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[enaetcs 0630p paboT no uccnesoBaHNUsM 1 pa3paboTkam GU3NKO-TEXHONOTMYECKOI nnat-
$OpMbI CO3[aHMS YCTPOMCTB MArHOHHOI IOrnuku. PaccmarpuBatoTcs Gpuanieckue npuHLMNGI
NOCTPOEHUS YCTPOICTB CMUHOBOIA NOTWKM, METOAbI ynpasneHus $hason u abdekTol uHtepde-
PEHLMM CTIMHOBBIX BOJIH MPW PACMPOCTPAHEHUN B MarHUTHBIX MUKPOCTPykTypax. O6cyxna-
I0TCS Pe3yNbTaTbl MUKPOMArHUTHOrO MOAENMPOBAHNS U 3KCMEPUMEHTANbHBIX UCCNEL0BaHWIA
3QdEKTOB pacnPOCTPaAHEHMS CMIMHOBLIX BOJIH B MUKPOBOSIHOBOAAX HA OCHOBE GEppOMarHuT-
HbIX METaIoB W NNEHOK GpeppuToB rpaHaToB. PaccmaTpuBaioTcs METOAbl BO3OYXAEHUS U
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3P EKTUBHOCTI NMEPEKIOYEHNS YCTPONCTB MArHOHHOW JIOMMKU MEXAY COCTOSHMSMU Noru-
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Background and Objectives: There is a big impetus for the development of novel com-
putational devices able to overcome the limits of the traditional transistor-based circuits. The
utilization of phase in addition to amplitude is one of the promising approaches towards more
functional computing architectures. In this work, we present an overview on magnonic logic
devices utilizing spin waves for information transfer and processing. Materials and Methods:
Magnonic logic devices combine input/output elements for spin wave generation/detection and
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an analog core. The core consists of magnetic waveguides serving
as a spin wave buses. The data transmission and processing within
the analog part is accomplished by the spin waves, where logic 0
and 1 are encoded into the phase of the propagating wave. The
latter makes it possible to utilize spin wave interference for logic
functionality. The proof-of-concept experiments were accomplished
on micrometer scale ferromagnetic Nig,Fe, o and ferrite YsFe,(FeO,),
structures. Results: We present experimental data on spin wave
propagation and interference in magnetic microstructures. We also
present experimental data showing parallel read-out of magnetic
bits using spin wave interference. Based on the obtained results,
we consider possible logic circuits and architectures. Conclusion:
Magnonic logic devices may offer a significant functional throughput
enhancement over the conventional logic circuits by exploiting phase
in addition to amplitude. It is also possible to construct non-volatile
magnonic logic circuits with built-in magnetic memory. Magnonic
logic devices such as magnonic holographic memory are aimed not
to replace but to complement the existing logic circuitry in special
task data processing.

Key words: Magnonic Logic Devices, multilevel logic, spin waves.

1. Introduction on spin waves

The rapid approach to the scaling limit of
metal-oxide semiconductor field-effect transistor
(MOSFET) has stimulated a great deal of interest to
research alternative technologies, which may over-
come the constrains inherent to complementary met-
al-oxide-semiconductor (CMOS) -based circuitry
and thus provide a route to more functional and less
power consuming logic devices. As one of possible
directions, Spintronics has been recognized as a new
emerging approach [1] aimed to take the advantage
of using spin in addition or instead of an electric
charge. Spin wave-based logic devices constitute one
of the possible approaches offering an alternative
mechanism for information transfer and processing.
Spin wave is a collective precession of spins in a spin
lattice around the direction of magnetization. Similar
to the lattice waves (phonons) in solid systems, spin
wave appear in magnetically ordered structures, and
a quantum of spin wave is called a “magnon”. Spin
waves has attracted scientific interest for a long time
[2]. Spin wave propagation has been studied in a
variety of magnetic materials and nanostructures
[3-6]. Relatively slow group velocity (more than
two orders of magnitude slower than the speed of
light) and high attenuation (more than six orders
of magnitude higher attenuation than for photons
in a standard optical fiber) are two well-known
disadvantages, which explain the lack of interest in
spin waves as a potential candidate for information
transmission. The situation has changed drastically
as the characteristic distance between the devices on
the chip entered the deep-submicron range. It has
become more important to have fast signal conver-

sion/modulation, while the short traveling distance
compensates slow propagation and high attenuation.
From this point of view, spin waves possess certain
technological advantages: (i) spin waves can be
guided in the magnetic waveguides similar to the
optical fibers; (ii) spin wave signal can be converted
into a voltage via inductive coupling, spin torque
or multiferroic elements; (iii) magnetic field can be
used as an external parameter for sin wave signal
modulation. The wavelength of the exchange spin
waves can be as short as several nanometers, and
the coherence length may exceed tens of microns at
room temperature. The latter translates in the intrigu-
ing possibility of building scalable logic devices uti-
lizing spin wave inherent properties. Starting the first
publication on the spin wave logic circuits [7], there
have been a number of works on the spin wave logic
devices and circuits [7—-13]. In this Chapter we pres-
ent recent developments on spin wave- (magnonic)
logic circuits and discuss their potential advantages
and shortcoming. We start our consideration with the
description of the basic elements requiring for logic
circuits construction including spin wave genera-
tion, detection, waveguides, waveguide junctions,
and phase shifters [14]. There are several physical
mechanisms for spin wave generation and detection
by using micro-antennas [3, 4], spin torque and spin
hall oscillators [15], and multiferroic elements [16].
These elements are aimed to convert the input elec-
tric signals into spin waves, and vice versa, convert
the output spin waves into the electric signals. Basic
principle of spin wave excitation utilizes a local
application of torque to the magnetic moments by
local magnetic field (dipolar or exchange) or spin
polarized electrons. For example, micro-antenna is
a conducting contour placed in the vicinity of the
spin wave bus. An electric current passed through
the contour generates a magnetic field around the
current-carrying wires, which excites spin waves
in the magnetic material. The polarity of the input
pulse defines the direction of the current through
the loop (clockwise or counter clockwise), and,
thus, defines the initial phase (0 or x) of the excited
spin wave signal. A propagating spin wave induces
a disturbance of local magnetization and changes
the magnetic flux. According to Faraday’s law, the
change of the magnetic flux induces an inductive
voltage in a conductor loop, which magnitude is pro-
portional to the rate of the magnetic flux change. The
same conductor loop can be used for the detection
of'the inductive voltage produced by the spin wave.
Coplanar microstrip coupling loops are widely used
for spin wave excitation/detection and the detailed
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description of the experimental technique can be
found everywhere [3—5]. Poor coupling between
microwave signal and spin waves is one of the main
disadvantages of this approach. Due to the high
magnetic susceptibility of the magnetic media the
microwave magnetic field generated by the anten-
nas stays primarily outside of the spin waveguides
thus reducing efficiency of the spin wave excitation.
It was shown that lithographically “wrapping” the
magnetic material around the microstrip as shown
in the Figure 1 results in microwave magnetic field
confinement within the spin waveguide thus signifi-
cantly enhancing the spin wave excitation/detection

efficiency [13, 17]. Length of ferromagnetic tubes
thus formed defines the range of the accessible spin
wave wavelengths. Although the microstrip anten-
nas are the most common technique used to study
spin waves in structured ferromagnetic films, spin
wave detection using this technique allows only a
limited scaling. Decrease of a spin wave device size
is followed by the amount of magnetic moments that
induce currents in the detecting microstrip antennas.
Spin wave detection in structures with spin wave-
guide thicknesses less than approximately 20nm
becomes challenging. At the nano-scale other spin
wave excitation techniques can be used.

CoTaZr spin
waveguide

CoTaZr tubes

Acc.V Spot Magn
5.00 kV 3.0 4596x

Det WD
SE 5.1

Fig. 1. Top view SEM micrograph of ferromagnetic CoTaZr spin waveguide with ferromagnetic tube couplers
at its ends (a). Tube coupler cross sectional SEM (b) and spin wave excitation schematic (c)

Spin waves can also be excited by the spin-
polarized currents injected into a ferromagnetic film
due to the transfer of the spin-angular momentum as
it was theoretically predicted [18, 19] and studied
experimentally [20]. The interaction between spin
waves and itinerant electrons is prominent near the
interface between non-magnetic and ferromagnetic
layers. The amplitude of the excited spin waves
grows as the current density through the interface
exceeds a certain critical value. This phenomenon
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has been experimentally verified in Co/Cu multilay-
ered structures showing high frequency 40-60 GHz
current-driven spin wave excitation [21]. Spin wave
excitation by the spin-polarized electric current has
certain technological advantages and shortcomings.
On one hand, spin wave excitation via spin torque
requires only point contacts (characteristic size of
the order of tens of nanometers), which is in favor
of'scalable devices. Geometry of the spin waveguide
and properties of magnetic material used to fabricate
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it determine the excited spin wave dispersion. Direct
application of torque transferred by spin polarized
electrons implies more efficient way of spin wave
excitation while the giant magneto-resistance al-
lows for a direct detection of local magnetization
orientation at nano-scale, which is not possible with
micro-strip antennas. On the other hand, the overall
energetic efficiency may not be high. The threshold
current density required for spin wave excitation is
lower than 10°A/cm?, which is typically needed for
a complete magnetization reversal. However, it is
not clear how much of the consumed power can be
transferred into a specific spin wave mode.
Another possible approach to the spin wave
excitation and detection utilizes the local exchange
fields that are effectively controlled in multiferroic
elements. There is a growing interest in multiferro-
ics — a special type of materials possessing electric
and magnetic polarizations at the same time [22].
The electric and magnetic properties in multiferroics
are related to each other via the internal magneto-
electric coupling. It is possible to change magnetic
polarization by electric field and vice versa. Multifer-
roics elements are of great promise as the possible
input/output elements for spin wave devices enabling
efficient energy conversion among the electric and
magnetic domains. However, the most of the known
room temperature multiferroics (i.e. BiFeO; and its
derivatives [23]) are unlikely useful for spin wave
excitation as they show a relatively small change
of magnetization under the applied electric field. A
new approach to the magnetization control via ap-
plied stress has been recently proposed and became
known as the Hybrid Spintronics and Straintronics
[24, 25]. The essence of this approach is in the use
of two-phase composite multiferroics comprising
piezoelectric and magnetostrictive materials, where
an electric field applied across the piezoelectric pro-
duces stress, which, in turn, affects the magnetization
of the magnetoelastic material. The advantage of
this approach is that each material may be indepen-
dently optimized to provide prominent electromag-
netic coupling, which can be much higher than for
a single-phase multiferroic [22]. There are several
piezoelectric-piezomagnetic structures, which have
been experimentally studied, showing a prominent
magnetoelectric coupling: PZT/NiFe,0, (1,400 mV
cm™! Oe!) [26], CoFe,0,/BaTiO, (50 mV cm™! Oe'!)
[27], PZT/Terfenol-D (4,800 mV cm™! Oe!) [28]. For
instance, it was reported a reversible and permanent
magnetic anisotropy reorientation in a magnetoelec-
tric polycrystalline Ni thin film and (011)-oriented
[Pb(Mg, /3Nb2/3)03](l_x)—[PbTiO3]X heterostructure

[25]. An important feature of the magneto-electric
coupling is that the changes in magnetization states
are stable without the application of an electric field
and can be reversibly switched by an electric field
near a critical value (i.e. 0.6 MV/m for Ni/PMN-PT).
Such a relatively weak electric field promises an ultra-
low energy consumption required for magnetization
switching [29]. Synthetic multiferroics has been used
for spin wave excitation/detection and have shown a
reliable operation at room temperature [30].

Spin wave bus or spin waveguide is used to
transfer the spin wave signal between the magnonic
circuit elements [31, 32]. Its utility is similar to an
optical waveguide aimed to guide the propagation
of electromagnetic waves. The waveguide structure
may consist of a magnetic film, a wire or a combina-
tion of wires made of ferromagnetic, antiferromag-
netic, or ferrite material. Three different spin wave
modes exist in thin ferromagnetic films: Magne-
tostatic Surface Spin Waves (MSSW), Backward
Volume Magnetostatic Spin Waves (BVMSW), and
Forward Volume Magnetostatic Spin Wave (FVM-
SW) dependent on the relative magnetization and
spin wave wavevector orientation [33]. Patterning
the ferromagnetic film into the wire-shaped struc-
tures enables spin wave guiding. Shape anisotropy of
such structures defines the magnetization orientation,
and enables support of finite non-zero frequency
spin wave modes in the absence of biasing magnetic
fields. As the magnetization aligns along the length of
a ferromagnetic wire, the BVMSW modes traveling
along the wire are excited. Excitation of MSSW and
FMSW modes in magnetic wires requires substantial
biasing external magnetic field or materials with high
crystalline anisotropy for appropriate magnetization
orientation. A traveling wave along the wire direction
in combination with standing waves across the wire
width and thickness result in existence of higher order
BVMSW modes propagating with non-zero group
velocities. Intrinsic non-linearity of spin waves in
magnetic materials allows for inter-mode switching
and parametric spin wave amplification [34] . The
multimode spin waveguide operation allows for si-
multaneous independent information transmission in
a different frequency bands. Figure 2 shows a typical
dispersion of BVMSW modes in 1pm wide, 100nm
thick CoTaZr waveguide. Spin wave dispersion is
defined by the shape of the ferromagnetic wire and
material parameters. The ratio of the spin waveguide
width to its thickness defines the spin waveguide
bandwidth with a highest frequency achieved in the
waveguides with rectangular cross section for a given
magnetic material [35, 36].
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Fig. 2. Dispersion of the modes supported by magnetostatic

backward volume waves for an ellipsoidal cross section with

height to width ratio of ~1:10, saturation magnetization
of ~1.2 T and an axial applied field of 164 Oe

Choosing the magnetic material plays crucial
role in magnetic based logic devices as it determines
the device performance parameters such as time
per operation and gain (loss). Most of the magnetic
logic devices utilize magnetization switching while
spin wave logic rely on magnetic moment preces-
sion in magnetic material. The highest achievable
frequency of magnetization switching occurs at fer-
romagnetic resonance (FMR) frequency. Frequency
of operation should be much lower than the resonant
frequency for reliable device performance. MSSW
and FVMSW spin wave modes support higher than
the FMR magnetization precession frequencies.
Saturation magnetization of the magnetic material
determines both the FMR and top of the magneto-
static spin wave band frequencies for a given shape
of the magnetic material. Eddy currents in metallic
ferromagnets and internal magnetization relaxation
processes determine magnetization precession
damping. The particular choice of a magnetic mate-
rial for spin wave logic device will depend on many
physical and technological conditions including its
compatibility with silicon technology. Ferrimagnetic
Yttrium Iron Garnet (YIG), Y;Fe,(FeO,), has arich
history of being a material of choice for microwave
applications due to very low attenuation of magne-
tostatic magnetization oscillations [37]. However,
low magnetization saturation of YIG limits the fre-
quency range for which this material can be used.
Ferromagnetic metals, such as Permalloy (Nig, Fe,g),
CoFe, Coy,TasZrs offer about one order of mag-
nitude higher saturation magnetization supporting
spin wave modes at much higher frequencies than
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in YIG [38]. Both shape and crystalline anisotropy
can be used to define the magnetization orientation
at zero magnetic fields. These materials can be eas-
ily deposited using magnetron sputtering or electron
beam evaporation techniques and patterned by stan-
dard nano-fabrication procedures to form spin wave
busses as well as much more complex structures
involved in magnetic logic and memory devices.
Although eddy currents are the main source of high
loss in the bulk ferromagnetic metals, small thick-
nesses of ferromagnetic films used in spin wave logic
devices (less than 100—200nm, which is less than the
skin depth) result in typical attenuation lengths in
order of millimeters [13, 39]. Therefore the internal
spin relaxation processes in these materials define
the spin wave attenuation in micron- and nano-scale
devices. Soft magnetic YIG and Permalloy are the
two main candidates providing the desired frequency
range which is further altered by engineering the
shape of spin waveguides and other elements of spin
wave logic devices.

As we mentioned above, spin wave propagation
in patterned magnetic media is strongly dependent
on its shape. Dependent on the shape of the structure
and magnetization orientation different spin wave
modes are supported. Spin waveguide shape alterna-
tions such as narrowing or widening [40], bending
[41], local defects [42], air gaps [43, 44] (especially
periodic air gaps in magnonic structures), material
variation, and various junctions of three and more
spin waveguides are essential for spin wave logic
device construction. Any spin waveguide shape
alternations results in a “defect” that causes spin
wave scattering. Matching between the traveling
spin wave modes supported by the spin waveguide
and local spin wave modes of the “defect” defines
the scattering process. By engineering the spin
waveguide “defect” spin wave transmission, re-
flection or scattering at an angle into different spin
waveguides (in case of spin wave junction) with
shape-controllable spin wave amplitude and phase
can be achieved. Alternation of spin wave modes in
such “defects” in time domain using local magnetic
fields or currents allows controlling the spin wave
amplitude and phase as described in the sections
below. Such spin wave propagation control forms
the foundation for the spin wave logic device con-
struction. Spin waveguide bend, essential for the
spin wave logic device construction demonstrates
such mode matching alternation (Figure 3) [41].
External uniform biasing magnetic field is used to
magnetize the ferromagnetic wire perpendicularly
to its axis enabling the MSSW mode transmission.
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Fig. 3. Spin wave propagation through the spin waveguide bend. Hear shown
the spin wave intensity for uniform external magnetic field and oersted magnetic
field generated by underlying wire are applied

Alignment of magnetization along the field direction
results in a different angle between the magnetiza-
tion and the spin wave wave vector (propagation
direction) in the area where the spin waveguide is
bent. This results in local spin wave dispersion that
differs from that in the straight spin waveguide.
Spin wave mode mismatch prevents the spin wave
transmission. When a DC current is driven though
the highly conductive gold layer of the same shape
as the incumbent magnetic spin waveguide oersted
magnetic fields generated by such current magne-
tize the spin waveguide perpendicularly to its axis
everywhere including the bend area. In this case
the magnetization is aligned perpendicularly to the
spin wave propagation direction even in the area of
the waveguide bend. MSSW modes are supported
in both the straight portion of the waveguide and in
a bend allowing spin wave transmission.

