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As scaling of semiconductor devices displays signs of saturation, the focus of research
in microelectronics shifts towards finding new computing paradigms based on novel phys-
ical principles. The electron spin is another intrinsic characteristic of an electron offering
additional functionality to the electron charge-based semiconductor devices currently em-
ployed in microelectronics. Several fundamental issues including spin current injection,
spin propagation, and relaxation, as well as spin orientation manipulation by the gate, have
successfully been resolved enabling the electron spin for digital applications.

In order to generate and detect the spin-polarized currents by electrical means, mag-
netic metal contacts can be employed. The ferromagnetic contacts discussed by Boroš
et al. [1,2] should be sufficiently small to comprise a single magnetic domain with a clear
magnetization orientation. Magnetic moments of small domains were successfully used
in the past and are still employed to store the information in magnetic hard disc drives.
Herewith, the binary information is encoded into the domain’s magnetization orientation.

The magnetization of a domain creates a stray magnetic field which can be detected.
Alternating magnetic moments create magnetic fields in opposite directions. Read heads
can detect the field and read the information. It is shown by Khunkitti et al. [3] that
magnetic heads with high sensitivity are important ingredients to enable ultrahigh areal
densities of magnetic data storage technology. To write information, a magnetic field
close to the magnetic domain is created by means of the electric currents running into the
magnetic head. The recording density critically depends on the magnetic media properties
as illustrated by Khunkitti et al. [4].

Without an external magnetic field, the magnetization of a magnetic domain is pre-
served and does not change over time. Therefore, adding magnetic domains in electronic
devices introduces nonvolatility—the ability to preserve the functional state of a device
without external power supplied. In addition, one can manipulate the magnetization
orientation of a small magnetic domain by running a spin-polarized current through it.
If the current is sufficiently strong, the magnetization of the domain aligns parallel with
the spin current polarization. A purely electrical manipulation of a magnetic domain by
electron currents provides an exciting opportunity to develop a conceptually new type of
nonvolatile memories with improved scalability. The impinging spin-polarized current
can be created by the charge current running through another ferromagnet separated from
the small domain by a metallic spacer or a tunnel barrier. The electrical resistance of a
sandwich made of two ferromagnetic contacts separated by a tunnel barrier (or a spacer)
strongly depends on the relative magnetization orientation of the contacts in either parallel
or anti-parallel configuration. Therefore, the binary information encoded into the relative
magnetization is revealed through the sandwich’s resistance. This type of emerging mem-
ory is termed magnetoresistive. Magnetoresistive memories possess a simple structure.
They offer excellent endurance and high speed of operation. Magnetoresistive memories are
compatible with the metal–oxide–semiconductor field-effect transistor fabrication process.
They open perspectives for conceptually new low power computing paradigms of data
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processing in the nonvolatile segment with the same devices used to store and to process
the information.

Alternatively, spin currents can be generated by the spin Hall effect, when a pure spin
current running normal to the interface of a heavy metal slab is produced by the charge
current running through the slab. A torque due to the spin current acts on a ferromagnetic
layer positioned on top of the heavy metal slab and may change the layer’s magnetization
orientation. The size of the ferromagnetic layer determining the dimension of the memory
cell can be significantly reduced if the magnetic layer is polarized perpendicularly to the
interface of the ferromagnet layer with the slab; however, special care must be taken to
deterministically switch the magnetization without an external magnetic field [5,6].

In line with most advanced spintronic devices, magnetic properties of ferromagnets
are also exploited in a more traditional way as magnetic contacts in various security
applications, ranging from access allowing magnetic cards to detectors in electrical security
systems where the magnetic parts are installed on windows, door, or other objects whose
change of state triggers an alarm as discussed by Boroš et al. [1]. The reliability parameters
of the magnetic contact must be preserved within 10% variations regardless of extreme
conditions of their functionality, which requires creation of a test environment allowing
to stress the contacts under extreme conditions. Special experiments were designed and
performed by Boroš et al. [1] in an air chamber with the temperature changing from
−70 ◦C to +180 ◦C to investigate relations between the effect of temperature and the
closing/opening distances for five selected types of magnetic contacts intended for outdoor
use in. The automation of the testing process is essential to accelerate the reliability
benchmarking and to eliminate human error. For this reason, the testing infrastructure
described by Boroš et al. [2] was designed to use internal memory for evaluating the number
of successful closures of magnetic contacts and then transmit the digitized data.

Current-perpendicular-to-the-plane giant magnetoresistance (CPP-GMR) sensors are
promising as read heads for ultrahigh (> 1 Tb/in2) density magnetic data storages. The
dependence of the free layer thickness on the stability of the Co2(Mn0.6Fe0.4)Ge Heusler-
based CPP-GMR sensors was investigated by Khunkitti et al. [3]. The magnetoresistance
ratio (MR), readback signal, dibit response asymmetry parameter, and power spectral
density were calculated and characterized. It was demonstrated that the read head with a
free layer thickness of 3 nm displays the best stability with a large MR of 26%.

To boost the density of magnetic storages even further, the magnetic media, as well as
the data recording, must be improved. Exchange-coupled-composite-bit-patterned media
(ECC-BPM) with microwave-assisted magnetic recording to improve the writability of the
magnetic media at a 4 Tb/in2 recording density was proposed by Khunkitti et al. [4]. It
was demonstrated that the switching field of the bilayer ECC-BPM is significantly reduced,
with the lowest value of 12.2 kOe achieved at 5 GHz microwave frequency.

Spin-orbit torque magnetoresistive random access memory combines high-speed
access with excellent endurance and is promising for application in caches. One of the
options to achieve deterministic switching of a free layer with perpendicular magnetization
without an external magnetic field is to use a two-pulse dynamic approach: the first pulse
pre-selects the cell and puts the magnetization in-plane, while the second pulse completes
the switching. As the switching probability depends on the amplitude and duration of
the current pulses, finding an optimal sequence is paramount. A reinforcement learning
approach in combination with micromagnetic simulations is introduced by de Orio et al. [5]
to optimize the switching of a spin-orbit torque memory cell. The approach allows not only
to find an optimal pulse sequence, but also to analyze the impact of material parameter
variations on deterministic switching.

Field-free switching in perpendicular magnetic tunnel junctions is achieved by comb-
ing the spin-transfer (ST) and spin-orbit (SO) torques as demonstrated by Wasef and
Fariborzi [6]. In particular, the relationship between the ST and SO critical current densities
is obtained. The relationship between the critical SO and ST current densities depend
not only on damping, but also on the magnitudes of the field-like torques opening the
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path towards designing magnetoresistive memories operated with help of both SO and
STT currents.

In conclusion, we would like to thank all the authors for submitting their papers to
this Special Issue. We also thank all the reviewers for dedicating their time and helping to
improve the quality of the submitted papers. Last but not least, we would like to thank
Ms. Aria Zeng from the Micromachines publishing office for her constant guidance and
great support.
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Abstract: Magnetic contacts are one of the basic components of an alarm system, providing access
to buildings, especially windows and doors. From long-term reliability tests, it can be concluded
that magnetic contacts show sufficient reliability. Due to global warming, we can measure high as
well as low ambient temperatures in the vicinity of magnetic contacts, which can directly affect their
reliability. As part of partial tests, research into the reliability of magnetic contacts, we created a test
device with which their reaction distance was examined under extreme conditions simulated in a
thermal chamber. The results of the practical tests have yielded surprising results.

Keywords: magnetic contacts; reliability; practical tests; reaction distance; extreme conditions

1. Introduction

Magnetic contacts and magnetic fields have become an integral part of our lives,
even though most of the time we would not even realize it. Thanks to our advantageous
capabilities, we have been using them for almost a hundred years. They were developed
in 1936 in the laboratories of Bell Telephone Laboratories by Walter B. Elwood, and three
years later, in 1940, the first patent record was recorded, which is almost identical to the
magnetic contacts used today [1]. With the development of time, the possibilities of using
magnetic contacts in various branches of industry gradually developed, from compasses to
handling equipment, computer memories, hard disks, storages, payment cards, and many
other possibilities. In addition to magnetic contacts, formed by a permanent magnet and
a reed contact, magnetic loops are also very often used in practice. Within the scientific
community, the magnet or its components have been used by several scientists, such as
Macholí Belenguer and his team [2], which have explored the possibilities of identifying
vehicles by changing the voltage in the magnetic loops. On the other hand, the authors
Primin and Nedayvoda [3] focused their research on the possibilities of using magnetic
fields in biological identification using a SQUID sensor, while Ponce et al. [4] dealt with
the efficiency of using magnetic sensors in water meters. However, these and other
important scientific works suggest that the importance of magnetic contacts in science is
very important.

The security sector is no exception, in which several possibilities of magnetic contact
use are available, such as in the case of control of inputs in which magnetic cards are used
or as detectors in an electrical security system [5,6]. It is the latter option that is one of the
basic options for securing entrance openings within the building envelope, such as doors
or windows. Thanks to their characteristics and the possibility of use, they are also used
in perimeter protection (securing the entrance/exit gate from the premises) or also object
protection. As mentioned, the base of the magnetic contacts is formed by a permanent
magnet and a tongue, the ferromagnetic contacts of which are encased in a thin glass tube
with a protective atmosphere to prevent corrosion. The magnetic part is usually installed

Micromachines 2021, 12, 401. https://doi.org/10.3390/mi12040401 https://www.mdpi.com/journal/micromachines
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on a moving part such as a window, door, or other objects whose change of state triggers
an alarm. The tongue or contact is mounted on a fixed part, usually a door frame. From a
functional point of view, we then divide the magnetic contacts into normally open (NO)
and normally closed (NC) [1,6,7].

The NO magnetic contacts close when the switching magnet approaches, allowing
the passage of electrical current. On the contrary, the NC contacts are closed without the
action of a magnetic field and allow the passage of an electric current. This is because they
contain another magnet. The closing of the magnets is caused by the addition of another
magnet, i.e., another permanent magnet is added to the NO type [1,8]. The difference in
the evaluation of the magnetic contacts is shown in Figure 1.

Figure 1. Example of making magnetic contacts on the left type of normally open (NO), on the right
type of normally closed (NC).

The actual spacing of the contact parts is only a few microns, so these contacts are very
sensitive. The contacts are manufactured in different versions for different security levels
and environmental classes. We know magnetic contacts in metal and plastic housings as
well as contacts intended for surface mounting or drilling mounting. A special group is
the magnetic contacts connected to the control panel wirelessly. Magnetic contacts can be
overcome in several ways, especially by using a parasitic magnet with a high magnetic
field strength or by bridging the cabling. For these cases, sabotage circuits consisting of
differently oriented magnetic contacts are also inserted into magnetic contacts intended for
higher security classes [1,8,9].

As mentioned above, magnetic contacts represent one of the basic types of alarm sys-
tem detectors, and therefore all the same requirements apply to them as to other elements
of the system. It is usually a matter of defining the degree of security and the environ-
ment class, according to the European technical standard EN 50131-1 and the separate
functional requirements comprehensively stated in the European technical standard EN
50131-2-6 determined by magnetic contact [9–11]. Security levels, according to EN 50131-1,
are divided into four categories with a designation from 1 (lowest risk) to 4 (high risk).
The four types are also divided into categories, environmental classes, the first two of
which are intended for indoor and the second two for external environments [10]. The
user should follow the manufacturer’s recommendations and use the detectors only in the
recommended environment class and at the required security level. Failure to correctly clas-
sify the environment may result in a malfunction of the detector, and thus of the electrical
system as a whole [6]. According to [11], the reliability parameters of the magnetic contact
must be met to a tolerance of +/−10%, unless exceptions are defined. The mentioned
standard defines several possibilities of performing functional tests of magnetic contacts
to determine the correct functionality from the point of view of electrical requirements,
switching requirements, detection requirements. A separate group of tests of magnetic
contacts—as well as other detectors of intruder alarm systems—consists of environmental
tests, which are addressed in the European technical standard EN 50130-5 [11,12].

The need for reliability testing in extreme ambient conditions is significant mainly
due to global warming, in which we have witnessed extreme fluctuations in temperature
values in the mid-range in recent years. In recent years, the number of research focusing on
extreme weather conditions has also increased, as people realize the need to test different
types of systems under ambient loads. For example, in the conditions of the Slovak
Republic, the deviation of average temperatures recorded in 2018 increased by 1.3 ◦C
compared to previous years, which corresponds to the long-term average warming of
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Europe and the whole planet [13]. However, due to global pollination, we also encounter
the so-called “Arctic winters”, when the temperature drops well below freezing. In the
coldest village in Slovakia, Oravská Lesná, the lowest temperature in the last decade was
measured in 2017 at −35.5 ◦C. In the long run, it is, therefore, appropriate to consider
whether the definition of four environmental classes with a specific temperature range is
sufficient, as in the highest class, class IV, a temperature range from −25 ◦C to +60 ◦C is
calculated [10,12,13].

To investigate the influence of temperature on the magnetic characteristics of NdFeB
permanent magnets, the authors Calin and Helerea investigated the influence of tempera-
ture on the demagnetization curves of cylindrical magnets in the temperature range from
25 ◦C to 120 ◦C. According to their findings, the properties of cylindrical magnets change at
approximately 50 ◦C [14]. Our research aims to express the working distance of magnetic
contacts within which it can detect the intruder even in degraded ambient conditions. We
believe that despite the results of the mentioned research, the working distance would not
have to be so affected. Within our assumptions, we are working with the knowledge that
the magnetic properties are influenced not only by temperature but also by other influenc-
ing parameters such as the shape and material of the magnet or the surrounding metal
objects. We also base our knowledge on the average, maximum operating temperature of
magnetic contacts being 80 ◦C.

Due to extreme weather conditions, the design of a resilient distribution network was
addressed by Shahbazi A and colleagues, who achieved very good system resilience results
in their case studies [15]. Another interesting and significant research was conducted
by Bennett, JA, and colleagues, who focused on modeling the optimization of energy
system architecture as prevention against hurricane impacts [16]. We decided to research
the influence of extreme weather influences on the reliability of magnetic contacts as one
of the partial parts of comprehensive research into the components of electrical security
systems. We did not rely on the conditions and recommendations of European technical
standards, as we wanted to simulate real conditions where the perpetrator may not follow
the procedures prescribed by the standard. We followed up on the research activities of
the workplace, within which we focused on the evaluation of camera systems against
extreme weather conditions, as well as many other important tests of transmission systems,
communication interface, location system, and the like [16–20].

Experimental testing of extreme weather effects on camera systems has shown the
fact that they can fully operate outside the temperature ranges specified in the technical
standard. It was found that a camera system designed for the second class of environment,
−10 ◦C to +40 ◦C, is able to fully operate at a temperature of +120 ◦C [13]. The problem,
in this case, occurred at a value of +160 ◦C, when the system stopped and appeared to
be without a camera connected. However, after sufficient cooling, the camera continued
to function but showed permanent image damage due to sensor damage [21]. Based on
the findings, we also decided to further verify the functionality of the security system
components. Comprehensive and extensive findings could be used as a basis for adjusting
the environmental classes specified in the technical standard for security systems. If further
component testing is possible, the magnetic contacts should be used, as this is the most
commonly used component of the security system, designed to protect the opening parts
in the building or the premises of the building. Another reason for choosing magnetic
contacts was their financial simplicity and the fact that they are the most important element,
especially in the case of entering the building, which must function properly for the correct
detection of the intruder. From the tests of camera systems, it is possible to use and focus
only on the realistically achievable thermal values, while the limit temperature of the
functionality of the magnet should not be exceeded. In the case of a camera system, such
values were not and are not generally known, and therefore we went to huge extremes, but
at the cost of long-term damage to the camera [10,13,21].

7
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2. Materials and Methods

As part of the evaluation of the impact of extreme conditions, we decided to perform
experimental measurements using our test equipment in the air conditioning chamber.
Using experimental measurements, we investigated the causality between the effect of
temperature and the closing/opening distances of five selected types of magnetic contacts
intended for outdoor use.

The basic pillar of measurements was the mentioned air-conditioning chamber, brand
VÖTSCH VCL 7010, which we have available within the material and technical equipment
of the laboratory. The air conditioning chamber provides a temperature range from −70 ◦C
to +180 ◦C and a heating and cooling rate of 3.5 K/min [22].

We created a test device especially for this type of measurement, which consisted of
two hardboard plates with a length of 50 cm and a width of 3 cm. At the ends of both
boards, we attached two wooden prisms with glue, which were used to hold the tested
magnetic contacts, and we placed the boards on top of each other. The model of the upper
part of the test device was created in the Sketch UP! program, as shown in Figure 2. We
decided to use wooden prisms, as they are a non-conductive material, and so will not affect
the detection and switching functionality of the tested magnetic contacts. We also used
glue rather than iron screws to attach them. For better handling of the test equipment, we
connected the boards in several places with mounting tapes to perform only one direction
of movement [23].

Figure 2. Graphic design of the test device from the top right, the drive part from the left.

At the other end of the boards, we placed a drive, which was formed by a threaded
rod with a diameter of 8 mm. With the help of one turn of the threaded rod, it was
possible to move the wooden prisms by 1.25 mm, which achieved a very precise and
sensitive mechanical movement. We achieved the drive-by drilling wooden prisms and
then inserting a threaded screw into a hole on a fixed (bottom) plate. To achieve, in addition
to movement, the measurement of the closing distance of the tested magnetic contacts,
we also attached a caliper to the wooden prisms, with the help of which we were able to
express the given distance. The model of the lower part of the test device together with the
drive, created in the program Sketch UP! is shown in Figure 2. The test device in the air
conditioning chamber is shown in Figure 3.

