
barrier, and situated on a normal heavy metal layer, referred to
as the channel. The magnetization of one FM layer, referred to
as the reference layer (RL), is pinned toward the e,-direction,
while the magnetization of the other layer, referred to as the
FL, may be aligned either parallel (P) or antiparallel (AP) to
the magnetization of the RL employing current-induced SOTs.
Orientation of the magnetization of the FL at each time instant,
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Fig. 2. TIllustration of SOT components. The magnetization m precesses
around the effective magnetic field Hegr under the influence of fields, torques,
and damping effects.

as shown in Fig. 1(b), is represented by a unit vector m along
the magnetization of the FL, which makes an angle 6 with e_,
while the plane of m and e, makes an angle ¢ with e,.

B. Magnetic Response of a Three Terminal PMTJ

Temporal variation of the magnetization of the FL is
governed by the Landau-Lifshitz—Gilbert (LLG)—-Slonczewski
equation [18],

= X + o X + T

where m is the magnetization of the FL, 7 is the time
variable, Hegr is the effective magnetic field experienced by
the magnetization of the FL, a is the Gilbert damping factor,
y is the gyromagnetic ratio, and tgor is the SOT composed
of a damping-like SOT and a field-like SOT.

Hef is derived from the magnetic anisotropy energies and
the Zeeman energy as follows:

Heff = —Vm I:%Hk(T)mg —m- (Ha + Hd + HL):| (2)

where m = (sin(@) cos(¢), sin(0) sin(¢), cos(d)), and Hi(T)
is the perpendicular-to-the-plane anisotropy field, which is a
strong function of the device temperature T

Hi(T) = 2K, (T)/ M (T) — 4z M;(T) 3)

where K, (T) is the magnetic anisotropy and M, (T) is the
saturation magnetization. H,, as shown in Fig. 1(b), is the
externally applied magnetic field, and Hy is the magnetic field
exerted by the RL. H; = (Hi x, Hr y, Hy ;) is the Langevin
random field, which models the effect of nonzero temperature
on the temporal variations of m [19]-[21]. Each component
of Hy follows a zero-mean Gaussian random process whose
standard deviation is a function of temperature [19]-[21]:

2OCkBT
0= | ———— 4
\ v My (T)opL @

where parameter o is the Gilbert damping factor, y is the
gyromagnetic ratio, kp is the Boltzmann constant, M,(T)
is the saturation magnetization, opy, is the FL volume,
and T denotes the device temperature governed by device
self-heating. In FM thin films, the dependence of the
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Fig. 3. Electrical model of a three terminal MTJ as a resistive T network.

Gilbert damping factor o on temperature T is weak, and o can
be considered nearly independent of T [23].

The SOT tsor, as shown in Fig. 2, is composed of the
damping-like torque (7)) and field-like torque (T 1) normal
to 7). Whereas 7 in fully metallic nanopillars is negligible,
in MTJs, 7, can be as large as 30% of t) [14]. The
choice of T must, therefore, be carefully considered in an
MT]J model. Accordingly, TsoT is

TSOT = T+ TL
= T(ﬁ(m X (6 x m)) + r(j_(a X m) %)

where r(‘f and r(i are prefactors of damping-like and field-like
torques, respectively, and o denotes the spin polarization.

In a spherical system, the coordinates (0, ¢) completely
describe the motion of the magnetization of the FL with
respect to the RL [14], [24]. Consequently, the time derivative
of 8 and ¢ appears independently in the LLG equation,
resulting in separation of the LLG equation into two nonlinear
first-order differential equations,

y do
1+a25=f0+af¢ (6a)
’in@)? = afy - 6b
T sin )dt =afo— fs (6b)

where a is the damping factor, y is the gyromagnetic ratio,
and both fj and fs are nonlinear functions of both & and ¢

fo = rﬁ cos(@) cos(¢p) + T(i sin(¢)
— H,sin(¢) + H, cos(¢)

fo = r(‘f sin(¢) — r(i cos(@) cos(¢)
+ (H cos(¢) + Hy sin(¢p) — Hy sin(0)) cos(d)
— H_sin(0)

(7a)

(7b)
where
Hy = ([Hg| + [Hg| + [H|) sin(8) cos(¢p)

Hy, = (|Hg4| + |Hg| + [Hz|) sin(0) sin(¢)
H, = (JHy| + |Hg| + [HL]) cos(8)

where | - | is the amplitude.

C. Electrical Response of a Three Terminal PMTJ

From a circuit point of view, a three terminal MTJ is a
resistive T network [25], as shown in Fig. 3. G represents
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the tunneling conductance of the magnetic stack, and
G, represents the conductance of the channel. G comprises
two components: 1) spin-independent conductance Gsy, which
is a function of temperature and 2) spin-dependent conduc-
tance Gsp, which is a function of the angles enclosed by
the FL. and RL magnetizations (¢, ¢) (magnetic response of
the MTJ), sensing voltage V, and temperature 7.