The same physical principle of the spin wave
scattering governs the spin wave scattering processes
in a more complex structures such as a cross junc-
tion of two spin waveguides [45]. Shape anisotropy
determines the axial magnetization alignment within
a standing alone ferromagnetic wire. When two of
such wires are brought together to form a ferro-
magnetic cross, the magnetization in the center of
the cross junction aligns at 45° with respect to the
cross arms while sufficiently long arms maintain
axial magnetization. Figure 4 shows the results of

the micromagnetic simulations of the magnetization
alignment in the junction of two spin waveguides
crossed at 90° angle. In this structure the cross
junction center plays a role of the local “defect”
with misaligned magnetization. BVMSW modes
excited in one of the cross arms propagate towards
the center of the cross. Dependent on the magneti-
zation orientation local standing spin wave modes
are either excited or not in the ferromagnetic square
that forms the junction. In contrast to the local spin
wave modes intensively studied in standing alone
square nano-magnets [46], the square in the cross
center is subjected to non-uniform magnetic fields
generated by the cross arms. Local standing spin
wave modes in the center of the cross junction, if
excited, in turn generate the outgoing spin waves
in all four arms of the cross that form reflected and
scattered waves. There are two interesting aspects
of such spin wave scattering. Firstly, the spin wave
scattering is strongly dependent on the magnetiza-
tion orientation in the cross center. Variation of the
latter results in different local spin wave modes
which in turn affect the spin wave scattering. Spin
wave scattering was studied experimentally and by
numeric simulations in micron-scale CoTaZr cross.
Spin waves were excited in the arm 1 of the cross
and detected in arms 2—4 as a small external in-plane
magnetic field was applied at a varying angle (as
shown in Figure 4). External magnetic field was
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Fig. 4. Ferromagnetic cross junction. Micromagnetic simulation of the magnetization ground state (/eft); SEM micrograph
of the cross junction test structure (middle); Amplitude of spin wave scattered into arms 3 and 4 of the cross shown in this
figure (right)

small enough to ensure the axial magnetization
within the cross arms. Amplitude of the scattered
spin waves demonstrated strong dependence on the
angle of the biasing field. At zero angles no spin
wave transmission to the opposite arm of the cross
was observed while there were spin waves scattered
at 90 and 270 degree angles detected. As the field
angle reached 45 degrees, almost equal spin wave
scattering into all 3 output arms of the cross was
observed. Further increase of the angle resulted in
maximum transmission into the opposite arm while
no scattering into the other two arms of the cross
were observed. This effect can be utilized for spin
wave switching by applying local magnetic fields to
the cross junction center. Another striking phenom-
enon observed in ferromagnetic cross junction is
the non-symmetric spin wave scattering. The wave
scattered to the left arm gains different phase offset
than the wave that scattered to the right. Non sym-
metry of spin wave scattering in the cross originates
from the odd spin wave modes excited in the cross
junction center. This phenomenon generates non-
typical spin wave interference in this device which
is described later in this chapter.

Air gaps introduced into the spin waveguides
result in a similar defect that can be used to pre-
program spin wave amplitude and phase changes in
the magnonic circuit. Dipole-dipole interaction gov-
erns the magnetostatic spin wave propagation. Long
range of dipolar forces allow spin wave propagation
or as it is wrongly state “tunnel” though the dielec-
tric gaps in the material [43, 44] as well as through
the areas with local magnetization disorder [47,
48]. It was demonstrated that insertion of a dielec-
tric gap affects the spin wave amplitude. The spin
wave phase change is dependent on the gap width
in comparison to the spin waveguide cross section
dimensions. Similar effect is observed in the areas
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with field controlled local magnetization disorder.
Spin wave “tunneling” through a dielectric gap al-
lows electrically isolating selected parts of the spin
waveguide. Spin waveguide electrical isolation plays
a very important role in the proposed magnonic logic
devices as it allows driving local currents through the
parts of the waveguide (e.g. when using spin torque
devices) and applying local magnetic fields without
affecting the spin wave propagation. Periodic air
gaps introduced into the spin waveguide results in
formation of so called magnonic crystal. Periodic
patterning of magnetic films results in the band-gap
opening (magnonic gap) in the spin wave energy
spectrum that combines delocalized traveling spin
wave modes and local standing spin waves. Similar
spin wave dispersion modifications can be made by
introducing periodic defects in the spin waveguide
such as holes, thickness and material variations.
Detailed review of such structures can be found in
the literature [49]. Besides the pre-designed spin
waveguide shape and material property variations
spin wave dispersion can be altered by introducing
controllable local magnetization disorders. Such
disorders allows for a controllable spin wave am-
plitude and phase variations that are required in all
magnonic logic devices.

Some types of spin wave logic devices require
a special element — a phase modulator, aimed to
provide a m-phase shift to the propagating spin wave.
The operation of the interferometer-based logic de-
vices [50-52] depends on this element. A reconfigu-
rable magnonic circuits would also require such an
element [14]. The main requirements for the phase
modulator are scalability and low power consump-
tion. Phase modulation is achieved by the applying
of the local magnetic field affecting the dispersion
of the propagating spin wave. In general, such an
element can be realized as a static (delay line, perma-
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nent magnet, domain wall) or dynamic (conducting
contour) elements. The use of external magnetic field
produced by an electric current in the conducting
substrate may not be efficient from this point of view.
Scaling down of the interferometer dimensions will
require an increase of the electric current to provide
stronger magnetic field. This problem may be solved
in part by using the optimized structure presented in
Ref. [52]. It should be noted that the phase shifters
used in the interferometer-based circuits [52] and
shifters used for circuit reconfiguration [14] have
different operation frequency. The shifters used in
the interferometers-based switches may be needed
in every computational step and have to sustain
high-frequency operation. In contrast, circuit recon-
figuration occurs on a much longer time scale. In this
case, a non-volatile element such as a domain wall
can be used to provide constant phase shift without
the use of an external power.

2. Magnonic Logic Devices

There are three basic approaches to magnonic
logic devices, which are defined by the method of
information encoding into the spin waves. Logic
zeroes and ones can be assigned to 1) the amplitude

(10-12), (i1) the phase (13), or (iii) the frequency
(14) of the spin wave signal. The method of in-
formation encoding is very important as it further
defines the principle of operation of the basic logic
gates, the design and the computing capabilities of
the architecture solutions. For example, encoding
information into the amplitude of the spin wave
signal (10-12), where logic 0 and 1 correspond to
the two spin wave amplitudes. The schematics of the
amplitude-based magnonic logic gates are shown
in Figure 5. The main building block is a miniature
Mach—Zehnder interferometer with a vertical current-
carrying wire. The area of the interferometer can be
as small as 300nm x 300nm. With a zero current
applied, the spin waves in two branches interfere
constructively and propagate through. The waves
interfere destructively and do not propagate through
the structure if a certain electric current /_is applied.
The complete set of logic gates (i.e. NOT, NOR,
NAND) can be built by integrating the Mach—Zehnder
interferometers as proposed in Ref. [52]. It should be
noted, that in the considered scheme the input logic
state is represented by the amplitude of the electric
current and the output state is assigned to the am-
plitude of the spin wave signal 4, which implies an

Mach-Zehnder spin wave interferometer

Inverter
Input | Output
/=0 A=1
=i A=0

NOR Input | Output
11 I A
0 0 1
0 I 0
I. 0O 0
I I 0
NAND
Input Output
1 I, A
0 0 1
0 /. 1
. 0 1
I I 0

Fig. 5. Schematics of the amplitude-based spin wave logic devices. The basic element is the Mach—

Zehnder-type spin wave interferometer. The phase shift in one of the interferometer’s arms is

controlled by the magnetic field produced by an electric current I. A set of logic gates (NOT, AND,

OR) for general type computing built with the Mach—Zehnder interferometers. A bit of information

is assigned to the amplitude of the propagating spin wave A (i.e. Logic 1 corresponds to some A>0,
and logic 0 corresponds to A=0)
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additional element for spin wave to electric current
conversion. At some point, this device resembles the
classical field effect transistor, where the magnetic
field produced by the electric current modulates the
propagation of the spin wave- an analog to the electric
current. One hand, this approach can benefit of the
well-defined methodology for Boolean-type logic
gate construction. On the other hand, it cannot offer
any fundamentally more advantageous alternative to
the existing CMOS-based logic circuitry.

In the phase-based approach, logic 0 and 1 are
assigned to the phase (0 or m) of the propagating
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spin wave [31]. The principle of operation of the
phase-based magnonic logic circuit is fundamen-
tally different from the conventionally adopted
field-modulated amplitude approach. Within this
approach, a bit of information is assigned to the
phase of the propagating spin wave. An elementary
act of computation is associated with the change
of the phase of the propagating spin wave. The
latter provides an alternative route to the NOT and
Majority logic gate construction. The schematics of
the phase-based magnonic logic circuit are shown
in Figure 6.
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Fig. 6. Schematic view of the spin wave logic circuit. There are three inputs (A,B,C) and the output D. The
inputs and the output are the ME cells connected via the ferromagnetic waveguides — spin wave buses. The
input cells generate spin waves of the same amplitude with initial phase 0 or 7, corresponding to logic 0 and 1,
respectively. The waves propagate through the waveguides and interfere at the point of junction. The phase of
the wave passed the junction corresponds to the majority of the interfering waves. The phase of the transmitted
wave is inverted (e.g. passing the domain wall). The Table illustrates the data processing in the phase space.
The phase of the transmitted wave defines the final magnetization of the output ME cell D. The circuit can
operate as NAND or NOR gate for inputs A and B depending the third input C (NOR if C=1, NAND if C=0)

The circuit comprises the following elements:
(1) magneto-electric cells, (i) magnetic waveguides
— spin wave buses, and a (iii) phase shifter. Magneto-
electric cell (hereafter, ME cell) is the element aimed
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to convert applied voltage into the spin wave as well
as to read-out the voltage produced by the spin waves
(i.e. a two-phase multiferroic as described in the
preceding Section). The operation of the ME cell is
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based on the effect of the magneto-electric coupling
(i.e. multiferroics) enabling magnetization control
by applying an electric field and vice versa. The
waveguides are simply the strips of ferromagnetic
material (e.g. NiFe) aimed to transmit the spin wave
signals. The phase shifter is a passive element (e.g.
the same waveguide of different width, a domain
wall) providing a m-phase shift to the propagating
spin waves.

The principle of operation is the following.
Initial information is received in the form of volt-
age pulses. Input 0 and 1 are encoded in the polar-
ity of the voltage applied to the input ME cells
(e.g. +10mV correspond to logic state 0, and -10mV
correspond to logic 1). The polarity of the applied
voltage defines the initial phase of the spin wave
signal (e.g. positive voltage results in the clockwise
magnetization rotation and negative voltage results
in the counter clockwise magnetization rotation).
Thus, the input information is translated into the
phase of the excited wave (e.g. initial phase 0 cor-
responds to logic state 0, and initial phase © cor-
responds to logic 1). Then, the waves propagate
through the magnetic waveguides and interfere at
the point of waveguide junction. For any junction
with an odd number of interfering waves, there is
a transmitted wave with non-zero amplitude. The
phase of the wave passing through the junction al-
ways corresponds to the majority of the phases of the
interfering waves (for example, the transmitted wave
will have phase 0, if there are two or three waves
with initial phase 0; the wave will have a n-phase
otherwise). The transmitted wave passes the phase
shifter and accumulates an additional m-phase shift
(i.e. phase 0— =, and phase 1—0). Finally, the spin
wave signal reaches the output ME cell. The output
cell has two stable magnetization states. At the mo-
ment of spin wave arrival, the output cell is in the
metastable state (magnetization is along the hard axis
perpendicular to the two stable states). The phase of
the incoming spin wave defines the direction of the
magnetization relaxation in the output cell [14, 53].
The process of magnetization change in the output
ME cell is associated with the change of electrical
polarization in the multiferroic material and can be
recognized by the induced voltage across the ME cell
(e.g. +10mV correspond to logic state 0, and -10mV
correspond to logic 1). The Truth Table inserted in
Figure 2 shows the input/output phase correlation.
The waveguide junction works as a Majority logic
gate. The amplitude of the transmitted wave depends
on the number of the in-phase waves, while the phase
of the transmitted wave always corresponds to the
majority of the phase inputs. The n-phase shifter

works as an Inverter in the phase space. As a result
of this combination, the three-input one-output gate
in Figure 2 can operate as a NAND or a NOR gate
for inputs A and B depending on the third input C
(NOR if C=1, NANTrisD if C=0). Such a gate can
be a universal building block for any Boolean logic
gate construction. Computing with phases has cer-
tain fundamental advantages over the conventional
amplitude-based approach. For example, the uti-
lization of wave interference makes it possible to
build certain types of logic gates (e.g. MAJ, MOD
[53]) with fewer number of elements. Even more
important are the advantages of using spin wave
superposition for building multi-channel logic gates
[54], which offer an alternative route to functional
throughput enhancement.

Frequency-based magnonic circuits have been
recently proposed (14). The proposed circuits consist
of'the spin torque oscillators communicated via spin
waves propagating through the common free layer.
This approach is based on the property of nanometer
scale spin torque devices generate spin waves in
response to a d.c. electrical current (18, 19). Electric
current passing through a spin torque nano-oscillator
(STNO) generates spin transfer torque and induces
auto-oscillatory precession of the magnetic moment
of the spin valve free layer. The frequency of the
precessing magnetization is tunable by the applied dc
voltage due to the strong non-linearity of the STNO.
In case of two or more STNOs sharing a common
free layer, the oscillations can be frequency and
phase locked via the spin wave exchange (20, 21).
The schematics of the MAJ logic gate based on the
phase locking of STNOs with a common free-layer
metallic ferromagnetic nanowire are shown in Figu-
re 7. The gate has three inputs and one output. All in-
puts are dc current-biased at a current level above the
critical current for magnetization self-oscillations.
To each input, signals of two frequencies f, and £, can
be applied. Due to injection locking and spin wave
interaction in the common free layer, the entire free
layer precesses at either f, or f,, depending on the
input signal frequency applied to the majority of the
inputs. Therefore, the output frequency of this logic
gate is determined by the frequency applied to the
majority of the input gates, and the device operates
as a majority logic gate with the signal frequency
as the state variable [55]. The unique properties of
STDs are of great promise for future implementa-
tion. Being compatible with CMOS, STDs may serve
as complementary logic units for general and special
task data processing. The main challenge for the
STD approach is to reduce the current required for
switching and minimize active power consumption.
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binary values. The output frequency fout in the phase locking regime is determined by the majority of the input frequencies

It has been a lot of progress in the experimental
demonstration of spin wave components and the
prototyping of complete magnonic logic gates during
the last decade. The first working spin-wave based
logic device has been experimentally demonstrated by
M. P. Kostylev et al. [50]. The authors used Mach—
Zehnder-type current-controlled spin wave interfer-
ometer to demonstrate output voltage modulation as
a result of spin wave interference. This first working
prototype device was of a great importance for the
development of magnonic logic devices. The device
show reliable operation in the GHz frequency range
and at room temperature, which immediately made it
a favorite among the other proposed spin-based logic
devices. Later on, exclusive-not-OR and not-AND
gates have been experimentally demonstrated on a
similar Mach—Zehnder-type structure [51].

Next, there were realized three- and four-termi-
nal spin wave prototypes. Figure 8 shows the schemat-
ics of the four-terminal spin wave device used as a
prototype for the MAJ gate [56]. The material struc-
ture from the bottom to the top consists of a silicon
substrate, a 300nm thick silicon oxide layer, a 20nm
thick ferromagnetic layer made of Nig, Fe 4, a 300nm
thick layer of silicon oxide and the set of five conduct-
ing wires on top. The distance between the wires is
2um. In order to demonstrate a three-input one-output
majority gate, three of the five wires were used as the
input ports, and two other wires were connected in a
loop to detect the inductive voltage produced by the
spin wave interference. An electric current passing
through the “input” wire generates a magnetic field,
which, in turn, excites spin waves in the ferromagnetic
layer. The direction of the current flow (the polarity
of the applied voltage) defines the initial spin wave
phase. The curves of different numbers in Figure 8
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t 3 — Input 1in-phase, 2 out-of-phase
4— lnplut3 put-of-Phase
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Fig. 8. (a) Schematics of the 4-terminal SWD. The device
structure comprises a silicon substrate, a 20nm thick layer of
permalloy, a layer of silicon dioxide, and a set of five conduct-
ing wires on top (three wires to excite three spin waves, and
the other two wires connected in a loop are to detect the induc-
tive voltage). The initial phase of the excited spin wave (0 or
p) is controlled by the direction of the excitation current. (b)
Experimental data showing the inductive voltage as a function
of time. The curves of different namber correspond to the dif-
ferent combinations of the phases of the interfering spin waves
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depict the inductive voltage as a function of time for
different combinations of the spin wave phases (e.g.
000, 070, Ont and ). These results show that, the
phase of the output inductive voltage corresponds
to the majority of the phases of the interfering spin
waves. Spin waves produce several mV of inductive
voltage output with signal to noise ratio about 10:1.
The data are taken for 3GHz excitation frequency
and at bias magnetic field of 950¢ (perpendicular to
the spin wave propagation). All measurements were
accomplished at room temperature.
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The use of electric-current wires for spin wave
excitation appeared to be energetically inefficient (i.e.
>pl per spin wave), as only a small amount of energy is
transferred into the spin wave. It would be much more
efficient to utilize multiferroics for energy conversion
among the electric and magnetic domains [57].