We read the values manually from the caliper, so it was possible to assume that a
measurement error had occurred. We rounded the values to 0.5 mm, which could cause a
measurement error of ±0.25 mm. We designed the test device to be able to zoom in and
out on the magnetic contacts in the air conditioning chamber. We adapted its size to the
size of the chamber opening. We used an optical and acoustic indicator to determine the
activity/inactivity of the magnetic contact. The indicator consisted of LEDs, piezoelectric
buzzer with a power supply. We attached the indicator constructed in this way to the
magnetic contact, and in the case of its switching on, i.e., activation, the LED lit up and the
buzzer sounded. The figure of the indicator, as well as its wiring diagram, are shown in
Figure 4.

8
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Figure 3. Test equipment placed in an air-conditioning chamber during experimental testing.

Figure 4. Indication device (right) and its wiring diagram.

As mentioned in total, we tested five different magnetic contacts in experimental tests
and followed the following procedure for each measurement:

• Study of the enclosed technical sheet of the magnetic contact from the manufacturer,
• Fixing the magnetic contact to the test equipment, usually by double-sided adhesive

tape or by impregnation into holes in wooden prisms,
• Implementation of experimental tests:

� measuring the closing distance—movement from 0 mm to 100 mm,
� measuring the opening distance—movement from 100 mm to 0 mm,

• Evaluation of the measurement process and achieved results.

We measured the temperature range from −40 ◦C to +70 ◦C, while at negative values
we changed the temperature by 5 ◦C and in the case of positive values by 10 ◦C. For each
heat value, we performed two types of measurements, switching on and off, according
to the above procedure. We stopped for two minutes between the individual distance
measurements to prevent the measurement from being devalued due to the lasting clos-
ing/opening action from the previous measurement. We proceeded in descending order
from positive to negative values to avoid possible corrosion. We recorded the measured
values and expressed the average values using the average function in MS Excel. Subse-
quently, we used the STDEV function in MS Excel to express the standard deviation. In
the case of each temperature change, we allowed the magnetic contact to acclimatize for
10 min, and then we performed 10 repetitions of the magnetic contact closing measurement.
The transition between temperatures was relatively fast, falling for tens of minutes. The
values given in the results section represent the arithmetic mean of the measured values
for the individual temperatures. For those magnetic contacts for which the closing and
opening did not occur at the same distance, we also determined the hysteresis distance by
the difference between the closing and opening distance.

3. Results

We were the first to test the magnetic contact with the marked MAS 203 from the
Czech manufacturer Asita. In this case, the manufacturer does not state the values of
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closing and opening of the magnetic contact, but only the working distance of 0–30 mm
with a tolerance of 2 mm within which it should work fully. The installation requirements
also state that the parallelism of the installation of the magnetic contacts must be observed.
To ensure correct installation, we used double-sided adhesive tape, the anchoring of the
magnetic contact during the measurement on the test device is shown in Figure 5A. The
results obtained in the measurement are shown in Table 1.

Figure 5. Magnetic contacts during experimental testing, (A)-MAS 203, (B)-MAS 333, (C)-SA 220,
(D)-USP 131, (E)-USP 500.

Table 1. MAS 203 magnetic contact on and off values during experimental tests.

Temperature [◦C]
Clamping

Distance [mm]
Standard
Deviation

Opening
Distance [mm]

Standard
Deviation

−40 28.5 1.96 28.5 1.74
−35 29 1.93 29 1.08
−30 29.5 0.15 29.5 0.23
−25 30 1.97 30 1.79
−20 31 0.35 31 1.62
−15 32 0.45 32 0.34
−10 33 1.41 33 1.62
−5 34 0.91 34 0.35
0 34 0.45 34 0.87
10 34.5 1.41 34.5 0.30
20 35 0.41 35 0.63
30 35 0.22 35 0.91
40 34 0.34 34 1.86
50 34 1.10 34 0.20
60 34 0.87 34 0.21
70 34 1.21 34 1.24
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As we can see due to the higher temperature, in particular, the working distance of the
magnetic contact increased by 2–3 mm compared to the values given by the manufacturer,
even with the permissible tolerance. Even for temperatures of 0 ◦C or temperatures around
20 ◦C (standard outdoor temperature), the distance was covered even when considering
tolerance. On the contrary, negative values slightly reduced the working distance values.
According to experimental tests of the reliability of a given magnetic contact, the average
working distance was at the level of 30.5 mm [24]. By measuring, we found that the
magnetic contact does not work with any opening hysteresis, i.e., the closing and opening
of the magnetic contact occurs at the same distance [25]. Throughout the measurement, we
followed the procedure created and determined by us, listed in Section 2.

The second magnetic contact tested was from the same manufacturer but with the
type designation MAS 333. According to the information provided by the manufacturer,
this type of magnetic contact can be used in environment-class III, i.e., in the temperature
range from −25 ◦C to +50 ◦C. Since we followed the same measurement procedure for all
magnetic contacts, we performed measurements at temperatures from −40 ◦C to +70 ◦C
and these results are shown in Table 2. The working distance of the magnetic contact
MAS 333 is 0–22 mm with tolerance according to the manufacturer 2 mm. As this is a
countersunk type of magnetic contact, we used holes in the wooden prisms of the test
device to attach it [26]. The location of the magnetic contact in the test device during the
measurement is shown in Figure 5B.

Table 2. MAS 333 magnetic contact on and off values during experimental tests.

Temperature (◦C)
Clamping

Distance (mm)
Standard
Deviation

Opening
Distance (mm)

Standard
Deviation

−40 22 0.53 23.5 0.33
−35 22 0.43 24 0.30
−30 22.5 1.78 24 1.86
−25 23 0.84 25 0.79
−20 23 1.18 26 0.87
−15 23 1.15 26 0.42
−10 23 1.19 25 0.25
−5 23 0.34 25 0.58
0 23 0.29 25 1.86
10 23.5 1.83 25 0.75
20 23 0.47 25 1.69
30 22.5 1.59 25 1.97
40 22.5 1.20 24.5 1.95
50 22 1.92 24.5 0.66
60 22 1.49 24 0.43
70 22 1.69 24.5 0.46

From the achieved results we can state that the magnetic contact in case of closing
always worked in the range of the working distance specified by the manufacturer, taking
into account also the allowed tolerance. Conversely, in the case of opening the activation
of the magnetic contact, we measured different values, exceeding the working distance,
in the temperature range from −25 ◦C to +70 ◦C. The different values were caused by a
hysteresis phenomenon, the values of which are shown in Figure 6 [23].

Another tested magnetic contact had the type of designation SA220 and is primarily
offered by Jablotron in its portfolio. According to the information from the manufacturer,
the magnetic contact is intended for environment-class IV, i.e., the highest class, with a
temperature range from −25 ◦C to +60 ◦C. The body of the magnetic contact, the switching
part, is housed in a metal housing and the permanent magnet in a plastic housing. Dimen-
sionally, this is the largest magnetic contact with atypical dimensions and omnidirectional
radiation, i.e., according to which axis within the three-dimensional space is installed, the
distance of switching on and off is determined. As part of the measurements, we decided
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to use an installation with a z-axis, as due to its size, the manufacturer states the largest
values of clamping (64 mm) and expansion (77 mm). We used double-sided adhesive tape
for installation on the test equipment, the magnetic contact during the measurement is
shown in Figure 5C. Even in this case, we worked with a temperature range from −40 ◦C
to +70 ◦C.

Figure 6. Graphical representation of the values of the hysteresis phenomenon of the magnetic contact MAS333.

As we can see in Table 3, we observe an almost exponential dependence of distance
on temperature. While at negative values, the closing and opening distances were several
tens of millimeters below the level specified by the manufacturer. Conversely, in the case
of high temperatures, the values of switching on and off were much higher. Compliance
with the data given by the manufacturer was achieved only in the temperature range
−5 ◦C to 0 ◦C when closing and +10 ◦C to 20 ◦C when opening the magnetic contact. For
measurement, we also recorded a significantly high value of hysteresis distance, in some
cases at the level of up to 6 mm. The complete expression of the hysteresis distance is
shown in Figure 7 [23,24,26]. The measurement results are quite worrying, as the magnetic
contact did not work properly in the temperature range in which it was recommended to
be installed.

Table 3. SA 220 magnetic contact on and off values during experimental tests.

Temperature (◦C)
Clamping

Distance (mm)
Standard
Deviation

Opening
Distance (mm)

Standard
Deviation

−40 54 3.35 57 3.39
−35 54.5 2.78 57.5 4.16
−30 54.5 3.77 58.5 2.45
−25 56.5 2.53 59 4.94
−20 58 4.03 60.5 2.74
−15 59 3.45 62 4.83
−10 61 4.87 64 2.62
−5 63.5 3.16 66 3.07
0 66 4.50 69 2.91
10 72 3.94 76 4.94
20 81.5 3.90 86 4.91
30 84 4.69 89 3.01
40 85 2.03 90.5 3.95
50 87 3.34 92 3.50
60 88 4.54 94 3.27
70 89 2.70 94 2.02
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Figure 7. Graphical representation of the values of the hysteresis phenomenon of the magnetic contact SA 220.

Another magnetic contact tested came from United Security Products and was type-
named USP 131. It is a small magnetic contact, almost 35 mm, housed in a plastic case.
According to the manufacturer, the magnetic contact can work with a working distance
of 20 mm, while it is designed for environment-class III, i.e., within the temperature
range from −25 ◦C to +50 ◦C. Due to the uniformity and adherence to the established
methodological procedure, we subjected the magnetic contact to reliability testing in the
temperature range of −40 ◦C to +70 ◦C. The results obtained in the measurements are given
in Table 4. The magnetic contact, USP 131, has an elongated part on the lower part of both
components intended for their assembly, so we decided to place it on top of the test device.
The location of the magnetic contact during the measurement is shown in Figure 5D.

Table 4. USP 131 magnetic contact on and off values during experimental tests.

Temperature (◦C)
Clamping

Distance (mm)
Standard
Deviation

Opening
Distance (mm)

Standard
Deviation

−40 21 1.11 16 1.09
−35 21 1.13 16 0.55
−30 21 0.91 16 0.60
−25 21 1.75 16.5 0.63
−20 21 0.87 16.5 1.48
−15 21 1.92 16.5 1.40
−10 21 0.63 16.5 0.66
−5 21 1.45 16.5 2.00
0 21.5 0.39 16.5 1.34
10 22 1.91 17 0.47
20 21.5 1.16 17 1.45
30 22 1.85 17 1.84
40 22 1.94 16.5 1.96
50 21.5 1.46 16 1.97
60 22 1.36 16 0.99
70 22 0.32 16 1.19

As we can see from the achieved results, the manufacturer’s stated working distance
of 20 mm was not reached in any of the measured temperatures. A positive finding
is that the closing and opening distance of the magnetic contact was almost constant.
Another positive is that the magnitude of the hysteresis distance that we observed when
switching the magnetic contact is also, almost at a constant level, gradually increasing from
a temperature of 30 ◦C [9,10]. The hysteresis distance is shown in Figure 8.
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Figure 8. Graphical representation of the values of the hysteresis phenomenon of the magnetic contact USP 131.

The last magnetic contact tested had the designation USP 500 and was therefore from
the same American company as the previous contact. It is a relatively durable-looking
magnetic contact designed for surface installation as it is formed by two iron, elongated
blocks. In this case, too, it was a magnetic contact intended for environment-class III
and was subjected to measurements at the same temperature levels as all other magnetic
contacts. The working distance specified by the manufacturer is 63.5 mm, the attachment of
the magnetic contacts during the measurement was realized with the help of double-sided
tape and is shown in Figure 5E.

As we can see from the results in Table 5, the magnetic contact did not even approach
the working distance given by the manufacturer at sub-zero temperatures, at −40 ◦C, there
was even a difference of almost 20 mm. An indication of the approach to the data from
the manufacturer can be observed only at a temperature of 40 ◦C, but even in this case, the
difference between the distances was at the level of 3 mm. When the switching element
is switched on and off by a permanent magnet, it was possible to observe a hysteresis
phenomenon of small size when compared to some of the other magnetic contacts. The
values of the hysteresis phenomenon are shown in the graphic design in Figure 9.

Table 5. USP 500 magnetic contact on and off values during experimental tests.

Temperature [◦C]
Clamping

Distance [mm]
Standard
Deviation

Opening
Distance [mm]

Standard
Deviation

−40 47.5 2.53 48.8 2.03
−35 48.5 2.37 49.5 2.69
−30 50.5 3.63 52 3.34
−25 51.5 3.26 52.5 2.03
−20 52.5 2.73 54 2.13
−15 53.5 2.73 55 3.75
−10 54.5 2.57 56 2.39
−5 55.5 2.54 56.5 2.79
0 56.5 3.76 58 3.72
10 55.5 2.08 57 2.15
20 56.5 3.12 58 2.20
30 57.5 2.52 59.5 3.45
40 58.5 2.03 60.5 2.67
50 58.5 2.55 60.5 3.49
60 58.5 2.17 60 2.92
70 57.5 3.72 59.5 2.21
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Figure 9. Graphical representation of the values of the hysteresis phenomenon of the magnetic contact USP 500.

4. Discussion

Through experimental tests that we performed in the air conditioning chamber, we
can conclude that several of our assumptions have been confirmed. The reliability of the
safety magnetic contacts is influenced by the shape of the magnetic contacts. We base this
statement on the results in which we found that in the case of the four tested magnetic
contacts, we measured relatively reliable data, within which the magnetic contacts would
be able to function as expected. In one case, SA220, there was an appropriate difference as
the measured values were almost 20 mm different than stated by the manufacturer. The
possibility that the manufacturer incorrectly determined in the technical file the position of
the sides of the magnet within the x, y, z axes would also be considered. However, even if
we consider that we connected the magnetic contact oppositely, in both other possibilities
the magnetic contact showed a difference of at least 15 mm in size. Based on these results,
we must conclude that the magnetic contact is unreliable, even in the environment specified
by the manufacturer.

In other cases of measurement, we achieved interesting results, in which we achieved
almost identical results in all tested temperatures. By default, we achieved a difference
of approximately 2 mm between negative and positive temperatures. It was confirmed
that the cold benefits the functionality of the magnetic contacts, as we measured values
similar to those stated by the manufacturer at negative values. Based on these results, we
can conclude that the other four magnetic contacts are reliable despite the lower, measured
distances. Most of the measured values were within the working distance specified by
the manufacturer or within the 10% tolerance allowed by the technical standard [11]. We
achieved interesting and surprising results in positive and high temperatures, respectively,
where there was no rapid change in working distance as expected. It can be stated that we
correctly assumed that within the standard operating temperature of the magnetic contacts,
the shape of the block, the magnetic induction does not change to such an extent as to affect
the reliability of the safety magnetic contacts.

As they are undoubtedly interesting and new findings, we decided to perform a
simple measurement to determine the strength of the permanent magnet, which is used to
switch the magnetic contact. For the experiment, we used a test device created by us and a
steel cylinder made of 18 washers, a screw, and a butterfly nut. The measurement consisted
of setting the initial position, which was seven centimeters. We placed a permanent magnet
on the sliding part of the test device and the mentioned steel cylinder on the fixed part,
always so that the edge of the cylinder is aligned with the edge of the wooden prism.
Gradually, we moved the test device until the moment when the steel cylinder, due to the

15



Micromachines 2021, 12, 401

attractive force of the magnet, did not start moving towards the permanent magnet. The
block diagram of the measurement is shown in Figure 10. We performed the measurement
at several temperatures and with twenty repetitions, the results of the measurement are
shown in Table 6.

Figure 10. Block diagram of magnetic field strength measurement.

Table 6. Measured values of magnetic field strength.

Temperature −10 −5 0 15 25 35

Arithmetic mean of measured
values [mm] 11.91 11.92 11.92 11.92 11.92 11.92

Standard deviation 0.09 0.07 0.08 0.07 0.08 0.07

As can be seen from the measured values, the attractive force of the magnetic field
does not change under the influence of temperature—or rather, changes to a negligible
extent. For this simple measurement, we used a magnetic contact USP 131. The reduced
force values, compared to Table 4, are caused by the weight of the steel cylinder, which was
200 g, and it was, therefore, necessary to approach it close enough to start moving. Due
to the fact that it was a movement, it was necessary to carry out the measurement very
carefully and precisely, which is also indicated by the value of the standard deviation.

Based on the findings from the results of the experimental tests given in Section 3
and the measurements described above, we can state that extreme temperatures in the
standard working range of magnets do not affect the values of their intensity and field
size. They only affect the switching capacity of the magnetic contacts. This effect is
undoubtedly caused by the heating of a part of the magnetic contact such as screws for
connecting cables or other components. These expand due to the high temperature, and
therefore the connection/activation of the safety magnetic contacts takes a longer time or
a greater distance. If we consider even more modern safety magnetic contacts in which
more electronics are used, the distance could be even greater, because the temperature
could affect the responsiveness of the safety magnetic contact, which would not be able to
actively respond to closing or opening.

In the study, we also relied to a large extent on the results of the study by Calin and
Helerea [14], but we were not able to confirm or refute their results, because our studies
were significantly different. In our case, we focused on the switching ability of safety
magnetic contacts, formed by two parts. On the contrary, the authors of the mentioned
study measured magnetic quantities for one separate piece of the permanent magnet.

At first glance, it might seem that the magnetic contact, the USP 500, was also unreli-
able as it worked with a working distance almost 15 mm shorter. However, the opposite is
true, as the magnetic contact worked correctly and within the operating range specified by
the manufacturer. We have encountered a lack of working distances, namely that relatively
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wide ranges are mentioned and therefore the magnetic contact is considered reliable as
long as it can be activated/switched on anywhere within the working distance.