The dependence of Ggsp on the magnetic response of
the MTJ can be illustrated by the tunneling magnetoresis-
tance (TMR) model presented in [26] and [27]. The voltage
dependence of Gsp at zero temperature is based on the
Brinkman model [28]. The temperature dependence of both
the Gs; and Gsp conductances is based on the Stratton
model [29]. Consequently, the tunneling conductance of the
device is

G = Gsp + Gsi
2
[2 + TMR(1 + cos(6))] D C; V' + ST'*
i=0

= Go sin(A7T)

®)

where Gy is the tunneling conductance in a parallel configura-
tion at zero temperature and zero voltage bias, and is defined as
Go = (3.16 x 10195172 /d},) exp(—1.025 x ¢'/d},), where ¢ is
the average tunneling barrier height, and dj, is the tunneling
barrier thickness. 4 is a material-dependent parameter defined
as A = 1.387 x 107%d/¢'/2, C;, i € {0, 1,2}, is a material-
dependent constant, as described in [28], and TMR denotes
the TMR of the device. ST'33 is the spin-independent con-
ductance, where S is a fitting parameter, as described in [28],
and T is the temperature.
The conductance of the channel is modeled as [9]

G. = o, T 9)

where o, denotes the conductivity of the channel, [ denotes
the length of the channel, and w and d denote, respectively,
the width and height of the channel.

D. Thermal Response of a Three Terminal PMTJ

The magnitude of the effective field experienced by the FL,
as shown in (2) and (3), as well as the conductance of the
device, as shown in (8), may change due to variations in device
parameters caused by Joule heating. The temperature and the
Joule heating effect should, therefore, be accurately considered
within the compact model. Due to nonzero resistance, when
the current flows into the channel, the device temperature
increases through the Joule heating effect, proportional to the
square of the current density [9], [15], [16]

T(J.) = To + k|Je|?

where J, is the current density, Ty is the temperature at zero
current density, and k is the heating rate.

The saturation magnetization My, magnetic anisotropy K,
and Langevin random field H; are temperature-dependent
parameters that affect the effective field Hegr. The Langevin
random field H; is characterized in Section II-B. Since
the device temperature remains reasonably below the Curie

(10)
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temperature [ 16], magnetic anisotropy K, and saturation mag-
netization change linearly with temperature variations [16],
thus

My (T) = Mso(1 — (T — To)) (1)

and

K (T) = Kuo(1 — n(T — To)) 12)

where Mo and Ko are, respectively, the saturation mag-
netization and the magnetic anisotropy at temperature Tj.
Coefficients f and # represent the change in, respectively,
M; and K, when the temperature changes by T — Tp.
From (10), T — Ty = k|J.|*. Hence, the saturation magne-
tization and the magnetic anisotropy are proportional to the
square of the current density

M, (T) = Myo(1 — Bk|Je|?) (13)

and

Ku(T) = Kuo(1 — nk|Je1?). (14)

E. Computational Complexity

As discussed in Section II-B, to compute the magnetic
response of SOT-PMTJ in a computationally efficient manner,
the LLG equation is separated into two simpler equations,
(6a) and (6b), which are equivalent to a capacitive network
with two nodes. Furthermore, since the SOT-PMTJ is a three
terminal device, from an electrical point of view, the device is
equivalent to a resistive network with four nodes, as shown
in Fig. 3. Consequently, the proposed compact model is
equivalent to an RC network with six nodes, which is highly
computationally efficient. Nevertheless, the simulation engine
that computes the compact model affects the computational
time. Cadence/Spectre, which is used for evaluating the pro-
posed compact model, provides three modes of operation: 1)
conservative; 2) moderate; and 3) liberal. Moving from the
liberal mode toward the conservative mode of operation pro-
vides enhanced accuracy at the expense of slightly increased
computational time.

III. MODEL VERIFICATION

In this section, the proposed compact model is validated
with experimental data. A three terminal PMTJ, controllable
through SOTs, is evaluated. The compact model parameters, as
listed in Table I, are based on the experimental data published
in [9]. The model accurately matches the experimental data,
exhibiting an average error of <5.4%.

A current pulse applied to an MTJ increases the device
temperature through the Joule heating effect [9], [15], [16].
Consequently, as explained in Section II, the anisotropy
decreases. As shown in Fig. 4, the model accurately captures
the behavior of the device anisotropy in response to the Joule
heating effect, exhibiting an average error of <1.8% and a
maximum error of <5.1%.

