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Abstract— Low-cost content-addressable memories

(CAMs) are highly desirable for many applications where

high-speed search is needed such as network routers and

machine learning. We propose a low-power, compact, fast

magnetic skyrmion-based ternary CAM (Sky-TCAM) cell

design. Each cell comprises a 5T2R structure with five

transistors and two magnetic tunnel junctions (MTJs).

The search current polarity together with the stored bit

can realize the XOR logic. When a mismatch happens,

the skyrmion appears beneath one MTJ, leading to

the discharge of the matchline (ML). While the search

energy-delay-product (EDP) is comparable with that of

non-volatile (NV) ternary CAMs (TCAMs), Sky-TCAM shows

the lowest EDP of 8.74 ⇥ 10
�25

J · s among all TCAMs we

compare. Our research shows that Sky-TCAM is promising

for building low-power and low-latency computation

applications.

Index Terms— Content-addressable memories (CAMs),

magnetic tunnel junction (MTJ), skyrmion, spintronic logic.

I. INTRODUCTION

ACONTENT addressable memory (CAM) is an associa-
tive memory that searches by content as opposed to

searching by address. A ternary CAM (TCAM) supports data
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bits having the “don’t care” state, in addition to “0” and
“1” [1]. TCAM has been widely used in network routers,
database searches, etc. The rapid increase in data analytics
and machine learning workloads, such as in nearest neighbor
search and memory-augmented neural networks for few-shot
learning problems [2], demands scalable and more energy-
efficient TCAMs. TCAM arrays built with CMOS transistors
suffer from high power and low density, thus limiting their
adoption [2]. The advancement of non-volatile (NV) memory
technologies, such as ferroelectric FETs, resistive random
access memories (RRAMs), and spintronic RAMs, open new
directions for TCAM designs due to their advantages of
low power, higher density, zero leakage current, and new
functionalities [1], [2], [3], [4], [5].

Spintronic devices have attracted attention for novel
memory-based computing devices [2]. Several CAM and
TCAM designs based on magnetic tunnel junctions (MTJs)
and magnetic domain walls have been proposed and demon-
strated. They have the potential to outperform CMOS TCAMs
in power consumption and integration density. However, those
proposed designs have a high write power consumption or
rely heavily on the use of multiple CMOS transistors (e.g.,
six or more transistors) in the TCAM cell [2]. In this regard,
new CAM/TCAM designs that can fully exploit the unique
advantages of recently discovered spintronic physics should
be studied.

Skyrmion is a magnetic vortex structure protected by topol-
ogy. They arise from the competition between Dzyaloshin-
skii’Moriya interaction (DMI) and perpendicular anisotropy
energy interactions. Skyrmions have many unique properties,
including nanometer diameter, topological stability at room
temperature, and current-controlled motion. These unique
characteristics enable skyrmion the potential to be an ideal
candidate for novel memory applications, where it can carry
information bit “0” and bit “1.” There are already new
devices utilizing skyrmions, such as skyrmion logic gates [6],
skyrmion racetrack memories [7], and skyrmion artificial
neural network systems [8], [9], [10]. Using the conven-
tional CMOS architecture, the skyrmion-based logic gates
can achieve unique functionalities with better performance
compared to CMOS-only hardware designs [11].

Skyrmion has been proposed to realize the CAM function,
however, it does not store bits in the device; moreover,
the search energy-delay-product (EDP) is high [12]. In this
work, we propose a compact, fast, and low-power skyrmion-
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based ternary CAM (Sky-TCAM) cell design combined with
CMOS circuits. The Sky-TCAM uses a five transistor/two
MTJ structure, which is more compact than the state-of-the-
art spin transfer-torque (STT) TCAM design (e.g., [2]). Sky-
TCAM achieves a write time of 0.85 ns, write EDPs of
8.74 ⇥ 10�25 J · s, search time of 179 ps, and search EDPs
of 3.01 ⇥ 10�24 J · s. Sky-TCAM improves the write EDPs by
four orders of magnitude compared with the most advanced
STTRAM-TCAM (2.8 ⇥ 10�21 J · s). Among the emerging
memory technologies, the Sky-TCAM design shows ultralow
write EDP, while the search EDP is comparable with that of
the TCAMs based on NV memories. In the following, we first
introduce the Sky-TCAM cell structure and operation. Then,
we study the impact of geometric and magnetic parameters on
the writing operation of the Sky-TCAM. Finally, we present
the search energy, delay, and EDP evaluations.