The need to test the components of alarm systems is very important, as regular testing
and evaluation of their reliability can predict the likelihood of their proper functioning [27,28].
In addition to the functional point of view, it is necessary to take into account the economic
aspect, the value of which can be directly validated according to the needs of the secured
object. Components of alarm systems are electrical devices for which the more expensive are
not necessarily higher quality [29,30]. Knowledge of the probability of failure of a selected
system component is very important for the effective design of the system. For example,
if we know from the experimental tests the weaknesses of a selected component, we can
increase its resistance by adding another component working on a different principle, thus
achieving the component guarding the component. By partially increasing the security of a
selected part of the building, we can increase the security of the entire building, according to
its needs. The needs for object protection are an important input element in the evaluation
and design of its security.

Knowing the reliability of individual system components is important because it
allows us to choose from the same components on the market. All components should
be certified and therefore usable in the conditions of the Slovak Republic. However, the
certification takes place according to a predetermined methodological procedure, considers
selected options for overcoming, and, last but not least, is performed under laboratory con-
ditions. However, the potential perpetrator will not follow the methodological procedures
or the technical standard permitted tools or objects when trying to overcome the security
of the object [31,32]. Testing of alarm system components and detectors must be carried
out as much as possible under non-standard conditions because only then is it possible to
identify a higher degree of their reliability. Within the given partial part of the research
of magnetic contacts, we focused on the simulation of extreme ambient conditions, as we
encountered incorrect functionality of components several times. System malfunctions
caused by extreme conditions can result in two basic possibilities. The first is the occur-
rence of false alarms and the second is the incorrect functioning of the system and thus the
absence of guarding. In the first case, it is highly likely that the owner will be dissatisfied
with the system due to multiple false alarms and could even partially deactivate the system,
bringing us to the second option [33]. It is possible to test whether magnetic contacts or
other components of alarm systems function according to the requirements of technical
standards, but this would probably be unnecessary and we would get confirmation that
they meet the requirements of the standard, as most components are certified.

5. Conclusions

Magnetic contacts are among the basic and most commonly used components of alarm
systems. Their correct functionality is an integral part of the mantle protection of each
secured object. As with other alarm system components, magnetic contacts are considered
electrical devices and as such may not always achieve the required reliability. Reliability
is often affected by restrictive conditions such as ambient temperature, poor installation,
improper selection, and the like. As part of a comprehensive study of the reliability of
magnetic contacts, we have decided to focus on the impact on the environment, as in
recent years we have witnessed large fluctuations caused by global warming. Our goal
was not to try to overcome safety magnetic contacts but to know their reliability at extreme
temperatures, so we decided to perform only these types of measurements and avoided the
use of parasitic magnets or other short-circuit options that can be used to overcome them.

We tested five magnetic contacts designed for external environments, environment
classes III and IV, i.e., operating temperatures from −25 ◦C to +50/60 ◦C. In the tests
themselves, however, we considered temperatures outside the temperature range. The
temperature range we chose was from −40 ◦C to +70 ◦C within which we tested all compo-
nents to achieve the same conditions. Through testing, we have found that temperature
ranges in some cases cause a problem and, for example, in the case of magnetic contact USP
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500, a shift of switching on at negative temperatures of 20 mm. In four of the five tested
magnetic contacts, we observed a hysteresis phenomenon, which we could sometimes call
directly proportional to the influence of the environment. We have found that magnetic
contacts can work even in extreme conditions, but these to some extent affect their detection
ability, which can decrease due to very low temperatures and increase at extremely high
temperatures. Thus, in addition to the hysteresis, we can also observe the expandability of
the material. Paradoxically, the magnetic contacts placed in the plastic housing showed
a lower degree of hysteresis than the metal ones. To be able to carry out such tests, we
created a simple test device, which, in addition to protecting the lives of researchers, also
eliminated possible errors caused by heat radiation from the human body.

The magnetic contact behaved best in the tests with the type designation MAS 333,
which during the change of temperatures showed an almost constant closing distance and
the value of the hysteresis phenomenon was in the range of a maximum of 2 mm. On
the contrary, the worst hit was the magnetic contact with the type designation SA 220,
which in the case of switching on showed a difference of almost 30 mm and opening of
almost 20 mm.

Through experimental tests, we probably came to the direct influence of the magnetic
contact design on its reliability, as all square-shaped magnetic contacts showed good
properties and activation within the working distances defined by the manufacturer or
within a tolerance of 10%. Even the statistical deviation in these measurement cases was
at a relatively low level, which can be considered as an effective measurement result.
We recorded surprising results in the case of positive, high temperatures within which
the magnetic contacts continued to work correctly and there was no rapid change in
reliability or detection distance. Undoubtedly significant was the fact that we performed
measurements in the temperature range up to 80 ◦C, i.e., the temperature considered
critical. After this temperature, there could be a permanent change in the functionality of
the magnetic contact or the permanent magnet. In the future, we would like to focus on this
type of experimental test. The behavior of the hardened plastic into which the individual
parts of the safety magnetic contacts are caught is also questionable.

It would also be possible to build on the results of our research and supplement the
research with a comprehensive measurement of magnetic induction at high temperatures.
This would confirm or refute the conclusions about the expansion of the materials used
in the switching part of the magnetic contacts. The advantage, and at the same time
disadvantage, is the fact that there are countless safety magnetic contacts on the market
and, to fulfill our long-term goal, to amend the technical regulations. It will therefore
be necessary to carry out a huge number of measurements to confirm the findings from
camera systems and now also magnetic contacts, which speak to the fact that these devices
can work fully beyond the range of operating temperatures according to the manufacturer.
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5. Lovecek, T.; Velas, A.; Durovec, M. Bezpečnostné Systémy—Poplachové Systémy; EDIS: Žilina, Slovakia, 2015; p. 230.
6. Velas, A.; Boros, M. Intruder Alarms; EDIS: Žilina, Slovakia, 2019; p. 113.
7. Parchomiuk, M.; Zymmer, K.; Domino, A. Security Systems of Power Converter Interface with Superconducting Magnetic

Energy Storage for Electric Power Distribution. In Proceedings of the Conference on Progress in Applied Electrical Engineering,
Koscielisko, Poland, 18–22 June 2018.

8. Kutaj, M.; Boros, M. Development of educational equipment and linking educational process with research. In Proceedings of the
International Conference on Education and New Learning Technologies, Barcelona, Spain, 3–5 July 2017.

9. Kutaj, M.; Velas, A. Magnetické kontakty—Testovanie spol’ahlivosti. In Riešenie Krízových Situácií v Špecifickom Prostredí; EDIS:
Žilina, Slovakia, 2015. Available online: https://new.fbi.uniza.sk/uploads/Dokumenty/weby/rks-archiv/2015/articles/Kutaj_
Velas.pdf (accessed on 5 February 2021).

10. EN 50131-1. Alarm Systems. Intrusion Systems. Part 1: System Requirements; CENELEC: Brussels, Belgium, 2007. Czech equivalent
available on the basis of a license for the Faculty of Security Engineering.

11. EN 50131-2-6. Alarm Systems. Intrusion and Hol-up Systems. Part 2-6: Opening Contacts (Magnetic); CENELEC: Brussels, Belgium,
2009. Czech equivalent available on the basis of a license for the Faculty of Security Engineering.

12. EN 50130-5. Alarm Systems. Part 5: Environmental Test Methods; CENELEC: Brussels, Belgium, 2012; Czech equivalent available on
the basis of a license for the Faculty of Security Engineering.

13. SHMU. Available online: http://www.shmu.sk/sk/?page=2049&id=928 (accessed on 5 February 2021).
14. Calin, M.D.; Helerea, E. Temperature influence on magnetic characteristics of NdFeB permanent magnets. In Proceedings of the

International Symposium on Advanced Topics in Electrical Engineering, Bucharest, Romania, 12–14 May 2011.
15. Shahbazi, A.; Aghaei, J.; Pirouzi, S.; Shafie-khah, M.; Catala, J.P.S. Hybrid stochastic/robust optimization model for resilient

architecture of distribution networks against extreme weather conditions. Int. J. Electr. Power Energy Syst. 2021, 126, 106576.
[CrossRef]
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Abstract: Magnetic contacts we could define as a switching device used in transport structures such
as a tunnel, to which the manufacturer prescribes a certain number of closures within its lifetime,
during which they should operate flawlessly. Verification of the data provided by the manufacturer
is time-consuming and physically demanding due to the data being large in number. For this reason,
we developed a test device using torque in the research of magnetic contacts, which greatly automates
the whole process and thus eliminates human error. The test device can use internal memory to
calculate the number of closures of magnetic contacts and then transmit the digitized data. The test
device is registered as an industrial utility model and can be used to test any magnetic contacts.

Keywords: magnetic contacts; torque; the calculation in memory; automation

1. Introduction

Reliability is a natural property of products to perform the activities for which they
were created, under predefined conditions and for a defined period. Reliability can be
assessed for almost all devices in different types of industries. The parameter determining
the service life of the equipment is also connected with reliability. We can divide the service
life into two groups. One group consists of devices that define the reliability of time, i.e., the
time during which the manufacturer declares their correct functionality, such as LED bulbs
for which the manufacturer declares proper functionality somewhere at 50,000 h of use for
lighting. The second group consists of switching devices in which the service life is defined
in terms of the maximum number of switchings, such as conventional light bulbs for which
the manufacturers declare the service life somewhere at the level of 10,000 switchings. In
practice, this means that in the case of the first option, the LED bulb should stop shining
after the time specified by the manufacturer, and in the case of the second option, if we
turn the bulb off and on in half the number specified by the manufacturer, it should also
stop shining or lighting up [1–4]. The service life of electrical equipment, in particular, has
been a very inflected concept in recent years, as some are convinced that manufacturers
purposefully install a time-memory component in equipment that is activated after a
certain period of use, usually after the warranty period.

An exception from the point of view of reliability is also the electrical devices or
components forming an electrical security system designed to identify and detect the
presence or attempt of an intruder to enter the building. Even in this case, we could apply
the above distribution of life because while the passive infrared detector must be able to
detect the guarded area for a long time, the magnetic contact used to secure windows and
doors has a predefined value of the number of closures from the manufacturer [5–8].

Magnetic contacts are used in almost every industry for various purposes, for example,
to detect the opening of switch cabinets and switchboards in electronics, as an opening
mechanism in keyless furniture designs, in the toy industry, and many others. From
the point of view of security, as mentioned, they have their fixed place in the electrical
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security system where they are used as opening detectors, i.e., they sound an alarm in
case of unauthorized opening of windows, doors, gates, or blinds or shutters on windows.
Depending on the nature and requirements of the secured object, it is possible to create
complete protection from magnetic contacts by fitting them on all doors and windows. The
magnetic contacts are formed by a permanent magnet and a contact, also called a reed
contact. The reed contact consists of a sealed glass tube filled with a protective atmosphere
in which two ferromagnetic contacts are placed (Figure 1). The magnet is installed on a
moving part of a window or door and a reed contact on a fixed part, i.e., a door frame
or frame. At the moment when the permanent magnet is close to the tongue contact, it
is in the basic state, usually closed, due to the magnetic field of the permanent magnet.
When the magnet is moved away, for example, due to the opening of a door or window,
the magnetic field affecting the tongue contact weakens, and the contact changes its state
to the opposite. If the contact is of the normally closed type, it opens, and if it is of the
normally open type, it closes [7,9–12].

Figure 1. Principle of operation of magnetic contact [7].

The reliability or correct functionality of the magnetic contacts can be tested according
to predefined possibilities, as specified in more detail in the European technical standard
with the type designation EN 50131-2-6 [13]. The technical standard prescribes several
possibilities, or types of tests where the main one is the resistance of the magnetic field to
the external magnetic field generated by the parasitic magnet. In this case, it is determined
whether the electric security system correctly evaluates the attempt to disrupt or sabotage
the system. In addition to the parasitic magnet test, the technical standard defines other
tests, such as the basic detection function test in which the values of closing and opening of
the magnetic contact are verified and then compared with those specified by the manufac-
turer. However, these and other types of tests have one basic disadvantage/disadvantage
and therefore, given the possibilities of today’s market, they are relatively strict and do
not take into account the possibilities of various commonly available magnets [10,13]. The
second mentioned test, or the basic detection function, could be described as a direct
verification of the reliability of the magnetic contact. This is because it takes place in a slow,
gradual, and simulated movement from the closed position of the magnetic contact, with
the magnet facing away from each other, thus determining the actual value of the opening.
Subsequently, the whole process is repeated, but in the opposite direction, which deter-
mines the value of closing the magnetic contact. The same procedure can be performed
in the case of the oblique direction of the permanent magnet, as it should be able to work
in all directions of movement. These types of tests are relatively demanding and in many
cases even lengthy, which increases the risk of error of the human factor, i.e., the person
performing the tests themselves. One of the basic and challenging tasks is to accurately
determine the value of individual distances. To avoid errors and inaccuracies in the test, it
is recommended that graph paper be used to determine the values better and faster. To
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know when the magnetic contact closes so that it is activated, it is necessary to connect a
signaling device to it. In the absence of a signaling device, it is possible to use a complete
installation of an electrical security system with a control panel, with which we can know
when the contact was activated [14–17].

Within the professional community, it is possible to observe several research activities
aimed at measuring the reliability of magnetic contacts, but in all cases they represent only
a partial part of the research. For example, Gong and his team focused on measuring the
sorting of magnets in factory production, in which they pointed to the lack of homogeneity
of the magnetic field. In one of their studies, the Carus team focused on improving the
efficiency of electric drives using permanent magnets, within which the goal was to define
a uniform procedure for measuring the impact on control algorithms [11,18,19].

Despite measuring and testing the reliability of magnetic contacts, it is always a
question of using magnetic contacts, as mentioned, and not the switching capacity itself.
Therefore we decided to research the total magnetic contacts for security needs to pay
attention to their actual switching functions, and within it and its recurrence.

As mentioned above, magnetic contacts are one of the basic components of electrical
security systems designed to primarily protect the building envelope. To indicate the
danger, they use the influence of magnetic induction, by which the permanent part is
attracted to the reed contact, which is currently supplemented by other electronics, such as
an LED designed to indicate the closing/opening of the magnetic contact. The reliability of
magnetic contact from a safety point of view is understood as to whether the opening and
the opening of the window or door leaf caused by it is detected, as the magnetic contact
needs to be supplemented with components in other layers of protection, such as spatial
or object protection, for the complex security of the building. It is also highly important
to use mechanical means of restraint to make it more difficult for the intruder to enter
and escape from the secured object. It is necessary to realize that even the highest quality
component of the electrical security system can be surpassed, and this depends only on the
equipment and skills of the intruder. Therefore, in the professional and public sphere, we
more often encounter the term probability, and if we consider a comprehensive assessment
of the secured object, we use the term cumulative probability of intruder detection [20].
The cumulative probability of intruder detection is calculated using Formula (1) [6].

Pcp = [1 − ∏n
i=1(1 − Pd)] ∗ Pats ∗ P f ∗ Ph f (1)

where Pcp is the cumulative probability of intruder detection, n is the number of detection
zones of the object, Pd is the probability of detection by active elements (magnetic contacts,
passive infrared detectors or PID), Pats is the probability of transmitting intrusion informa-
tion to the monitoring center, Pf is the probability of a fault-free state of the system, and
Phf is the probability of human factor failure (guard, technician, system administrator).

To express the correct value of the cumulative probability, it is necessary to know as
many input parameters as possible. In this case, it is the reliability of individual active
elements installed in the building, i.e., detectors, which are designed to detect the intruder.
As this is a large-scale issue, it is necessary to address it in the long term and extensively.
In terms of time, such large-scale measurements could take several years if carried out
by a single research team. Therefore, it is appropriate to divide the research activities
related to the experimental measurements between several research teams that can work
in parallel. As part of testing the reliability of individual components, data for PID [21]
and transmission systems [22] were created based on experimental tests. PID detectors
were chosen because of their frequent installation, as they are very often installed and they
generate an alarm when detecting the movement of the intruder, and as a secondary reason
because they are primarily used in spatial protection. We therefore chose the procedure in
terms of selecting one main representative of the zone, for which we express the values of
reliability. Another very important component is the magnetic contacts, which need to be
tested as much as possible.
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2. Materials and Methods

The overall research of the reliability of magnetic contacts from the point of view of
safety could be divided into two groups of measurements. The first focuses on the accuracy
of detection, activation, and deactivation of magnetic contact, and the second focuses on the
life of magnetic contacts, i.e., the frequency of their connection or disconnection. In the case
of the first group of measurements, we determined the exact procedure that we followed
for all measurements as well as their repetitions. The basis was the division of this part into
a part of closing, i.e., activation, and the time of expansion, i.e., deactivation of the magnetic
contact. The essence of the measurement was the smooth movement of the magnet in the
direction and against the axis of the magnetic field to express the approach and departure
distance. After reaching the approach distance, a rest signal must be generated within
the electrical security system, and after reaching the distance, an alarm signal must be
generated [13,23]. The mentioned measurement procedure consisted of the following parts:

1. Becoming familiar with the magnetic contacts by studying the package leaflet from
the manufacturer;

2. Performing the recovery and subsequent connection of magnetic contacts as well as
other measuring components;

3. Realizing the measurements of the closing mode and opening mode;
4. Repeating each measurement 30 times for version 1 and 1000 times for version 2;
5. Calculating the arithmetic mean (x) of closing and opening of the magnetic con-

tact using the relation x = ∑n
i=1 xi

n , then rounding the values to whole numbers or
halves upwards;

6. Comparing the results obtained with the data provided by the manufacturers.

The second group of measurements had essentially a very similar procedure, but the
difference occurred in the case of point number 5, as the arithmetic mean was not calculated
but only the total closing/opening of the magnetic contact was calculated. The aim of this
type of measurement was not to know the working distance of the magnetic contact but its
reliability at a preset distance. In the case of these measurements, we relied on a technical
standard that allows the test requirements to be met with a tolerance of +/−10% [13].