As shown in Fig. 5(a), a switching phase diagram (SPD)
of the device produced by the compact model is compared
with the experimental SPD reported in [9]. The symbol “4”
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TABLE I
COMPACT MODEL PARAMETERS

Parameter ~Numerical value { Description

trr 0.6 x 1077 cm Free layer thickness
VFL 20pm x 200pm x 0.6nm  Free layer volume

l 200 x 107* cm Channel length

w 20 x 107* cm Channel width

d 2 x 1077 cm Channel thickness
Mo 1.0 x 10 emu/cm? Saturation mag.

Kuo 7.68 x 10° erg/cm? Magnetic anisotropy
PFL 5.6 x 107% Qcm Free layer resistivity
Pe 0.98 x 107° Qcm Channel resistivity

«a 0.05 Damping factor

8 83 x 107* K1 Variation rate of Mg
n 2.2 x 1073 K™* Variation rate of K,
k 0.27 x 107'?Kem*/A?  Heating rate

ks 1.38 x 10716 erg/K Boltzmann constant
e 1.6 x 1079 C Charge quantum

h 1.05 x 1072 ergs Reduced Planck cons.
Th) q MJ e DL torque prefactor
o CL m.] e FL torque prefactor
q 0.038 DL torque coefficient”
(L 0.0019 FL torque coefficient”

+ Numerical value at 300 K

* Coefficients ¢ and ¢, represent the efficiency of Je in producing,
respectively, damping-like (DL) and field-like (FL) torques [9].

3.0 : . . .
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-
T 15}
1.0+
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0 2 4 10 12 14

6 8
Current (mA)

Fig. 4. Hj, from the proposed compact mode as compared with the published
experimental data [9]. Hy is a function of the applied current to the MTJ. The
current applied to an MTJ decreases Hj through the Joule heating effect.

means m, > 0, and “]” means m, < 0. The energy profile
experienced by the magnetization of the FL within a three
terminal PMTJ is symmetric. The presence of a magnetic
field is therefore necessary to break the symmetry, assisting
SOTs to switch the magnetization of the FL. For the case of
a zero magnetic field applied across the device (H, = 0),
the magnetization of the FL does not switch to the new
equilibrium state, independent of the amplitude and polarity of
the current injected into the channel. For a nonzero magnetic
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SPD of the three terminal PMTIJ. (a) SPD of the proposed compact model as compared with published experimental data [9]. The proposed model

accurately captures the experimental data with an average error of <5.4%. (b) The SPD of the compact model in [12] and [13] as compared with published
experimental data [9]. This model [12], [13] follows the general trend of the device behavior, but fails to provide sufficient accuracy.

field applied across the device along the e,-direction, provided
that the current injected through the channel remains within
the borders of the area labeled by m, = 1] (see Fig. 5),
the magnetization of the FL (m;) maintains the current equi-
librium state. Once the current injected through the channel
passes beyond the borders of the area labeled by m, = 1,
the magnetization may reverse depending upon the polarity
of the injected current. As shown in Fig. 5(a), the model
accurately matches the experimental SPD, exhibiting an aver-
age error of less than 5.4% and a maximum error of less
than 13.7%.

The current injected into the channel of a three terminal
PMT]J increases the temperature of the device due to the
Joule heating effect [9], [15], [16]. Furthermore, as discussed
in Sections II and III, the parameters of a three terminal
PMT]J are highly temperature dependent [9], [15], [16]. Hence,
both the magnetic and electrical responses of a three terminal
PMT]J are a function of the device temperature or, equivalently,
the current density injected into the channel. The previously
published compact model for a three terminal PMTJ [12], [13]
does not consider the temperature dependence of the device
parameters or the variation of the device temperature due to
the Joule heating effect. Consequently, although the existing
model produces the general trend of the device behavior,
this model fails to provide sufficient accuracy, as shown in
Fig. 5(b).

IV. HYBRID MTJ-CMOS SIMULATION CAPABILITY

The integration capability of the compact model with an
advanced CMOS technology [25] is demonstrated in this
section through the evaluation of an NVFF. As shown in Fig. 6,
three terminal PMTJs are incorporated into a CMOS flip flop
to enable nonvolatility. Introducing nonvolatility into a CMOS

Volatile latch

Nonvolatile latch

Fig. 6. NVFF based on three terminal PMTJs composed of a volatile master
latch followed by a nonvolatile slave latch.

flip flop using two or three terminal PMTJs is a promising
technique [31]-[34] to preserve data when a power gating (PG)
domain is turned OFF. During active mode, an NVFF operates
as a conventional CMOS flip flop. An NVFF stores the logic
state within PMTJs once the backup mode is initiated. During
sleep mode, where the PG domain is disconnected from the
power supply, an NVFF retains the logic state within the
PMTlJs. When the active mode is initiated, the stored logic
state is retrieved from the NVFE, and the PG domain resumes
normal operation.

The NVFF is composed of a volatile master latch followed
by a nonvolatile slave latch. The nonvolatile latch includes
two PMTJs (PMTJ1 and PMTJ2) that retain the latched bit
when the circuit is powered OFF. As shown in Fig. 6, each
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Fig. 7.