II. SKY-TCAM
In this section, we first present our novel Sky-TCAM device

and cell design, then discuss the Sky-TCAM operation.

A. Sky-TCAM Device and Cell
The device structure is shown in Fig. 1. Sky-TCAM

comprises a nanotrack made of a perpendicular magnetic
anisotropy (PMA) layer/heavy metal (HM) film stack, as well
as two MTJs. MTJ is a sandwich structure consisting of
two ferromagnetic layers separated by a thin dielectric layer.
Electrons can be polarized and tunnel through the dielectric
layer thus showing magnetoresistance (MR). The tunneling
MR depends on whether the magnetization of the two ferro-
magnetic layers is parallel or anti-parallel, which results in
low and high MR, respectively. The corresponding tunneling
MR ratio TMR = (G P � GAP)/GAP. They usually work as
detectors for skyrmions in spintronic devices. In this case,
one ferromagnetic layer has fixed magnetization (reference
layer), and as a skyrmion passes the nanotrack under the
dielectric layer (working as a free layer), the magnetization
of the nanotrack changes thus the MTJ shows a different MR.
After Sky-TCAM is fabricated, a skyrmion is injected into
the nanotrack and there is no need to regenerate during the
working operations because of its nonvolatility. When current
flows in the nanotrack, it generates a spin-orbit torque (SOT)
which can drive the skyrmion to move in the nanotrack. The
dark red section in the center of the nanotrack works as a
skyrmion barrier with a higher PMA Ku,BR than the rest of
the nanotrack. The barrier imposes a current threshold J th,
and the applied current must exceed J th to drive the skyrmion
across the barrier. Utilizing the skyrmion-edge repulsion effect,
we have designed a unique nanotrack with quadruple notches.
The structure has three functionalities: first, it constrains the
skyrmion to move within the central region of the nanotrack
with a short travel time; second, it induces a small threshold
current J th for driving the skyrmion motion; third, the paired
notches prevent the skyrmion from annihilating close to the
notches. The MTJs on top of the nanotrack work as the
skyrmion detectors. When the skyrmion reaches underneath
one MTJ, the MTJ exhibits a low MR (e.g., 8 k�); otherwise,

Fig. 1. Three-dimensional structure of a Sky-TACM device. From
top to bottom: green for MTJ1 and MTJ2; red for magnet layer with
perpendicular magnetic anisotropy (PMA layer); the dark red region in
the PMA layer indicates a barrier that has a different PMA strength; the
skyrmion is located underneath MTJ1 and can move in the nanotrack.

TABLE I
OPERATION OF SKY-TCAM CELL

MTJ remains a high MR (e.g., 18 k�) [2]. The location of
the skyrmion in the nanotrack represents different stored bit
information. Bit “1” is stored when the skyrmion is between
the skyrmion barrier and the two notches on the left side,
as indicated in Fig. 1. Similarly, Bit “0” is stored when the
skyrmion is on the right side. Current induced SOT changes
the location of the skyrmion, thus flipping the bit information
that the TCAM cell stores.

