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The paper proposes a model of an electromagnetic radiation sensor that uses the precession of the
magnetization vector in a ferromagnet (ferromagnetic resonance) as a result of absorbing the energy of an incident
electromagnetic wave, the generation of a spin current as a result of this precession, the generation of a spin-
polarized current as a result of the passage of a spin current in a non-magnetic metal, and a change in the direction
of magnetization of a ferromagnetic layer with a low coercive force (free layer) due to the passage of a spin-
polarized current. Then the radiation will be detected by its effect on the electrical resistance of the entire structure,
which depends on the mutual directions (parallel or antiparallel) of magnetization of the free and fixed (with a large
coercive force) ferromagnetic layers (phenomenon of giant magnetic resistance). The dependence of the spin-
polarized current in the device on the frequency and amplitude of the incident electromagnetic wave with linear
polarization was calculated. A method of calculating the range of amplitude and frequency values of radiation that
can be detected by the sensor has been developed. The parameters of this model are the detection time and the
number of spin gates in one sensor. Calculations are given for a ferromagnetic layer made of permalloy and for
spin valves with four different critical current values that determine the process of remagnetization of the free layer:

20, 50, 100, and 200 microamps.
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Introduction

Spintronics devices are widely used in those fields of
science and technology where the task of detecting weak
signals in complex electromagnetic conditions is
important. This is due, first of all, to the ability to
significantly reduce, or practically reduce to zero,
disturbances caused by induced external and hardware-
generated thermal noise. The rapid development and
improvement of nanotechnology enables the practical
implementation of fundamental research in the field of
spintronics aimed at the design of electromagnetic
radiation detection devices based on new physical laws
and regularities. Conducting promising research makes it
possible to create highly intelligent sensors of the
electromagnetic field, which allow to simultaneously
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obtain temporal and spatial characteristics of this field
with the formation of a digital signal already at the stage
of detection.

One of the most promising applications of spintronics
devices is the detection of weak signals of the
electromagnetic field in the conditions of the
superimposition of powerful noise-like interference
signals. Numerous studies are being conducted in this
direction with the aim of using highly sensitive
electromagnetic field sensors in various fields of science
and technology. They are used to detect electromagnetic
field sources that have various causes: biological
organisms, industrial objects, current sources and
conductors in cars, power lines, etc. [1-3]. In addition,
spintronics devices can be used to measure and detect
thermal fields, including those caused by infrared
radiation, thanks to the phenomenon of spin induction
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under the influence of temperature gradients [4, 5]. Highly
sensitive electromagnetic field sensors are particularly
effective in medical applications, as are optical range
detectors [6-12]. The phenomenon of ferromagnetic
resonance can be used to detect signals with binary
modulation [13], i.e. it is potentially suitable for use in
receiving devices of high-frequency signals with a
frequency of tens of gigahertz. Generating high-frequency
oscillations is as important a scientific and technical task
as their detection [14, 15]. The phenomenon of
ferromagnetic resonance is also the basis for the
generation of electromagnetic radiation by the method of
spin oscillators, which is used in advanced information
recording devices [16].

Provided there is a favourable relationship between
the frequency and direction of the external
electromagnetic wave, the applied constant magnetic field
and the characteristics of the material from which the outer
ferromagnetic layer of the sensor is made, a long-term
non-damping precession of local magnetization
(ferromagnetic resonance) occurs [17, 18]. As a result,
there is a constant exchange between the angular magnetic
moment of the local magnetization of the ferromagnet and
the spin moments of the conduction electrons. This is how
a spin current arises - a directed flow of the spin angular
momentum of conduction electrons, which may not be
accompanied by a directed movement of electrons (pure
spin current).

Next after the ferromagnetic resonance, there is a
functional unit for generating a spin-polarized current in a
non-magnetic metal adjacent to the ferromagnetic layer.
As a result, a potential difference occurs in the external
permanent magnetic field. This phenomenon is known as
the inverse spin Hall effect. By measuring this potential
difference, electromagnetic radiation can be detected [19].
But at the same time, it becomes necessary to measure
very small values of the voltage, which is tenths of a
millivolt. This low voltage can be compared to thermal
noise voltage fluctuations, unless ultra-low temperatures
are used.