Recently, spin wave excitation and detection
by synthetic multiferroic elements has been ex-
perimentally demonstrated [16]. The schematics of
the experiment and experimental data are shown in
Figure 9. Two synthetic multiferroic elements were

106444 006
E : 008
- e m-t'm
10.0M 0.1
400 300 200 4100 O 100 200 300 400
Field, Oe

2

Q
Amplitude a.u.

o
o

400 -300 -200 100 O 100 200 300 400
Field, Oe

Fig. 9. (A) Schematics of the experiment on spin wave excitation and detection by multiferroic
elements (ME cells). (B) Collection of the experimental data (S11, S12, S21 and S22 parameters)
obtained at different frequencies and bias magnetic field
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used to excite and detect spin wave propagating in
the permalloy waveguide (the distance among the
excitation and the detection elements is 40um). The
multiferroic element comprises a layer of piezo-
electric (PZT) and a magnetostrictive material (N1).
An electric field applied across the piezoelectric
produces stress, which, in turn, affects the magne-
tization of the magnetostrictive material. Thus, the
applying of AC voltage to the multiferroic element
results in the magnetization oscillation (spin wave).
And vice versa, the change of magnetization in the
magnetostrictive layer results in the voltage signal
due to the produced stress. The experimental data in
Figure 9(b) show the collection of data obtained at
different operational frequencies and bias magnetic
field. The utilization of multiferroics has resulted in
the energy reduction to about 10f] per wave [16].
Most of the currently proposed magnonic logic
devices are designed to perform a single logic op-
eration. All of them except for the STNO majority
logic device share the following signal processing
flow for the spin wave logic gate operation: 1) Input
electrical signal (either current or voltage) is used
to excite a spin wave (pulse or in CW regime); spin
wave phase is used to carry the information. 2) Spin
waves travel to the area where interference of two or
more waves is happening; 3) constructive or destruc-
tive interference defines the output wave amplitude;
4) the output wave amplitude (if any) is converted
to the electronic signal. Spin wave phase carries the
input information while the wave amplitude is used
to represent the output information. In order to build
logic based on such spin wave gates a spin wave
amplitude-to-phase convertor is required. In most
cases a conventional electronics is implied to detect

the spin wave, and adjust the phase of the spin wave
input of the next spin wave logic gate. Therefore
most of the proposed spin wave logic gates cannot be
used as a building block for spin wave logic circuit
construction without using intermediate electronic
stages. In case of destructive interference the wave
phase information is lost — another obstacle that can
be addressed by feeding the reference wave into the
every intermediate stage between the logic gates.
Without electronic components, such logic gates can
operate only as a standing alone signal processing
devices and cannot be assembled into logic circuits.
Unique spin wave scattering in the ferromagnetic
cross junction provides a convenient tool to address
this problem as follows [58]. Ferromagnetic cross
has 4 arms labeled as ports 1 through 4 (see Figu-
res 4 and 10). Ports 1 and 2 are used as inputs and ports
3 and 4 — as outputs. Spin waves excited in ports 1
and 2 are traveling towards the cross center where
they experience scattering on the center of the junc-
tion. Scattered waves interfere in the cross arms 3
and 4. The spin waves scattered at +90° (into the
neighboring arms of the cross) gain different phase
offsets. As the phase of the spin wave in port 2 is
linearly changed, spin wave amplitude oscillation
is detected in ports 3 and 4 (see Figure 10). Despite
the geometrical symmetry of the structure, spin
wave interference is not symmetrical (constructive
and destructive interference in the output arms 3 and
4 is not happening at the same phase offsets of the
input spin waves). Non-symmetric phase gain of the
scattered spin wave modes at the central part of the
cross junction define the wave propagation and is
responsible for the interference that was observed
experimentally. Numeric simulations confirm the
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Fig. 10. (a) Cross junction structure SEM micrograph indicating input and output spin wave signals. (b) Spin wave inter-

ference in ferromagnetic cross junction: output wave amplitude dependence on the input waves phase offset (experiment

and micromagnetic simulations; 1 — S41, 2 — S31) (c¢) Micromagnetic simulation of the spin wave interference: destructive
interference in the output arms 3 and 4 (phase +75° for output 3 and -75° for the output 4)
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significance of the central region design. The spin
wave scattering becomes symmetrical when the
central part of the cross junction is removed (4 wave-
guides with no central rectangle) thus demonstrating
the effect of local spin wave mode interaction with
the traveling spin waves, causing non-symmetric
spin wave scattering. In case of the empty cross
junction symmetric spin wave scattering is caused
by spin wave “tunneling” [47] through the central
part. In this case the symmetry of the cross arm
alignment defines the interference pattern in the
cross output arms. The interference of two waves
in ferromagnetic cross is unique as for all input
spin wave phase shifts there is an output spin wave
non-zero amplitude detected either in port 3 or
port 4. The output spin waves of this device can
be merged to form a single device output as shown
in Figure 11. The spin wave phases of zero and ¢,
(with respect to the reference) encode logical “0”
and “1”. The value ¢, defines the condition for
destructive interference in one of the arms of the

Input 2 1

Arm 2

cross. It is strongly dependent on the cross junction
geometry and in case of the cross shown in figure
10 ¢,=75°. Cross output waves will either scatter
to one or another arm of the cross for the (0, 1) and
(1, 0) or to the both arms simultaneously for (0, 0)
and (1, 1) input signal configurations. The phases
of the output waves measured at the cross arms 3
and 4 and will have phases shown in the table in
Figure 11. The spin waves in the cross arm 3 and
4 are then merged ensuring the constructive spin
wave interference. The spin wave phase in the out-
put waveguide at the merge point will follow the
OR logic operation. The ¢, phase shift produced
either by the delay line or externally controlled
phase shifter will act as an inverter. This will result
in the output wave following NOR logic operation.
Knowledge of the local spin wave modes in the
spin waveguide junction should allow for multi-
terminal spin wave devices where the output wave
phase shift is defined by the phase gains of the spin
waves scattered in the junction.

With respect to the reference:
input phase either 0 or ¢,
0 = “0"
‘po = tll"

Input1 Arm 3 merge ;
@ophase shift |
= . — ¢ (delay line) =
Arm output
OR NOR
0 0 0 0 0 il
0 il - 1 1 0
1 0 1 - 1 0
1 il 1 1 1 0

Fig. 11. Spin wave OR/NOR logic gates based on ferromagnetic cross junction. Device
schematic (top) and truth table (bottom). Dash in the table indicates zero wave amplitude

Recently, a prototype comprising two cross
junctions has been realized. The schematics of the
test structure and experimental setup are shown in
Figure 12. The double-cross structure is made of
yttrium iron garnet Y, Fe,(FeO,); (YIG) epitaxially
grown on gadolinium gallium garnet Gd,GasO,,
substrate with (111) crystallographic orientation.
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YIG film has ferromagnetic resonance (FMR)
linewidth 2AH~0.50e, saturation magnetization
4nM =1750G, and thickness d=3.6um. The length
of the whole structure is 3mm, the width of the arm
in 360um. There are six micro-antennas fabricated
on the top of the YIG waveguides. These antennas
are used to excite spin wave in YIG material and to
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Fig. 12. (a) The schematics of the experimental setup. The test under study is a double-cross YIG structure with six micro-
antennas fabricated on the edges. The input and the output micro-antennas are connected to the Hewlett-Packard 8720A
Vector Network Analyzer (VNA). The VNA generates input RF signal in the range from 5.3GHz to 5.6GHz and measures
the S parameters showing the amplitude and the phases of the transmitted and reflected signals. (b) The photo of the YIG
double-cross structure. The length of the structure is 3mm, and the arm width is 360um. (c¢) Transmitted signal S12 spectra
for the structure without micro-magnets. Two input signals are generated by the micro-antennas 2 and 3. The curves of differ-
ent namber show the output inductive voltage obtained for different phase difference among the two interfering spin waves.
(d) The slice of the data taken at the fixed frequency of 5.42GHz (black curve). The red curve shows the theoretical values

obtained by the classical equation for the two interfering waves.

detect the inductive voltage produced by the propa-
gating spin waves. The input and the output micro-
antennas are connected to the Hewlett-Packard
8720A Vector Network Analyzer (VNA). The VNA
generates an input RF signal up to 20 GHz and mea-
sures the S parameters showing the amplitude and
the phases of the transmitted and reflected signals.
The prototype is placed inside an electro-magnet
allowing variation in the bias magnetic field from
-10000e¢ to +10000e. The input from VNA is split
between the four inputs via the two splitters, where
the amplitudes of the signals are equalized by the
attenuators (step £1dB). The phases of the signal
provided to the ports 3 and 4 are controlled by the
two phase shifters (+2°). The photo of the YIG struc-
ture is shown in Figure 12(B). The graph in Figure
12(C) shows the amplitude of the output inductive
voltage detected for different excitation frequencies
in the range from 5.30GHz to 5.55GHz. The curves
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of different numbers depict the output obtained
for different phase difference 4p among the two
inputs 2 and 3. These data show the oscillation of
the output voltage as a function of frequency and
the phase difference between the two generated spin
waves. The frequency dependence of the output is
attributed to the effect of spin wave confinement
within the structure, while the phase-dependent
oscillations reveal the interference nature of the
output signal. In Figure 12 (D), we show the slice
of the data taken at the fixed frequency of 5.42GHz.
The experimental data has a good fit with the clas-
sical equation for the two interfering waves. The
only notable discrepancy is observed for Ap=r,
where experimental value is non-zero. This fact
can be well understood by taking into account all
possible parasitic effects (e.g. reflecting waves,
direct coupling between the input/output ports,
structure imperfections, etc.)
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3. Spin wave-based logic gates
and architectures

Since the first proposal on spin wave logic
[31], there have been a number of works, where
the idea of using spin waves in logic circuitry has
been evolved in different ways [14, 53, 54, 59].
The variety of possible spin wave based devices
can be classified within several groups including
single-frequency and multi-frequency, Boolean and
non-Boolean, volatile and non-volatile circuits. For
example, logic devices shown in Figures 5,6, and
8 use one operating frequency and constitute the
group of single-frequency logic devices. There may
be more than one operating frequency per device
(e.g. the device shown in Figure 7), which entitled
the group of multi-frequency devices. At the same
time, single and multi-frequency devices may be
used for building Boolean and non-Boolean type of
logic gates. Boolean magnonic circuits are aimed
to provide the same basic set of logic gates (AND,
OR, NOT) for general type computing as provided
by the conventional transistor-based circuit. The
advantage of using waves (i.e. spin waves) is the
ability to exploit the waveguides as passive logic
elements for controlling the phase of the propagating
wave. Waveguides of the same length but different
width, or composition introduce different phase
change to the propagating spin waves. The latter
offers an additional degree of freedom for logic
circuit construction. Besides that, the utilization of
spin wave interference is efficient for building high
fan-in devices, which is a significant advantage over
the transistor-based circuits [56]. Overall, magnonic
Boolean logic circuits can be constructed with a
fewer number of elements that it is required for
CMOS counterparts [60]. This advantage is more
prominent for complex logic circuits. For example,
magnonic Full Adder Circuit cab be built with just
5 ME cell, while the conventional design requires
at least 25 transistors [53].

Non-Boolean magnonic circuits constitute a
novel direction for magnonic circuit development
aimed to complement scaled CMOS in special task
data processing. In contrast to the Boolean logic
gates for general type data processing, non-Boolean
circuits are designed for one or several specific logic
operations. Data search and image processing are
the examples of widely-used tasks, which require
significant amount of resources from a general type
processor. Parallel data processing of a large number
of bits can be accomplished by utilizing a multi-
wave interference, where each wave (i.e. the phase
of the wave) represents one bit of data. The examples

of non-Boolean magnonic logic circuits for pattern
recognition, finding the period of a given function,
and magnonic holographic memory are described in
Ref. [61]. The operation of these circuits is based on
the massive use of spin wave interference within a
magnetic template. This approach is similar to the
methods developed for “all optical computing” [62],
though the practical implementation of the magnonic
circuits may be more feasible for integration on the
silicon platform.

The above mentioned groups of magnonic logic
devices may be volatile or non-volatile. Volatile
magnonic circuits provide functional output (i.e.
inductive voltage) as long as external power is
applied to the spin wave generating elements [30]
or spin wave buses are combined with an electric
circuit preserving the output voltage produced by
the spin wave pulses [59]. For example, magnonic
circuits described in Ref. [14] combine spin wave
buses with micro antennas. The circuit operates
as long as the input antennas generate continuous
spin waves. It is also possible to build a circuit
combining spin wave buses with a bi-stable electric
circuit, where the switching of the electric circuit is
accomplished by the inductive voltage pulse [59].
In this case, there no need in permanently spin
wave generating elements, though external power
is required to maintain the state of the electronic
circuit. Non-volatile magnonic logic circuits are
able to preserve the result of computation without
external power applied. The storing of information
is in the magnetic state of the output ME cell,
where logic 0 and 1 are encoded into the two states
of magnetization of the magnetostrictive material
[53]. In general, magnetic field produced by a spin
wave is quite weak to reverse the magnetization of
a large volume ferromagnetic required for reliable
data storage (thermal stability >40). The switching
is accomplished via the help of magneto-electric
coupling, where an electric field applied to ME cell
rotates its magnetization in a metastable state, and
then, incoming spin wave defines the direction of
relaxation [53]. Non-volatile magnonic logic devices
have been recognized as one of the promising
approaches to post-CMOS circuitry for radical
power consumption minimization [63].

We would like specially outline the possibility
of building multi-frequency magnonic logic circuits,
aimed to the advantage of wave superposition
for functional throughput enhancement. Multi-
frequency magnonic logic circuits are the circuits
using more than one operating frequency for data
transmission and processing. Wave superposition
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allows us to send, process, and detect a number
of waves propagating within the same structure at
a time. The general view of the multi-frequency
magnonic circuit as described in Ref. [54] is
shown in Fig.13. The structure and the principle of
operation are similar to the above described example
(see Figure 6) except there are multiple ME cells
on each of the input and output nodes. These cells
are aimed to operate (excite and detect) spin waves
on different frequencies (e.g. f}, /5, ..., f,). Each of
the frequencies {f.f,, ..., f,} is considered as an
independent information channel, where logic 0 and
1 are encoded into the phase of the propagating spin
wave. The frequency excited by the ME cell depends
on many factors and can be adjusted by the cell size/
shape/composition. In order to avoid the crosstalk
among the cells operating on different frequencies,
the cells are connected with the spin wave buses

Input ME cells

3xN digital inputs

¥ Spin Wave Buses

Phase Inverter | o

one analog core |

via the magnonic crystals [64] serving as frequency
filters. Each of these crystals allows spin wave
transport within a certain frequency range enabling
ME cell frequency isolation. Within the spin wave
buses, spin waves of different frequencies superpose,
propagate, and receive a m-phase shift independently
of each other. Logic 0 and 1 are encoded into the
phases of the propagating spin waves on each
frequency. The output ME cells are connected to the
spin wave buses via the magnonic crystals in order to
receive spin wave signal on the specific frequency.
The Truth Table shown in Figure 6 can be applied
for the each of the operating frequencies. Thus,
the considered circuit can perform NAND or NOR
operations on the number of bits at the same time.
The multi-frequency approach is an extension that
can be applied to the all types of magnonic circuits
described above.

Output ME cells

@ +7 ,
Magnonic crystals

N digital outputs

A (f}/f]f-v-fn) B
B (fuforfr) —
Clfufofe) —
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Inverter
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Fig. 13. Schematic view of the multi-frequency magnonic circuit. There are multiple ME cells on each of

the input and output node aimed to excite and detect spin waves on the specific frequency (e.g. f1, /5, ..., f;)-

The cells are connected to the spin wave buses via the magnonic crystals serving as the frequency filters.

Within the spin wave buses, spin waves of different frequencies superpose, propagate, and receive a n-phase

shift independently of each other. Logic 0 and 1 are encoded into the phases of the propagating spin waves

on each frequency. The output ME cells recognize the result of computation (the phase of the transmitted
wave) on one of the operating frequency (2012)

The ability to use wave interference and the
integration of spin wave buses with non-linear
magnetic elements (e.g. multiferroic cell serving as
amemory and data processing unit at the same time)
opens intrigue possibilities for building non-Boolean
logic gates and complex computational architectures
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such as Cellular Nonlinear Network (CNN) [65]
and Holographic Computing [66]. CNN was first
formulated by Leon Chua [65] as a 2 (3 or more)
dimensional array of mainly identical dynamical
systems, called cells, which satisfy two properties:
(1) most interactions are local within a finite radius
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R, and (i) all state variables are signals of continuous
values. In the series of subsequent works, the CNN
paradigm was evolved in many ways and powerful
computing abilities of the CNN, especially for image
processing, were demonstrated [67—70]. Nowadays,
the CNN has been received a growing deal of interest
as a promising architecture for future computation
using nanosclae devices and structures. The utilization
of spin waves together with multiferroic elements
offers an original route to magnonic network, where
communication between the multiferroic cells is via
spin waves [71]. The schematic of the magnonic
CNN is shown in Figure 14(a). The network consists
of magneto-electric cells integrated onto a common
ferromagnetic film—spin wave bus. The magneto-
electric cell is the same as the described earlier in
the text. It comprises piezoelectric and ferromagnetic
materials, where a bit of information is assigned to
the cell’s magnetic polarization. The information
exchange among the cells is via the spin waves
propagating in the spin wave bus. Each cell changes
its state as a combined effect: magneto-electric
coupling and the interaction with the spin waves. The
distinct feature of the network with a spin wave bus
is the ability to control the inter-cell communication
by an external global parameter — magnetic field.
The latter makes it possible to realize different
image processing functions on the same template
without rewiring or reconfiguration. In Figure 14(b),
there are shown the examples of image processing
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functions dilation and erosion accomplished at
two different magnetic bias fields. More complex
image processing functions such as vertical and
horizontal line detection, inversion, and edge
detection can be also accomplished on one template
by the proper choice of the strength and direction of
the external magnetic field. It is important to note
that none of the ME cells in the network has an
individual contact, or a bias wire. The addressing
of an individual cell is via the interference of two
spin waves generated by the micro strips located
at the edges of the structure as illustrated in Figure
14(a). The later offers an original solution to the
interconnect problem inherent to the most of the
proposed nano-CNNs. Instead of a large number
of wires or a crossbar structure, nano-cells can be
addressed via wave interference produced by just
two micro antennas. Another potential advantage
of using spin waves is the possibility to increase
the radius of interaction R between the cells within
CNN. In contrast to the other proposals exploiting
only local interaction between the nearest neighbor
cells, a relatively long coherence length allows to
connect a large number of cells at a time. Though
magnonic CNN has many appealing properties, the
integration of ME cells with spin wave buses remains
the main challenge. More practically feasible are the
analog logic devices such as magnonic holographic
memory, which operation entirely relies on the spin
wave interference.

after one step of dilation after two steps of dilation

after one step of erosion after two steps of erosion

LI .

b)

Fig. 14. (a) Schematic view of Magnonic Cellular Nonlinear Network (MCNN). There is an array of ME cells on the com-

mon ferromagnetic film-spin wave bus. Each cell is a bi-stable magnetic element. The interaction between the cells is via

spin waves propagating though the spin wave bus. The read-in and read-out operations are accomplished by the edge micro

antennas. (b) Results of numerical modeling illustrating image processing with MCNN. The black and the white pixels cor-
respond to the two magnetic states of the ME cells (2008)
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Holographic techniques have been extensively
developed in optics and the unique capabilities of
holographic approach for data storage and processing
have been well-described in a number of works [72,
73]. The concept of holography is based on the use
of wave interference and diffraction, which can be
also implemented in spin wave devices [61]. The
concept of Magnonic Holographic Memory (MHM)
for data storage and data processing has been
recently proposed [74]. MHM evolves the general
idea of optical approach to applications in the
magnetic domain aimed to combine the advantages
of magnetic data storage with the unique capabilities
for read-in and read-out provided by spin waves.
At the same time, the use of spin waves implies
certain requirements on the memory design, which
are mainly associated with the need to preserve the
energy of the spin wave carrying signals and the
mechanisms of spin wave excitation and detection.
The schematics of MHM as described in Ref. [74]
are shown in Figure 15(a). It comprises two major
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components: a magnetic matrix and an array of spin
wave generating/detecting elements — input/output
ports. Spin waves are excited by the elements on
one or several sides of the matrix, propagate through
the matrix and detected on the other side of the
structure. For simplicity, the matrix is depicted as
a two-dimensional grid of magnetic wires. These
wires serve as a media for spin wave propagation
— spin wave buses. The elementary mesh of the
grid is a cross-junction between the two orthogonal
magnetic wires as shown in Figure 15(a). There is
a nano-magnet on the top of each junction. Each of
these nano-magnets is a memory element holding

information encoded in the magnetization state.