We adopt the NOR type TCAM design as shown in Fig. 2(a),
where a row of TCAM cells is connected to the matchline
(ML) in parallel. A precharge circuitry controls the precharg-
ing of the ML. Fig. 2(b) shows the circuit schematic of the
Sky-TCAM cell that consists of one Sky-TCAM device and
five transistors. The left end of nanotrack is connected to the
transistor T5 that controls the writing current from WR and
WR through WL. The nanotrack resistances are Rn (n = 1–
5). The two MTJs (RMTJ1, RMTJ2) on top of the nanotrack are
connected to ML through T1–T4 transistors. T1, T2 form the
controlled discharge paths for ML, and the drains of T3 and
T4 are connected to the search lines (SL, SL) where the input
query is provided.

B. Sky-TCAM Operation
Table I summarizes the TCAM write and search operations.

To write “0” to a cell, Vwrite is applied to WR, “1” is
applied to WL, and “0” is applied to WR as well as the
source line (SrL). If the write current Jwrite � the threshold
current J th, a powerful SOT is generated, which drives the
skyrmion to enter and cross the barrier (dark red region of
the nanotrack) and eventually reach the right notches of the
nanotrack. Similarly, the writing “1” process sets the skyrmion
to the left side. To write the “don’t care” state, either the
process for writing “0” or “1” can be used.
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Fig. 2. (a) Representative row of a Sky-TCAM array based on NOR
connection of n CAM cells. TPre is the transistor through which the
pre signal precharges ML. (b) Circuit schematic of the Sky-TCAM cell.
BL/BL: bitlines; SL/SL: searchlines; T1 and T2 are nMOS transistors
connected to ML. T3 and T4 are pMOS transistors that are always on.
T5 controls the writing current from WR and WR. RMTJ1 and RMTJ2
represent the resistance of MTJ 1 and 2. Rn (n = 1 to 5) represent
resistances of different parts of the nanotrack.

During the search process, ML is first precharged to Vdd by
turning on the precharge transistor Tpre in Fig. 2(a). To search
for “1,” Vdd is applied to SL and ground (GND) to SL. If the
skyrmion is at the right side of the nanotrack (“0” is stored),
RMTJ1 has a high resistance, and RMTJ2 has a low resistance.
R1 to R5, T1 and T3 are chosen such that node a1 exhibits a
high voltage Vh , which turns on transistor T1 and discharges
ML. Meanwhile, T2 keeps being turned off. This demonstrates
a mismatch. Otherwise, if the skyrmion is at the left side of
the nanotrack (“1” is stored), the resistance of RMTJ1 is low
and RMTJ2 is high. A relative low voltage Vl is measured at
node a1, which turns off T1, while T2 remains off. This leads
to ML keeping high, indicating a match.

III. WRITING OPERATION IN SKY-TCAM
This section discusses the skyrmion-TCAM device writing

performance. Specifically, we study the impacts of damping
constant ↵, current density J , magnetic anisotropy (both
nanotrack Ku,NT and barrier Ku,BR), and the barrier width,
on the device performance and stability.

A. Demonstration of the Writing Process
Fig. 3 shows the dynamic behavior of the Sky-TCAM

device in the writing and searching process. Fig. 3(a) and (b)
are snapshots during writing “0” with the stored state being
“0” and “1,” respectively. In Fig. 3(a), the stored bit is “0,”
while the bit to be written is also “0.” A left-to-right writing
current J � threshold Jth flows in the nanotrack and drives
the skyrmion rightward; the two notches at the right side
stop the skyrmion from moving past them because of the
skyrmion-notch repulsion. In this regard, the skyrmion relaxes
and returns to its original place, and stabilizes at the right side

Fig. 3. Micromagnetic simulations for writing and searching process.
For the most optimized device performance, we set nanotrack PMA
Ku,NT = 8.5 ⇥ 105 J/m2, barrier PMA Ku,BR = 9.0 ⇥ 105 J/m2, writing
current J = 6 ⇥ 1010 A/m2, and barrier width is 10 nm. During the
searching process, the skyrmion position remains unchanged because
no current is induced in the nanotrack.

of the barrier underneath MTJ2. Thus, the stored bit stays at
“0.” In Fig. 3(b), the stored bit is “1,” and a left-to-right writing
current drives the skyrmion to cross the barrier and reach the
right side of the nanotrack. Due to the repulsion of the two
notches, the skyrmion relaxes and stabilizes underneath MTJ2,
representing bit “1.”