We proposed a new method, which is based on
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passing the spin-polarized current, generated as a result of
the mechanisms described above, through a device called
a spin valve [20]. The spin-polarized current causes a
change in the state of the spin valve (giant
magnetoresistance effect). Research makes it possible to
determine the range of frequency and amplitude values of
electromagnetic radiation that can be detected by the
proposed device.

I. Scheme of the sensor design and spin
current generation

In Fig. 1 shows the part of the device sensitive to
electromagnetic detection in different projections (Fig. 1a
shows the front view, and Fig. 1b shows its cross-section).

The ferromagnetic layer, in which precession occurs,
is a square with a size of 1 x 0.4 mm? in cross section, the
thickness of the layer is 10 nm [21]. The spin valve is a
cylinder, the diameter of its cross section is about 50 nm
[22]. Then the area of one valve is S, = 1.963 - 107 15M?,
and this value is used in further calculations. Based on the
ratio of geometric dimensions, it can be understood that
one sensor can contain up to one million spin valves. This
greatly increases the probability of detection, but the
complexity of connecting contacts to each individual
valve limits this number. However, the reliability of the
device remains high, even if the number of valves is
hundreds of units. This is obviously due to the fact that all
the valves are turned on in parallel, so the reliability of the
sensor increases significantly.

Consider the processes that occur during the
interaction of the sensor with external electromagnetic
radiation. First, under the action of the variable magnetic
field of the incident electromagnetic wave in the outer
ferromagnetic layer (layer 2 in Fig. 1), the precession of
the magnetic moment occurs. At the same time, a spin
current arises, which can be transmitted to the adjacent
layer of non-magnetic metal (layer 2 in Fig. 1). In a non-
magnetic metal, a spin-polarized current is generated
under the action of a spin current. In the next

CROSS SECTION VIEW

< 1 mm -

D50 nm

1,2,3,4.$

0.4 mm

Fig. 1. Electromagnetic field spin sensor: a) — front view (1 — protective layer; 2 — magnetic layer with a weak
coercive force, where precession of the magnetization vector occurs; 3 — non-magnetic metal; 4 — freely
remagnetized magnetic layer (in the plane of the sample); 5 — magnetic layer with fixed magnetization in the plane of
the sample); b) cross section and its geometric dimensions (1, 2 — protective layer and outer ferromagnetic layer, 3, 4
and 5 — nanoscale spin valve structures).
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ferromagnetic layer (4 in Fig. 1), which has a low coercive
force, the direction of magnetization changes under the
action of a spin-polarized current. Then the ferromagnetic
layers (4 and 5 in Fig. 1), which, together with the non-
magnetic metal that separates them, form a spin valve,
acquire opposite directions of magnetization in the plane
of the sample. This leads to a significant increase in the
electrical resistance of the entire structure [20]. In order to
restore the sensor's ability to detect, it is necessary to
change the direction of magnetization of the ferromagnetic
layer again (4 in Fig. 1). This can be achieved by passing
an electric current in the opposite direction. Then a spin
current arises in the ferromagnetic layer 5, which flows
into the adjacent layer of a non-magnetic metal, in which
a spin-polarized current is generated. Under its action, the
direction of magnetization in the ferromagnetic layer (4 in
Fig. 1) becomes the same as the direction of magnetization
of another ferromagnetic layer (5 in Fig. 1). Thus, the
electrical resistance of the entire structure becomes low
again.

As already mentioned above, the flow of spin angular
momentum can be simulated by a spin current. To estimate
its value, a model of a single-domain ferromagnetic layer
that absorbs electromagnetic radiation in an external
permanent magnetic field is used [21]. This model is based
on the Landau-Lifshitz-Hilbert equation (1):
om

a—A:=—yMXﬁeff+a'MX
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where y — the gyromagnetic ratio; M — the unit vector co-

directed with the magnetization vector of the
ferromagnetic layer M (single domain model); & — the unit
vector is co-directed with the spin-momentum flux vector;
dp — the thickness of the ferromagnetic layer; ﬁeff — the
resulting magnetic field; My — the limit value of
magnetization of the ferromagnetic layer (saturation
value); a — the Hilbert damping factor.