The nano-magnet can be designed to have two or

several thermally stable states for magnetization,

where the number of states defines the number of
logic bits stored in each junction. The spins of the
nano-magnet are coupled to the spins of the junction
magnetic wires via the exchange and/or dipole-dipole
coupling affecting the phase of the propagation of
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Fig. 15. (a) The schematics of the Magnonic Holographic Memory. 1/O ports at the edges of the device are ME cells aimed

to convert input electric signals into spin waves and, vice versa. The core of the structure is a two-dimensional grid of fer-

romagnetic waveguides connected via magnetic cross junctions aimed to transmit spin waves between the input and output

ports. (b) The input beam is generated by the ME cells on the left side of the structure, and the output is detected by the ME

cells on the right side. The angle of illumination is controlled by the phase shift of the spin wave emitting cells. (¢) The maps

showing the output form the same template as a function of the incident angle. The simulations were carried out for three
wavenumbers k: kl=n, kI=0.57 , kI=0.017 (2013)
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spin waves. The phase change received by the spin
wave depends on the strength and the direction of
the magnetic field produced by the nano-magnet.
At the same time, the spins of nano-magnet are
affected by the local magnetization change caused
by the propagating spin waves. We consider two
modes of operations: read-in and read-out. In the
read-in mode, the magnetic state of the junction
can be switched if the amplitude of the transmitted
spin wave exceeds some threshold value. In the
read-out mode, the amplitudes of the propagating
spin waves are too small to overcome the energy
barrier between the states. So, the magnetization of
the junction remains constant in the read-out mode.

The input spin wave beam is generated by the
ME cells on the left side of the structure, and the
output is detected by the ME cells on the right side.
The angle of the incident beam « is controlled by
the we introduced a phase shift among the spin wave
emitting cells Ap=j-kil-tan(a). The maps in Figure
15(c) show the output detected by the ME cells on
the right side as a function of the incident angle. The
simulations were carried out for three wavenumbers
k: kl=n, kI=0.5nt , kI=0.01m. As one can see from
Figure 15(c), the output does vary as a function of the
incident angle. The angle dependence of the output
disappear in the long wavelength limit k/=0.01Ix=,
where the wavelength of the illuminating beam is
much longer than the size of the junction. These
results demonstrate the capabilities of magnonic
hologram for recording multiple images in the same
structure. According to the estimates [60], magnonic
holographic devices can provide up 1Tb/cm? data
storage density and provide data processing rate
exceeding 103 bits/s/cm?.

Recently, a first 2-bit magnonic holographic
memory has been experimentally demonstrated [75].
The magnetic matrix is a double-cross structure made
of yttrium iron garnet Y ;Fe,(FeO,); (YIG) epitaxially
grown on gadolinium gallium garnet Gd;Gas0,,
substrate with (111) crystallographic orientation.
YIG film has ferromagnetic resonance (FMR)
linewidth 2AH~0.50e, saturation magnetization
4ntM =1750G, and thickness d=3.6pum. This material
is chosen due to its long spin wave coherence
length and relatively low damping [76], which
makes it the best candidate for room temperature
spin wave devices prototyping. The length of the
whole structure is 3mm, the width of the arm in
360pum. There are two micro-magnets on the top of
the cross junctions. These magnets are the memory
elements, where logic bits are encoded into the two
possible directions for magnetization. There are six
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micro-antennas fabricated on the top of the YIG
waveguides. These antennas are used to excite spin
wave in YIG material and to detect the inductive
voltage produced by the propagating spin waves.
Figure 16 shows the set of three holograms obtained
for the three configurations of the top micro-magnets
as illustrated by the schematics: A) two micro-
magnets aligned in the same direction perpendicular
to the long axis; B) the magnets are directed in the
orthogonal directions; and C) both magnets are
directed along the long axis. The red markers show
the experimentally measured data (inductive voltage
in millivolts) obtained at different phases of the four
generated spin waves. The cyan surface is a computer
reconstructed 3-D plot. The excitation frequency is
5.40 GHz, the bias magnetic field is 1000 Oe. All
experiments are done at room temperature. As one
can see from Figure 16, the state of the micro-
magnet significantly changes the output. The three
holograms clearly demonstrate the unique signature
defined by the magnetic state of the micro-magnet.
The internal state of the holographic memory can be
reconstructed by the difference in amplitude as well
as the phase-dependent distribution of the output.
These experimental results show the feasibility of
applying the holographic techniques in magnetic
structures, combining the advantages of magnetic
data storage with the wave-based information
transfer. Though spin waves cannot compete with
photons in terms of the propagation speed and
exhibit much higher losses, magnonic holographic
devices may be more suitable for nanometer scale
integration with electronic circuits.

4. Discussion and Summary

Magnonic logic devices possess its unique
advantages and shortcomings. On one hand, the uti-
lization of the spin waves of submicron wavelength
provides an intrigue opportunity to realize a wave-
like computer (similar to the optical computer) at
the nanometer scale. Spin waves can be efficiently
directed by magnetic waveguides and modulated
by the applied magnetic field or by electric field via
the magnetoelectric effect described above. With
the latter, it is possible to directly convert from a
voltage to spin waves and vice versa, which makes
spin wave-based circuits compatible with conven-
tional electron-based devices. On the other hand,
there are some fundamental drawbacks inherent
to spin waves, which will limit the performance of
the spin wave-based devices. These disadvantages
are (i) relatively low group velocity (107cm/s), and
(i1) short decay time for propagating spin wave at
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Fig.16. A set of three holograms obtained for the three configurations of the top micro-magnets as illustrated

by the schematics on the top: A) two micro-magnets aligned in the same direction perpendicular to the

long axis; B) the magnets are directed in the orthogonal directions; and C) both magnets are directed along

the long axis. The red markers show the experimentally measured data (inductive voltage in millivolts)

obtained at different phases of the four generated spin waves. The cyan surface is a computer reconstructed

3-D plot. The excitation frequency is 5.4GHz, the bias magnetic field is 1000 Oe, All experiments are done
at room temperature
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room temperature. Spin wave dispersion depends
on the waveguide geometry, the strength of the bias
magnetic field, and varies for different spin wave
modes. In the best scenario, spin wave signal is three
orders of magnitude slower than the photons in silica
or electromagnetic wave in a copper coaxial cable.
The use of spin waves for information transmission
implies a signal delay, which is //v_, where / is the
propagation distance. The disadvantage associated
with low group velocity is partially compensated by
short (submicrons) propagation distances, resulting
in 0.1-1.0ns time delay per each logic gate.

Another important disadvantage is associated
with the spin wave signal damping during the
propagation in the spin wave bus. The damping is
caused by magnon-magnon, magnon-phonon scat-
tering as well as the effect of the Eddy current in
conducting magnetic materials. For example, the
spin wave damping time in 100nm thick NiFe film
is about 0.8ns at room temperature [4]. It means
that a significant portion of the spin wave energy
will be dissipated in the waveguide structure.
Thus, spin wave buses cannot be considered as an
alternative to metal conductors for electric signal
transmission [77].

However, the construction of some logic gates
with spin wave buses can be done with a fewer
number of devices than required for the equivalent
CMOS-based circuit. This is a fundamental advan-
tage of using phases in addition to amplitude for
information transmission and processing. Majority
gate is an example of efficient construction of logic
gate illustrating this advantage. Encoding a bit of
information into the phase of the spin wave signal,
affords the exploitation of spin wave superposition
for Majority gate construction as described previ-
ously in the text. A large number of waveguides
can be combined with a single magnetoelectric cell
leading to the Majority gate operation. The whole
gate can be scaled down to a single ferromagnetic
wire with multiple magnetoelectic cells. In contrast,
the number of CMOSs required for Majority gate
scales proportional to the number of inputs. Majority
logic is a way of implementing digital operations
in a manner different from that of Boolean logic.
In general, Majority logic is more powerful for
implementing a given digital function with a smaller
number of logic gates than CMOS [78]. For example,
the full adder may be constructed with three major-
ity gates and two inverters (3 magnetoelectric cells
and 2 modulators). In contrast, a Boolean-based
implementation requires a larger circuit with seven
or eight gate elements (about 25-30 MOSFETs)

[79]. The main reason Majority logic has been out
of stage for decades is because its CMOS realiza-
tion is inefficient. Only with the development of
novel devices such as Josephson junction circuits,
which is not feasible at room temperature [80], and
quantum cellular automata [81], the Majority logic
gates become efficient for practical implementation.
It is also feasible to make a reconfigurable Majority
gates whose logic operation can be controlled by
the spin wave phase modulators. In turn, the inte-
gration of reconfigurable Majority gates provides a
route to building both general purpose and special
task architectures such as Cellular Automata, Field
Programmable Gate Arrays and others.

An important question to ask is whether or
not spin-wave based logic circuit can have lower
power dissipation than those in the same function
CMOS-based circuit? The energy per operation in
the magnonic logic circuits is mainly defined by
the energy required for spin wave excitation. We
want to emphasize the difference between the vola-
tile and non-volatile magnonic circuits in terms of
power consumption. In the most volatile spin wave
logic circuits described in this Chapter, these are
the only power consuming elements (e.g. magnonic
holographic memory). The operation of non-volatile
logic circuits (e.g. as shown in Figure 6) requires
an additional energy for magnetization switching in
the output memory elements. Synthetic multiferroic
elements (ME cells) are the most promising elements
from the power consumption point of view. Accord-
ing to the experimental data [82], the electric field
required for magnetization rotation on 90 degrees
in Ni/PZT synthetic multiferroic is about 1.2MV/m.
The latter promises a very low, order of atto Joule,
energy per switch achievable in nanometer scale
ME cells (e.g. 24a) for 100nm*x100nm ME cell
with 0.8um PZT) [53]. Thus, the maximum power
dissipation density per 1pum? area circuit operating
at 1GHz frequency can be estimated as 7.2W/cm?.
In the multi-frequency circuits, an addition of an
extra operating frequency would linearly increase
the power dissipation in the circuit [54].

The comparison between the magnonic and
CMOS-based logic devices should be done at the
circuit level by comparing the overall circuit pa-
rameters such the number of functions per area per
time, time delay per operation, and energy required
for logic function. In Table, we summarized the
estimates for magnonic Full Adder circuit and com-
pare them with the parameters of the CMOS-based
circuit. The data for the Full Adder circuit made on
45nm and 32nm CMOS technology is based on the
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ITRS projections [83] and available data on current
technology [84]. The data for the magnonic circuits
is based on the design described in [53] and the
above made estimates. Magnonic circuit predicts
significant ~100X advantage in minimizing circuit
area due to the fewer number of elements required
per circuit (e.g. 5 ME cells versus 25-30 CMOSs).
At the same time, magnonic logic circuits would be
slower than the CMOS counterparts. In Table, we
have shown two numbers for time delay correspond-
ing to volatile and non-volatile circuits. The delay

time of the volatile circuit is mainly defined by the
spin wave group velocity, while the delay time of
the non-volatile circuit is restricted by the relaxation
time of the output ME cell. The most prominent ~
1000X advantage over CMOS circuitry is expected
in minimizing power consumption. Besides the great
reduction of active power, there is no static power
consumption in magnonic logic circuits based on
non-volatile magnetic cells. The overall functional
throughput is about 100 times higher for magnonic
logic circuits due to the smaller circuit area.

Comparison between the spin wave-based and the conventional Full Adder circuits

Parameters 45nm CMOS 32nm CMOS A=45nm A=32nm
Area 6.4 um? 3.2 um? 0.05 pm? 0.026 pm?
Time Delay 12 ps 10 ps 13.5ps /0.1 ns 9.6 ps/0.1 ns
Functional 1.3x10° 3.1x10° 1.48x101 4.0x101
Throughput Ops/[ns cm?] Ops/[ns cm?] Ops/[ns cm?] Ops/[ns cm?]
Energy per 1261 101 24a] 15a]
Operation
Static Power > 70nW > 70nW - -

In Conclusion, magnonic logic devices are
among the most promising alternative approaches
to post-“beyond CMOS” logic circuitry by offering
a significant functional throughput enhancement.
The reason for this enhancement is the use of phase
in addition to amplitude for achieving logic func-
tionality. Coding information into the phase of the
propagating spin waves makes it possible to utilize
the waveguides as passive logic elements and reduce
the number of elements per circuit. The ability to
use multiple frequencies as independent informa-
tion channels opens a new dimension for functional
throughput enhancement as well. There are many
questions to be answered and many technological
issues to be resolved before magnonic logic circuits
will find any practical application. One of the main
challenges is associated with the scaling down the
operational wavelength to sub-micrometer range.
As for today, all of the demonstrated prototypes
utilize the spin waves of micrometer scale wave-
length, which makes them immune with respect to
the waveguide structure variations. It is not clear if
the scaling to the deep sub-micrometer range would
significantly affect the signal to noise ratio as well as
the speed of propagation. In spite of the number of
technical issues, magnonic logic devices offer a new
route to functional throughput enhancement with a
substation performance pay off. Most probably, ma-
gnonic logic devices such as magnonic holographic
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memory will not replace but complement the exist-
ing logic circuitry in special task data processing.
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MATFHUTHbIE CBOWCTBA TEKCTYPUPOBAHHbIX MJIEHOK

NiFe(111) U NiFe(200)
A. C. Oxxymanues, l0. B. Hukynux

Dxymanues AnekcaHop Cepreesuy, kaHauaaT ¢Gu3nKo-Matemartn-
YECKMX HayK, BeAyLUMiA Hay4HbIii COTPYAHWK NabopaTopum MarHuTo-
anekTponukn CBY, CapatoBckuii dunuan MHCTUTYTa paamoTexHuku
1 anekTpoHukmn um. B. A. KotenbHukosa PAH; moueHT kadeapbl Tex-
Homorum matepuanos, CapaToBCKMiA HALMOHANbHBIN UCCNEe0BaTENb-
CKWUA roCyAapCTBEHHbIN YHUBEPCUTET UMeHM H. [T YepHbILLeBCkoro,
dzhas@vyandex.ru

Hukynun [Opuii BacunbeBny, kaHampat $uanko-mMaTeMaTuyeckux
HayK, CTApLMA HAyyHbIA COTPYOHMK NabopaTtopun MarHUTO3nek-
TpoHuku CBY, CapatoBckuii dmnman MHCTUTYTa paamoTEXHUKM W
anekTpoHukn um. B. A. KotenbHukoa PAH; poueHT kadeapbl Tex-
Homorum matepuanos, CapaToBCKMiA HALMOHANbHBIN UCCNEe0BaTE Nb-
CKWUA roCyAapCTBEHHbIA YHUBEPCUTET UMeHM H. [T YepHbILLeBCKoro,
yvnikulin@gmail.com

Briepsble mccnenosabl 3aBUCUMOCTM OT ToAWMHb (0 = 20—370 HM)
HaMarHMYeHHOCTU HacblweHns 4tM, wWwupuHbl AnMHUK - deppo-
MarHuTHOro pesoHaHca (PMP) AH, nona kospuuTMBHOCTH H,
n dopMmbl netesnb ructepesuca Ana nneHok nepmannos NigFe,,
(NiFe) ¢ Tekctypoit (200). MonyyenHbie ans nneHok NiFe(200) 3a-
BMCMUMOCTW MarHUTHbIX NapamMeTPOB OT TOMLUMHBI 0 COMOCTABNEHbI
¢ 3asucumoctamu 4mtM(d), AH(d) n H, (d) ans nneqok NiFe(111)
C BbIPQXEHHOW TekcTypoir (111) N NOAMKPMCTANAMYECKMUX NIEHOK
NiFe. Mnenku NiFe(200) ocaxpanuch MarHETPOHHbIM PACHbIIEHM-
€M Ha MOCTOAHHOM TOKe Npu Temneparype noanoxku T, ~ 570 K
B OTCYTCTBUM HANPSIXEHUS CMeLeHns Ha noanoxke U, (U, = Q).
lMneHkn NiFe(111) ocaxpanmcb MarHETPOHHBIM PacCrbIIEHMEM Ha
MOANIOXK NPy KOMHaTHO# Temnepatype T, ~ 300 K v apyx 3HaueHu-
six Hanpsixenms cmewenmns: Uy~ —100 B (cunbHas TexcTypa (111) n
U,= 0 (nonmkpucTaninyeckas nnexka co cnaboii tekctypoii (111)).
MwukpokpucTananyeckas CTPyKTypa MIEHOK WCCNemoBanach Me-
TOAAMU PEHTrEHOBCKOM AndPakLmK, CKaHWUPYIOLWLEN 311eKTPOH-
HOW M 30HAOBOM MMKPOCKONMW. MarHuTtHble napameTpsl 4mM u
AH namepsinuck metopom ®MP Ha yactote 9.9 ITi. M3mepeHue
neTesb ruCTepesnca U noss KO3pUMTMBHOGTM H, MpoBOAMIIOCH C
MOMOLLbI0 BUOPALMOHHOTO MarHuToMeTpa. Bce uamepenus npo-
M3BOAMNNCH NPU KOMHATHOI TeMrepaType C MarHUTHbIM MOJeM,
MPUIOXEHHBLIM B NIOCKOCTY MNEHKN. MarHuTHas JOMEHHas CTpyk-
Typa U3yyanacb METOAOM MarHWTO-CUNOBON MuKpockonuu. YcTa-
HOBNEHO, 4TO 3aBucumocTy 4ttM(d) n AH(d) ans nneHok NiFe(200)
u nneHok NiFe(111) ¢ cunbHoii n cnaboii Tekctypoi (111) cosna-
malT ¢ TouHocTbio okono 10%, Toraa kak 3asucumocTu H(d)
3aMeTHO pasmuyatoted. B nmonaukpuctaniauyeckux nneukax NiFe
co cnaboi Tekctypoir (111) (U, ~ 0) npu KpuTU4ECKOA TONLIMHE
d,~120 HM MeTIn rUcTepesnca UIMEHSIOTCA C MPAMOYrOsbHbIX
Ha «3aKPUTUYECKNE», a 3HaYeHMs H, BO3pacTaioT oT H, < 2 3 npw
d <d, 0o H,> 40 3 npu d>d_. Ana nneHok NiFe(111) ¢ cunb-
HoiA TexkcTypoid (111) (U, = —100B) u NiFe(200) nemm ructepe-
31ca COXPaHSIOT NPSIMOYroNbHYI0 GOpMYy B Anana3oHe TONLMH
d ~ 20-370 Hm, 3HaueHus H, cosnapatot B npeaenax 5% u ¢ po-

© Mwymannes A. C., Hnrynnn (0. B., 2017

CTOM TOJILLMHBI MNEHKM YMEHbLLAOTCS 0T ~2.5-3 9 1o ~ 1.5-2 3.
Mosenetue sasucumocteit 4tM(d), AH(d) u H (d) cesabiBagTcs ¢
0COOEHHOCTSMW  MUKPOKPUCTANIMIECKON CTPYKTYPbl (TEKCTYpa,
pa3mep 3epHa) nneHok NiFe.