B. Optimization of Writing Process
We study the effect of different parameters on the device

writing operations. For the micromagnetic simulations in
this article, We use object-oriented micromagnetic framework
(OOMMF), a public micromagnetics program developed at the
National Institute of Standards and Technology [13]. Table II
summarizes the parameters used in the simulations. The
current-induced skyrmion motion is modeled by the Landau–
Lifshitz–Gilbert (LLG) equation [14] with SOT terms T as
shown below

dm
dt

= �� m ⇥ Beff + ↵m ⇥ dm
dt

+ T (1)

T = ⌧FLm ⇥ ⇣ + ⌧DLm ⇥ (m ⇥ ⇣ ) (2)

where � is the gyromagnetic ratio, Beff is the effective field,
which is defined as the derivative of the magnetic energy
density " with respect to magnetization M (Beff = ��"/�M),
↵ is the Gilbert damping constant, m is the magnetization
unit vector. The saturation magnetization Ms , spin Hall angle
✓A and other constants decide ⌧FL and ⌧DL, the coefficients of
field-like torque and damping-like torque [15]. ⇣ is a unit vec-
tor determined by the charge-spin conversion process induced
by spin-orbit coupling and changes with the current direction.
In our simulation, we consider an interfacial DMI at the
HM/PMA magnet interface. The corresponding DMI extension
module has been added to the OOMMF software [16].

Fig. 4(a) shows the dependence of the Sky-TCAM device
operation on the current density J and the damping constant
↵. The green circles indicate that the skyrmion can pass
the central barrier under the given J and ↵ values. On the
contrary, the red circles show that the skyrmion is blocked
by the barrier. The nanotrack magnetic anisotropy is set to
Ku,NT = 8.0 ⇥ 105 J/m2 and the barrier anisotropy is set
to Ku,BR = 8.5 ⇥ 105 J/m2. From the data, we can draw
the following conclusions: 1) our proposed design can work
with a large range of ↵ from 0.05 to 0.25 with a suitable
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TABLE II
SIMULATION PARAMETERS FOR SIMULATING THE DYNAMIC BEHAVIORS

OF SKYRMION

current density of 2 ⇥ 1010 A/m2 to 5 ⇥ 1010 A/m2; 2) at low
↵, large current density annihilates the skyrmion, resulting in
device operation failure. At high ↵, a larger current is needed
to push the skyrmion passing the barrier, hence increasing the
power consumption; and 3) we conclude that ↵ = 0.1 gives
the best writing and search performance, thus, in the rest of
the simulations, ↵ = 0.1 is used.

Second, we study the dependence of the skyrmion velocity
on the nanotrack PMA Ku,NT, current density J , and damping
constant ↵. The results are presented in Fig. 4(b). One can
see that: 1) the fastest skyrmion velocity of 41 m/s can be
achieved at Ku,NT = 8.2 ⇥ 105 J/m2, ↵ = 0.05, J = 2 ⇥
1010 A/m2; and 2) a faster skyrmion velocity can be acquired
at higher Ku,NT, larger J , and lower ↵. Moreover, the barrier
PMA Ku,BR plays a more dominant role in the movement of
skyrmion. Higher Ku,BR can slow down the skyrmion and even
prohibits the skyrmion from crossing the barrier, as is further
discussed in Fig. 4(c).

