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Radio-frequency-modulated artificial synapses based on magnetic tunnel
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Magnetic-tunnel-junction- (MTJ) based spintronic devices have demonstrated significant potential in
neuromorphic computing. Here, we report an artificial synapse, which can be modulated by rf signals
directly based on the nanoscale MTJs with perpendicular magnetic anisotropy (PMA). To utilize multiple
rf signals in parallel, we take an approach to change the resonance frequencies of MTJs by changing
the PMA between the Co-Fe-B free layer and MgO barrier, which can expand the application range of
rf signal processing. Moreover, we experimentally demonstrate that MTJs with PMA can serve as an rf
synapse with adjustable positive and negative weights. We have achieved effective classification of rf
signals with an accuracy exceeding 96% through experimental results as synaptic weights, comparable to
that of equivalent software-based neural networks. This work may pave the way for the development of

rf-oriented hardware artificial neural networks.
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I. INTRODUCTION

Recently, spintronic devices with nonvolatility, out-
standing read-write endurance, high-speed operation, and
great scalability have demonstrated significant potential
in neuromorphic computing [1-7], which mimics the
functionalities involved in the neurons and synapses by
utilizing hardware. As a representative spintronic device
structure, nanoscale magnetic tunnel junctions (MTIJs)
have been found to be able to emulate synapses through
various control mechanisms. For example, embedding
MTIJs within CMOS circuits can be used to store synaptic
weights to achieve computing in memory [8—10]. Spin-
tronic memristors based on MTJs can achieve nonvolatile
and plastic synaptic weights through domain-wall motion,
controlling the number of skyrmions, and so on [11,12].
The artificial synapses based on MTJs can implement
spike-timing-dependent plasticity by utilizing stochastic
magnetization switching or changing the skyrmion density
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[13,14]. More recently, Leroux et al. proposed an alterna-
tive computing paradigm using spin-torque diode effect,
which could process multiple analog rf inputs in paral-
lel and perform the multiply accumulate (MAC) operation
without conversion between digital and analog signals
[15—18]. The work has provided a way to utilize rf sig-
nals by building a computing paradigm based on MTJ
devices. According to the principle of spin-torque diode
effect [19,20], the spin torque arises from a microwave cur-
rent inducing a small oscillation of the magnetization of
the free layer around its steady state, and the MTJ emits a
dc voltage when the frequency of the rf current is close
to the eigenfrequency of the nanomagnetization oscilla-
tion. Besides, Leroux et al. theoretically have proven that
the output dc voltage is proportional to the input rf power
injected into the MTJs, and it can be expressed as v; =
P,w;, where v; is the observed peak-to-peak voltage in
spin-torque ferromagnetic resonance (STFMR) response
for an external rf power of P;, and the synaptic weight
w; = w;(f;"" — £;7) is a function of the difference between
the resonance and input frequencies, which can be con-
trolled by changing the resonance frequency of spin-torque
diode [15—18]. It is worth noting that in order to achieve
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processing multiple analogue microwave inputs in paral-
lel, the injected microwave signal frequency needs to be
fixed, and different frequencies of microwave signals need
to be received and processed by MTJs with corresponding
response frequencies to keep frequency multiplexing. To
demonstrate the theoretical proposal, they realized exper-
imentally diverse response frequencies through tuning the
size- and shape-based MTJ with magnetic vortex or push-
ing the vortex core away from the center of the dot by
Oersted field [16]. However, the response frequency of
MTJs with the magnetic vortex states is relatively low [21—
23], which limits the range of rf signal. In order to process
signals with different response frequencies, a number of
devices with different sizes need to be fabricated to con-
struct a neural network, which is hard to control and is not
conducive to miniaturization.

In this work, we demonstrate that the resonance fre-
quencies can be tailored via the interfacial engineering
of the perpendicular magnetic anisotropy (PMA) between
the oxide and the ferromagnetic metal (Co-Fe-B/MgO) of
nanoscale MTJs, in order to keep frequency multiplexing
and expand the application range of rf signal process-
ing. Moreover, the MTJs with PMA can be implemented
with the same material stack used to produce spin-transfer
torque magnetic random-access memory, which is able
to achieve computing in memory, and hence is going to
be fully CMOS compatible. In such systems, the inter-
facial PMA is attributed to the hybridization of O 2pz
and Fe 3dz orbitals [24—27] and can be controlled by
the free-layer thickness [28-30]. It is easier to obtain
the varied resonance frequencies by fine control of the
free-layer thickness in sample preparation. We experimen-
tally demonstrate that MTJs with PMA can be used as rf
synapses with tunable positive and negative weights, as
well as perform an artificial neural network (ANN) on
analog rf signals by using MTJs as synapses, classifying
three-pixel encoded data into three categories with over
96% accuracy, equivalent to the software neural networks.
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Our work may provide inspiration to embedded rf artificial
intelligence.