KnioueBbie cnoBa: TekcTypupoBaHHble nneqkun NiFe, marHeTpoH-
HOe pacnbljieHue, KpucTananieckas CTPyKTypa, MarHUTHbIE CBOM-
CTBa, MUKPOCTPYKTYpA.
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BeepeHue

[Inenxku mepmamnos (Ni,q,_Fe,, Tae, kak
npaBmiio, 17<x<23) mUPOKO HUCHOIL3YIOTCS NPHU
pa3paboTKe yCTPOHCTB MarHUTOSJIEKTPOHUKH
[1] u marHonuku [2]. Tlnenku NiFe nmpu gocra-
TOYHO BBICOKOW HaMarHM4Y€HHOCTHU HACBHIIIECHUS
(4nM = 10-11 x['c) "MEIOT HANMEHBIIYIO CPEIN U3-
BECTHBIX (DepPOMArHUTHBIX METAIIOB IIUPHUHY JIH-
Huu OMP (AH), 4To AenaeT uX BOCCTPeOOBaHHBIMH
MIPY CO3JIaHUH BOJTHOBEAYIIUX CTPYKTYp JJIs CITH-
HOBBIX BONH [3]. braromapsi HU3KMM 3HAYEHUSIM
noJist Ko3puutuBHocTH (H, < 1 D [4]), BeICOKUM
3HAYCHUSIM aHU30TPOITHOTO MarHUTOCOTIPOTHBIICHUS
(AMC) (AMC =4% [5]) u MarHUTHOH IpOHHULAE-
moctu (p = 103 [6]) nuenku NiFe ucnonb3syorcs
IIPY CO3JaHUU MarHUTOPE3UCTUBHBIX [1] U MarHu-
TouMmIiefaHCHbBIX [7] natumkoB. [lo sToit mpuunHe
pa3paboTke TeXHOJIOTUH monyueHus ieHok NiFe u
HCCIICTOBAHMSIM UX MATHUTHBIX CBOMCTB yJeNsIeTCs
00Jb11I0€ BHUMaHUE.

B xauecTBe 0HOTO 3 METOIOB MOTYICHHS ILIe-
HOK NiFe npuMeHseTcst MarHeTpOHHOE PacIblICHUE
[8—17]. OTOT METOX MOTYUMIT JOCTATOYHO IIUPOKOE
pacnpocTpaHeHue d6iaaroiapsi OTHOCUTEIbHON Ipo-
CTOTE€ KOHCTPYKTHUBHOTO PEHICHHS, BOBMOXXHOCTH
TOYHOIO KOHTPOJIS 3a apaMeTpaMu OCAKICHUS U,
KaK CJIEZICTBUE, XOPOIICH ITOBTOPSEMOCTH PE3yNIbTa-
TOB. [Ipy ’TOM MarHUTHBIE CBOMCTBA IIJICHOK B 3HA-
YUTEIBHON CTETCHU OMPEACISIOTCS MUKPOCTPYK-
TYpPHBIM CTPOEHHEM, KOTOPOE, B CBOIO OUepPe/b,
CYIIECTBEHHO OMPECNSICTCS TEXHONIOTHUECKUMHU
napamMeTpaMu OCaXKJIeHUs, MaTepUaIoM MOAJI0KKH
unu Oy(pepHOTo €051, yCIOBUSIMH IOCIIE POCTOBOTO
OT)KHUTa U TONIIUHOHN reHku [8—17].

PasymeeTcs, MeXxaHU3MBI BIHUSIHUS TIEPEUUC-
JCHHBIX (PAKTOPOB HA MUKPOCTPYKTYpHOE CTpOe-
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HUE TUICHOK CBS3aHBI C KHHETUKON (hOPMHUPOBAHUS
TUICHKU Ha MOBEPXHOCTH MOJUIOKKH U C YCIOBHEM
MUHHMH3ALUT SHEPTUU CUCTEMBI IICHKA—TTO/TOKKA
[18]. B ciyuae mupoko NpUMEHSIEMBIX [IPU IIPOU3-
BOJICTBE YCTPOICTB MUKPOIIEKTPOHUKH aMOPPHBIX
HOUIOKEK OKHMCIEHHOro kKpeMuus SiO,/Si(111) u
B OTCYTCTBHE OPHEHTHUPYIOIIUX Oy(pepHBIX CIOCB
(bopMHUpPYIOTCS, KaK MPABUJIO, MOIUKPUCTAILTHIC-
ckue TieHku NiFe ¢ rpaHenieHTpupoBaHHON KyOnye-
CKOM peleTKON ¢ JOMUHUPOBAHUEM KPUCTAIIUTOB
opuentanuu (111) [9—17], KOTOpbIE HMEIOT MUHU-
MaJbHYIO MTOBEPXHOCTHYIO dHepruto [19]. Baxno
MOJYEPKHYTh, YTO POCT TEKCTYPHPOBAHHOCTH MO-
JTUKPUCTAIITUIECKUX TNIEHOK MOXKET TPUBOAUTH K
VIYYOICHUIO MarHUTHBIX [TapaMeTpOB IUICHOK, B
YAaCTHOCTH, K yBenudeHuto 3Hauennii AMC [20],
CHWKCHHIO TIOJIEH KOIPIUTUBHOCTH [21, 22] 1 pocTy
MarHATHOHW mpoHuIaemoctu [21].

PazpaboTkaM TEeXHOJIOTHIl MarHeTPOHHOTO
paCTBUICHUS MTOTUKPHUCTAITHIECKIX IIeHOK NiFe
¢ Tekctypoit (200) ymessuioch Topasno MEHbIIe
BHUMaHuAa [23-27]. B paborax [23-25] paccma-
TPUBAJIOCH PACIBUICHNE TUICHOK B NPUCYTCTBUU
CTUMYIIMPYIOIIETO MOTOKa HOoHOB Ar™ u N*. Bouio
ITOKa3aHo, YTO 3a CUET BHEAPCHHS aTOMOB a30Ta B
PpeLIeTKy IepMalyIos MUHUMaJIbHOMI IOBEPXHOCTHON
sHepruelt oomanaroT kpuctauutel (100). B padote
[26] Obu1O mMOKa3aHO, 4uTO OTXKHT IUIeHOK NiFe B
MPUCYTCTBUM MAarHUTHOTO IOJIA COMPOBOXKAAETCS
cMmeHol TekcTypbl (111) Ha (200) 3a cueT u3MeHEeHHS
napaMmeTpoB pemietku. B padore [27] 6bu1a mokaszana
BO3MOXXHOCTB rotydeHus mieHok NiFe(200) Ha mon-
JIOKKax okucyeHnoro kpemuus SiO,/Si(111) 3a cuer
yBelUYeHUus MUrpanuonHoit cnocoonoctu (MC)
pacHBIISICMBIX aTOMOB MUIIEHU HA MTOBEPXHOCTH
nou1okku. [Tpu aTom yBenmuenne MC nocturanoch
KaK 3a CYeT HarpeBa MOUIOKKH IO TEMIIEPaTyphl
T4= 570 K, TaK v 3a C4€T CHUIKEHHUS JIaBJICHUS apro-
HA JI0 3HAYCHUH, IPU KOTOPBIX PACIBUIIEMBIC aTOMBI
MUIICHH MPEOJI0TICBAIOT PACCTOSIHUE JIO TIOIOKKH
MpaKTUUeCcKH 06€3 CTOJIKHOBEHUH U, CIIEJIOBATENbHO,
0e3 moreph 3HEpruu [28].

CrnenyeT OTMETUTH, YTO MarHUTHBIE CBOHCTBA
miaeHok NiFe(200) o cux mop ocrarTcs MajIou3y-
YEeHHBIMH. J[eHCTBUTENIBHO, CPEIN OTMEUYEHHBIX
Bbilie pador [23—-27] nuwp B paborax [25, 26]
00CYXJAIIMCh OIS KOIPIUTUBHOCTH U dopMa
reTesb TUcTepesnca TIeHOK. briio moka3aHo, 4To
noje H, HEMOHOTOHHO 3aBHUCHUT OT MPOLEHTHOTO
coJiepKaHus a30Ta B paboueit cmecu [25], a oTxKUT
B IPUCYTCTBUHM MArHUTHOTO MOJISI YBEIUIHBACT

KOIPUHUTUBHOCTE. C yUeTOM CKa3aHHOTO LETBIO pa-
00THI OBLITIO M3YUYEHHUE 3aBUCUMOCTH OT TOJIIUHBI d
(d = 20-370 um) mapamerpoB 4nM(d), AH(d),
H (d) m Gpopmbl netesnb TUCTEPE3HCA IS TIEHOK
NiFe(200) u NiFe(111), nomy4eHHBIX MarHeTpOH-
HBIM PaCTIbUICHUEM Ha TIOCTOSTHHOM TOKE IT0 METOIH-
Ke paboTsl [27], ¥ COMOCTaBICHUE C aHATOTHYHBIMH
3aBUCHMOCTSIMH IS TOMUKPHUCTAIUINIECKUX TUICHOK
NiFe, He nmeromux spko BEIpa)KEHHON TEKCTYPHI.

SKkcnepuMeHT

Ocaxnenue miaenok NiFe npoBoauiocs B ycra-
HoBke BYTI-5M ¢ 6a3obiM naBnenuem 61074 Ia.
B xagecTBe pabodero raza MCIOIB30BAJICS aproH
Mapku OY (99.998%). J1Jist TO/SI0KEK UCTIOIB30Ba-
JIUCh TJIACTHHBI MOHOKpHcTauueckoro Si(111) ¢
TEPMUYECKH OKHCIEHHBIM ciioeM Si0, TONMHOM
300 um. Ilepen HampUIEHWEM TOMIJIOKKU TOJIBEP-
raJuch YJIBTPA3BYKOBOH OYHMCTKE B alleTOHE TPH
temrneparype 7 = 315 K B teuenue 30 mun. He-
MIOCPEIICTBECHHO TIepe/l HAMBUICHHEM IMPOBOIMIICS
OTKUT IoJulokek npu teMueparype 600-650 K B
teuenue 30 MUH Py JaBICHUH 6 10% I1a. [Tomosxkka
pacrionarajiach Ha pacCTosTHUM L = 75 MM OT Muliie-
uu NiggFe,; (99.95%). Ocaxnenune mieHoK nmposo-
JIWIIOCH TIpY JaBjieHuH padodero raza P = 0.2 Ila.
[Ipu >TOM MMenach BO3MOKHOCTh MEHSATH HaIlps-
JKeHue cMentenns U, Ha NOJI0XKKE B IMara3oHe OT
—250 B 10 300 B 1 npoBoauTh OCa)aeHue Ha MoJ-
JIOXKKY, HarpeTy1o 1o Temneparypsl 7, =~ 300-640 K.

Ha puc. 1 nmpuBeneHs! peHTTeHOBCKHE A (ppaK-
torpammsl 1ieHok NiFe tonmuHol d = 250 HM C
Pa3IMYHON TEKCTYPOH, TOTyISHHBIX TIPH PEKUMAX
OCaXJIeHUA, yKazaHHbIX B padote [27]. [Tonukpu-
crannuieckue TuieHkn (kpuBasi /) co craOoBbIpa-
skeHHOU TekcTypoid NiFe(111) Obiu momydeHsl pu
temneparype nomnoxkku 7, = 300 K, na 3a3eMieHHO#M
nonoxke (U, = 0) n ckopoctu pocta 16 HM/MHH.
[Tnenxu ¢ Texctypoii NiFe(200) (kpuBas 2) mony-
vamich npu U, = 0, T, = 570 K u ckopoctu pocra
22 um/muH. Texctypuposannsle miueHku NiFe(111)
(kpuBas 3) ocaxnanuce npu U= —100 B u T, =
~ 300 K u crkopocTu pocra 16 HM/MUH.

OTMeTHM, YTO HCTIIOTB3yEeMBbIC B JAHHOU padoTe
1 B pabote [27] pekUMbI OCaXACHUS KaK MOJUKPH-
CTaJUIMYECKHX, TaK ¥ CHUJIBHO TEKCTYPUPOBAHHBIX
wieHok NiFe(111) xopomo u3ydens [11-17]. Tot
(bakt, uto ocaxxaenue wieHok NiFe Ha Harpetyro
TMIOJJTOXKKY CIIOCOOCTBYET yCHIICHHIO TeKCTYPbI (200)
TaKoke ObL1 n3BecTeH [15, 16]. OnHako BO3MOKHOCTh
MOIYy4YeHUs TeKCTypupoBaHHbIX mIeHOK NiFe(200)
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Puc. 1. PerrrenoBckue qudpakrorpammsl mieHok NiFe TommmHoi d~250 uM, nomy-

YEHHBIX TIPH Pa3IMYHBIX HaNpsoKeHHsAX cmemenus (U,) u Temmneparypax (T;) moa-

T0KKH. L{udpbl y KPUBBIX COOTBETCTBYIOT IUICHKaM: / — ITOJMKPHUCTAUIMYECKas CO
cna6o BeIpaxkenHol Tekctypoit NiFe(111), U= 0, T;= 300 K; 2 — Texctypa NiFe(200),
U,=0, T,= 570 K; 3 — cunbnas texcrypa NiFe(111), U, = =100 B, 7, = 300 K
Fig. 1. X-ray diffraction patterns of the NiFe films (d~250 nm) sputtered at different
bias voltages (U,) and substrate temperatures (T,). Here and below the numbers near

the curves correspond to the films: / — polycrystalline with weak texture NiFe(111),
U= 0mu T, = 300 K; 2 — texture NiFe(200), U, = 0, T, = 570 K; 3 — strong texture
NiFe(111), U, = =100V, T, = 300 K

3a CUET OCAXKJCHHS Ha HArPETYIO MOJJIOKKY ObLIa
BIIEpBbIe TIOKa3aHa HaMu B pabore [27]. [Tpu aTom
(opMHpOBaHHE JOMIUHHUPYIOIIEH KPUCTAIITHYCCKOI
(ase1 NiFe(200) cemyer cBs3arhb ¢ TeM, 4TO B [27]
BBICOKAs TIOABIDKHOCTH a/1aTOMOB 00ecIeunBaIach
HE TOJBKO TEMIIEPATypOH OMIOKKH, HO H MaJIBIMU
MOTEPSIMH DHEPTHH PACIBUISEMBIX aTOMOB B IIPO-
CTPAaHCTBE MEXIY MUIICHBIO M MOAJIOKKON 33 CHET
CHW)KCHHUS JIaBJIeHHs pabodero raza [28].

Hccnenyemple TIIEHKH HE TOKPHIBATUCH 3a-
IIATHBIM ciioeM. ToimuHa d BEIpaIeHHBIX IICHOK
onpeaensiaack Ha mpodumomerpe Dektak 150 (Poc-
cusi). CTpyKTYpHBIH aHAIN3 OCAXKICHHBIX ILICHOK
MPOBOJMIICS C IOMOIIBIO PEHTICHOBCKOTO JU(PPaK-
tometpa JIPOH-4 (Poccus) o cxeme 020 Ha anmuHe
A =0.15418 nm (Cu-K  m3nyuenue).

Wzydenne mporeccoB mepeMarHMunBaHus U
MOCTPOCHHE MMETENb TUCTEPE3Uca IPOBOIUIOCH
C TOMOIIBI0 BUOPALIMOHHOI'O MarHUTOMeTpa B
KacaTebHON K MOBEPXHOCTH IJICHKU T'€OMETPUU
HamMarHu4YuBaHus. [1omyueHHbIC TN THCTEPE3rca
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WCIIOJIb30BAJIUCH ISl OTPEAENICHUs MOl KOIPILH-
TUBHOCTH [, TuIeHOK. MaruutHas cTpykrypa ruie-
HOK HCCIIeIOBaIaCh METOJOM CKAaHUPYIOMICH 30H-
JIOBOM MarHUTHO-CWIJIOBOH Mukpockonnu (MCM)
¢ momoIislo MuKpockomna Solver P-47 (NT-MDT,
r. 3enenorpan, (Poccus)).

O¢ddexTnBHAST HAMATHUYEHHOCTH HACBILICHUS
4nM v mrpuna nuHun AH onpenensiuch METOA0M
(heppomarauTHOTO pe3oHaHca Ha yactote 9.9 I'Tn
B KacaTeJlbHOI reoMeTpuM HaMarHW4MBaHUs aHa-
morndHo [29]. Bce m3aMepeHus: MpoBOAMINCH TTPH
KOMHATHOW TeMIeparype.