To facilitate the measurement process, we made a test device or test connection,
which had the task of indicating the closing/opening of the magnetic contact. During the
measurement, we even created multiple connections for a more comfortable and accurate
result. Version 1 of test circuit 1 consisted of the use of a multimeter marked UNI-T UT70A,
in which we used the possibility of circuit integrity, the so-called short-circuit probe, a ruler,
and graph paper. The circuit diagram of test circuit 1 is shown in Figure 2.

Figure 2. Circuit diagram of the testing version 1.

After the implementation of the pilot 30 tests, we proceeded to the use of another
measurement option, in which we decided to engage another sensation to identify the
activation of the magnetic contact, namely sight. We therefore created a connection with
an LED intended for visual inspection of the change in the state of the magnetic contact
(version 2).
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Version 2 consisted of the electrical circuit, as shown in Figure 3, consisting of a
laboratory power supply, a Yihua HY1503D, a 560 Ω resistor, and a color LED (red in
our case). The output conductors, which were connected directly to the magnetic contact,
switched the negative branch of the electrical circuit [23,24].

Figure 3. Circuit diagram of the testing version 2 [10].

With the newly created test facility, we also conducted 30 pilot tests to determine which
test facility is more accurate. However, the connection created was relatively impractical,
mainly due to the large size of the laboratory source. Apart from the impracticality, from
the source’s point of view, the measurement was done in an uncomfortable manner because
we held both parts of the magnetic contact in our hands. We therefore decided to create an
upgrade of the test equipment, which consisted of a fixed and a sliding part into which
the individual parts of the magnetic contacts were installed. We made these parts from
polymethyl methacrylate parts. Specifically, it was an “L” shaped profile in which a
magnetic contact was installed. In addition to this, a contact field with a resistor and an
LED was placed on the profile to indicate switching on and the power supply, which we
solved using a backup power supply, consisting of two alkaline batteries marked LR03
with a nominal voltage of 1.5 V. A permanent magnet was attached to the second part,
which is a moving part. This part was fully mobile and only added to the L profile. The
advantage of this type was that the reading of the distance was instantaneous since on the L
profile there was a scale of the ruler, the beginning of which is point 0, which was situated
at the end of the fixed part and thus also of the magnetic contact. The circuit diagram of
the improved version of the test circuit version 3; without the polymethyl methacrylate,
the construction is shown in Figure 4 [13,23,25].

Figure 4. Circuit diagram of the testing version 3.

In the case of the second group of measurements, i.e., the lifetime of magnetic contacts,
we devised a fully functional device that is protected by the Industrial Property Office as
an industrial utility model. The essence of the test device is the possibility of performing a
continuous rotary or oscillating movement, the basis of which is a twisting moment formed
by a low-speed, motor drive. This was located in the lower part of the test device, together
with the other technological part intended to express the number of repetitions, time
recording, and the possibility of setting the speed, i.e., the speed of movement. With the
help of the test device, it is possible to fully automate the measurement at a predetermined
distance. This test device also consisted of two parts: the lower part with an electric motor,
and the technical part was a fixed part to which the magnetic contact was attached. The
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movable part was formed by a plate that rotated around its center in the direction and
speed asset. A permanent magnet was installed on its edge at the working distance of the
magnetic contact. Ideally, the working distance was set approximately in the middle of
the scale specified by the manufacturer or if the actual working distance from previous
tests is known. Subsequently, the measurement was performed by successive rotations of
the plate, and each time one circuit was performed, the given value was recorded in the
internal memory of the device; also in a given number of rotations, the time is determined
and whether the magnetic contact has been activated. The recorded data can then be
downloaded from the test device to a portable device in the format of a file with the final
.xlsx file, which can be edited in MS Excel and the measurement of which can be evaluated.
In Figure 5, we can see the test device with the magnetic contact placed before starting the
measurement [23,26].

Figure 5. Magnetic contact life tester.

The starting position for testing magnetic contacts was formed by pilot measurements,
in which in addition to the measured values, we also evaluated the reliability of the
given trial versions. Four commonly used magnetic contacts with type designations were
selected for mutual comparison: Bestkey BP-1013, Bestkey BS-2013, SUNWAVE SD 8561,
and USP 130SP.

These selected magnetic contacts were sequentially tested in all three versions of
the measurement sets described in more detail. We decided to perform an extensive
complex measurement focused on both the reliability and durability of magnetic contacts.
In the initial first phase, we implemented a pilot of 30 measurements through all three test
connections to determine the most accurate one. Subsequently, in the second phase, we
performed 1000 repetitions with each magnetic contact using the most effective test circuit.
In the final and third phase, we performed the lifetime measurement for 10,000 magnetic
trials, for one magnetic contact, using the last described test device. For each measurement,
the arithmetic mean of the measured values was determined, rounded up to whole numbers
or halves. We obtained these values using the average function in MS Excel. We also
determined the standard deviation for each measurement using the STDEV function in MS
Excel. The overall results are shown in the following section.

3. Results

The first phase, as mentioned, was to test all the proposed test connections. The
measurement was performed in two directions, first from point 0, a connected magnetic
contact and a permanent magnet, and the subsequent removal of these parts, until the LED
goes out and the distance is recorded. Subsequently, we moved the parts of the magnetic
contact to a distance of 10 cm and gradually had them approach each other until the LED
light came on. The values measured by the individual methods for the magnetic contacts
tested are shown in Table 1 together with the standard deviation.
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Table 1. Results of measurements with a multimeter.
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Bestkey BR1013 0–25 35 3.18 51 4.14 29.5 2.74 38.3 2.54 24 2.67 31 1.59
Bestkey BS2013 0–31 39 3.38 46 2.83 28 4.68 38 2.95 15.5 3.69 22.6 1.31
SUNWAVE SD

8561
12.7–
25.4 24 4.28 46.5 4.05 28.5 4.81 38 4.48 28.1 1.67 36.1 2.53

USP 130SP 0–25 30.5 2.71 46.5 3.99 30 4.76 30 2.05 27.5 3.89 29 1.83

From the measured results, it is clear that the magnetic contacts do not correspond to
the data given by the manufacturer in the technical documentation. In addition, in all four
cases, we can observe the fact that the value of clamping itself is higher than the values
given by the manufacturer. The opening values, which are a more important indicator
than the closing ones, are in some cases even twice as high as the values given by the
manufacturer [27].

Even the results in version 2 are not paradoxically better than those with version 1,
but there is a slight shift to the values given by the manufacturer. On the positive side, the
values of closing and opening decreased significantly by an order of 15 mm. The deviation
can also be caused by the error rate of the human factor and the complexity of gripping the
permanent magnet during measurement.

The final, third type of test device was a product in which the permanent magnet
could be attached to the sliding part, thus increasing the comfort of measurement.

As we can see, the measured values using the test circuit version 3 are the closest
to those specified by the manufacturer in the datasheet. We managed to measure, in the
case of the magnetic contact Bestkey BS2013, the values corresponding to those from the
datasheet. In some cases, for the Bestkey BR1013 we managed to reduce the value by 7 mm
in case of opening, and in case of switching on we reached the level of the manufacturer. In
other cases, the worst effect was the Sunwave magnetic contact, in which case we are far
behind the values given by the manufacturer in this measurement.

A separate group of results is the values of the standard deviation, which in some
cases are relatively high and almost at level 5. The smallest value is reached by the standard
deviation in the case of the third version, so based on these data we can say that this version
is the most reliable.

After completing the first phase followed by the second, we focused on 1000 repetitions
using test circuit version 3. Gradually, we implemented all the repetitions for both the
closing and opening of the magnetic contacts. Due to the complexity of the measurement
from the point of view of attention, we took a break that lasted at least half an hour. The
results, obtained together with the expression of the standard deviation, are shown in
Table 2.

Table 2. Measured values at 18,000 repetitions.

Type of Magnetic
Contact

Datasheet
Distance (mm]

Clamping
Distance (mm)

Standard
Deviation

Opening Distance
(mm)

Standard
Deviation

Bestkey BR1013 0–25 23.5 1.99 25.5 2.01
Bestkey BS2013 0–31 27 1.72 29.5 1.86

SUNWAVE SD 8561 12.7–25.4 15.5 2.06 23.5 2.54
USP 130SP 0–25 22.5 1.47 25 1.69

As we can see from the results given in Table 2, we were advised to achieve the
average values, which fall within the intervals given by the manufacturer, using the test
circuit version 3. The only discrepancy occurred in the case of the opening distance for
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the magnetic contact Bestkey BR1013, for which the distance is exceeded by 0.5 mm, i.e.,
a negligible distance. The values of the standard deviation are, except for one magnetic
contact, at a very good level. According to the results, the problematic or faulty magnetic
contact is SUNWAVE SD 8561. This magnetic contact has shown an appropriate degree
of error or unreliability since the beginning of testing. However, it should be noted that
despite the high degree of error, we measured either below or within the range specified
by the manufacturer.

The last phase of testing was focused on experimental tests using an autonomous test-
ing device, i.e., the complete construction of which is protected by the Industrial Property
Office of the Slovak Republic. The device, as mentioned, uses the torque from the electric
motor, the power of which and thus the torque can be adjusted using a potentiometer.
During testing, the same conditions were ensured for each repetition, i.e., the distance as
well as the speed of movement of the revolution was always identical for all repetitions. In
our case, one turn lasted half a second, during which a step change occurred due to the
closing of the magnetic contact. The recording was performed twice. In the first case it was
a matter of counting one rotation of the rotating part about its axis, and in the second case,
we counted whether the closing of the magnetic contact occurred. Subsequently, the data
are recorded in the MS Excel software program, and it was therefore possible to clearly
define in which rotation occurred and in which the closing of the magnetic contact did not
occur. In the case of switching on, the value 1 was recorded, and if no switching was made,
the value 0 was recorded. From these values, we plotted the switching on for magnetic con-
tact USP 130SP shown in Figure 6. We gradually measured all magnetic contacts measured
in the usual way in the previous expression. The measured values are given in Table 3. It
should be noted that in these measurements, we used new pieces of magnetic contacts to
avoid possible data distortion due to wear from previous measurements.

 

Figure 6. The data output of 500 repetitions from the test device (USP 130SP).

Table 3. Measured values using an autonomous test device.

Type of Magnetic
Contact

Datasheet
Distance [mm]

Set Distance
[mm]

Number of
Measurements

Activation of
Magnetic Contact

Nonactivation of
Magnetic Contact

Bestkey BR1013 0–25 22.5 10,000 9001 999
Bestkey BS2013 0–31 28 10,000 9104 896

SUNWAVE SD 8561 12.7–25.4 17 10,000 8913 1087
USP 130SP 0–25 22.5 10,000 9031 969

In the case of the last third phase, we decided to use the least erroneous USP 130SP. We
subjected it to a load of similar 10,000 clamps at a predetermined working distance. For our
measurement, we used the working distance achieved in the second phase, i.e., 22.5 mm.
We measured the last phase on a test device, the export of which we subsequently evaluated
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in the MS Excel program. From the measured values we can state that the magnetic contact
active in 9031 cases and in 969 not, which is within a tolerance of 10%, allowing within the
technical standard. As the table with the data export would be confusing due to the size,
we present the results in graphical form on Figure 6 for 500 randomly selected repetitions.

In Figure 6, we can see the step changes indicating the activation of the magnetic
contact, where the initial position is 0 and the value 1 means the nonactivation of the
magnetic contact in a given turn. The values in the figure do not reflect the duration of
activation/non-activation of the magnetic contact; it only reflects the fact that the change
has occurred. On the graph, 1 is specifically broken into 448 activations with a value of
0 and 52 nonactivations with a value of 1. The total measurement was 10,000 repetitions,
and they lasted approximately two and a half hours.

From the results shown in Table 3, the deviations between the magnetic contacts are
not at such a large level. Each of them was able to switch on (activate) approximately
9000 times, which represents a reliability of 90%. It should be noted that the activations
represented a step change, a step duration of the magnetic pulse, for about half a second.
With each rotation, the permanent magnet performed the same path and was always close
to the reed contact for the same amount of time. The only difference in values could occur
when activating the device.

4. Discussion

Pilot testing revealed several shortcomings, which we continuously eliminated, and
with the help of the test connection version 3, we managed to realize 1000 repetitions of
closing and opening of each tested magnetic contact. Together, in all phases of measure-
ment, we performed 48,360 repetitions with two sets of four tested magnetic contacts. As
mentioned, the most suitable connection was version 3, in which we did not have to hold
parts of the magnetic contacts in our hands; they were placed on a test device, and thus
this eliminated the possible error rate of an incorrect reading of the detection distance. The
implementation of the second phase took us almost three days with breaks, along with the
fact that we only measured during the day. The given figure is diametrically different from
the value of two and a half hours, which was how long the third phase lasted.

All phases followed each other and played an important role; if we did not identify
in the first phase the most suitable way to perform the measurement, we would probably
obtain skewed results and incorrectly estimate the value of the working distance needed
for phase 3. Of course, it is possible to enter the working distance as we saw in the results
in Table 2, the actual working distances are different than stated by the manufacturer. It
is appropriate to consider whether in the case of setting the working distance to 25 mm
in phase 3, we would obtain a significantly lower value of not activating the magnetic
contact. This reasoning is appropriate, as the mentioned value is marginal according to
the manufacturer.

In the third phase of testing, we completely automated the measurement of the
reliability of magnetic contacts using a test device. To further define and understand the
problem, we implemented 3 phases, as the results from the second and third phases are
comparable. The difference occurs in the implementation of tests in terms of the magnetic
field of the permanent magnet. In the case of manual tests, we moved the permanent
magnet in a vertical position away from and to the tongue contact, while monitoring the
value of the distance of its closing. In the second case of measurements, the movement of
the permanent magnet was performed in the base at a horizontal level as it was mounted
on a movable part that rotated about its axis. During all tests, the same conditions were
maintained in terms of temperature and humidity in the room, and so the values of the
magnetic field strength were the same. The difference between the measurements can
be seen in several factors. In the case of manual measurement, we had to be maximally
focused, and we needed to focus on the accuracy of the reading value; in the case of
autonomous equipment, we eliminated these conditions, which reduced the measurement
error as we assumed that within the working distance specified by the manufacturer, the
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magnetic contact should be able to work fully. From the point of view of the reliability of
magnetic contacts, we can conclude that with the help of an automated test device, the
value of the reliability of magnetic contacts reached 90% or 0.9 in the case of dimensionless
expression [5,28,29].

The measurement of the detection characteristic, i.e., the closing and opening of the
magnetic contacts, is an important and basic prerequisite for expressing the probability
of the detector being overcome by the intruder or overcoming the secured zone. If the
intruder wants to achieve the identification of the protected interest, it is necessary to cross
all detection zones of the protected object. To express the overall probability of intruder
detection, a cumulative probability is used that takes into account the number of zones in
the building, the probability of correct detection by electrical security system components,
the probability of system failure, the probability of correct information transmission, and
the probability of human failure. The total value of the cumulative probability should
be close to 1. Knowledge of the total value of the probability is also necessary due to the
design of the system from an economic point of view [6,13,30,31].

The magnetic contacts, the measurement of which is devoted to the article, belong
to the category of the probability of correct detection by the components of the electrical
security system. We performed experimental measurements mainly due to a more accurate
expression of the probability, as its decrease depends on several factors, and one of them
is the reliability of the component. To subsequently express the total probability of the
detection zone, the reliability of all components installed in the zone is calculated. Paradox-
ically, however, it can be stated that to express the total value of the probability of crossing
the detection zone, it is sufficient to express the reliability of one component. In reality,
however, the use of one component in a given zone is insufficient and their combination is
recommended [7,20,32,33].

5. Conclusions

The article is devoted to a comprehensive, experimental testing of safety magnetic
contacts from the point of view of the correct functionality and service life of a component
intended for the mantle protection of objects. Magnetic contacts are one of the cheapest and
most commonly used components of an electrical security system. The measurements are
part of extensive scientific research activity to express the cumulative probability of detect-
ing an intruder of a protected object. By their nature, they follow the reliability of passive
infrared detectors, transmission systems, and other parts of the electrical security system.

We performed the experimental measurement in three phases. In the first we created
three ways of recording the real working distance of magnetic contacts. In the second
phase, we performed an extensive measurement for each magnetic contact using the most
efficient method from the first phase. The final, third phase was focused on a large number
of switching repetitions for one magnetic contact. As part of the results of the first phase,
we found that the most effective way to record the working distance of magnetic contacts
is a test circuit version 3, which consisted of a backup power supply, LED, resistor, and
a structure made of nonconductive material. Using this method, we performed a total
of 8000 repetitions in the second phase. With a higher number of repetitions, we were
able to measure the values of the working distance almost identical to those stated by the
manufacturer in the technical documentation, and therefore we can state that the magnetic
contacts are reliable.

In the third phase, a test device was used which eliminated the error rate caused by the
human factor. We could therefore clearly define the percentage of which the tested magnetic
contacts are reliable because if the closing did not occur under the same conditions, it meant
the failure of the magnetic contact. Such a failure means a malfunction of the security
system, i.e., insufficient protection of the object, which may be endangered by the intruder.
In addition to clearly defining the reliability of magnetic contacts, we improved the ability
to obtain data by automating the testing process, as the testing itself does not require
supervision and can be performed at any time and to any extent. Subsequently, we can
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better know the cumulative probability of intruder detection in a charming object as well
as knowledge of the theoretical basis for simulation programs designed to find the most
effective route of an intruder.