The resulting magnetic field ﬁeff is formed by the
superimposition of the external constant magnetic field H,
the ferromagnetic sample's own field, and the variable
magnetic field 7, (¢):
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The parameters of this model are the frequency w and
the amplitude h,. of electromagnetic radiation, the
direction and amplitude of the external permanent

magnetic field H, and the saturation magnetization of the
ferromagnet M, (layer 2 in Fig. 1).

The value of the spin current calculated according to
this model [21] is determined by formula (3):

. gity? héch-(4nMs-y-sin2 Op++/(4TtM)2y2 -sin49M+4-(u2)
s =

©)

8ma[(4mMs)2-y2-sin*f y+4w?]

where g!* — the spin conduction on the «ferromagnet-
pure metal» surface; 8,, — the angle between the normal to
the plane of the structure and the precession axis of the
magnetization vector of the ferromagnetic layer (Fig. 2a).
The dependence of the precession angle of the
magnetization vector on the direction of the external
magnetic field in the case of ferromagnetic resonance is
shown in Fig. 2b [21].

1. Selection of the direction of the

permanent magnetic field and
calculation of the spin-polarized
current

In accordance with the purpose of detecting external
radiation, it is necessary to maximize the component of the
spin current directed perpendicular to the plane of the
layer (vertically upwards in Fig. 2a). This can be achieved
by choosing the angle 6,;, which indicates the direction of
the permanent magnetic field, while the value of the angle
8, is found according to the functional dependence, the
graph of which is shown in Fig. 2b.

The spin current is directed parallel to the plane in
which the end of the magnetization vector rotates
(coloured in red in Fig. 2a). Thus, the parameter of the
detection system 8, should be chosen so that the value of
the vertical component of the spin current jg, is maximum

(4):

100

50 4

-50 4

1
-150 100 -50 0 50 100
Constatnt maanetic field anale. deq

-100
-200

150 200

0)

Fig. 2. The direction 8, of the external constant magnetic field H, the precession angle 6,, of the magnetization
vector M and the spin current js (a); the dependence of the angle 8,, on the angle 6, (b).
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(4)

max
-180°<0y<18

Jsz = Js - cos(Oy) = s - cos(£(6:))}

Based on the analysis of the optimization problem (4),
it was concluded that the optimal value of the angles of the
direction of the constant magnetic field and the precession
of the magnetization vector is 90°: 8y, = Oyope = 90°
for the entire frequency and amplitude range under
investigation. This means that for a constant magnetic
field directed parallel to the plane of the ferromagnetic
layer (horizontally in Fig. 2a), the precession vector is also
directed horizontally, and the generated spin current is
directed vertically. Then all the generated spin current
passes into the non-magnetic metal layer (3 in Fig. 1), thus
the value of the spin-polarized current is also maximum.
Optimal solutions of problem (4) are also other angles
exceeding 90° (90° < Oyope < 180°, Oyope = 90°). But,
in our opinion, this significantly complicates the design of
the sensor.

The values of numerical constants and characteristics
of "ferromagnetic-nonmagnetic metal” materials for
NisiFe1s/Pt, which are given in [21], are used for the
calculations:

— the spin conductivity: gI* = 2.31-10m=2 (for
the surface NigiFeio/Pt);
the electron gyromagnetic
10111/, (for the NigiFexo);

the magnetization of a ferromagnet
saturation: 4tM, = 0.754 T (for NigiFeio);
the Hilbert damping coefficient: a = 0.02 (for
NigiFe1o);

the Planck's constant: A = 1.054 - 1073%] - s;

the charge of an electron: e = 1.6 - 10729 C.