Pe3ynb1'a1'b| N ux oﬁcyxp,euue

Ha puc. 2, a, 6, ¢ mpuBeAcHBI 3aBHCHMOCTH
MarHUTHBIX ITAPAMETPOB IICHOK OT TONIIHHEL d. W3
pHC. 2, @ MOKHO BUJIETh, UTO XapaKTep 3aBUCUMO-
cteit 4nM(d) nist pa3snuYHbIX TEKCTYp AOCTaTOYHO
Onmu3kui — paznuaus He peBbimaioT 10%. C poctom
TOJIIIIMHBI HAONIOJACTCS POCT HAMarHMYEHHOCTH
IUTeHOK B mipenenax 4—7%. [lpu stom HaubombIme
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Puc. 2. 3aBucumoctn 3¢ HeKTHBHON HAMAarHUYCHHOCTH
Hacwlmenus 4nM (a), MUpUHBL THHAA (EepPOMarHUTHOTO
pesonanca AH (6) u xo3puuTHBHON cunbl H (6) oT Ton-
muHE d 11t mieHok NiFe, BIpalmeHHbIX TPH pa3InIHBIX
pexumax (ycioBHBIe 0003HaUeHHs cM. puc. 1). [Torpem-
HocTh usmepenust: 4nM — 1%, AH - 3%, H,.— 5%

Fig. 2. Thickness dependences of the effective saturation
magnetization 4nM (a), ferromagnetic resonance linewidth
AH (b) and coercivity H, (c) of the NiFe films sputtered
under different growth conditions: (1) U= 0, T;= 300 K;
(2) U= 0, T,~ 570 K; (3) U,==100 V, T, = 300 K.
Measurement error: 4nM — 1%, AH — 3%, H, — 5%

3Ha4YeHUsI HamaramdeHnHoctu (4nM = 10.7 kl'c)
Obutn onpenenens! s mwieHok NiFe(200) Tommm-
Hoit d = 370 uMm. HaMarHn4yeHHOCTh HACHIIIEHUS
qusa mieHok NiFe(111) co cnaboit Texerypoii (111)
(xpuBas /) oka3pIBaeTCsl HAMMEHBIICH U B HAIIEM
cnydae He npesbimaet 4nM = 10.2 xI'c.

Ha puc. 2, 6 npuBenens! 3aBucuMoctu AH(d)
DIl UCCIeAYyEeMBIX IICHOK. B o0iacTu Maisix
TonuuH d ~ 20-25 HM 3HaueHuss AH npakTHYeCcKU
coBIaaroT U coctasasioT =~ 30-31 D. B o6na-
ctu TomuuH d = 50—60 HM 3aBucuMocTH AH(d)
JOCTHTAIOT MUHUMAJIbHBIX 3HAUCHUH, KOTOpPHIC
Ha |-2 D MeHbIIe CTapTOBBIX W, HApUMEp, IS
wieHok NiFe(200) cocrasmstor =28 D. B miueHkax
ToNHUHON d > 60 HM mwupuna TuHun OMP yBenu-
YUBAETCs C POCTOM TONIIMHEI. B obnactu Tonmux
d > 250 HM MUHMMAaJbHYIO IUpHUHY JTuHUH OMP
UMCIOT MOJUKPUCTAJUINYCCKHUE TUICHKH, a 3Hade-
Hus AH tekctypupoBanHbIX miueHoK NiFe(111) u
NiFe(200) oxa3siBaroTcs BoImie Ha 5—-10 3.

Ha puc. 2, 6 npuBeaeHbl 3aBUCUMOCTH TIOJIS
KO3PLUUTUBHOCTH 1 , TUICHOK OT TOJIIIMHBI. Jist
XOpoUIo TeKCTypupoBaHHBIX mieHOK NiFe(111) u
NiFe(200) 3aBucumoctu H (d) npakTHI€CKH COBIa-
JIAIOT U C pOCTOM TOJIIIUHBI YOBIBAIOT OT 3HAYECHUH
H_,=2.5-395 no H,= 1.5-2 3. llpu 5TOM 11071€ KO-
spuuTUBHOCTH B TieHKax NiFe(200) oka3biBaercs
Ha =~ 0.2-0.5 D Gonbiue, yem B ienkax NiFe(111).

B nonukpucrammmyeckux ruieHkax NiFe xa-
pakrep 3aBUcUMOCTH H (d) MMeeT KaueCTBEHHbIE
omimuust. J{ist TuteHok TormuHou d < 150 HM Habro-
Jaercsi cnalblidl pocT 3HaYeHMd H . OT H R 2.59 no
H_= 4.5 3. B unreppane tomuun 150 < d <250 um
MOJIST KOOPIUTUBHOCTH YBEIMYUBAIOTCS TIOYTH HA
TOPSIOK, IEMOHCTpUpys poct H (d), 6nnskuit K
JIUHEHHOMY, 10 3HaueHuu H = 38 O. B muenkax
TONIHUHOHN d > 250 HM MOJIs1 KOAPUUTUBHOCTH MPH-
HUMAIOT 3HaYeHus H =~ 38-41 3.

Wsmenenne xapakrepa 3aBucumoctu H (d) s
MOMUKPUCTAIINICCKUX TUICHOK COMPOBOXKIACTCS
CMEHOH (hOpMBI METENh TepeMarHIINBaHUs, KOTO-
phI€ IS TUICHOK TONIIMHOM d>150 HM MpUHUMAOT
«3akputuueckuit» [30, 31] Bug (puc. 3, a). U3me-
HeHue (popMBbI MeTesb rucTepe3nca B «3aKpuTHYe-
CKHX» TUICHKaX COMPOBOXKIACTCS BOSHUKHOBCHHEM
MOJIOCOBOW JIOMEHHOU cTpyKTyphl, MCM u300pa-
JKeHHEe KOTOpOW TpuBeAeHO Ha puc. 3, a. Takoe
MIOBEJICHHE TIETENIb TUCTEPE3nca U BOSHUKHOBEHUE
MOJIOCOBOI JJOMEHHON CTPYKTYphI yKa3bIBalOT Ha
BO3HHUKHOBEHHE B TIOJTUKPUCTAIITUYECKUX MIJICHKAX
HOPMaJIbHOM OTHOOCHOM MarHUTHOM aHU30TPOIUU
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Trma «jerkas ocb» [30, 31]. [y TEeKCTypUPOBAHHBIX  M3MEHEHHMSI TOIIIUHBI IIeHOK (d =~ 20-370 uMm), ipu
wienok NiFe(111) u NiFe(200) memiu rucrepe3rca  3TOM JOMEHHasl CTPYKTypa HE HaOmomanach (CM.
UMEITH IPAMOYTOIbHYI0 (OPMY BO BCEM MHTEpBajie  PHC. 3, 0, 6).

a/a

6/c

H, Oe

Puc. 3. TTetnu ructepesnuca u MCM n3zo6paxenus (5x5 MKkM2) TOMEHHOIT cTpykTyphl miieHok NiFe,

OCQX/ICHHBIX NPU PA3IUYHBIX POCTOBBIX ycioBusx: a — NiFe(111), / —d = 25-150 um, 2 —d =

~ 200 1™, 3 — d = 250-350 um; 6 — NiFe(200), / —d = 25 um, 2 — d = 350 um; 6 — NiFe(111),

1 —d=25m8m, 2 —d=350 am. [Ans puc. 6, ¢ npusenensl MCM n300pakeHus, TUITHYHBIC IS
JuarnasoHa ToImuH d =~ 25-350 amM

Fig. 3. Hysteresis loops and MFM images (5x5 um?) of the domain structure of the NiFe films

sputtered under different growth conditions: @ — NiFe(111), / —d = 25-150 nm, 2 — d = 200 nm,

3 —d~250-350 nm; b — NiFe(200), / —d =25 nm, 2 — d = 350 nm; ¢ — NiFe(111), / — d = 25 nm,
2 —d =350 nm. Figures (b, ¢) show MFM images typical for thickness range d =~ 25-350 nm
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[Ipu oGcykaeHUN pe3yabTaTOB M3MEpPEHUI
OyneM oOpamaTbecsi K puc. 4 u 5, re npuBeAeHBI
pe3yNbTaThl UCCIEAOBAHUS MHKPOCTPYKTYPHOTO
cTpoeHus: 1 MOP(HOJIOTHH TICHOK, MOJIYYCHHBIE C
MTOMOIIBIO CKAHUPYIOMIETO IEKTPOHHOTO MUKPO-
ckora (COM) u aTOMHO-CUJIIOBOTO MHUKPOCKOIA
(ACM). Ha puc. 4 npusenerasl COM u300pakeHus
MOMepeyHoro cedeHus (a) U MOBEpPXHOCTH (0),
a taxxxke ACM u3zo0paxeHUs MOBEPXHOCTH (8)
nmneHok NiFe tonmunoit d = 300 HM ¢ pa3nuyHOi
TexcTypoit. U3 puc. 4, a, I 1 BCTaBKH K HEMY MOX-
HO BH/IETh, YTO B MOJHKPUCTAIITMISCKUX IICHKAX
TOJNIUHON d > 150 HM B MPUITOBEPXHOCTHOM CII0€
(opmupyetcst cronbuarasi CTpykTypa. MIMeHHO ¢

300 nm

a/a

(hopMUpOBaHUEM TAaKOW CTPYKTYPHI CIEIYET CBSI-
3aTh POCT MOJEH KOIPIUTUBHOCTU (CM. KPUBYIO [
HAa pHC. 2, 8), CMCHY XapaKTepa IeTIH THCTepe3nuca
C MPSMOYTOJIBHOTO HA «3aKPUTHUYECKUI» U BO3-
HUKHOBEHHE IIOJIOCOBOW AOMEHHOH CTPYKTYPHI
(c™. puc. 3, a).

MUKpPOCTPYKTYPHOE CTPOCHUE TEKCTYPHUPO-
BaHHBIX TWIeHOK NiFe(200) u NiFe(111) ¢ poctom
TOJIIMHEI KaYeCTBEHHO HE MEHSIETCS M ONU3KO K
onHOponHOMY (cM. puc. 4, a, 2 u 4, a, 4 cCOOTBET-
CTBEHHO). OTMETHM, UTO ITOTyYeHHBIE Pe3yIbTaThI
COTJIACYIOTCSI C UCCJICAOBAHUSIMU BIMSHUS TeMIIe-
patypsl 7, 1 HanpspKeHus cMeneHus U, Ha MUKpO-
CTPYKTYPHOE CTPOEHHE INIEHOK nepmaiios [11-17].

250 nm 250 nm
0/b 6/c

Puc. 4. COM wuzobpaxenus (a, 6) nmomnepednoro cedeHus (a), mosepxHoctu (6) 1 ACM u3o6pakeHuns moBepX-
HoctH (8) ieHok NiFe (d=300 HM) ¢ pa3IMYHO TEKCTYypOid, BhIpalieHHbIX pu P~0.2 (ycaoBHbIE 0003HAYCHNUS
cMm. puc. 1). Ha BcraBke k puc. a, / npuseaeHo COM uzobpakeHne ckoja INIeHKH TONUHON d ~ 120 HM

Fig. 4. SEM images (a, b) of cross-section (a), surface (b) and AFM surface images (c) of NiFe films (d =

~ 300 nm) with different textures sputtered at P =~ 0.2 Pa: () polycrystalline NiFe film with weak (111) texture,

T~300 K, U, = 0; (2) NiFe(200), T= 570 K, U, = 0; (3) NiFe(111), T= 300 K, U,= —100 V. The insert in fig.
al shows cross-section SEM image of the film with the thickness d ~120 nm
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[Ipu oOCyXaeHHUHN pe3ysbTaTOB U3MEPECHUI
3aBucumocterd 4ntM(d) u AH(d) 6ynem Taxxe 00-
pamarscst K puc. 5, a, 6, 6, TIe COOTBETCTBEHHO
MIPHUBEJICHBI 3aBUCUMOCTH pa3mepa 3epHa D(d), kop-
pensiuoHHON AuHBI &(d) W cpemHeKBaApaTHIHON
aMILTUTYABI IEPOXOBATOCTH MOBEPXHOCTU G(d),
paccUMTaHHBIX MO pe3ynbrataM o0pabotkn ACM
M300pakeHHs TIOBEPXHOCTH TUIOMAAbI0 11 MKM?
C WCITOJIb30BAHHEM IIPOTPAMMHOTO OOeCIIedeHHs
Mukpockona Solver P47. Ilpu noctpoenuu 3aBu-
cuMoct D(d) yYuTBIBAIKCH pe3yibTaThl HCCIe-
noBanust Mopdooruu ¢ nomoipio COM, ACM u
pacueTsl pazmepa 3epHa 1o hopmyie [lleppepa [32]:

D~=KM\/AB cos 6,
rIe A — JUTHHA BOJHBI PEHTICHOBCKOTO W3JTYYCHHUS,
A8 — ymmpenue nudpaxnuoHHoN auHMH, O — qud-

D, nm
100

103 ;éiwfrﬁ‘

a/a

e/c

PaKIMOHHEIH yTOI, a 3HaUYeHHe mapamerpa K Oparoch
paBHBIM A7 KyOuueckux kpuctamioB K = 1. Otme-
THM, 9YTO TapaMeTp & MOKET pacCMaTpUBATHCS Kak
JaTepabHBIN pasMep 3epHa B INIOCKOCTH TUICHKH.

To 00CTOATENBCTBO, UTO MOIUKPUCTATITHYEC-
CKHe€ MJIEHKH UMEIOT MEHBIIYI0 HAMATHUYEHHOCTh
Haceimenus 4nM (cM. puc. 2, a), cieayeT cBI3aTh
C HU3KOW KPUCTAJNIMYHOCTHIO M HEOTHOPOIHBIM
MHUKPOCTPYKTYPHBIM CTPOSHHEM, UTO BEIET K OOIb-
IOMY COJIep)KaHHI0 aMOpQHON (as3bl B IIIEHKE.
Bricokas mamaramdeHHOCTDh MieHOK NiFe(200)
OOBSICHSETCS HE TOJIBKO YIY4YlIEHHEM KpucTai-
JTUIHOCTH, HO U HAMOOJBIINM pa3MepoM 3epHa
(cm. puc. 4, 6,61 5, a, 6), bnarogaps yeMmy I0Js
amopdHOH (a3el B TaKUX IUIEHKaX OKa3bIBACTCS
HauMeHbIIEH.
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Puc. 5. 3aBUCHMOCTH OT TONIIMHBI IUICHKH d: CPEIHEKBAAPATUYHON 1IEPOXOBATOCTH MMOBEPXHOCTH G (@), CPEHETO JaTe-

palbHOTO pa3Mepa 3epHa & (0), cpelHero BepTHKalIbHOTO pasMepa 3epHa D (paccunrannoro no ¢gopmyne Illeppepa) (8)

1 TIOCTOSTHHOM pemeTky a, as mieHok NiFe, ocakIeHHBIX IPH pa3iIHYHBIX pexuMax () (ycloBHBIE 0003HAYEHUS CM.

puc. 1). 3aBucuMocTu a, 6 MoIy4YeHHI B pe3yabraTe MaTreMarnieckoil 0opaborkn ACM n3o6pakeHni HOBEPXHOCTH IICHOK
(1x1 mMxm?). [TorpemmnocTs usmepenns 6 u & — 10%

Fig. 5. Thickness dependences: (a) of the mean square surface roughness o, (b) the average lateral grain size &, (c¢) the average
vertical grain size D (calculated from the Sherrer formula) and (d) the lattice constant a for NiFe films sputtered under dif-
ferent growth conditions: / - U, =0, I,= 300 K; 2 - U, = 0, .= 570 K; 3 — U, =—100V, T~ 300 K. The dependences (a, b)
were obtained as a result of mathematical processing of the AFM images (1x1 um?). The measurement error ¢ and & is 10%
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OOcynuM Termepp XapakTep 3aBUCUMOCTEH
AH(d), noka3zaHHbIX Ha puc. 2, 6. 31€Ch MOXHO
BBIJEIUTE ABE 00macTd ToawuH — d < 150 HM
u d > 150 um. B obnactu ManbeiX TOJIIUMH HaM-
MeHbly10 mupuHy auHud @MP neMoHcTpupyroT
mineHku NiFe (200), Torna kak npu d > 150 BHM
HauMeHbINNe 3HadeHuss AH HaOIOmaoTCs B 1O-
JTUKPUCTAIUIMYCCKUX IUICHKaX. Takoil xapakrep
3aBUCHUMOCTEH OOBSCHSAETCS BKJIAJIOM MPOLECCOB
JIBYXMarHOHHOTO paccesHus [33] B MUpUHY TUHUN
OMP. B TOHKHX IIEHKAaX W3-3a OOMEHHOI'O CABUTa
«JIHa» CIIEKTPa CIIMHOBBIX BOJH JBYXMAarHOHHEIC
nporeccs 3anpeniens! [33] u MUPUHY JTUHUH B
OCHOBHOM OIIPEICISIOT COOCTBEHHBIC MPOIECCHI
penakcanuu, onpenensieMble KpUCTAUIMYHOCThIO
TJIeHKH, KoTopas 1 mieHok NiFe(200) oka3biBa-
eTCsl HamiTydniei n3-3a OONbIIEero pasMepa 3epHa
IJICHKU. B 0oree TONCTHIX MIEHKax Ha Pe3yabTar
n3MepeHust AH oka3bpIBaeT BIHMSHHUE IByXMarHOH-
HOE paccesiHue, KoTopoe Hanbozee 3 (HEeKTHBHO B
MJIEHKAaX C BBICOKMMH 3HAUYCHHUSIMHU LIEPOXOBATO-
CTH MOBEPXHOCTH G U pasmepoMm 3epHa D [33]. C
Y4ETOM CKa3aHHOTO U PE3YJIbTaTOB U3MEPCHUH Ha
puc. 5, a, 6, 6 MOXKHO 3aKIIOYUTh, 9TO d(P(HEKTHUB-
HOCTh ABYXMAarHOHHOTO pacCesHUs B IIEHKaX
NiFe(200) Tonmmmuoi d > 150 HM MakcHMasbHa, TOT-
Jia KaK JUIs HOJIMKPUCTAJUIMYECKUX TUICHOK €ro BKJIa/,
HECMOTPSI Ha HEOJHOPOJHOCTh MUKPOCTPYKTYPHI
1o ToimuHe (cM. puc. 4, a, 1), 3aMEeTHO MEHbIIIE.