Experimental testing of magnetic contacts is complemented by long-term research into
the reliability of components of the eclectic security system, and it is necessary to repeat it
regularly. The disadvantage of measuring the reliability of these types of components is
the time-consuming nature of the whole process and the possible error rate of the human
factor when reading the value of closing or opening of the magnetic contact. However,
these parameters can be largely eliminated utilizing a test device designed by us to test the
lifetime of magnetic contacts. Although this device has several shortcomings, these can be
eliminated, improved, and can become even more efficient in measuring the reliability of
magnetic contacts in the future.
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Abstract: Current-perpendicular-to-the-plane giant magnetoresistance (CPP-GMR) read sensors
based on Heusler alloys are promising candidates for ultrahigh areal densities of magnetic data
storage technology. In particular, the thickness of reader structures is one of the key factors for the
development of practical CPP-GMR sensors. In this research, we studied the dependence of the
free layer thickness on the stability of the Co2(Mn0.6Fe0.4)Ge Heusler-based CPP-GMR read head for
an areal density of 1 Tb/in2, aiming to determine the appropriate layer thickness. The evaluations
were done through simulations based on micromagnetic modelling. The reader stability indicators,
including the magnetoresistance (MR) ratio, readback signal, dibit response asymmetry parameter,
and power spectral density profile, were characterized and discussed. Our analysis demonstrates
that the reader with a free layer thickness of 3 nm indicates the best stability performance for this
particular head. A reasonably large MR ratio of 26% was obtained by the reader having this suitable
layer thickness. The findings can be utilized to improve the design of the CPP-GMR reader for use in
ultrahigh magnetic recording densities.

Keywords: magnetic recording; magnetic read heads; current perpendicular-to-the-plane giant
magnetoresistance; Heusler alloys

1. Introduction

As is widely claimed by several studies, current-perpendicular-to-the-plane giant
magnetoresistance (CPP-GMR) devices have been promising candidates as the magnetic
read sensors for ultrahigh areal densities (ADs) of magnetic data storage technology [1–6].
In the past few decades, the outstanding features of the CPP-GMR reader, i.e., large
magnetoresistive (MR) outputs, extremely low resistance area (RA) product, capability
of transferring large amounts of data at high speeds, and low thermal fluctuation, have
been extensively proved [2,7–9]. The very low RA product of the CPP-GMR devices
is a key factor in achieving significantly higher ADs than the tunnel magnetoresistance
(TMR) junctions used in the current situation [10–13]. The CPP-GMR sensors based on
ferromagnetic Heusler alloys are the most capable integrations that can provide very high
performance of CPP-GMR sensors nowadays [14–19]. Therefore, several studies have
attempted to improve the MR output of the CPP-GMR sensors using various Heusler alloy
compositions; however, recent studies indicate that using the Co2(Mn0.6Fe0.4)Ge (CMFG)
Heusler alloy as the sensing layer electrodes could provide the highest MR output [20–23].

At ultrahigh ADs in which the media bits must be rapidly downsized, the physical
size of the reader needs to be reduced to prevent intertrack interference while maintaining
adequate resolution [1,24–26]. The reader shield-to-shield spacing (SSS) is one of the
structural parameters directly related to the physical dimension of the head. It also has
a major impact on the down-track resolution. Therefore, reducing the SSS is a crucial
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point for increasing the AD. At an AD of 1 Tb/in2, the SSS was expected to be less than
25 nm [26]. In particular, the thickness of reader layers is a relative sizing parameter of
the SSS. A few nanometers of layers embedded in reader structures are typically desired
for the development of practical CPP-GMR read sensors, especially at higher ADs. It
is well-known that the thickness of the reader layers also has an influential impact on
head performance, particularly the stability of head response [14,27,28]. Thus, the suitable
thickness of the head layers should be precisely designed for each one.

In this work, we studied the dependence of the free layer thickness of the CPP-GMR
reader on the head’s stability performance. The CPP-GMR head based on the CMFG
Heusler alloy was focused, assuming that the head was targeted for AD of 1 Tb/in2.
Micromagnetic simulations were based on the finite element method using the M3 code [29].
The rest of this paper is arranged as follows: CPP-GMR modelling is shown in Section 2.
Section 3 describes the analysis of read head response. The simulation results, including the
related discussions, are given in Section 4. Finally, the results are concluded in Section 5.

2. CPP-GMR Modelling

As shown in Figure 1a, the sensing layers of the CPP-GMR read head targeted for
AD of 1 Tb/in2 are modelled, assuming that the head is sensing the magnetic stray field,
Hstray, of the medium. The reader width and stripe height of the head were set at 60 and
48 nm, respectively, since this dimension was claimed as the appropriate value for the
CPP-GMR reader at an AD of 1 Tb/in2 [30]. The combination of the CMFG electrodes
and AgSn/InZnO spacer was performed due to their suitability for practical CPP-GMR
devices [15]. The thickness of the bottom reference layer was 5 nm, while that of the spacer
was 2.1 nm. The free layer thickness, tFL, was the main variable in this study, it was varied
from 1 to 10 nm. The magnetization of the free layer, Mfree, was along its easy axis (+y-axis),
while the magnetization of the reference layer, Mref, was fixed along the +x-axis, assuming
that it is due to the exchange bias effect of the anti-ferromagnetic layer. The Hstray produced
by the medium was applied to the head on the air bearing surface (x-axis) to mimic the
reading situation. The hard bias field, HB, was uniformly supplied to the reader to provide
a ±30◦ tilted angle of the free layer magnetization while receiving the Hstray. The magnetic
media was assumed to be a perpendicular medium having a 10 nm hard layer, while a
bit aspect ratio of 4 was set. The medium was based on FePt since it has been widely
claimed as a promising material for overcoming the thermal stability limitation at high
recording capacities [31,32]. The cross-track magnetic bits are shown in Figure 1b. Their
sequence was generated by the 63 pseudorandom bit sequence (PRBS) using the x6 + x5

+ 1 generator polynomial [33]. The gray- and white-filled bits indicate the direction of
Hstray along the +x and −x axis, respectively. It is noted that there are no writing errors or
intertrack interference included in the simulations, therefore there is no transition noise.
The head was assumed to be operated at 1 GHz for practical reasons.

The magnetic properties of CMFG Heusler alloy are adopted from reference [15], as
follows: saturation magnetization of 10 × 105 A/m, anisotropy constant of 8 × 103 J/m3,
spin polarization factor of 0.76, Gilbert damping parameter of 0.01, and exchange stiffness
constant of 2.25 × 10−11 J/m. The RA product of the sensing layers was 0.11 Ωμm2. The
head was biased with the bias current density of 1.96 × 106 A/cm2, where its magnitude
was purposely limited in order to minimize the influence of spin torque induced instabilities
from this current. A positive sign of bias current is when it flows from the reference to
the free layers. The device was assumed to be operated at room temperature. The time-
varying magnetization was described using the Landau–Lifshitz–Gilbert–Slonczewski
(LLGS) formula, as expressed in references [34,35]. A computational cell size of 2.5 × 2.5 ×
2.5 nm3 and a time step of 0.1 ps were set in the simulations.
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Figure 1. (a) CPP-GMR model and (b) 63 randomly generated media bits.

3. Analysis of Read Head Response

It is well known that a few nanometers of thickness layers typically have an influential
impact on the read head performance, especially at higher ADs. Therefore, the layer
thickness of Heusler alloy films embedded in the CPP-GMR structure needs to be optimally
designed to achieve the desired physical dimension of practical CPP-GMR sensors. To
investigate the dependence of free layer thickness on the CPP-GMR reader’s stability
performance, the output characteristics of the head, including the MR ratio, readback
signal, dibit response, asymmetry parameter, and power spectral density (PSD) profile,
were analyzed and discussed. The MR ratio basically represents the amplitude of the
sensor’s output. The readback signal typically indicates the head response. It is obtained
from the magnetization dynamic of the free layer passing through the Butterworth low-pass
filter [36]. Based on the readback signal pattern, the dibit response is another important
parameter indicating the nonlinear behavior and distortion occurring in the readback
waveform. In this work, we performed the domain dibit extraction technique to obtain the
linear dibit response as well as the nonlinearities via echoes around the main pulses [37].
In addition, an asymmetry parameter can be calculated from the difference between the
positive and negative readback amplitudes, as written in Equation (1) [38].

%Asymmetry =
(Vp − Vn)
(Vp + Vn)

× 100 (1)

The PSD profile demonstrates the fluctuation of the time-varying magnetization,
as well as indicates the frequency spectrum of the readback signal. The local PSD is
firstly calculated through the time-varying magnetization, Mx,y,z(ri,tj), where ri is the
magnetization position at each varying time, tj, given in Equation (2) [39].

Sx,y,z(ri, f ) =

∣∣∣∣∣∑j
Mx,y,z

(
ri, tj

)
ei2π f tj

∣∣∣∣∣
2

(2)
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Then, the total PSD was computed by a summation of the local PSD at each particular
frequency, Sx,y,z(ri, f ), given as Equation (3). An integrated PSD can be further obtained by
an integral of the overall PSD.

Sx,y,z( f ) = ∑
i

Sx,y,z(ri, f ) (3)

4. Results and Discussion

In this section, the output characteristics of the CPP-GMR read head were charac-
terized at different tFL from 1 to 10 nm. The variation range of tFL was based on the
possible scale for practical devices while taking the covering trend of results into account.
The focused parameters used for indicating the head stability performance, including the
MR ratio, readback signal, dibit response, asymmetry parameter, and PSD profile, were
analyzed and discussed.

The MR ratio of the CPP-GMR reader versus tFL is presented in Figure 2. It shows that
the MR ratio increases at thicker tFL. Above a tFL of 6 nm, a change in layer thickness has
less impact on the MR ratio increment than below. An enhancement of bulk spin-dependent
scattering contributed to an increase in MR ratio.

Figure 2. MR ratio of the CPP-GMR reader at various free layer thicknesses.

To characterize the readback response of the CPP-GMR reader, we investigated the
readback signal of the reader at tFL of 1 to 10 nm. Examples of readback signal waveforms
for tFL of 1, 3, 5, and 8 nm are illustrated in Figure 3. The reader with a tFL of 8 nm appears
to have the highest distortion in the readback signal waveform. Meanwhile, the readback
signals of the readers with tFL of 3 and 5 nm are well patterned and symmetric. However, it
is generally insufficient to analyze the readback response through only an investigation of
the readback waveform. We therefore characterized more insights related to the readback
signal behavior, which are the dibit response, asymmetry parameter, and the PSD profile.
These parameters usually correspond to the stability performance of the read sensors.

The dibit response of the readback signal was obtained though the 63-bit PRBS with
the polynomial x6 + x5 + 1. The main echoes related to this response are C(2)

1 and C(2)
2,

which are located at bits 27 and 22, respectively. These echoes typically indicate the non-
linear distortion of the readback waveform due to reader asymmetry [37]. It is noted that
the impacts of higher orders of echoes were dominated by these main echoes and can be
neglected in the evaluations. Figure 4a demonstrates the examples of dibit extraction of the
reader with tFL of 1, 3, 5, and 8 nm. Each echo is magnified in the insets. The readers having
a tFL of 5 and 8 nm seem to have higher echo amplitudes than others. Further details of
echoes’ amplitudes were, in addition, analyzed at all possible tFL, as shown in Figure 4b.
When the tFL was increased starting from 1 nm, the amplitude of the echoes decreased until
it reached its lowest scale. Then, the amplitude of echoes increased continuously when the
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tFL increased beyond the point providing the lowest echo amplitude. A variation of tFL
appears to have a minor impact on C(2)

1 and C(2)
2 at a tFL above 6 nm, indicating a lesser

affectation on the readback signal distortion for this specific range.

Figure 3. Examples of readback signal of the CPP-GMR reader.

Figure 4. Dibit extraction of the CPP-GMR reader with different free layer thicknesses; (a) examples
of dibit response; (b) amplitude of echoes.
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The asymmetry parameter of the readback signal obtained from the CPP-GMR reader
was examined at different tFL, as shown in Figure 5. Most readers, except for those with
a tFL of 6 and 7 nm, were found to contain under 10% readback signal asymmetry. The
readback waveforms produced by the readers with a tFL of 4 and 9 nm are the most
symmetric. From analysis of the readback signal, its dibit extraction, and its asymmetry
parameter, it is obviously seen that the most suitable thickness of the free layer is 3 nm.
The reader with this thickness value could provide the greatest pattern of readback signal.

Figure 5. Asymmetry parameter obtained from the CPP-GMR reader’s response.

In addition, the PSD profile of the head response was characterized as another stability
indicator for the reader. Figure 6a illustrates the integrated PSD at various tFL, while its
frequency spectrum is indicated in Figure 6b. The PSD scale was found to be continuously
lowered as the tFL was reduced from 10 to 3 nm. Below tFL = 3 nm, an adjustment of the
tFL causes a slight change in PSD amplitude. Then, it is worth reducing the thickness of
the free layer to 3 nm. The frequency spectrum of PSD of the readers with tFL of 1, 3, 5,
and 8 nm is demonstrated in Figure 6b. Corresponding to Figure 6a, the amplitude of PSD
becomes smaller at greater tFL. In particular, we found that the spectral peak is shifted to
higher frequencies by decreasing the tFL. This frequency shifting behavior can be described
by the magnetization precession which is computed by the LLGS equation [33,34]. The
LLGS formula generally consists of the precession, damping, and spin torque terms. The
spectral peak theoretically occurs depending mainly on the precession and damping terms
of the time-varying magnetization. As the tFL is reduced, the spin torque term in which its
direction is opposing the magnetization precession becomes higher. This accordingly causes
an enhancement of the force pulling the magnetization towards the opposite direction to its
initial state. The resulting force therefore yields the higher oscillation of the magnetization
precession. Rather than the frequency shifting, the higher PSD intensity at greater tFL
indicates a stronger impact on the reader stability, as this typically implies less stable
magnetization precession and may further reduce the signal-to-noise ratio of the read
sensors.

In summary, as the narrower physical reader gap of the read sensors is required to
reach higher ADs, reducing the thickness of the free layer is therefore another approach
to achieve this requirement. A very thin free layer, on the other hand, may result in an
insufficient MR ratio. Then, in order to provide effective signal processing, an adequate
MR ratio must be maintained. Our analysis shows that although a thinner free layer could
provide a better readback response, the MR ratio is also reduced. Based on the trade-off
between all characterized parameters, we believe that the appropriate tFL of this particular
CPP-GMR reader is 3 nm. At this point, a reasonable MR ratio of 26% is sufficient for
practical devices. The highest stability performance of the reader with a tFL of 3 nm was
also confirmed through the analysis of the readback response that it is worthwhile to reduce
the tFL to 3 nm.
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Figure 6. The PSD profile of the CPP-GMR reader at various free layer thicknesses; (a) integrated
PSD; (b) frequency spectrum.

5. Conclusions

In this work, we investigated the dependence of the tFL on the stability performance
of the CMFG Heusler-based CPP-GMR sensor targeted for an areal density of 1 Tb/in2.
Simulations were done based on micromagnetic modelling. It was found that the tFL
has a highly influential impact on the MR ratio at tFL below 6 nm. A consideration of
the readback signal of the head, including its dibit extraction and asymmetry parameter,
indicates that the reader having a tFL of 3 nm could produce a greatly patterned readback
waveform. The PSD profile and its frequency spectrum are, in addition, analyzed and
discussed to confirm the worthiness of setting the tFL to 3 nm. Results also showed that a
reasonably large MR ratio of 26% was greatly maintained at a tFL of 3 nm. Therefore, the
trade-off between all evaluated parameters suggests that this particular CPP-GMR reader
with a tFL of 3 nm indicates the best stability performance. Findings can be utilized to
design the CPP-GMR reader for use in ultrahigh areal densities of magnetic data storage.
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Abstract: In this work, we propose exchange-coupled-composite-bit-patterned media (ECC-BPM)
with microwave-assisted magnetic recording (MAMR) to improve the writability of the magnetic
media at a 4 Tb/in2 recording density. The suitable values of the applied microwave field’s frequency
and the exchange coupling between magnetic dots, Adot, of the proposed media were evaluated. It
was found that the magnitude of the switching field, Hsw, of the bilayer ECC-BPM is significantly
lower than that of a conventional BPM. Additionally, using the MAMR enables further reduction of
Hsw of the ECC-BPM. The suitable frequency of the applied microwave field for the proposed media
is 5 GHz. The dependence of Adot on the Hsw was additionally examined, showing that the Adot of
0.14 pJ/m is the most suitable value for the proposed bilayer ECC-BPM. The physical explanation
of the Hsw of the media under a variation of MAMR and Adot was given. Hysteresis loops and the
magnetic domain of the media were characterized to provide further details on the results. The
lowest Hsw found in our proposed media is 12.2 kOe, achieved by the bilayer ECC-BPM with an Adot

of 0.14 pJ/m using a 5 GHz MAMR.