For these parameters, the values of spin current
caused by electromagnetic radiation in the frequency
range from 1 to 50 gigahertz and amplitude from 5 to 50
millitesla are calculated. Such values of the frequency and
amplitude of radiation are selected based on the analysis
of many references, where the results of an experimental
study of the phenomenon of ferromagnetic resonance are
given. The vast majority of experimental data determine
the frequency at which ferromagnetic resonance is
observed at 1 - 15 GHz [23-25], there are also data that
ferromagnetic resonance can be observed at frequencies of
several tens of gigahertz [26], and for hard magnetic
materials such as hexaferrites or iron-gallium alloys, the
resonant frequency can reach as much as 35 GHz [27]. The
highest subterahertz frequencies for which spin induction
caused by the absorption of electromagnetic radiation is
experimentally detected are published for
antiferromagnetic materials (the so-called
antiferromagnetic resonance) [28]. The largest calculated
value of the spin current for the investigated ranges of
frequencies and amplitudes is 1.67 - 1073 J/m?, and the
leastis 4- 1077 J/m2.

Silicon-on-insulator (SI) structures appear to be
promising components of electromagnetic field detectors
based on spintronics devices in an integrated design as
intelligent sensors or microsystems-on-a-crystal, which,
according to the results of research, have extremely high
coefficients of magnetic sensitivity in a wide range of
temperatures, including cryogenic ones, and also have

ratio. y =1.86-

in the
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improved possibilities for designing 3D instrument
structures [29, 30].

I11. Determination of the operating range
of frequencies and amplitudes

We use the method described in [31] to calculate the
reliability of the sensor and the operating ranges of the
frequency and amplitude of radiation. The probability of
an error can be quantitatively characterized by the
probability that the spin valve will not change its state
(parallel or antiparallel directions of layers 4 and 5 in Fig.
1) under the action of the spin-polarized current I, during
the time interval t. The error that occurs due to a
spontaneous change in the state of the valve, without the
application of external radiation, is not taken into account.

The value of the density of the spin-polarized current,
which is formed in the non-magnetic metal (layer 3 in Fig.
1), and then passes through the spin valve, depends on the
thickness and material of the non-magnetic metal layer
[21]:

2e 2dy

Je = Osue (7) tanh (m) Jss

where j. — the current density that passes into
ferromagnetic layer 4, which changes the direction of
magnetization (layer 4 in Fig. 1), jo — the spin current
generated as a result of the precession in the outer
ferromagnetic layer (2 in Fig. 1), and which is determined
by (3), 65y — the spin Hall angle, A, — the spin diffusion
length in a nonmagnetic metal, d — its thickness.

Next, we use the following characteristics of a non-
magnetic metal [21]:

— Bsup = 0.04 (PY);

— JIoBXHHA criHOBOI qudys3ii: Ay = 10 HM (Pt);

— TtoBmmHa: dy = 10 um(Pt).

Then the largest and smallest spin-polarized current
densities are 1.951-10'* A/m? and 4.242-107 A/Mm?,
respectively. After multiplying the obtained values by the
area of one valve S,, we find the current passing through
each valve. Thus, the largest and smallest calculated
current values are 383 microamps and 80 nanoamps,
respectively. This significantly limits the permissible
values of frequencies and amplitudes of detected
radiation, since the value of the critical current at which
remagnetization occurs is tens of microamperes for most
ferromagnetic materials used in spin valves. An increase
in the amplitude of the external radiation leads to an
increase in the spin current, and therefore the current
passing through each spin gate. Whereas an increase in
frequency leads to its decrease. This regularity is
illustrated by the graph shown in Fig. 3, which is built on
the basis of the dependence of the current passing through
one spin valve on the frequency and amplitude of
radiation.

According to the model for calculating the reliability
of device operation [31], the probability that
remagnetization will not occur (false decision regarding
the presence of radiation) is determined by the expression:

AN
(3

(4)
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Perr (™) = 148 exp [~ 2 - (Ie/loc = D], (5)

Fig. 3. Dependence of the current passing through one
valve on the frequency and amplitude of microwave
radiation.