II. METHODS

A. Experiments

The multilayer stacks of three typical MTJs with differ-
ent Co-Fe-B free-layer thicknesses are as follows: bottom
electrode/Ta(5)/Co-Fe-B(t) /Mg0O(0.88)/Co-Fe-B(3)/Ru
(0.85)/CoFe(2.3)/PtMn(15) /top electrode. The numbers
in parentheses are the layer thicknesses in nanometers,
where the Co-Fe-B free-layer thicknesses of devices 4,B,C
fco—Fe—p are 1.63, 1.67, and 1.72 nm, respectively. The
bottom Co-Fe-B free layer is designed to control PMA
precisely [31,32]. The magnetic layers were deposited by
magnetron sputtering and then annealed at 300 °C for 2 h
in a magnetic field of 1 T. Electron-beam lithography and
ion-beam milling were used to pattern the MTJ layer into
elliptical nanopillars, where the dimensions of all three
devices were 60 x 210 nm? and the long axis was along
the annealing field direction. The ground-signal-ground
(G-S-G) electrodes were fabricated by ultraviolet lithogra-
phy and electron-beam evaporation. Figure 1(a) depicts the
structure of MTJs and the measurement setup. The spin-
torque ferromagnetic resonance (STFMR) measurement
was performed under an in-plane magnetic field along
the magnetization hard axis of MTJ (corresponding to the
short axis of an elliptical nanopillar), which was the same
as our previous work [30,31]. The rf current was gener-
ated by a signal generator (Keysight N5183B) and then
applied to the device through a bias tee. The rectified volt-
age through the spin-torque diode effect was measured by a
nanovoltmeter. All the data showed below were measured
at room temperature.

III. RESULTS AND DISCUSSION

The static transport properties of the devices were firstly
characterized. Figure 1(b) shows the magnetoresistance
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(a) Device geometry and measurement configuration. (b) The MR curves of devices 4, B, and C under the in-plane
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(MR) of the three devices as a function of the applied mag-
netic field along the elliptical long-axis direction, with an
applied bias current of 10 pA. Obviously, the MR curves
transit gradually from a square loop to a smoother one
as fco—re—p decreases, which indicates a transition of the
magnetization direction of the Co-Fe-B free layer from in-
plane to out-of-plane orientation [29,32]. For device 4 in
Fig. 1(b), it can be seen that the resistance displays a pro-
nounced transition as a function of the magnetic field with
a tiny hysteretic behavior, which is typical of a system with
an in-plane easy axis. As fco_pe—p 1S reduced, the tran-
sition from the high-resistance state to the low-resistance
state gradually turns smooth and it is no longer hysteretic
as shown for device B in Fig. 1(b). The system clearly
exhibits a slight tilting of the magnetization out of the
plane due to the addition of PMA, although the easy axis
is generally in plane. For the thinnest free layer, the curve
of device C is smoother than other devices, which demon-
strates the magnetization of Co-Fe-B free layer is further
tilted towards the out-of-plane direction and it requires a
stronger magnetic field to saturate it parallel to the in-plane
direction. The observed changes from Fig. 1(b) indicate a
modulation of the PMA in devices 4, B, and C.

Next, we tested the STFMR curves of the three typi-
cal devices under different magnetic field conditions (from
—20 to 420 Oe) to verify that the MTJs with PMA can
both respond to rf signals with different resonance fre-
quencies and achieve MAC operation. Figures 2(a)-2(c)
show the detection voltages (Vg4.) of devices 4, B, and C
as a function of input rf frequency at an rf input power
of 10 uW (P, = 10 uW) without applying dc bias current
under different fields. It is apparent that the resonance fre-
quency changes as the free-layer thickness varies. Besides,
it is noted that there is a difference between the curves of
device C and the curves of devices 4 and B that the pos-
itive peaks of devices 4 and B are in front, contrary to
the curves of device C. In general, the STFMR lineshape
can be well described as a symmetric and antisymmet-
ric Lorentzian. The STFMR can be fitted by the Lorentz
function as follows [33—36]:

Af?