Third, we study the working range of our device with
different barrier PMA Ku,BR, nanotrack PMA Ku,NT, and
barrier widths for the writing operation. We fix the current
density at J = 6 ⇥ 1010 A/m2 for the simulations in Fig. 4(c).
Our results in Fig. 4(c) suggest that: 1) for a given Ku,NT,
a bigger difference between Ku,BR and Ku,NT allows the barrier
to block the skyrmion more effectively. Only within a certain
range of Ku,BR can the device work properly. The smallest
value of Ku,BR must exceed Ku,NT by about 2 ⇥ 104 A/m2 to
ensure that the skyrmion is blocked by the barrier when no
current is applied. The difference between Ku,BR and Ku,NT
should not be too large, otherwise it would be too hard for
the skyrmion to pass the barrier; 2) the wider the barrier is,
the harder it is for the skyrmion to pass the barrier under the
same driving current. Thus, the working parameters (Ku,BR and
Ku,NT) are narrower for wider barrier under the same Ku,NT
[see Fig. 4(c)]; and 3) we further notice that when the barrier
width is set to 15 nm and Ku,NT is set to 7.75 ⇥ 105 J/m2, the
device can still perform the writing operation properly, which
is not the case for 5 or 10 nm barrier width. This is because
when the barrier is at 15 nm, it can stabilize a skyrmion when
Ku,NT  8 ⇥ 105 A/m2.

To further study the influence of the barrier width, we run
simulations to identify the threshold current density and

Fig. 4. Device performance of the Sky-TCAM device. (a) Device
working range for the current density and the damping constant.
(b) Dependence of the skyrmion velocity on the current density, nan-
otrack PMA, and damping constant. (c) Device working range for barrier
PMA, nanotrack PMA, and barrier width. (d) Dependence of threshold
current density and skyrmion velocity on barrier width.

TABLE III
WRITE TIME AND POWER CONSUMPTION OF SKY-TCAM AND OTHER

CAM DESIGNS

skyrmion velocity at different barrier widths. Fig. 4(d) shows
that the threshold current density J th becomes higher as
barrier width increases because of the stronger barrier. From
Fig. 4(c) and (d), we can conclude that the device works best at
a 10 nm barrier width. If the barrier is narrower, the skyrmion
is located too close to the center of the nanotrack, which makes
it hard to be detected and distinguished by the two MTJs. If the
barrier is wider, the skyrmion is easily broken at the edge of
the device, and the device’s working range of J is restricted.

To summarize, the values of the design parameters including
J , barrier width, Ku,BR and Ku,NT must be carefully chosen
so that the tradeoff between power consumption and device
stability can be well optimized. We choose Ku,NT = 8.5 ⇥
105 J/m2, Ku,BR = 9.0 ⇥ 105 J/m2, writing current J = 6
⇥ 1010 A/m2, and barrier width 10 nm. By performing the
circuit model simulations including T5 and the nanotrack, these
parameters yield the lowest writing EDP of 8.74 ⇥ 10�25 J ·s
among all the TCAMs as shown in Table III.

IV. SEARCH PERFORMANCE OF SKY-TCAM
In this section, we use a resistive circuit model extracted

from our device of the Sky-TCAM cell to evaluate the
proposed Sky-TCAM circuit (see Fig. 2) and compare it
with the skyrmion-based TCAM cell, STT CAM, RRAM
CAM, STTRAM-TCAM design in terms of latency and power.
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Fig. 5. Voltage waveforms of different nodes in Sky-TCAM circuit
simulation. Searching for “1” and “0” are performed while “1” is stored
in the TCAM cell. 0–8 ns: search for “0,” 8–12 ns: search for “1.” (0.1),
(0.2), (0.3), (1.1), (1.2), (1.3) represent the order of the operations.

To obtain the search performance of the Sky-TCAM cell,
we build a circuit model [see Fig. 2(b)] for the nanotrack and
MTJ and use HSPICE for simulations. The 22 nm predictive
technology model (PTM) [24] is adopted for circuit implemen-
tation. We use TMR = 125% with parallel MTJ resistance of
8 k� and antiparallel of 18 k�. These MTJ resistances are
consistent with those in [2]. The width of T3 and T4 are set to
200 nm to match the resistances of two MTJs. R1–R5 in Fig. 2
are calculated according to the geometry of the nanotrack and
material resistivities as shown in Table II.