This model has two parameters: critical current I,
and time constant t,. The value of the critical current
determines the smallest value of the spin-polarized current
I., at which remagnetization can occur. The variable =
means the duration of the detection process. Another
limitation of this model is the obvious condition that
Perr (e, 7) < 1. Therefore, there is also a limit on the
smallest possible detection time, which depends on the
ratio I./1,.:

In(Perr/148) 7o
2:(Ic/Ioc—1)

Tmin = (6)

It is obvious that the range of permissible amplitude
and frequency of radiation that can be detected by the
sensor is limited by the value of the spin-polarized current
passing through each valve, since it must exceed a critical
value I,.. For the critical value of the current density,
different values are given, depending on the material of
the remagnetized layer (4 in Fig. 1) and the current
polarization coefficient: it ranges from ultra-low values o
10%° A/m? [32] to larger values (1 + 4) - 1011 A/m? [33].
By multiplying the value of the critical current density by
the area of one spin valve, we determine the value of the
critical current. To further determine the ranges of
amplitude and frequency of radiation, we use four values
for the critical current: Iy, = 20 pA, Iy, = 50 uA, Iyes =
100 uA, Iy, = 200 pA. Graphs reflecting the results of
these calculations are shown in Fig. 4.

The value of the time constant of the process in
formula (5), calculated under the condition of room
temperature is t, = 8 Hc [31]. Thus, the calculated
frequency and amplitude ranges correspond to the
operation of the sensor at room temperature. The variables
of the model to be optimized are the reliability of the
device, determined by the probability p = 1 — p,,., and
the detection time t, which are selected for the given
values of the frequency and amplitude of radiation. The
value of the critical current is selected in accordance with
the diagram shown in Fig. 4. Compared with previous
studies [31], the formula for calculating reliability should
be changed, since detection occurs immediately by all spin
gates at the same time (Fig. 1a, 1b):
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p=1- (perr)n1 (7)
where n — the number of spin valves in one sensor.

The developed model makes it possible to estimate the
most important for practical application characteristic of
the detection process: the minimum necessary for a given
frequency of an electromagnetic wave, the amplitude of its
magnetic field. This is illustrated by the graph shown in
Fig. 5. The amplitude of the external permanent magnetic
field H is determined by the condition of the existence of
ferromagnetic resonance in accordance with numerous
experimental data.

20

-
(9]

-
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Fig. 4. Ranges of frequency and amplitude for critical
current of 20, 50, 100 and 200 microamps.
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Fig. 5. Diagram of the dependence of the minimum
amplitude required for detection on the radiation
frequency.

Jump-like transitions in the diagram shown in Fig. 5,
determined by the method of choosing the critical current,
the value of which significantly affects the probability of
an error calculated by relation (7). This value was chosen
in accordance with the diagram shown in Fig. 4, that is,
the minimum necessary value of the critical current is
chosen from the four possible values Iy, Iocz, loczs loca
that were discussed above. For this method of selecting the
critical current in models (5) and (7), the "amplitude-
frequency" diagrams, calculated for different number of
valves n and detection duration t, practically do not differ.
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IV. Discussion of results and conclusions

Highly sensitive sensors can significantly expand the
scope of applications of 10T devices and other cyber-
physical systems, where electromagnetic field emitters
with different radii are used. After all, improving one of
the most important characteristics of electromagnetic field
detection devices — the signal/noise ratio can significantly
reduce the power consumption of transmitters, and lead to
their miniaturization and increase the speed of data
transmission. The use of fundamentally new methods of
digital signal processing will significantly expand the
possibilities of application, protection against attacks and
the possibility of functioning in the conditions of complex
electromagnetic conditions of sensor networks of various
levels of topological complexity and control technologies.

The paper describes the model of the electromagnetic
field sensor device, which uses the phenomenon of spin
current generation due to the precession of the
magnetization vector of the ferromagnetic layer, which
absorbs electromagnetic radiation. Based on the analysis
of literary sources, it is concluded that it is possible to
combine several phenomena related to the application of
spin at once: generation of spin current, generation of spin-
polarized current in a non-magnetic metal layer,
remagnetization of a ferromagnetic layer with a small
coercive force, reverse remagnetization due to passing a
constant current in the reverse direction.