Keywords: bit-patterned media; exchange-coupled-composite media; microwave-assisted magnetic
recording; hysteresis loop

1. Introduction

Recently, the capacity of hard disk drives has been heading towards a stalemate
since the thermal stability of the conventional media has reached its limitation [1–6]. In
order to increase recording densities, several techniques have been proposed to overcome
the stability limitation, such as exchange-coupled-composite (ECC) media, heat-assisted
magnetic recording (HAMR) bit-patterned media (BPM), and microwave-assisted magnetic
recording (MAMR) [1,7–14]. The ECC media have been introduced to improve the magnetic
properties of the media; the major goal is to reduce the magnitude of the switching field,
Hsw [7,12,13]. The ECC media consist of magnetically isolated layers, which are the soft
and the hard magnetic layers. The interface exchange coupling between two layers can
provide a lower Hsw than the conventional one. It therefore enables the use of smaller
media grain sizes with higher magnetic anisotropy, Ku, at high areal densities [7]. BPM
technology has been extensively proposed to solve the magnetic transition noise and the
interaction between magnetic bits of the conventional media since these factors could be
the crucial issues at ultrahigh areal densities [1]. The principle of BPM is the magnetic
separation of each magnetic bit, which eliminates the magnetic transition noise and yields
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a very low interaction between bits [1]. In previous research, the combination of ECC-
BPM was reported, demonstrating that this combined technique can increasingly reduce
the Hsw of the media beyond that using each technique individually [12]. Microwave-
assisted magnetic recording (MAMR) is one promising technology for achieving higher
areal densities [14–18]. The goal of this technique is to reduce the Hsw of the media by using
an AC-magnetic field, Hac, operated at a microwave range. During the writing process
of MAMR, the Hac is applied to the media simultaneously with the writing field, Hdc.
This strategy can increasingly reduce the energy barrier of the media by the ferromagnetic
resonance (FMR) phenomenon. As a result, switching the magnetization of the media
becomes easier. A significant reduction in the Hsw of the media under the use of MAMR
can be seen in several recent publications [14–18].

As it is generally known that the maximum write head field is limited, it is challenging
to continuously reduce the Hsw to enable the use of higher Ku materials as a media at
higher recording densities [19]. Therefore, we proposed a novel technique to improve
the writability of the media by the combination of three technologies, including the ECC
media, BPM, and MAMR. The proposed media was targeted for use at an areal density
of 4 Tb/in2. The hybrid magnetic recording media based on the FePt alloy with the
face-centered tetragonal L10 structure, L10-FePt, was focused. The object-oriented micro-
magnetic framework (OOMMF) software [20] was used in the simulations implementing
the Landau–Lifshitz–Gilbert (LLG) equation.

2. Modeling and Analytical Methodology

The model structures of the L10-FePt-based single-layer BPM and the L10-FePt/Fe
bilayer ECC-BPM for an areal density of 4 Tb/in2 are shown in Figure 1a,b, respectively. The
media configuration has been determined on the basis of BPM and ECC-BPM requirements.
To achieve an areal density of 4 Tb/in2, the cube dot size of single-layer BPM of 10 × 10 ×
10 nm3 and spacing between dots of 2.5 nm were assumed [12]. The bilayer ECC-BPM was
introduced by magnetically adding a soft Fe layer with a 10 nm thickness under the FePt
BPM. The Fe added layer was assumed to have the same dot pattern as the single-layer
BPM. The magnetization of each layer was initially aligned along the +z direction for both
media. The magnetic properties of the proposed media are detailed as follows: the L10-FePt
hard layer had a saturation magnetization, Ms, of 1.175 MA/m, and a Ku of 2.8 MJ/m3. The
Fe soft layer had Ms of 1.71 MA/m and Ku of 100 J/m3. For the bilayer media, the exchange
coupling between soft and hard layers, Aex, was assumed to be 25 pJ/m, whereas the
exchange coupling between magnetic dots, Adot, varied from 0.1 to 0.3 pJ/m. This variation
of Adot was based on the possible values of the filled material between the dot spacing, as
can be seen in the literature [21,22]. In calculations, the time-varying magnetization was
described by the LLG equation, given as Equation (1) [23]:

∂
→
M
∂t

= −|γ|μ0(
→
M × →

He f f +
∝

Ms

→
M × (

→
M × →

He f f )) (1)

where
→
M is the magnetization, γ is the gyromagnetic ratio, and

→
He f f is the effective

magnetic field given by Equation (2):

→
He f f =

→
Hdc +

→
Hex +

→
Hde +

→
Hk + hac sin(2π fact)

→
a x (2)

where
→
Hdc,

→
Hex,

→
Hde,

→
Hk, hac, fac, and

→
a x are the external static magnetic field, the

exchange field between nearest-neighbor cells, the demagnetizing field, the field due to
uniaxial anisotropy, the amplitude of microwave field, the microwave frequency, and the
unit vector along the x-axis, respectively.

44



Micromachines 2021, 12, 1264

 

Figure 1. (a) Single layer BPM and (b) bilayer ECC-BPM.

To investigate the writability of the media, the external DC write field, Hdc, was
applied to the media in the z-direction. The write head field region was defined as the
region where the magnetization of the media can be written by the write head field. The
Hsw of the media was collected in the condition that M = −0.8Ms. For the MAMR included,
the Hac was simultaneously applied to Hdc with a magnitude of 100 mT in the x-direction.
The Hsw of the proposed ECC-BPM was examined at various frequencies of Hac. Since Adot
typically has an influential impact on the Hsw, the dependence of Adot on the Hsw was also
taken into account. Then, the hysteresis loops and magnetic domain of a bilayer ECC-BPM
were determined and compared with those of a single-layer BPM.

3. Results and Discussions

The Hsw of the proposed bilayer ECC-BPM at different Adot values was investigated
at f ac between 0 and 25 GHz, as shown in Figure 2. It was discovered that changing Adot or
f ac could change the Hsw. Without MAMR, the media with an Adot of 0.14 pJ/m have the
lowest Hsw, followed by those with an Adot of 0.12, 0.25, and 0.30 pJ/m, respectively. A
variation of Adot under the MAMR indicates a similar trend of Hsw for all f ac. When the
MAMR was performed, it revealed that increasing the f ac from 0 to 2 GHz slightly changes
the Hsw of the media. Then, the Hsw was dramatically reduced to the range of f ac about
5–7.5 GHz. Above f ac of 10 GHz, the Hsw of all media tended to have a higher Hsw than
that without MAMR and was insignificantly changed with varying f ac. From the results,
the media with Adot = 0.25, 0.30 pJ/m indicate their lowest Hsw at a f ac of 5 GHz, whereas
the lowest Hsw of media with Adot = 0.12, 0.14 pJ/m occurs at a f ac of 7.5 GHz. The lowest
Hsw found in this evaluation is 11.9 kOe, achieved by the media with an Adot of 0.14 pJ/m
with MAMR at a f ac of 7.5 GHz. However, since the resonance frequency of our proposed
system is 5 GHz, we therefore examined more details of Adot’s influence on the Hsw at
this frequency.
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Figure 2. Hsw of the bilayer ECC-BPM versus f ac at various Adot.

Figure 3 displays the Hsw of the bilayer ECC-BPM as a function of Adot, in the cases
without and with the MAMR at f ac = 5 GHz. Overall, it shows that using MAMR can
significantly reduce the Hsw of the media for all Adot values. Additionally, the media
with MAMR indicate less variation of Hsw with a varying Adot than that without MAMR.
The lowest Hsw of ECC-BPM without and with MAMR is 13.1 kOe at Adot = 0.16 pJ/m
and 12.2 kOe at Adot = 0.14 pJ/m, respectively. The Hsw alternation with varying Adot at
other f ac is supposed to provide a higher Hsw than that at f ac = 5 GHz due to its larger
conventional value and therefore is not considered in this work.

Figure 3. Hsw of the bilayer ECC-BPM with and without HAMR as a function of Adot.

In a case without MAMR, the media with higher Adot tend to have higher Hsw. A
magnitude of Adot normally represents an exchange interaction between magnetic dots of
the media. This interaction indicates an interacting force between adjacent magnetizations.
At higher Adot, each magnetic dot is strongly related to each other due to a massive
exchange interaction between them. When the write head field is applied to the media, the
magnetization of the media with higher Adot is more homogeneously processed, then it is
more difficult to be switched.

The physical reason why a variation of f ac can alter the Hsw of media with MAMR can
be explained by the FMR phenomenon, as follows: when the magnetization precession of a
ferromagnetic material is under the effect of an external magnetic field, the FMR frequency,
f 0, can be obtained by f 0 = γ(H − 4πMs,eff) [24] where H is the magnitude of media switch-
ing field with an absence of MAMR and Ms,eff is the effective saturation magnetization of
the bilayer ECC-BPM. The FMR itself can exert additional energy on the magnetization
through the resonance phenomenon, which causes the additional magnetization precession.
The magnitude of this added energy depends on the frequency of the external microwave
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field. The maximum added energy occurs when the f ac is synchronized with the FMR fre-
quency of the system, which typically provides a significant reduction in Hsw. In addition,
the reason why the media with MAMR have a lower Hsw than the conventional media is
that the magnetization precession of the media subjected to the microwave field receives
the additional energy exerted by the microwave field. The magnetization of the hard layer,
therefore, requires lower Hsw for switching than in a case without MAMR. In particular,
this additional torque energy becomes massive when the frequency of MAMR corresponds
with the precession frequency of its FMR.

A comparison of the hysteresis loops of the single-layer BPM and the bilayer ECC-
BPM for cases without and with 5 GHz MAMR is indicated in Figure 4. The Adot of
0.14 pJ/m was selected for this characterization for both media since this value previously
demonstrates the lowest Hsw under MAMR. In this figure, the Hsw is determined at the
point that M = −0.8Ms. From the results, the single-layer BPM has the Hsw of 27 kOe
and 26 kOe for cases without and with MAMR, respectively. By adding the Fe soft layer
to the single-layer BPM, the Hsw of the bilayer ECC-BPM for the cases without and with
MAMR was reduced to 13.3 kOe and 12.2 kOe, respectively, which are significantly lower
than that of the single-layer BPM. To provide more information about the magnetization
orientation of the media, the magnetic domain of four media was characterized at the
points where Hdc = −18 kOe since this particular Hdc can indicate the difference between
them. Figure 5a,d show the magnetic domain from the cross-sectional side view of media
at the points shown by circles (a–d) in Figure 4, respectively. It is seen that the magneti-
zation of the single-layer BPM with MAMR contains more reversed magnetization than
that without MAMR, demonstrating the effects of MAMR assisting the magnetization
switching. Additionally, the magnetization of the bilayer ECC-BPMs is greatly reversed
when compared to the single-layer BPM. The use of the MAMR in the bilayer ECC-BPM
indicates a slightly better reversal of magnetization.

Figure 4. The hysteresis loops of the single-layer BPM and the bilayer ECC-BPM with and without
MAMR (Adot = 0.14 pJ/m for both media).

From overall evaluations, the lowest Hsw found in this work is 12.2 kOe, achieved by
the proposed bilayer ECC-BPM with an Adot of 0.14 pJ/m using a 5 GHz MAMR, which
is below the maximum write head field existed in the literature. Therefore, this proposed
bilayer ECC-BPM could be another choice as the magnetic media for an areal density of
4 Tb/in2 of data storage technology. It should be noted that the suitable value of Adot and
f ac for other media and areal densities recording systems needs to be carefully optimized.
The theoretical findings can be the guidelines for its experimental verification as well as
further development of magnetic media in the future.
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Figure 5. Magnetic domain from cross-sectional side view of (a) Single-layer BPM; (b) Single-layer
BPM with MAMR; (c) Bilayer ECC-BPM; (d) Bilayer ECC-BPM with MAMR at Hdc = −18 kOe.

4. Conclusions

In this work, the L10-FePt single-layer BPM and L10-FePt/Fe bilayer ECC-BPM with
MAMR technology were proposed to improve the writability of the magnetic media at a
4 Tb/in2 recording density. It was found that the Hsw bilayer ECC-BPM was significantly
lower than that of the single-layer BPM. The Hsw of those media could be increasingly
reduced by using MAMR. The suitable frequency of the applied microwave field was
5 GHz, which was consistent with the FMR of the system. The suitable value of Adot for
the proposed bilayer ECC-BPM under MAMR was 0.14 pJ/m. The physical explanation
of the Hsw of the medium regarding a variation of MAMR and Adot was given. The
hysteresis loops and magnetic domain of the medium have been considered to provide
further details on the simulation results. The lowest Hsw found in this proposed medium
is 12.2 kOe, achieved by the bilayer ECC-BPM with an Adot of 0.14 pJ/m using a 5 GHz
MAMR. Findings can be used for the future development of ultra-high areal densities
magnetic recording technology.
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Abstract: Spin-orbit torque memory is a suitable candidate for next generation nonvolatile magne-
toresistive random access memory. It combines high-speed operation with excellent endurance, being
particularly promising for application in caches. In this work, a two-current pulse magnetic field-free
spin-orbit torque switching scheme is combined with reinforcement learning in order to determine
current pulse parameters leading to the fastest magnetization switching for the scheme. Based on
micromagnetic simulations, it is shown that the switching probability strongly depends on the con-
figuration of the current pulses for cell operation with sub-nanosecond timing. We demonstrate that
the implemented reinforcement learning setup is able to determine an optimal pulse configuration to
achieve a switching time in the order of 150 ps, which is 50% shorter than the time obtained with
non-optimized pulse parameters. Reinforcement learning is a promising tool to automate and further
optimize the switching characteristics of the two-pulse scheme. An analysis of the impact of material
parameter variations has shown that deterministic switching can be ensured for all cells within the
variation space, provided that the current densities of the applied pulses are properly adjusted.

Keywords: spin-orbit torque MRAM; reinforcement learning; two-pulse switching scheme; magnetic
field-free switching; machine learning

1. Introduction

Spin-transfer torque magnetoresistive random access memory (STT-MRAM) is cur-
rently the state-of-the-art MRAM technology, entering volume production at all major
foundries [1–6]. It is an emerging nonvolatile technology suitable for future universal
memory applications. One of its key advantages is that it is compatible with CMOS tech-
nology, so it can be straightforwardly embedded in circuits [7]. It is promising not only for
standalone, but also for embedded memory applications as replacement of conventional
volatile CMOS-based and nonvolatile flash memories in systems on chip. STT-MRAM
can be integrated in a broad range of applications, from Internet-of-Things to automotive
applications [3] and last level caches [8–10]. Recently, 1Gb standalone [11] and embedded
STT-MRAM solutions [2,4,12,13] have been reported and STT-MRAM operation with a
timing of a few nanoseconds has been demonstrated [8]. However, in order to further
reduce the timing below the nanosecond range, the required current density becomes quite
large. This creates an important limitation, since large currents flowing through the thin
tunnel oxide of a magnetic tunnel junction (MTJ) lead to reliability issues, reducing the
MRAM endurance.

Spin-orbit torque (SOT) MRAM is a promising nonvolatile memory candidate outper-
forming STT-MRAM for ultra-fast operation [14]. In SOT-MRAM, the large current required
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for the writing operation does not flow through the MTJ. Switching is accomplished by
applying a current through a heavy metal wire attached to the magnetic free layer (FL).
Thus, it can operate with a sub-nanosecond timing retaining excellent endurance [15–17].
These properties make SOT-MRAM particularly interesting for nonvolatile replacement of
the classical static random access memory (SRAM) used in caches. It should be pointed out,
however, that deterministic SOT switching of a perpendicularly magnetized FL requires an
external magnetic field [18]. Several field-free schemes have been proposed to circumvent
this issue, usually at the cost of a more complex cell stack fabrication [15,16,19–23].

We consider an alternative field-free scheme, in which a purely electrical control of
the switching process is realized by applying current pulses to two orthogonal heavy
metal wires [24]. A proper configuration of the current pulses is able to reverse the
perpendicularly magnetized FL [25]. Nevertheless, an interesting question arises: how can
one determine a pulse sequence that leads to optimal switching? Searching for such a pulse
sequence requires a very large number of experiments and/or simulations. Ideally, this
task can be outsourced to an algorithm and performed in a guided and automated way.

Machine learning (ML) has been increasingly applied to the solution of physics-based
problems [26] and has already been used to solve fundamental micromagnetic problems,
such as the computation of the magnetization dynamics of a thin film [27] and of the
magnetic microstructure of a single magnetic body [28]. Recently, an ML model was
applied to identify the regime of field-free SOT switching as a function of the magnitude of
the applied current density, the nanomagnet size, and the interfacial Dyzaloshinskii-Moriya
interaction [29]. The two most used ML approaches are supervised and unsupervised
learning. In turn, another sub-branch of ML so-called reinforcement learning (RL) has
gained interest [30,31]. Big RL breakthroughs were achieved lately using games like chess
or Go [32], but this type of learning algorithm has also been successfully applied for
physics-based problems.

The RL principle of operation is based on an agent and an environment, in such a way
that the agent interacts with the environment and learns how to act or take decisions to
achieve a specific state or goal [30]. In other words, the agent interacts with the environment
by performing actions that cause the environment to move from one state to another. Once
the environment moves to a new state, it informs about its state and returns a reward to
the agent. Based on this information, the agent can decide to take actions to maximize
the cumulative reward received over time. During this process, the agent learns how to
achieve the given objective.

In this work, we combine the two-current pulse switching scheme with an RL algo-
rithm to optimize the switching of a spin-orbit torque memory cell. We demonstrate that
the reinforcement learning implementation can find an optimal sequence and timing for
the current pulses in order to achieve faster switching in comparison to a conventional
combination of pulse parameters.