K atomy cregyet 100aBUTh, UTO HA BETHYHHY
napameTpoB AH u 4tM MOTYT OKa3bIBaTh BIHUSHHC
CTPUKIHOHHBIE T0JIsI, CBA3aHHBIE C YIPYTUMH Ha-
npsokeHusiMu B 1ieHke [34]. Ha puc. 5, 2 mpuBene-
HBI 3HAUCHHMSI IOCTOSHHOMN PEIIeTKH a JJIsl TNIEHOK
Pa3TMYHOHN TONIIMHEIL, TI0JTyYeHHBIC U3 PE3YIbTaTOB
00pabotku nudpakrorpamm. MoXHO BUIETh, UTO
OTKJIOHEHHE 3HaYeHUI MOCTOSHHBIX PEIIETKH AJIs
COOTBETCTBYIOIINX TUPPAKITHOHHBIX MAKCHMYMOB
4111y ¥ (30() OTHOCHTEIEHO STANOHHBIX 3HAYCHHH,
MMOKa3aHHBIX TOPU30HTAIBHBIMHU ITYHKTUPHBIMU
JTUHUSAMH, ISl TEKCTYPUPOBAHHBIX MIJICHOK 3aMeT-
HO BBILIE, YeM IS MONUKpUCTAIInYeCcKuX. s
mieHok NiFe(200) Bo Bcem auana3oHe TOJIIMH
HaOm0aeTcs C)KaThe B HAIPaBICHUU HOPMAaJH
K MOBEPXHOCTH Aa/a(zoo): —0.5%. Takoe cxxatue
B HaIlleM cliyyae CleAyeT CBs3aTh ¢ OMaKcHalb-
HBIM pPacTsDKEHUEM € MIICHKH H3-3a Pa3HUIBI
Temneparyp ocaxaenus 7, =~ 570 K u usmepenwuii
Ty = 300 K u k03ppunueHToB TEMIOBOrO pac-
WHPCHUs o TOLIOKKH (ag,~ 2.6°1076 K1 [35])
U TJICHKU MepMaliios (aPyzl2'lO_6 K1 [35)):

e=(og— aPy)(TO— T)=2,5 1073, JleficTBUTENBHO,
B NMPUOJIMIKEHUU MOCTOSHCTBA 00beMa 3JIeMEH-
TapHOM AYEHKM MPU PACTAKEHUHU B TIIOCKOCTH €
OTHOCHUTEJIbHOE H3MEHEHHE pa3Mepa 1o HOpMaJH
COCTaBHUT Aa/a(zo()) ~—2e=-0.5%.

[Tnenku NiFe(111) ucnbITHIBAOT pacTsiKeHUE
B HaIlpaBIICHHE HOPMAJH, YTO XapaKTEpPHO I
MJICHOK, MOJYYEHHBIX MPU OTPHULATEIHHOM IIO-
TEHILIMAJIE MOAJIOKKH B YCIOBUAX OOMOApAMPOBKHU
noHamu aprosa [36]. U3 puc. 5, 2 BugHO, 4TO € poc-
TOM TOJIIHHBI Jedopmaruu B miaeHkax NiFe(111)
CHIDKAIOTCSI M TIOCTOSTHHAS PETIICTKH MTPHOINKACTCS
K OTAJIOHHOMY 3HaueHUI0. Takoe moBecHnEe MOKHO
CBSI3aTh C KOHKYPHUPYIOIIUM BJIMSHUEM Harpena
MJIEHKH, KOTOPOE C POCTOM BPEMEHHU OCaKICHUS
CTaHOBHTCS O0Jiee 3aMETHBIM. YUTeM Jajiee, 4yTo
BBI3BAHHOE MarHUTOCTPHUKITUEH 1OJIEe TPOTIOPIIHO-
HaJpHO BenmuunHe nedopmannu. Torma B mpenmno-
JIOKCHUH, 9TO BKJIAJ CO CTOPOHBI MaTHUTOYTIPYTHX
MoJIeH B pe3ynbTaT U3MEPEeHU HAMarHU4eHHOCTH
HACBILIEHUS MJIEHOK JTOMUHHUPYET, 3aBUCUMOCTH
4nM(d) na puc. 2, a nns miuenok NiFe(200) u
NiFe(111) moykHBI OBUTH OBI pacrmoyiaratbcs IO
pa3HbIe CTOPOHBI OTHOCHTEIHHO KPUBOH /, OTBEYA-
FOIIEN TONMUKPUCTAIINYECKOH uieHKe. [lockonbKy
9TOrO He HAONIOAAETCsI, TO MOYKHO YTBEPKIATh, 4TO
xapakrep 3aBucumocrei 4nM(d), AH(d) n H (d)
oTIpeieNiIeTcss 0COOCHHOCTAMU MUKPOCTPYKTYPHO-
T'O CTPOCHUS IJICHOK, Ha )OPMUPOBAHHUE KOTOPOTO,
B CBOIO OUYE€pE/Ib, OKA3bIBACT BIUSHUE TEKCTYpa.

3aknioueHue

Taxum 00pa3om, BIIEpBBIC UCCICIOBAHBI 3a-
BUCHMOCTH OT TOJIIMHBI IIeHKH (d = 20-370 M)
HaMarHu4eHHOCTH Hachblmenus 4nM(d), mupu-
Hbl muand OMP AH(d), onsi KO3PIUTHBHOCTH
H (d) n GpopmMbI meTenb ructepesuca JUis MIeHOK
NiFe(200), Boipamennbix Ha moanoxkax Si0,/Si
METOJIOM MarHeTPOHHOTO PACIIBUICHISI Ha ITOCTOSH-
HoM Toke npu P= 0.2 Ila, 7.~ 570 K u U, = 0. ITo-
Ty4eHHBbIC 3aBUCUMOCTH MAarHUTHBIX MMapaMeTPOB
COTOCTAaBIICHBI ¢ 3aBUcuMocTsIMu 4ntM(d), AH(d),
H (d) nna nnenok NiFe ¢ cunbHOi TekcTypoi
(111) (P = 0.2 Ia, T,= 300 K, U, = —100 B) u
noyMkpuctainueckux mieHok NiFe (P = 0.2 Ia,
T,= 300 K, U,= 0) cOOTBETCTBEHHO.

[Toka3zaHo, 4TO HAMarHMYEHHOCTh TJIEHOK
NiFe(200), kax npaBuino, Ha 5—10% BbIle 3Ha-
yeHUd 4nM(d) nis MOJUKPUCTANINIECCKUX U
tekcTypupoBaHHbiXx NiFe(111) menok. C poctom
TOJIIWHBI IJICHKH HAMarHWYeHHOCTHh pacTeT B
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npeaenax 4—7%, mocturas 3HaAUYCHUM, OJM3KUX K
o0beMHbIM (4nM ~ 10.7 kI'c) B mutenkax NiFe(200)
tonmuHoi d = 370 um. llupuna nunuu OMP
mieHok NiFe(200) oka3biBaeTCss HaMMEHbBIICH B
obmactu TomuH d < 150 HM, Torma Kak B Ooiee
toncthiX (d > 150 HM) TiIeHKax, Ha00OpOT, 3Ha-
yeHus mapamerpa AH okassiBaroTcs Ha 5—-10 D
Oonpiie, yeM B TekcTypupoBaHHbIX NiFe(111) u
MOTUKPHUCTAITUIECKHX TICHKAX.

VYCTaHOBJIEHO, YTO B OTIIMYHE OT MOTUKPUCTAII-
JTIUYECKHX TNICHOK B HCCIIEIOBAHHOM JIMANIa30He TOJI-
e d ~ 20-370 HM IeTIU THCTepe3uca JUIS MIIEHOK
NiFe(200) u NiFe(111) coxpaHsOT MpsSMOYTOIBHYIO
(dbopMy, IIpU TOM 3HAYCHHUS OIS KOIPLUUTHBHOCTH
quts wieHok NiFe(200) yObIBatoT ¢ poCTOM TOJIIHHBI
or H,=2.5-395 no H,= 1.5-2 0.

[TokazaHo, 4TO MOBE/ICHNE MAarHUTHBIX ITapaMe-
TPOB M3YUYCHHBIX IUICHOK OOBSICHICTCS 0COOCHHO-
CTSIMH X MHUKPOCTPYKTYPHOTO CTPOCHHS, KOTOPOE,
B CBOIO OUEPElb, OIPEACIICTCS TEKCTYPOH IICHOK
U pa3MepOM 3epeH.

Paboma evinonnena npu ¢unancogoit noo-
depoicke PODOU (npoexmur N 16-37-60052,
14-07-00549).
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Thickness dependencies (d ~ 20—370 nm) of the saturation mag-
netization 4mtM, the ferromagnetic resonance linewidth AH, the co-
ercivity field H, and the shape of hysteresis loops were investigated
for Nig,Fe,, (NiFe) films with (200) texture. The thickness depend-
encies of magnetic parameters for NiFe(200) films were compared
with the dependencies 4mtM(d), AH(d) and H,(d) for NiFe(111) films

with strong (111) texture and polycrystalline NiFe films. Materials
and Methods: NiFe(200) films were dc-sputtered at the substrate
temperature T, ~ 570 K without substrate bias voltage (U, ~ 0).
NiFe(111) films were dc-sputtered at the substrate temperature
T, ~ 300 K and two values of the substrate bias voltage:
U, = =100V (strong (111) texture) and U, = 0 (polycrystalline films
with weak (111) texture). The microcrystalline structure of the films
was studied by X-ray diffraction, scanning electron and probe
microscopy. The magnetic parameters 4mM and AH were meas-
ured by the FMR technique (9.9 GHz). The hysteresis loops and
the coercivity field H, were measured using the vibrating sample
magnetometer technique. All measurements were carried out at
room temperature with the magnetic field applied in the film plane.
The magnetic domain structure was investigated using the magnetic
force microscopy. Conclusion: It is shown that the thickness
dependencies of 4mtM(d) and AH(d) for Ni(200) films and Ni(111)
films with strong and weak (111) texture coincide with the accuracy
10%, while the H,,(d) dependencies are different. For polycrystalline
NiFe films with weak (111) texture (U, ~ 0) at the critical thick-
ness d.~120 nm the hysteresis loops change from rectangular
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to “overcritical” and the H, values increase from H, < 2 Oe at
d<d,toH,> 40 Qe for the thicknesses d > d,. For NiFe(111) films
with strong (111) texture (U, ~ —100 V) and NiFe(200) the hysteresis
loops remain rectangular in the thickness range d ~ 20—-370 nm,
H,values coincide with the accuracy 5% and tend to decrease from
H,~ 2.5-3 Oe to H, = 1.5-2 Oe with increasing thickness. The
behavior of the 4rtM(d), AH(d) and H,(d) dependencies is related to
the microcrystalline structure (texture, grain size) of the NiFe films.
Key words: textured NiFe films, dc-magnetron sputtering, crystal-
line structure, magnetic properties, microstructure.
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BJIMAHUE OABJIEHUA APTOHA HA TEKCTYPY
U MUKPOCTPYKTYPY NJIEHOK KOBAJIbTA,
OCAXAAEMbIX MATHETPOHHbIM PACIbIJIEHUEM

A. C. Oxymanues, 0. B. Hukynuu

[Oxymanues AnekcaHop Cepreesuy, kaHauaat duanko-maremartn-
YECKWX HayK, BELYLUMiA HAy4HbIA COTPYAHMK NabopaTopuy MarHuTo-
anekTponukn CBY, Capatosckuit duaman MHCTUTYTa pagnoTexHuku
1 aNeKTPOHMKK uM. B. A. KotenbHukosa PAH; poueHT kadeapbl Tex-
Honorun matepuanos Ha 6ase Capatosckoro dwnuana MHctuTyTa
pagMoTEXHUKM M 3NeKTPOHUKM uM. B. A. KotenbHukosa PAH, Capa-
TOBCKWI HALWMOHANbHBII MCCNEL0BATENLCKMIA FOCYAAPCTBEHHBIA YHU-
BepcuTeT umenu H. I YepHbiwesckoro, dzhas@yandex.ru

HukynuH tOpuin Bacunbesmd, kanamaat u3nko-mMaTeMatuyeckmnx
HayK, CTapLUMiA Hay4HbIi COTPYLHMK NabopaTopii MarHUTO3NEKTPO-
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WccnepoBaHo BnusiHe AaBnedus paboyero rasa aproda
(0.13-0.09 < P < 1 NMa) Ha MMKPOCTPYKTYPY M TEKCTYPY MNEHOK KO-
6anbTa, HAHOCUMbIX METOJOM MarHeTPOHHOTO PacrblIeHNst Ha Mo-
CTOSHHOM TOKE Ha Moanoxki Si0,/Si npu KOMHATHOR Temneparype.
lokazaHo, 4To Npu BLICOKMX jaBneHusx aproHa P~ 1-0.22 Ma nneH-
ki kobanbra 0611aal0T CTONOYATON MUKPOCTPYKTYPOIA MO TONLLMHE,
a KpuCTaninyeckas CTPYKTypa MieHOK COOTBETCTBYET CMELLAHHOM
KpPUCTANINYECKON dase: rekcaroHanbHOM NAOTHOYNAKOBAHHOM (rmy)
¢ TekcTypoii (002) 1 rpaHeLeHTPUPOBAHHOI KyOUYECKOM (FLiK) C Tek-
ctypoii (111). MneHku, nonyyeHHble npu P~ 0.13—0.09 Ma, xapakTe-
PU3YIOTCS KPUCTANAMYECKO Pa3om C ruK KPUCTaNNMYECKOI peLueT-
koW ¢ TekcTypoii (200) M HEOAHOPOAHLI MO TOALMHE — HA FPaHMLE
C NOAMOXKOA B CIOE TOMWWMHOIA O, MIEHKM 00aaloT KBasnoaHO-
POAHOM MMKPOCTPYKTYPOIA, @ Npu TosMHax d > d, MUKPOCTPYKTYpa
NNEHKN N3MEHSIETCS Ha «KBA3MCTONBYATYIO».
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BBepeHune

Pazpaborka MeTonoB (hOPMHUPOBAHUS TEKCTY-
PUPOBaHHBIX MJIEHOK KoOanbTa (Co) nmpeacrapiser
3HAYUTENbHBIN NPakTHUEeCKUH U QyHIaMEeHTAIb-
Hblil uHTepec [1-14]. MHOrocnoiHble CTPYKTypbl
Co/Cu, Co/Pd [11, 12], obnanaromiye BEICOKO#H MIOT-
HOCTBIO DHEpPrUM MEPHEHIUKYIIPHON MarHuTHOU
AQHU30TPOIHH, TEPCIICKTUBHBI IS CO3MAHUS CPEl
C MEepNeHINKYIIpHON 3anuchio nHpopManuu. C
(yHIaMEHTATBHOM TOYKH 3pPCHHUS IUICHKH KOOab-
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Ta MPEICTaBISIOT MHTEPEC B KaueCTBE YIOOHOU
MOJICNIH JUISI U3YUYCHHS CTPYKTYPHO-3aBUCHMBIX
MarHUTHBIX 3(Q(}EKTOB, a TaKKe SBICHHH, YyB-
CTBHUTEIBHBIX K SHEPTETHICCKIM XapaKTePHUCTHKAM
noBepxHOCTH. [lnenkn kobambTa TEMOHCTPHPYIOT
MeTacTaOnIbHBIC TPAaHCICHTPUPOBAHHBIE (TTIK) U
00BEMHO-TICHTPUPOBaHHBIC KyOHYeCKHe (OIK) KpH-
cTayueckue ¢a3bl U cTaOUIIbHBIE TeKCArOHATBHBIC
TUIOTHOYTaKOBaHHbIE (TT1y) a3kl B 3aBUCUMOCTH OT
ycJoBUHM pocTa U mMarepuana noanoxku [10]. Uc-
MI0JIH30BAHUE B KAYE€CTBE CIIHH-TIOISIPU3AIMOHHOTO
anektpoza miaeHok Co(001) ¢ o1k KprcTamIndecKoi
pEIIETKOH MO3BOJISET MOJHITH TYHHEIFHOE MarHu-
toconpotuieaue cTpykryp Co/MgO/Co mo 400%
[13]. Kpome Toro, 0T MUKPOCTPYKTYPHOTO CTPOCHHS
CyIIECTBEHHO 3aBHUCSIT MarHUTHBIE CBOWCTRa [1, 5,
7, 8, 10], ckoHHOCTH K OKucIeHuio [15], a Takxke
MOpGOIOTHs MOBEPXHOCTH [16] MIeHOK.
OTmeTuM, 4TO Ha (HOPMHUPOBAHHE MHUKPO-
KPUCTAJUIMYECKON CTPYKTYpHI IJIEHOK KOOaibTa,
OCaXX/1aeMbIX Ha HEOPUEHTUPYIOUIME MOMJIOKKH
(Si0,/Si), 3HAYNTETHLHOE BIMAHUE OKA3bIBAET BEIOOD
MeTo/a ¥ pexxuMoB ocaxkaenus [ 1-10, 14], a Taxxke
BBIOOD MaTepuaa nozcsios [2]. 1y metona marse-
TPOHHOTO pacmbuieHus [ 17], mMIpoKo MpUMEHIEMOTO
st nonmydenus mwieHok Co [1-5, 8—12, 14], nan-
OoJiee BaXXHBIMHU IMapaMeTPaMU, OMPEICISTFOIIMMH
KHHETHKY 3apOKJICHUS U POPMHUPOBAHUS IIICHOK H
X MHKPOKPUCTATIIMYECKYIO CTPYKTYPY, SIBISIOTCS
nasienue padouero raza P, remneparypa T, u Ha-
npsHKeHUE cMelenus U onokKy. Biusaue stux
napaMeTpoB, a TaKXKe MaTepuaa mocyuos Ha Gop-
MHUPOBaHHUE MUKPOCTPYKTYPBI U TEKCTYPHI IIIIEHOK
koOaspTa TonmuHoi ~12-3000 HM 00Cy)1an0Ch B
paborax [1-5, 7, 8, 14]. beuio nokasano [1-4, 7],
yto npu P~133-0.4 [1a u Temneparypax NOJJI0KKI
T=25-550°C B mienkax Co NMpeuMyNIECTBEHHO
dhopmupyrorest kpucramummueckue $azsl Co(002) ¢
Ty KPUCTALUTHICCKON PEIIeTKOH (J1aee Mo TeKCTY
«ry-Co(002)») u Co(111) ¢ rux kpucTaminyeckoi
pewetkoit (nanee — «ruk-Co(111)»), umeromiue Hau-
MEHBIIINE 3HAUYCHHUSI TTOBEPXHOCTHOU dHepruu [18].
IIpu 3TOM cTeneHb TeKCTypUPOBAHHOCTH MOTyYa-
eMBIX IUICHOK OINpeielsieTcs BHIOOPOM Marepuaia



A. C. mymannes, 0. B. HnrynnH. Bansnne gasneqns aproHa Ha TeKCTypy r MHKDOCTDVHWD&W @

noncios [2]. B pabote [14] o6cyxaanack BO3MOXK-
HOCTh HHHUIIMAILIUU TPEXMEPHOTO criocoba pocra (1o
donmepy—Bebepy) MOMMKpUCTAIUITMYECKHUX MIICHOK
K00anbTa 3a CYET MPUIOKEHUS MOJTOKUTEITHLHOTO
HaIPsDKSHUS CMEIIECHHS K ITOIOKKE — B TAKHX YCIIO-
BUSIX 3HAYUTEIILHBIA BKJIaJl B KHHETUKY 3apOXKACHUSA
IUICHOK OOYCIIOBJIEH HarpeBOM ITOUIOKKH 33 CUET
NIEKTPOHHON 6OMOapIUPOBKHY.