The researched method of detecting the external
electromagnetic field has a number of advantages

compared to traditional detection methods that use
conventional antennas made of conductors: hardware
losses due to thermal current and secondary radiation of
the antenna are significantly reduced; potentially increases
detection speed and accuracy, as the device makes it
possible to generate a digital signal practically at the stage
of electromagnetic field detection. The developed method
of constructing the "amplitude-frequency" diagram allows
designing information transmission systems that use high-
frequency radiation to transmit information signals.
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VY po6oTi 3amporoHOBaHa MOJENb CEHCOpa €JIEKTPOMAarHiTHOTO BHUIIPOMIHIOBAHHS, SIKMH BHKOPHCTOBYE
MpeLecito BEKTOpa HaMarHiueHocTi y pepomMarHeTuky (hepoMarHiTHHIA pe30HaHC) BHACIIIOK MOTJIMHAHHS €Heprii
a/1a10901 eJIeKTPOMArHiTHOI XBIIIi, TEHEPYBAaHHA CIIIHOBOTO CTPYMY BHACHIOK L€l mpenecii, reHepyBaHHs CITiH-
MOJISIPU30BAHOTO CTPYMY BHACIIIOK MPOXOHKEHHS CIIIHOBOTO CTPYMY Y HEMarHiTHOMY MeETali, i 3MiHy HampsMy
HAMarHidYeHocTi (epOMarHiTHOrO Iapy i3 HU3BKOK KOEPIHMTHBHOIO CHIIOK (BUIBHOTO Iapy) BHACHIZOK
MIPOXO/KEHHS CIiH-NIOJIIPU30BAaHOr0 CTpyMy. ToOJi BHUIPOMIHIOBaHHS JETEKTYBaTHUMEThCS 3a HOTO Ji€l0 Ha
CJIEKTPUYHUH OIip yci€i CTPYKTYpH, SIKMH 3aJeXKUTh BiJl B3a€MHHMX HalpsMiB (IapaielbHi a00 aHTUIapaselIbHi)
HAMAarHi4YeHOCTI BIJIBHOTO 1 3aKpiluIeHOTo (i3 BEIUKOK KOCPIUTHBHOK CHJIOK) (epOMArHiTHUX IIapiB (SBUIIE
TiraHTCHKOT'0 MarHiTHOTO ONopy). Po3paxoBaHi 3aIe)KHOCTI CIIIH-NIOJIIPU30BAHOTO CTPYMY Y IPHCTPOT BiJl YaCTOTH
Ta aMILTITYAX NaJIAF0401 eIeKTPOMArHiTHOT XBHIII 13 JITHIHHOIO nosspH3aliiero. Po3pobiieHa MeToIMKa po3paxyHKy
Jiana3zoHy 3HA4eHb aMIUITYIU 1 YaCTOTH BUIPOMIHIOBaHHS, SIKE MOXKE ETEKTyBaTH ceHcop. [lapamerpamu miei
MOJIENIi € Yac AETEKTYBaHHS 1 KUIBKICTh CHIHOBHX BEHTWIIIB y OOHOMY ceHcopi. [IpuBeneHi po3paxyHKH i
(hepOMarHiTHOro mapy, BATOTOBICHOMY i3 IEPMAJIOI0, Ta I CIIIHOBUX BEHTHUIIIB 13 YOTUPMA PI3HUMH 3HAUCHHAMH
KPUTUYIHOTO CTPYMY, AKi BU3HAUAIOTh MPOIIEC epeMarHiyyBaHHs BibHOTO MmIapy: 20, 50, 100 i 200 mikpoamriep.

KorouoBi cioBa: ceHcop eJIEKTpOMarHiTHOTO Iojs, (epOMarHiTHHI pe30HAaHC, I'eHepyBaHHS CIIIHOBOTO
CTPYMY, CIIiIHOBH BEHTHIIb.
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