2. Spin-Orbit Torque Memory Cell and Switching Dynamics

The two-pulse switching scheme for a SOT memory cell is depicted in Figure 1. The
cell is formed by growing a perpendicularly magnetized FL on top of a heavy metal wire
(NM1), where a first current pulse is applied to generate the initial SOT on the FL. On the
right part of the cell, a second, orthogonal heavy metal wire (NM2) is placed on top of the
FL, and a second current pulse is applied through it. The SOT generated due to this second
pulse acts on the FL to complete the magnetization switching of the memory cell [33]. The
NM1/FL/NM2 stack composes the structural part used for the writing operation of the
memory cell. In the left part of the cell, next to the SOT writing stack, an MTJ is grown on
top of the FL, which is required for carrying out the reading operation of the memory cell
via measurement of the tunneling magnetoresistance.
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(a) (b) 

Figure 1. (a) SOT-MRAM cell for switching based on (b) two orthogonal current pulses. Pulse 1 is applied to the NM1
wire and Pulse 2 is applied to the NM2 wire. I1,2 is the current amplitude and T1,2 is the width of the first/second pulse. τ

represents the delay or overlap between the pulses.

In order to carry out micromagnetic simulations of the two-pulse SOT switching
scheme, the magnetization dynamics is described by the Landau-Lifshitz-Gilbert (LLG)
equation

∂m
∂t = −γμ0 m × Heff + αm × ∂m

∂t
−γ �

2e
θSH j1
MSd [m × (m × y)]Θ(t, T1)

+γ �

2e
θSH j2
MSd [m × (m × x)]Θ(t, T1, T2)

(1)

where m is the normalized magnetization, γ is the gyromagnetic ratio, μ0 is the vacuum
permeability, α is the Gilbert damping factor, and MS is the saturation magnetization. Heff

is an effective magnetic field, which includes the exchange field, the uniaxial perpendicular
anisotropy field, the demagnetization field, the current-induced field, and the stochastic
thermal field at 300 K. The last two terms on the right-hand side of the LLG equation
describe the SOT generated by the applied current pulses through the NM1 and the NM2
wire, respectively, where e is the elementary charge, h̄ is the reduced Plank constant, θSH
is an effective Hall angle, j1,2 is the current density of the first/second pulse, d is the FL
thickness, and Θ(·) is a function which determines when each pulse is active.

Equation (1) is solved numerically using a micromagnetic simulation software devel-
oped in-house [34] based on the finite difference method. The simulation parameters are
given in Table 1.

Table 1. Simulation parameters. Heavy metal wires of b-tungsten and a magnetic FL of CoFeB on
MgO are assumed [18].

Parameter Value

Saturation magnetization, MS 1.1 × 106 A/m
Exchange constant, A 1.0 × 10−11 J/m

Perpendicular anisotropy, K 8.4 × 105 J/m3

Gilbert damping factor, α 0.035
Spin Hall angle, θSH 0.3

Thermal stability factor, Δ 45
Free layer dimensions 40 nm × 20 nm × 1.2 nm

NM1: w1 × l 20 nm × 3 nm
NM2: w2 × l 20 nm × 3 nm

3. Reinforcement Learning for the Two-Pulse Spin-Orbit Torque Switching

Figure 2 shows the RL setup implemented for performing the learning experiments
with the two-pulse switching scheme. The environment consists of our in-house tool,
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which provides the simulation of the memory cell switching and returns the current
state of the simulation together with a reward after every iteration. The used deep Q-
network (DQN) algorithm [31] incorporates a neural network to approximate a function
for mapping states to actions. An existing Python library providing the RL capabilities has
been employed [35]. Here, the goal of our RL implementation is to determine the pulse
configuration which results in the shortest switching time, defined as the time when the
perpendicular component of the magnetization vector reaches −0.5, i.e., mz = −0.5.

 

Figure 2. Reinforcement learning setup for the two-pulse switching scheme. The micromagnetic
simulation of the memory cell provides the environment, with which the agent interacts and takes
actions to achieve the fastest magnetization switching.

The state vector returned from the environment after every iteration consists of 11 vari-
ables: the average of the three magnetization vector components (mx, my, mz), the difference
of each component to the previous iteration (Δmx, Δmy, Δmz), the average component of the
effective magnetic field (Heff,x, Heff,y, Heff,z), and two variables indicating whether the first
and the second pulse are active or not. Based on the state information, the learning agent
deduces which action to take. It is important that the dynamics of the magnetization vector,
given by (Δmx, Δmy, Δmz), is taken into account, so the direction in which the magnetization
is moving is known. In this way, the agent can decide on the best action to take to drive
the switching as fast as possible. Our setup allows the agent to take four different actions,
namely, setting both pulses off, setting both pulses on, turn the first pulse on with the
second off, or turn the first pulse off and the second pulse on. If a pulse is on, it means
that current has been applied to the corresponding heavy metal wire and a spin torque is
applied to the magnetization of the FL.

The rewarding scheme is critical for the RL approach, because it is the main factor
which leads the learning algorithm in the right direction and the agent to select the best
actions to achieve the target. The reward is an integer value returned by the environment,
indicating whether the actions performed by the agent were good or bad. For the SOT
switching, the rewarding scheme is chosen such that a shorter switching time corresponds
to a higher reward, since the RL algorithm tries to maximize the cumulative reward during
the learning process. Here, a reward of −1 is given for every simulation step in which the
target, mz = −0.5, has not been reached yet. We define tmax = 1 ns as an upper limit for
the simulation time. If the target is not reached within this time, the learning episode is
terminated and a new one is started. On the other hand, if the target is reached at a time
tfinal before tmax, a positive reward of (tmax−tfinal)/Δt is returned, where Δt is the simulation
time-step. In this way, the rewarding scheme is a complementary measure of the number
of time-steps required to reach the switching. The smaller the number of time-steps needed
to switch, the shorter the switching time is and, therefore, the larger the reward is.
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4. Results and Discussion

4.1. Numerical Simulations

Micromagnetic simulations of the switching dynamics of the two-pulse SOT scheme,
as described in Section 2, were carried out. We start by investigating the impact of the pulse
configuration on the magnetization dynamics. In particular, the current densities of the first
and the second current pulse are fixed at j1 = 2.7 × 1012 A/m2 and j2 = 1.3 × 1012 A/m2,
respectively, while the pulse durations T1 and T2 can be modified (c.f. Figure 1). A perfect
synchronization between the pulses is considered, i.e., the second current pulse is turned
on immediately after the first pulse is turned off. Thus, there is no delay or overlap between
the pulses (τ = 0). This constraint will be lifted in Section 4.2, where the results of the RL
approach are discussed.

Figure 3 shows the perpendicular component of the magnetization (mz) as a function
of time for different widths of the first current pulse, while the second pulse width is
kept fixed at T2 = 100 ps. In order to account for the thermal spread resulting from the
stochastic thermal field at room temperature, a total of 50 realizations are considered for
each simulation condition. The curves shown in Figure 3 represent the average of these
50 realizations. One can clearly see that, depending on the width of the first pulse, the
magnetization dynamics changes significantly, and so does the switching behavior. Here,
the pulse sequence and the timing lead to successful magnetization reversal, when the
width of the first pulse is short, while switching does not occur for larger values of T1.

Figure 3. Perpendicular component of the magnetization vector (average of 50 realizations) as a
function of time for various durations of the first pulse, T1. The simulation parameters are found in
Table 1 and j1 = 2.7 × 1012 A/m2, j2 = 1.3 × 1012 A/m2, and T2 = 100 ps. j1 and T1 are the current
density and the duration of the first pulse, respectively, and j2 and T2 are the current density and the
duration of the second pulse (c.f. Figure 1b). The dashed line represents the switching threshold.

Next, we reverse the analysis and fix the first current pulse width at T1 = 150 ps, while
the width of the second current pulse is varied. The resulting magnetization dynamics
is shown in Figure 4. As in the previous results, switching is obtained depending on the
value of T2. In contrast to the previous scenario, successful switching is observed as the
second pulse width becomes longer.

The above results suggest that the configuration of the pulse sequence has an impor-
tant impact on the switching characteristics of the cell, in such a way that variations of
the pulse configuration can lead to either switching or non-switching schemes. To further
understand this impact, we performed simulations for various combinations of pulses
and evaluate the switching probability. The results are shown in Figure 5, which plots the
switching probability as a function of the first and the second pulse width. In general, for
short values of T2 (≤150 ps), the switching probability depends largely on the first pulse
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width, i.e., it depends on the particular pulse sequence and small changes of the pulses
can yield successful or non-successful magnetization switching. In turn, increasing T2
beyond ~200 ps, the switching probability tends to 1, becoming practically insensitive to
the duration of the first pulse.

Figure 4. Switching dynamics for different values of the second pulse duration T2 for a fixed first
pulse width T1 = 150 ps. The dashed line represents the switching threshold.

 

Figure 5. Switching probability as a function of the first and the second current pulse widths, T1, T2.
For short pulse widths, precise pulse schemes are required to obtain deterministic switching.

From the previous analysis, we are able to determine pulse parameters that lead to
deterministic switching of the memory cell. However, this does not guarantee that these
parameters produce fast switching. Now we would like to find the pulse sequence which
leads to the fastest possible switching. In order to accomplish that, we have to evaluate
many more combinations of pulse sequences than those considered before. It should
be pointed out that the previous results were obtained by manually running a total of
180 micromagnetic simulations. Considering that 50 realizations (due to the stochastic
thermal field) are carried out for each pulse sequence combination, the number of switching
simulations increases to 9000, even though delays or overlaps between the pulses are still
not considered. Thus, taking into account all possible variations of pulse parameters results
in an exponential increase of the required number of simulations, which makes a manual
optimization of the switching intractable. Here, the RL setup described in Section 3 is
extremely useful, offering a powerful methodology for searching the fastest switching
condition in a guided way.
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4.2. Reinforcement Learning Experiments

RL is applied with the goal of achieving the fastest magnetization switching, namely
to achieve the shortest switching time, which is determined by the time when the condition
mz = −0.5 is reached. The agent searches for a pulse sequence and combination of the
first and the second pulse duration, T1, T2, which lead to the shortest switching time.
The actions performed by the agent (c.f. Figure 2) have been restricted to facilitate the
learning process, thus it can switch on and off each pulse individually. However, the pulse
synchronization constraint of the previous section is now relaxed, so that the current pulses
are allowed to overlap or be delayed. The minimum pulse width is limited to 100 ps and
the amplitude of the pulse is fixed to 130 μA and 100 μA for the first and the second current
pulse, respectively. A learning episode is finished once mz = −0.5 or the time has reached
1 ns.

The results of the learning process of our RL setting are shown in Figures 6 and 7,
respectively. Figure 6 reports the switching time over the course of the learning period for
20 independent learning runs, where each run encompasses 106 learning steps. During an
initial exploration phase, the action selection by the agent is not greedy, i.e., an action is not
selected with the purpose of accumulating the highest reward, but the agent takes a random
action to explore the state-action space. Furthermore, different random seeds are used for
initializing the neural network weights. A general trend can, however, be observed, which
is the reduction of the switching time as the number of learning steps increases. Initially,
the switching times are distributed around 400–500 ps, but as the number of learning steps
increases, several runs reach switching times in the 200–300 ps range.

Figure 6. Switching time over the course of the learning period of 20 independent runs. As the
number of learning steps increases, there is a trend towards switching time reduction.

The switching time decrease with the learning progress can be better visualized in
Figure 7, which shows the mean switching time and the reward as a function of the number
of learning steps of the six best learning runs. First, an increase of the switching time is
observed, which is a consequence of the initial focus on exploration of the state-action space
previously mentioned. Then, over the course of 106 learning steps, the mean switching
time reduces to around 240 ps. The direct relationship between the switching time and the
accumulated reward is readily demonstrated in Figure 7. As the switching time decreases,
the accumulated reward increases, indicating that the agent has learned a better policy to
select actions which can switch the memory cell faster. It should be pointed out that single
runs were able to achieve an even better policy, which resulted in a minimum switching
time of about 146 ps.
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Figure 7. Learning curve showing the mean switching time and reward over 106 time steps. It shows
that, the faster the cell switches, the larger is the accumulated reward during learning.

The pulse configuration learned by the DQN algorithm and the resulting magneti-
zation dynamics are shown in Figure 8. The current pulses through the NM1 and the
NM2 wire are turned on simultaneously right in the beginning of the simulation. After
100 ps, the first pulse is turned off and the magnetization component mz drops below the
−0.5 threshold. Once this threshold is achieved, no further action is taken and the second
current pulse is kept active for the rest of the simulation. This generates a SOT which
acts on the FL under the NM2 wire, resulting in an average perpendicular magnetization
component of about −0.8. Thus, the magnetization of the FL is not fully reversed to −1.
This demonstrates the importance of the rewarding scheme and the general setup of the RL
experiment. As the RL agent was rewarded for finishing the learning episode as fast as pos-
sible and the episode was considered finished as soon as the −0.5 threshold was reached,
the agent learned how to achieve the threshold and did not take any action afterwards.

Figure 8. Pulse sequence learned by the DQN agent. I1 is the current amplitude of the first pulse
applied to the NM1 wire and I2 is the current amplitude of the second pulse applied to the NM2 wire.
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Figure 9 shows the dynamics of the magnetization component mz considering different
variations of the learned pulse configuration. In the learned model, the second pulse is
now switched off after mz = −0.5 is reached, which guarantees that the magnetization
reversal is completed. The variations consisted of extending the first pulse and/or delaying
the second pulse. A comparison of the magnetization dynamics with the learned model
is given in Figure 9. One can observe that the learned configuration (black curve) leads
indeed to the fastest switching. In turn, in the scenario with a longer first pulse, for which
the pulses are almost perfectly overlapping, switching does not occur (red curve). The
modified pulse sequences, represented by the green and blue curves, also lead to switching
of the cell, however with longer switching times.

 

Figure 9. Comparison of different pulse configurations. The learned model is compared with
modified ones. The learned pulse configuration leads to the fastest switching. I1 is the current
amplitude of the first pulse, P1, applied to the NM1 wire and I2 is the current amplitude of the second
pulse, P2, applied to the NM2 wire. The dashed line represents the switching threshold.

The robustness of the switching for the learned scheme is confirmed in Figure 10, for
which 50 realizations under influence of the stochastic thermal field are reported. The
variations between the different realizations are small and all of them switch, which shows
that the learned scheme results in reliable and deterministic switching. It should be pointed
out that, while the RL approach was able to find a scheme for which the switching time is
146 ps, the minimum switching time obtained from the previous manual configuration of
the pulse was around 300 ps. This demonstrates the potential of the RL tool in combination
with micromagnetic simulation for optimizing the two-pulse SOT switching scheme.
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Figure 10. z-component of the magnetization of 50 switching realizations using the switching scheme
found by the RL algorithm shown in the inset. I1 is the current amplitude of the first pulse and I2 is
the current amplitude of the second pulse.

4.3. Impact of Parameter Variations

Although the fastest switching condition has been determined, variations of the pulse
timing and/or of the process and material parameters of the magnetic FL can lead to slower
or even non-deterministic switching. Thus, we now consider the impact of variations of
the saturation magnetization and the anisotropy energy on the switching scheme.

Figure 11 shows the x, y, and z components of the magnetization vector as a function
of time for K = 8.8 × 105 J/m3 and MS = 1.05 × 106 A/m, which represent a variation of
5% in relation to the nominal parameter values. In this case the cell does not switch and,
more importantly, one can observe that the perpendicular component of the magnetization
(mz) does not reduce below 0.7. This means that the SOT generated by the applied current
density of the first pulse (j1 = 2.7 × 1012 A/m2) is too weak to trigger the magnetization
reversal. This can be explained by the fact that the variation of material parameters can
change the critical current density for SOT switching. The above parameters lead to an
increase of the critical current density, so that it becomes larger than the applied one. Thus,
in order to switch this particular cell, the applied current has to be increased.

Figure 11. Magnetization dynamics for a cell with 5% variation of the perpendicular anisotropy
energy and saturation magnetization in relation to the nominal values. The current density of the
first pulse (2.7 × 1012 A/m2) is smaller than the critical current density, so the cell does not switch.
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Considering that different material parameter variations happen concurrently, one
should expect that different cells of the same design undergoing the same fabrication
process can require different current densities to trigger switching. Figure 12 shows the
required current density for the first pulse to guarantee deterministic switching for various
combinations of saturation magnetization and anisotropy energy. For 10% variation of
the parameters, the minimum switching current density varies from 1.0 × 1012 A/m2 to
about 3.0 × 1012 A/m2. These results indicate that, in order to switch all cells within the
parameter spread, a current density of at least 3.0 × 1012 A/m2 has to be applied for the
first pulse.

Figure 12. Minimum current density required for the first pulse to trigger reliable magnetization
switching for cells with different combinations of saturation magnetization and anisotropy energy.
The lowest current density is 1.0 × 1012 A/m2 (lower right corner) and the highest value is about
3.0 × 1012 A/m2 (upper left corner). The current density of the second pulse is 1.3 × 1012 A/m2 and
both pulse durations are set to 200 ps.

Next, the required current density for the second pulse is determined, as shown in
Figure 13. We consider four combinations of anisotropy energy and saturation magnetiza-
tion, denominated C1 to C4, which cover the variation space of Figure 12: K = 8.8 × 105 J/m3,
MS = 1.05 × 106 A/m (C1), K = 8.8 × 105 J/m3, MS = 1.16 × 106 A/m (C2), K = 8.0 × 105 J/m3,
MS = 1.05 × 106 A/m (C3), and K = 8.0 × 105 J/m3, MS = 1.16 × 106 A/m (C4), where C1
and C4 correspond to the two extreme cases, upper left and lower right corner, respectively,
of Figure 12. In order to ensure 100% switching, the minimum current density required for
the second pulse is about 1.0 × 1012 A/m2.