A, — [)Af N
YA — )+ Af2

Af, =) + Af2

Vdc =V,

(1)

where Af 1is the full width at half maximum, f,. is the
resonant frequency, and V4 and Vg are the amplitudes of
antisymmetric and symmetric Lorentzian.

V4 changes sign when the relative angle ¢ between the
free layer and the reference-layer magnetization changes
from obtuse to acute due to V4 o cos(¢) [37]. These
devices have different angles ¢ due to the variability of
the PMA. The angles ¢ at zero field are estimated to be
33.7°, 55.8°, and 91.2°, respectively, as calculated from
the angle relationship of the MTJ resistance:R™!(¢) =

[(1 4+ cos@)Rp' + (1 — cosp)R,;p]/2. Tt means that the
antisymmetric part in device C is opposite to those in
devices 4 and B. In other words, the lineshape depends
on the angle of the free-layer magnetization vector
projected on the sample plane and the reference-layer
magnetization [38].

In addition, although the curves of device C are dras-
tically different from devices A4 and B, they still consist
of the symmetric and antisymmetric parts, both positive
and negative synaptic weights of which can be obtained
by changing the magnetic field. To acquire the resonance
frequencies more precisely, we have fitted the experimen-
tal data by Eq. (1). The resonance frequencies of devices
A, B, and C under zero magnetic field were found to be
about 745, 955, and 1505 MHz, respectively. The result
confirms that the modulation of interfacial PMA occurs
with the #c,_re—p, leading to a change in the resonance
frequencies of the MTJs, which enables the MTJs with var-
ied PMA to selectively respond to rf signals with different
frequencies.

Subsequently, to verify that MTJs with PMA can per-
form the multiplication operations similar to MTJs with
the magnetic vortex states, we fixed the magnetic field at
zero-field conditions and changed the injected microwave
power to test the response curves of devices 4, B, and
C under different microwave injection frequencies, as
depicted in Figs. 2(d)>-2(f). As the microwave power
increases, the rectified voltage of the devices continuously
increases. By extracting the rectified voltage values at dif-
ferent input frequencies, we can obtain the microwave
response curves of the devices under different injected
microwave frequencies, as shown in Figs. 2(g)-2(i). We
notice that compared to devices 4 and B, the response of
device C to different microwave powers is reverse, with the
largest input frequency at the bottom rather than on the top.
It is due to the different STFMR curve of C compared with
devices 4 and B as shown in Figs. 2(a)-2(c). However, this
does not affect the fact that device C can perform the mul-
tiplication operations as well as devices 4 and B, since for
different fixed microwave input frequencies, the rectified
voltage exhibits a good linear relationship with the input
power, indicating that the synaptic weights are independent
of the injected microwave power and the spin-torque diode
effect can be used to perform multiplication operations in
MTIJs with PMA.

Additionally, it can be observed that as the magnetic
field changes from —20 to 420 Oe, the resonance fre-
quencies of the devices change slightly as shown in
Figs. 2(a)-2(c). According to Kittel’s formula [39], the
resonance frequency of the MTIJ is influenced by the
applied magnetic field. Therefore, by appropriately adjust-
ing the magnetic field magnitude, the response frequen-
cies of the devices can be modulated while maintaining
almost unchanged curve shape. It preliminarily confirms
that our devices can tune synaptic weights by changing the
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FIG. 2. (a)Ac) The detection voltages (Vg4.) versus input rf frequency at rf input power of 10 uW for devices 4, B, and C. The

red lines are the Lorentz fitting curves under zero magnetic field for devices 4, B, C, respectively. Due to differences in magnetic
anisotropy, the antisymmetric part changes while the symmetric part does not. (d)—(f) The STFMR curves of device 4, B, and C under
the different rf input powers at H = 0 Oe. (g)—(i) The rectified voltage as a function of input microwave power for devices 4, B, and C

at different fixed microwave frequencies.

magnetic field due to the w; as a function of the difference
between the resonance frequency and the input frequency.

Figure 3 demonstrates the synaptic operation for one
of the three MTJs, which the input microwave frequency
is close to the resonance frequency of each device under
the zero magnetic field (marked by a black dashed line in
Fig. 2). Figures 3(a)-3(c) demonstrate a linear relationship
between the rectified voltage and the injected microwave
power, and the slope (synaptic weight) is controlled by
the magnetic field and can be adjusted to both positive

and negative values. Figures 3(d)-3(f) display the con-
sistency of ideal and experimental voltages by comparing
the experimental voltage with the ideal voltage obtained
from the synaptic operation. Thus, we have confirmed that
for a single MTJ with PMA, it is possible to demonstrate
synaptic operation on a single input signal.