A. Demonstration of Searching Process
Fig. 3(c) and (d) are snapshots during the search process.

T5 is turned off by WL, and WR, WR are set to 0, therefore
no current flows in the nanotrack. Fig. 3(c) shows the case
that the stored bit “0” matches the input query bit. During
the searching process, MTJ2 remains at a low MR, and T2 is
closed. Meanwhile, T1 is also closed because SL is set to “0.”
As a result, ML remains a high voltage. On the other hand,
Fig. 3(d) shows that the stored bit “1” and the searching signal
“0” have a mismatch. In this regard, MTJ2 shows a high MR,
thus opening T2 and discharging ML while T1 remains closed.

Fig. 5 shows the input and output voltage waveforms during
the search operations in Sky-TCAM. Bit “1” is stored in the
device initially and ML is charged to Vdd by the Pre signals.
The input query “0” and “1” are applied sequentially through
SL/SL. During the search for “0” (0–8 ns), ML is pulled to
low by transistor T2 and outputs a mismatch. During the search
for “1” (8–16 ns), ML remains high and outputs a match. The
waveform of a1 and a2 are also shown in Fig. 5 which dictates
the states of transistors T1 and T2.

B. Search Performance and Comparison
We simulate the proposed Sky-TCAM cell with the HSPICE

simulations, which achieves a search power of 17.2 fJ/bit, and
a search latency of 179 ps. The supply voltage is set to 1 V in
the simulation. Table IV compares the search energy, latency,
and EDP of the Sky-TCAM design and other types of TCAM
cells design [2]. The search EDP is comparable with other
types of TCAM cells [12].

TABLE IV
SEARCH LATENCY AND POWER CONSUMPTION OF SKY-TCAM AND

OTHER CAM DESIGNS

Fig. 6. Effect of temperature and defects. (a) Highest working tempera-
ture is 105 K for the default simulation parameters at 0 K. (b) Increment
of current density, anisotropy, and DMI constant will raise the working
temperature to 200 K. (c) and (d) Magnetic simulations for the writing
process with different skyrmion pinning areas. The yellow dots represent
the diameter (Dpn) and position of the pinning sites. The percentage
shows the ratio between pinning site PMA Ku,pn and nanotrack PMA
Ku,NT (8.5 ⇥ 105 J/m2). The time stands for the time of the writing
process. “Failed” means Sky-TCAM cannot work.

V. EFFECT OF TEMPERATURE AND DEFECT

In this section, we consider the effects of tempera-
ture [28] and defects on the spin dynamics of Sky-TCAM.
Fig. 6(a) and (b) show the effect of temperature. Higher tem-
perature affects the size and shape of skyrmion significantly.
Sky-TCAM can be functional up to 105 K with the default
parameters used elsewhere. After some parameters are prop-
erly adjusted, it is possible for it to be functional up to 200 K.
Fig. 6(c) and (d) show the effect of defects. Defects induce the
skyrmion pinning effect that alters the energy landscape and
attracts the skyrmion to move toward the pinning site, leading
to device failure [29]. We consider the case that the pinning
site has lower PMA than that elsewhere in the nanotrack. The
results show that Sky-TCAM can be functional with small-size
(2 nm) defects but not large (8 nm) ones.

VI. CONCLUSION

In this work, we have proposed the Sky-TCAM cell
and the peripheral circuit. Each TCAM cell comprises a
5T2R structure with five transistors and two MTJs, which
is more compact than the state-of-art STTRAM-TCAM. The
Sky-TCAM design yields an ultralow-power writing EDP of
8.74 ⇥ 10�25 J · s, which outperforms the STTRAM-TCAM
significantly. The equivalent circuit simulations suggest that
the search energy is comparable with that of other types of
TCAMs. Our work has demonstrated that the Sky-TCAM has
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the unique benefits of being compact, low-power, and low-
latency, highlighting spintronics as a promising technology to
build future electronic devices.
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