The above analysis has allowed us to determine the minimum settings which guaran-
tee 100% switching in the presence of cell-to-cell variations. Applying j1 = 3.0 × 1012 A/m2

and j1 = 1.3 × 1012 A/m2, the average switching realizations from parallel to anti-parallel (P-
AP) as well as from anti-parallel to parallel (AP-P) configuration are reported in Figure 14,
for the parameter combinations C1 to C4 and the nominal (Nom.) case, K = 8.4 × 105 J/m3,
MS = 1.1 × 106 A/m. It should be pointed out that 50 realizations have been tested for each
combination and all of them resulted in successful switching.
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Figure 13. Switching probability as a function of the current density for the second current pulse,
for four combinations of anisotropy energy and saturation magnetization. C1: K = 8.8 × 105 J/m3,
MS = 1.05 × 106 A/m; C2: K = 8.8 × 105 J/m3, MS = 1.16 × 106 A/m; C3: K = 8.0 × 105 J/m3,
MS = 1.05 × 106 A/m; C4: K = 8.0 × 105 J/m3, MS = 1.16 × 106 A/m. The current density of the first
pulse is set to 3.0 × 1012 A/m2 and both pulse durations are 200 ps.

Figure 14. Average switching realizations from parallel to anti-parallel (P-AP) and anti-parallel to
parallel (AP-P) for various combinations of anisotropy energy and saturation magnetization. C1:
K = 8.8 × 105 J/m3, MS = 1.05 × 106 A/m; C2: K = 8.8 × 105 J/m3, MS = 1.16 × 106 A/m; C3:
K = 8.0 × 105 J/m3, MS = 1.05 × 106 A/m; C4: K = 8.0 × 105 J/m3, MS = 1.16 × 106 A/m; Nom.:
K = 8.4 × 105 J/m3, MS = 1.1 × 106 A/m. Each curve represents the average of 50 realizations, all of
them resulting in successful switching.

5. Conclusions

We developed a reinforcement learning approach in combination with micromagnetic
simulations to optimize the switching of a spin-orbit torque memory cell. The magnetiza-
tion switching is accomplished with a two-current pulse scheme and it is shown that, for
sub-nanosecond operation, the switching probability strongly depends on the parameters
of the applied current pulses. We demonstrated that the reinforcement learning setup can
determine optimal sequence and timing parameters for the current pulses, which results in
the fastest switching of the memory cell. This optimal pulse sequence yielded a switching
time as short as 146 ps, remarkably shorter in comparison to a switching time of 300 ps
for the manually configured pulse sequence. Based on our results, reinforcement learning
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is a promising tool to automate and further optimize spin-orbit torque switching based
on the two-pulse scheme. We analyzed the impact of material parameter variations and
showed that reliable switching can be guaranteed in the presence of cell-to-cell variations,
provided that the current amplitude of the pulses is adjusted.
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Abstract: Field-free switching in perpendicular magnetic tunnel junctions (P-MTJs) can be achieved
by combined injection of spin-transfer torque (STT) and spin-orbit torque (SOT) currents. In this paper,
we derived the relationship between the STT and SOT critical current densities under combined
injection. We included the damping–like torque (DLT) and field-like torque (FLT) components of
both the STT and SOT. The results were derived when the ratio of the FLT to the DLT component of
the SOT was positive. We observed that the relationship between the critical SOT and STT current
densities depended on the damping constant and the magnitude of the FLT component of the STT
and the SOT current. We also noted that, unlike the FLT component of SOT, the magnitude and sign
of the FLT component of STT did not have a significant effect on the STT and SOT current densities
required for switching. The derived results agreed well with micromagnetic simulations. The results
of this work can serve as a guideline to model and develop spintronic devices using a combined
injection of STT and SOT currents.

Keywords: combined spin-transfer torque (STT) and spin-orbit torque (SOT) switching; field like
torque; damping like torque; magnetic tunnel junction

1. Introduction

Information can be stored in ferromagnetic structures by the interaction between spin-
polarized currents and magnetic moments. An magnetic tunnel junctions (MTJ) consists
of a tunneling oxide layer (usually MgO) deposited between two ferromagnetic layers.
Binary information is stored based on the relative orientation of the free layer (FL) to the
reference layer (RL). An antiparallel (AP) orientation offers a high resistance and a parallel
(P) orientation offers low resistance. Usually, the AP state is used to store bit “1” and the P
state is used to store bit “0”. The AP or P state can be obtained by the interaction of the FL
with spin-polarized charges. Depending on the mechanism of interaction, the magnetic
storage devices can be classified into spin-transfer torque (STT) devices and spin-orbit
torque (SOT) devices. In STT devices (Figure 1a), spin-polarized charges are generated
via spin filtering from the RL of the MTJ. These charges can transfer their spin angular
momentum to the FL, thereby exerting torque on its magnetization, which changes its
magnetic orientation [1–3]. In SOT (Figure 1b), the magnetization switching in the free layer
takes place due to the surface (Rashba effect) and bulk interactions (spin hall effect) caused
by the attached heavy metal layer [4–6]. The magnetic reversal in the aforementioned
mechanisms is due to the combined effects of DLT and FLT vector components [7–10]. In
fact, the FLT component can affect the critical current required for switching in both STT
and SOT devices [11,12]. Although commonly used, STT devices suffer from reliability
and endurance issues caused by damage to the thin MgO tunneling layer. This happens
because of the repeated tunneling of electrons, as the read and write paths are overlapped
(both out of plane) [13,14]. In addition to this, an STT device suffers from incubation delay
and, unlike SOT, does not realize sub-nanosecond switching [15]. On the other hand, an
SOT device requires an external in-plane bias field for deterministic switching [16]. In order
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to overcome these constraints, devices operating under the combined effects of STT and
SOT have been experimentally demonstrated [17]. The use of combined injection of STT
and SOT currents provides a two-way advantage. The use of an STT current component
facilitates complete magnetic reversal, which would otherwise require an external bias
field in an SOT device. On the other hand, the SOT current component can provide lower
switching time than a pure STT device. Due to these advantages, it was deemed neces-
sary to comprehensively analyze the behavior of STT-SOT devices (Figure 1c). Although
these devices have been extensively studied through macrospin simulations [18–20], their
analysis under the influence of DLT and FLT has yet to be explored.

Figure 1. A schematic of the (a) spin-transfer torque (STT) device (b) spin-orbit torque (SOT) device and (c) STT-SOT device.

In this paper, we investigated the effects of combined injection of SOT (JSOT) and
STT (JSTT) current in P-MTJs with their individual DLT and FLT components under zero
bias field. We first derived the critical STT density (JSTT

critical), required for switching in
the absence of any SOT current. We then derived the relationship between the STT and
SOT critical current densities when the ratio of the FLT to the DLT component of the SOT
(βSOT) was positive. We observed that, under combined injection, the critical SOT current
density depended on damping constant and the magnitude of the FLT component of the
STT current and the SOT current. We also noted that the critical STT and SOT current
densities required for switching did not change considerably with the magnitude and sign
of the FLT component of STT. However, they decreased with the increasing magnitude of
FLT component of SOT. The derived results were verified with a micromagnetic model
developed in OOMMF [21].

2. Landau–Lifshitz–Gilbert Equation with Spin-Transfer Torque (STT) and Spin-Orbit
Torque (SOT) Terms

The magnetization dynamics of a ferromagnet under the influence of magnetic fields
(internal and external) and spin currents can be described by the LLG equation with
additional STT and SOT terms as given below [3].

d
→
m

dt
= −γ

(
→
m × →

H
)
+ α

(
→
m × d

→
m

dt

)
+

→
τ DL−SOT +

→
τ FL−SOT +

→
τ DL−STT +

→
τ FL−STT (1)

→
τ DL−SOT = −γHSOT

(→
m ×

(
p̂SOT ×→

m
))

→
τ FL−SOT = −γβSOT HSOT

(→
m × p̂SOT

)
→
τ DL−STT = −γHSTT

(→
m ×

(
p̂STT ×→

m
))
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→
τ FL−STT = −γβSTT HSTT

(→
m × p̂STT

)
Here, γ is the gyromagnetic ratio, βSTT (βSOT) is the ratio of the FLT to DLT of the

STT (SOT), α is the damping constant,
→
m is the unit vector which represents the magnetic

orientation of the FL, p̂STT and p̂SOT are the spin polarization directions, and HSTT and
HSOT are the spin torque strengths of the STT and SOT, respectively, described as follows:

HSTT =
�η JSTT

2eMstFM

HSOT =
�θSHE JSOT
2eMstFM

Here, e is the electron charge, � is the reduced Planck’s constant, η is the spin polariza-
tion constant, Ms is the saturation magnetization of the FL, θSHE is the spin hall angle, tFM
is the thickness of the free layer, and JSTT and JSOT are the STT and SOT charge current
densities, respectively.

For simplicity, we ignored the effect of the stray fields of the RL on the FL. We also
ignored the effects of the Oersted fields generated by the STT and SOT currents, as they
only provided an initial misalignment in the FL magnetization and did not contribute
significantly toward switching [22]. The analysis and the micromagnetic simulations (refer
to methods: micromagnetic model) were developed based on Equation (1).

Unless otherwise specified, parametric values adopted in this work are mentioned in
Table 1.

Table 1. Input parameters used in this work unless otherwise specified.

Parameters Numerical Values

γ 17.32 × 1011radT−1s−1

α 0.005
η 0.33

Ms 1.5 × 106 A/m [23]
tFM 1 nm [23]

HKe f f 540Oe [23]
θSHE(β − Ta) 0.14

p̂STT êz
p̂SOT êy
βSOT 2
βSTT 1

Aexchange 20 pJ/m
Trise (JSTT, JSOT) 0.5 ns
Tfall (JSTT, JSOT) 0.5 ns

3. Results

COMBINED STT-SOT Induced Switching in PMA-MTJ

In this section, we theoretically derived the relationship between the STT and SOT
current densities under combined injection. The relationship was derived for FL switching
from P to AP state. However, the same approach could be extended to obtain the rela-
tionship for switching from AP to P. The duration of the STT pulse in simulations was
kept larger than the SOT pulse to promote deterministic switching [17]. As evident from
Equation (1), the magnetic destabilization in these devices took place under the influence
of an effective field (refer Figure 2b) given by

→
He f f =

→
H + βSOT HSOT p̂SOT + βSTT HSTT p̂STT (2)
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Figure 2. (a) Schematic of the STT-SOT device configuration used (b) Magnetization m relaxing to a point of equilibrium

along the
→
He f f direction before reversal. (c) Magnetization dynamics of the FL in an STT, SOT and STT-SOT device.

Switching when βSOT > 0 took place through precessions, since both STT and SOT
directly compete with damping12 (refer Figure 2c). Thus, we were able to derive the relation
between JSOT and JSTT by linearizing the LLG equation. The magnetization dynamics of
the FL under combined injection, as described by Equation (1), can be modified to the
following form:

−
(

1+α2

γ

)
d
→
m

dt =

(
→
m × →

H
)
+ α

(
→
m ×

(
→
m × →

H
))

− HSTT(αβSTT − 1)
(→

m ×
(

p̂STT ×→
m
))

+ HSTT(α + βSTT)
(→

m × p̂STT

)
−HSOT(αβSOT − 1)

(→
m ×

(
p̂SOT ×→

m
))

+ HSOT(α + βSOT)
(→

m × p̂SOT

) (3)

Equation (3) can be linearized by converting the coordinate’s axes xyz to a new XYZ

system where Z aligns with the direction of
→
He f f by using the rotation matrix R given by

R =

⎛
⎝ cos θ cos φ cos θ sin φ − sin θ

− sin φ cos φ 0
sin θ cos φ sin θ sin φ cos θ

⎞
⎠

Here, θ and φ are the polar and azimuthal angles of the effective field when SOT
and STT current approach their critical values (shown in Figure 2b). We linearized the
LLG equation based on the assumption that the Z–component of magnetization remains
unchanged at the beginning of the reversal and reversal occurs after small perturbations
around the equilibrium direction. Thus, for simplification, we considered

⎧⎨
⎩

MZ = 1
MY.MX << 1
M2

X , M2
Y = 0
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Using the above assumptions Equation (3) can be modified into the following form

1 + α2

γ

(
dMX/dt
dMY/dt

)
= M

(
MX
MY

)
+ G (4)

Equation (4) has solutions of the form

MX , MY = A exp
(
−γ

{
[±i

√
|M| − (Trace[M]/2)2 − Trace[M]/2]t

})
, where the real part

in the exponential represents the time evolution of the oscillation amplitude. Thus, the
realization of switching was based on the boundary condition of Trace [M] = 0. Hence,
we obtained

M11 + M22 = −2Hke f f α cos2 θ + Hke f f α sin2 θ + 2HSOT(1 − αβSOT) sin φ sin θ + 2HSTT(1 − αβSTT)cosθ = 0 (5)

Substituting the values of θ and φ (from supplementary note 1), we first derived the
critical switching current density (JSTT

critical) for STT-based switching, as follows:

JSTT
critical =

2etFM MsαHke f f

�η(1 − αβSTT)
(6)

From Equation (6), we observed that JSTT
critical depended on the magnitude and sign of

βSTT . JSTT
critical did not change significantly with increase in βSTT , as shown in Figure 3. This

result was consistent with observations made by Carpentieri et al. [24]. In addition to this,
the rate of increase was relatively JSTT

critical , with βSTT greater for larger values of α. The value
of βSTT depended on the properties of the materials [7,25–30] and was experimentally
estimated to be between 0.01–0.1 for a CoFeB/MgO/CoFeB [29,30]. In this article, we used
βSTT values greater than the experimentally measured results to clearly show its effect.
Here, a positive value of JSTT

critical refers to the electrons moving from the FL to the RL.

Figure 3. Dependence of JSTT
critical on βSTT for α = 0.005, 0.01, 0.02. The solid lines and symbols

represent the results obtained from Equation (6) and micromagnetic simulations respectively.
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Including the effects of SOT in Equation (5), we determined the relationship between
the critical STT and SOT current densities, above which the P-MTJ switched from P-AP
state as follows

JSOT =

√
2
√

α + ξSTT JSTT(αβSTT − 1)(1 + ξSTT JSTT βSTT)

ξSOT
√

βSOT(2 + αβSOT − ξSTT JSTT(βSOT − 2βSTT + αβSOT βSTT))
(7)

where ξSTT = �η
2etFM Ms Hke f f

and ξSOT = �θSHE
2etFM Ms Hke f f

Equation (7) is valid only when βSOT > 0, since for βSOT = 0, switching did not
take place entirely through precessions, although the STT always competed with the
damping torque (refer to supplementary note 2, (Figure S1)). In the absence of JSTT ,
Equation (7) was consistent with results obtained by Tanuguchi.et al. [12]. As seen in
Figure 4a, the critical current densities did not decrease appreciably, even for very large
values of βSTT . However, their magnitudes decreased considerably with increasing values
of βSOT (Figure 4b). This is because the FLT components of STT and SOT added to the
effective field in the êz direction and êy direction, respectively (Equation (2)). Since the
magnitude of JSTT required for switching was lower than JSOT , the contribution of its FLT
component to the effective field was insignificant. Additionally, the FLT component of
STT did not contribute toward a significant tilt in the magnetization. On the contrary, the
FLT component of SOT was stronger, owing to the large SOT current density. As the FLT
component of SOT was in-plane, it provided a larger tilt to the magnetization from its
initial position, thereby reducing the individual critical current for switching. Hence, JSTT
and JSOT , under combined injection, decreased appreciably for increasing values of βSOT .
Here, positive values of JSTT refer to electrons flowing from FL to RL and positive values
of JSOT refer to electrons flowing in the negative êy direction (refer Figure 2a). It must be
noted that deterministic switching took place only in the presence of combined STT and
SOT and did not take place in the presence of SOT alone.

Figure 4. The solid line represents boundary Equation (7) above switching takes place from P to AP state (a), with changing
βSTT and (b) with increasing βSOT . Symbols represent results obtained from micromagnetic simulations.

SOT switching is symmetric in nature, since the final configuration of the FL is in-plane
irrespective of the direction of current injection. Unlike SOT, STT-based switching is asym-
metric, i.e., the magnitude of JSTT for AP to P switching is lower than JSTT required for P to
AP switching. However, this inclusion was beyond the scope of this work. Figure 5 shows
the boundaries separating the different regions of switching for parameters mentioned in
Table 1. As seen in Figure 5, Equation (7) was consistent the experimental results obtained
by Wang et al. [17].
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Figure 5. The solid line represents the boundary Equation (7). The symbols represent the results
obtained from micromagnetic simulations.

4. Conclusions

In this work, we investigated the magnetic switching in MTJ devices under combined
injection of Spin transfer torque (STT) and Spin orbit torque (SOT) currents. We included
the effects of both the damping-like and field-like torque of the STT and SOT currents.
We derived the relationship between the STT and SOT current densities when the ratio
of the FLT to DLT component of the SOT was positive. We observed that the relationship
between the critical SOT and STT current densities under combined injection depended on
the damping constant and the magnitude of the FLT component of the STT current and the
SOT current. However, unlike the FLT component of SOT, the magnitude and sign of the
FLT component of STT had an insignificant effect on the STT and SOT current densities.
The derived results were verified with a micromagnetic model.

5. Methods

Micromagnetic Model

In this work, the micro-magnetic model was developed in OOMMF [21] based on Equation
(1). Combined injection of STT and SOT was implemented using the “Oxs_SpinXferEvolve”
extension module. The field-like torque components of STT and SOT were added as
external magnetic fields with magnitudes depending on the individual injection currents.
The duration of the STT current pulse was kept larger than the SOT to promote deterministic
switching [17].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/mi12111345/s1, Figure S1: Magnetic switching under combined injection of STT and SOT
when βSOT = 0.
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