Finally, we used experimental data to perform rf signal
classification with an ANN model as shown in Fig. 4. We
have created a dataset of simulated rf signals, which cor-
responds to the input microwave frequency and power in
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FIG. 3. (a)Ac) The Vg, versus rf input power for three MTJs under different magnetic fields (colors). The magnetic field is from

—20 to +20 Oe. The dots are experimental data while the dashed lines are linear fits. (d)~(f) compare the experimental voltage with
the ideal voltage obtained from the synaptic operation.

Fig. 3, and each sample in the dataset consists of three sig-
nals with different frequencies. In our classification model,
the purpose of the different frequencies of the signals is to
ensure that they are processed by MTJs with correspond-
ing resonance frequencies, with input powers of different
signals corresponding to coded information for the desired
classification. In our system, signals with input power

among 2—5 uW are considered weak signals, and signals
with input power among 7—10 pW are considered strong
signals. We divided the dataset into three categories, one
corresponding to one strong signal and the remaining two
corresponding to weak signals, referred to as class 1, class
2, and class 3 (it can be used to represent the three pri-
mary colors). For example, in both sample (2, 7, 3) and
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PR e signa
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Py fi ]
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|
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FIG. 4. Schematic of classification by 3 x 4 x 3 ANN model.
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FIG. 5.
network using experimental data.

sample (1, 9, 4), the second number is strong signal, so
both samples belong to class 2. And our neural network
can categorize these samples in the dataset accurately.

We have constructed a “3 x4 x 3” neural-network
model to classify the signal into three different categories.
In this model, the input layer is separated from the out-
put layer by a layer of hidden neurons, and first layer of
synapses between the input layer and hidden layer is imple-
mented in four parallel series of three MTJ hardwares. The
three MTJs in series corresponded to the devices 4, B,
C (i.e., following the synapse weights obtained from the
experimental data), and the MTIJs in parallel were identi-
cal. The neurons in the hidden layer, the synaptic weights
from the hidden layer to the output layer, and the neurons
in the output layer were implemented by means of software
methods. Since there were five different weights for each of
the MTJs obtained from Fig. 4, we constructed 125 pseu-
dorandom weighted sums. During the training process, we
used backpropagation to update the weights, where the
weight values in the hidden layer to the output layer were
directly adopted from the optimized data, while the synap-
tic weights between the input layer and the hidden layer
were selected from the available experimental data, which
were the closest to the optimized data as the real synaptic

Predicted labels

Confusion matrix for the classification. (a),(b) Training set and (c),(d) testing set both for the software network and for the

weights. Then, we processed the rectified voltage values
corresponding to different weights in software to get the
output result.

During the process, we used a total of 100 training sets
for 50 iterations and validated with 24 test sets. In addition,
we simultaneously operated with a software-generated
neural network. The results show that the accuracy rate
of our training set was 96% and test set was 100%, close
to the accuracy rates of the software-generated neural net-
work with 98% and 95.83%, respectively. The confusion
matrices obtained for the test and training sets are shown
in Fig. 5. These results indicate that the neural network
using MTJ as a synapse can classify analog signals with an
accuracy comparable to a software network.

IV. CONCLUSIONS

In summary, we have demonstrated the MTJs with dif-
ferent resonance through engineering the different PMA
between the Co-Fe-B free layer and the MgO tunnel
barrier, allowing for selective responses to input sig-
nals of different frequencies and enabling multiple ana-
log rf inputs to be processed in parallel. Furthermore,
we have confirmed the MTJs with PMA can perform

014020-6



RADIO-FREQUENCY-MODULATED ...

PHYS. REV. APPLIED 21, 014020 (2024)

the synaptic operations with adjustable positive and neg-
ative weights, and hold great potential in constructing
rf-oriented hardware-implemented ANN. Using uniform
mode MTJs with the PMA as synapses, it is easy to obtain
MTJs with wider response frequency range to enable
the frequency division-multiplexing and rf process. Com-
pared to the method of changing resonance frequency by
magnetic field, the modulation using different free-layer
thicknesses can reduce energy consumption. This approach
allows the parallel processing of rf signals across a wide
frequency range and the execution of artificial-intelligence
tasks without digitization, which can help reduce costs and
energy consumption.
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