Timing diagram of NVFF based on three terminal PMTJs composed of a volatile master latch followed by a nonvolatile slave latch. Both the

0 and 1 states can be stored before power is gated OFF. The stored state is restored after the sleep mode of operation is ended and the active mode is reentered.

TABLE 11
NVFF SIMULATION PARAMETERS

| Component | Value | Description
P 8720 No. of fins / length (nm)
Transistors N1, N2 . 2/28,2/32 | No. of fins / length (nm)
Other P-type FinFETs | 6 /20 No. of fins / length (nm)
Other N-type FinFETs | 4 /20 No. of fins / length (nm)
PMTJs Channel size 150 /100 / 2 | Length / width / thickness (nm)
Free layer size 100 / 100 / 1 Length / width / thickness (nm)
Vaa 0.8 Supply voltage (V)
B pulse duration 300 Backup time (ps)
R pulse duration 1.2 Restore time (ns)

PMT] is accessible through two nMOS transistors. The timing
diagram shown in Fig. 7 illustrates the process in which
signals B, R, and E, are sequenced to perform different modes
of operation, i.e., active, backup, sleep, and restore. Simula-
tion of the NVFF is performed within the Cadence/Spectre
environment, and uses the proposed compact model of
a three terminal PMTJ and an industrial model for a
14-nm FinFet CMOS technology [30]. The simulation para-
meters are listed in Table II.

The NVFF behaves as a conventional flip flop during the
active mode of operation, where signals B and R are held low
and signal E is held high to make the PMTIJs inaccessible.
Neither PMTJ switches the state.

As discussed in Sections II and III and experimentally
demonstrated in [9], [15], and [16], Joule heating caused by
a current pulse injected into the channel produces switching
at lower current amplitudes. The proposed compact model
considers the effects of temperature on the behavior of the
SOT-PMTlJs, accurately capturing the experimental data.
A current pulse with an amplitude of 38 x4 A and a duration
of 300 ps is sufficient to switch the PMTJs within the NVFF,
performing the backup operation. This current can be provided
by the cross-coupled inverters, /1 and I», within the slave
latch. Therefore, in contrast to the circuit proposed in [30],
dedicated write drivers are not required, resulting in a more
efficient circuit.

To backup the latched bit by storing the bit within the
PMTIJs before gating Vyq OFF, the B signal is asserted
high and the C signal is held low. Once the B signal
is high, a current flows through the channel of both
PMTJs due to the voltage difference between QC and QT.
When QC is high and QT is low, inverter /; sources current
and inverter /5 sinks current, changing the magnetization of the
FL of PMTJ; and PMT]J; to, respectively, P and AP states.
When QC is low and QT is high, inverter I; sinks current
and inverter I sources current, causing the magnetization of
the FL of PMTJ; and PMTJ; to switch, respectively, to the
AP and P states.

The data restore operation is performed when the
flip flop is enabled to resume conventional operation. The
restore operation relies on the different current drive capa-
bilities of PMTJ; and PMTJ,. More specifically, during the
data restore operation, PMTJ; and PMTJ, are at different
magnetic configurations, exhibiting different electrical resis-
tances. To perform the restore operation, as shown in Fig. 7,
power supply Vyq is turned ON, and C and E are initially held
low. Sweeping the power from 0 to Vgyq charges the parasitic
capacitance at storage nodes QC and QT through the p channel
path of inverters /1 and I. QC and QT simultaneously
discharge, respectively, through PMTJ; and PMTJ,. If, for
instance, the stored bit is 1, PMT]J; is in the P state and PMTJ,
is in the AP state. The current drive of PMTJ, is, therefore,
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weaker than PMTJ, resulting in QC more slowly discharging
than QT, establishing Voc > Vor. Due to the positive
feedback, the regenerative action is enabled through the cross-
coupled inverters, settling Voc, Vor, and Vg to, respectively,
Vad, 0, and Vyq, as shown in Fig. 7.

V. CONCLUSION

A new compact model is described for three terminal
perpendicular-anisotropy MTJs (PMTJs) composed of two fer-
romagnetic layers separated by a tunneling barrier and placed
on a normal heavy metal with strong spin—orbit coupling.
The proposed model captures the magnetic, electrical, and
thermal behaviors of a three terminal PMTJ in response to
SOTs. The proposed compact model considers the effects of
both damping-like and field-like SOTs on device behavior.
The model also considers the dynamic behavior of the self-
heating process within the device. The compact model is
validated using published experimental data, showing reason-
ably accurate results with an average error of <5.4%. The
integration capability of the compact model with an advanced
CMOS technology is demonstrated through the simulation of
a non-volatile flip flop composed of both transistors and three
terminal PMT]Js.
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