OnHako BeTMYHHA TOBEPXHOCTHOH DHEPTUH HE
BCEr/a SIBJSETCA ONpEeAessIonuM (HakTOpoOM TpH
(hopMHUPOBaHHMH BBIJICIICHHON KpucTauiorpaduye-
CKOW opHeHTanuu (TEeKCTyphl) B mieHke. Hampu-
Mep, B ieHKax Co MOXeT pOopMHUPOBATECS MEHEE
BbII'OAHAsA I10 BECIWYHUHE HOBerHOCTHOﬁ OHEPTHUu
kpucraummyeckas ¢aza Co(200) ¢ TIK KpUCTaIIIU-
yecko# pemetkoii (ganee — «ruk-Co(200)») [1, 4, 7],
IIPH 9TOM €€ JIOJIsl B 00beMe IJIICHKH CYIIECTBEHHO
OTIpeAETSIeTCs TONIUHOM MICHKHU d U TeMIepaTypoit
ocaxnenus T. Tak, B [1, 4] Ob10 NOKa3aHo, 4TO B
mrenkax Co TommuHo# ~123-300 HM, 0ca)1aeMbIX
PaINOYacTOTHBIM pacTbICHHEM IIPU TeMITEpaTypax
MOUTOKKH TSZZS—S 50°C u BBICOKMX JIaBJICHUSIX pa-
oouero raza (P=133 u 4 I1a), kpucramimueckas dasza
riuk-Co(200) nouru He popmupyeTcs, Torja Kak B
IJICHKaX TONIIUHON ~12—25 HM KpucTamIndeckas
¢aza rux-Co(200) siBusieTCss TOMUHUPYIOIIEH MpU
Temreparype nomnoxkku 1,=250°C [4], a moBble-
Hue TeMmmeparypsl Bcero Ha 50°C npuBoAuT K ee
HCUE3HOBEHHIO.

B nenom, HECMOTpSl Ha AOCTATOYHO IIMPOKOE
HCCIIeIOBaHUE BIIMSHHS POCTOBBIX YCIOBHH Ha
(hopMHpOBaHNE MUKPOKPUCTATUIMIECKON CTPYKTYPBI
IJICHOK KOOaJbhTa, 0CaXITaeMBIX MarHETPOHHBIM
pacniblyiICHUEM, BO3SMOXXHOCTb UBMCHCHUSA TCKCTYPhI
3a CueT W3MEHECHHMS JaBJICHHS padovero ra3a Ha Ha-
CTOSILIIMIT MOMEHT B JIUTEpAType He 00CyXIanach.
[IpuHuMas 3To BO BHUMaHHUE, B JaHHON padoTe JIst
METOJa MAarHeTPpOHHOI'0 paCOblJICHUS Ha NOCTOSAH-
HOM TOKE MCCIIEI0BaHbl 0COOCHHOCTH OPMHUPOBA-
HUSI MUKPOKPUCTAJUIMYECKONH CTPYKTYpPBHI IJIEHOK
K0OaJIbTa TOJMIIMHON ~250 HM B quana3oHe AaBle-
HU pabouero raza 0.13—-0.09<P<I Ila. [loka3aHo,
YTO CHW)KCHHUE NABJICHUS HA TIOPSIOK IPUBOIMT K
CMEHEe KpUCTAIUTMYECKOU (pa3bl MIICHOK C Iy Ha T'IK
1 MEHSIET XapaKTep MHUKPOCTPYKTYPHOTO CTPOCHUS
TUICHOK IO TOJIIUHE.

OKCnepuMeHT

OcaxJieHre MIEHOK KoOajabTa OCYLIECTBIIS-
JOCh C MOMOIIBIO IMJIAHAPHOW MarHeTPOHHOU
paclbUIMTENBHOW CUCTEMbI Ha IMOCTOSHHOM TOKE
B BaKyyMHOM yHHBepcaibHOM rocty BYII-5 (ITO
«neKTpoH», YKpauHa) ¢ 0e3MacisiHOW CUCTEMOM

OTKa4KH, cocTosiei u3 popeakyymuoro ICP-250C
(Anest Iwata, SnoHus) u TypOOMOJIEKYIIPHOTO
HBT-450 (OOO «IIpusma», Poccusi) Hacocos.
[IpenenpHOE OCTaTOUHOE JaBieHHe B pabouel Ka-
Mepe Obu10 He Oosee 0.2 mITa, Bo BpeMs HambIIICHHS
P=0.09—-1 I1a. MI3amepeHne naBiieHus MpOU3BOAUIOCH
BaKyyMMETPOM HOHH3AIIMOHHO-TCPMOMapHBIM
BUT-2 (3aBog «Masik», Poccust) ¢ ucronb3o0BaHueM
MOHU3AIIMOHHO MAaHOMETPHUYECKOTO MTpeodpazoBaTe-
151 [IMU-2 (T10 «Ilonsipony, YkpauHa) u TepMornap-
HOTO0 MaHOMETpHUYeCcKoro npeodpazoparens [IMT-2
(MO «Ilonsipon», YkpauHa). JJomOTHUTEIbHBIN
KOHTPOJIb TaBJICHUS OCYIIECTBILSUICS IIPH ITOMOIIN
KOHBEKIIMOHHOTO BakyyMHoro usmepurens KJLC
275 1 (Kurt J. Lesker, CIITIA). ITorpemHocTs u3me-
peHMS JaBIeHUs cocTaBisiaa okono 10%.

Jist pacTbIIeHUST HCIIONB30BATNCH MUIICHU
u3 koOasTa ynctoToit 99.95% (Williams, CIHA) u
aprot yuctotoi 99.998% (OAO «bK3», Poccus).
[Momnoxka — mmactunsl Si(100) ¢ TepMUYecKkn OKMC-
JIEHHBIM CJIOEM SiO2 tommuuaon 300 HM U cpeaHe-
KBaApaTUYIHOU IICPOXOBATOCTHIO MOBEPXHOCTU
6~ 0.3 am (AO «Tenexom-CTB», Poccus) pazmera-
JIach 1O LIEHTPY MUILIEHHU Ha paccTostHuM L = 100 Mm.
[Toan0XK1 NOABEPTraIUCh YIBTPa3ByKOBON OUUCTKE
B OCY anerone u uzonpomnanoine (3AO «3Dkoc-1»,
Poccust) ¢ menpio ymaneHuss OpraHUYECKUX I10-
BEPXHOCTHBIX 3arps3HeHuil. HemocpeacrBeHHo
nepea HaNbIJICHUEM ITOIJI0XKH MOABEpPTaInch
TEPMUYECKOMY OTKUTY B Bakyyme npu 1, = 350°C
B TeueHue 30 MHH C 1eNTbI0 00e3raKuBaHus U (Qu-
HUITHOW OYMCTKHU MMOBEPXHOCTH MOI0KKH. [1nenkn
OCaKIAIICh Ha «3a3eMIICHHYIO)» MOIITOKKY (HaIpsi-
KeHue cMetnenus Ha nopoxke U ~0) npu 7=25°C,
0.13-0.09<P<I1 IMlau T = ~196°C, P=0.13-0.09 ITa.
CKOpOCTb HaMbUICHUS COCTaBNIsIA 9—14 HM/MUH pu
HanpsbkeHnn Ha mumenn U~ —500 B.

Kpucrannauueckas CTpyKTypa IJIEHOK H3Yy-
gajach METOIOM PEHTTEHOBCKOW AM(PPaKIUU Ha
nugppakromerpe JJPOH-4 (HIIII «bypeBecTHUKY,
Poccust) ¢ GhokycHUpOBKOH MO MIOCKOMY 00pasiy
B reomeTrpun bpsrra-bpenrano (cxema ©-20,
Cu-K  n3nyqenne, A<0.15418 um). MUKpPOCTPYKTY-
pa IJIEHOK MO TONIINHE N3Yyvaaach Ha CKAaHUPYIOLIEM
3IeKTpoHHOM MuKpockorne (COM) «Auriga» (Carl
Zeiss, ['epmanus). TonuHa mieHOK onpeaensiach
Ha npopunomerpe Dectak 150 (Veeco, CIIA) ¢
TOYHOCTBIO 5%.

Pe3aynbrathl U ux 06CcyXaeHue

Ha puc. 1 mpuBeaeHsl AudpaKkTOorpaMMbl
IUIEHOK KOOaabTa TOMIMHON d~250 HM, ocaXIeH-
HBIX MPH Pa3IUYHBIX JaBJICHUAX padodero rasza P.
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BumHo, 9TO B TIIEHKAX, O0Ca)XICHHBIX IIPU BEICOKOM
nasneHun P=1-0.26 Ila, ob6pa3yeTcst cMemanHas
kpucraumyeckas ¢asa riy-Co(002)/ruk-Co(111).
CHuxenue gasieHus aprona ao P=0.22 Ila mpu-
BOIHUT K (pOPMHUPOBAHUIO B IICHKE MOIMOJHU-
TeNbHBIX KpucTamiudeckux ¢asz roy-Co(101) u
rik-Co(200). IIpu nanpHeWmeM CHUKEHUH JaBJie-
Hus 10 P = 0.13-0.09 I1a, kpuctamnudeckas ¢asa
ruk-Co(200) ctanoBUTCS JOMHHUPYIOHEH (CM.
puc. 1), 0 4eM rOBOPUT NPEBBIINICHUE HHTCHCUB-

HocTH qudpaknuonHoi nuHUK TK-Co(200) Hax
WHTEHCUBHOCTHIO JuHUU ry-Co(101) B 2.5 pasa.
V3MeHeHne KPHUCTAIITHICCKOTO CTPOCHUS U TEK-
ctypbl meHku ¢ rny-Co(002)/ruk-Co(111) nHa
riuk-Co(200) npu CHHXKEHHH JTaBJICHUS pabovero
rasza o0yCJIOBI€HO U3MEHEHHUEM KHUHETUKH 3apO/Ibl-
nmeoopazoBaHus 00pa3yroueiics IICHKH, KOTOPOe,
B CBOIO O4€pe/ib, CBS3aHO C YBEJIMUCHHUEM CPEIHEH
SHEPTUU aIcCOPOUPOBAHHBIX HA TOTOKKE YACTHUI]
[17, 19-21].

fee(111)
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i hep(100) hep(101)
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Puc. 1. Indpaxrorpamme! meHok Co, OITy4eHHBIX IPU Pa3JIMYHOM JIaBJIeHHU pabodero
rasa, ipu Temmneparype noanoxkn 7=25°C. Kpusas / — mudpakrorpaMma IIeHKH, BbI-
pamennoii npu 7,=—196°C, P=0.13-0.09 I1a. BepTuKabHBIMH JUHHAMHA 0003HAYEHBI
MOJIOKEHNUS TU(PPAKINOHHBIX JTHHUHN 3TasoHHOTO noporka Co (6a3a ganHbIX Mexay-
HApOJHOTO LEHTpa 1Mo AU(PAKLHOHHBIM JaHHbIM, KapTouku Ne 15-0806, 05-0727)

Fig. 1. X-ray diffraction patterns of Co films sputtered at different argon pressures at

the substrate temperature 7,=25°C. Curve 1 is the diffraction pattern of a film grown at

T:=—-196°C, P=0.13-0.09 Pa. The vertical lines indicate the positions of the diffraction

lines of the reference powder Co (database of the International Center of Diffraction
Data, cards nos. 15-0806, 05-0727)

Ha puc. 2 cxemaTHaHO 1MOKa3aHbI CTaguu (op-
MHUPOBAHUSA KPUCTAUNIMUECKUX MIOCKOCTEH I'IK-
Co(200) u rmy-Co(002) (mrockocts ruk-Co(111)
(dbopmupyetcs ananoruano rimy-Co(002) [22]).

[Ipu HU3KOM cpenHelt sHepruu agaroMoB Co Ha
nojyioxke (P=1-0.26 Ila) naubonpiieil sHeprueit
CBSI3H U3 KJIACTEPOB aTOMOB, 00pa30BaHUE KOTOPBIX
MPUBOAUT K (POPMUPOBAHUIO KPUCTAIUTOB TIIy-
Co(002) (umu rux-Co(111)) (puc. 2, a, ), spnsert-
csl Kjactep A U3 TpexX aroOMOB, Ha KaXK[bId aTOM B

256

KOTOPOM TPHUXOAMTCS IO 2 OJMHAKOBBIC CBS3U. B
nporecce pocTa Kiactep 4 MOXeT NPUCOCTUHUTD K
ce0e elre OJTMH aTOM M CTaTh KIIACTEPOM M3 YEThIPEX
aTOMOB, PACIOJIOKEHHBIX B BUEC poMOa WM MHupa-
MUJBI (KJIacTepbl B), yBEIUYUB TEM CaMbIM CBOIO
JHeprur cBs3u [21]. JlanpHelnee yBenaudeHue
pa3MepoB KiacTepoB B mpuBener k ganpHeimemMy
YBEJIIMYCHHUIO SHEPTUH CBSI3H, YBEIUYCHUIO CTa0UITb-
HOCTH KJacTepoB [21] u B uTore Kk 00pa3oBaHHIO
kpuctammnaeckoit ¢assel rmy-Co(002)/rux-Co(111).

Hay4Hbir oTaen



A. C. mymannes, 0. B. HnrynnH. Bansnne gasneqns aproHa Ha TeKCTypy r MHKDOCTDVHWD&W @

(002)
ala Ist layer of atoms
O 2nd layer of atoms
O 3rd layer of atoms
a= 0.2507 nm
111
fcc-Co (111)
0/b
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a= 0.3544 nm
En=3.113
6/c A .<b. B
T~
— A > —> @ — hcp-Co(002)/fcc-Co(111)
e
Ep=~2.882 £ = 3.306
E,=3.035
- — I:I — _> fee-Co(200)
e/d __r

Ep=3.315

A
Puc. 2. 300paskeHue rekcaroHaIbHOI IIIOTHOYITAKOBaHHOM (TTTy) KpucTaminieckoi pemerky Co (@), rpaHelieHTpUPOBaHHOM
Kyonueckoii (rux) pemerku Co (6), kpuctamiorpadpudeckux miockocreit riy-Co(002), ruk-Co(111) u rik-Co(200) [22]; aTanst

00pa30BaHus KJIACTEPOB, POCT KOTOPBIX IPUBOIMUT K (POPMHPOBAHHIO TEKCTYypHpoBaHHO# ruteHkH rimy-Co(002)/ruk-Co(111) (8)
1 rik-Co(200) (2). Pasom ¢ n300pakeHUsAMH KIIacTepOB yKasaHbl SHepruu cBszu £, (3B/atom) [21]

— hcp-Co(002)/fcc-Co(111)

Fig. 2. Image of the hexagonal close-packed (hcp) crystal lattice of Co (a), face-centered cubic (fcc) Co (b) lattice and the

crystallographic planes hcp-Co(002), fcc-Co(111) and fee-Co(200) [22]; the stages of the formation of clusters, the growth of

which leads to the formation of a textured film (c) hcp-Co(002)/fcc-Co(111) and (d) fec-Co(200). Near the images of the clusters,
the binding energies £, (eV/atom) are indicated [21]

[Ipu yBenm4eHUH PHEPrUU alaTOMOB Ha IMOJI-
noxke (P=0.13-0.09 I1a) omaum 13 Haubosee yCcToM-
YHUBBIX KJIACTEPOB MAJIOTO pa3Mepa, popMupoBanme
U POCT KOTOPOTO MOTYT IPHUBECTH K 0OPa30BAHUIO
kpucTauuToB TuK-Co(200), aBiaseTcs KiacTep
D u3 4-x atomoB (puc. 2, ¢). Takoii kinactep sBis-
€TCsl MCHEE YCTOWYUBBIM C TOYKH 3PCHUS SHEPTHH

cBsA3u E, 1o cpaBHEeHUIO ¢ KinactepoM B [21]. On
MOXXET pacracTbCi Ha AUMEP U MOHOMED, JU0O
MEPECTPOUTHCS B KiacTep B, mubo, 10 TOro Kak
pacnasercs, MOXKET YCIIeTh IPUCOEAUHUTD K ce0e
onuH aroMm Co U cTaTh yCTOWYUBBIM KiacTepoM D,
JaJbHEHIINH pOCT KOTOPOTo NPUBEIET K GOPMUPO-
BaHHWIO KprucTaummToB Tuk-Co(200).
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Takum oOpa3om, yciioBueM (HOpPMHUPOBAHUS
kpuctamiutoB ruk-Co(200) sBaseTca BBICOKAs
CpeIHsIsl DHEepPrusi aJaToMoB Mo moanoxke. [Ipu
BBICOKOM JIaBICHUH pabouero ras3a kiaacteps! D nu3-
3a HU3KOW JHEPTHU aJCOPOMPOBAHHBIX aTOMOB HE
YCIEBAIOT 3apOXKAATHCS, W B TUICHKE JOMHHUPYET
cMenranHas kKpuctamnuueckas (asza rmy-Co(002)/
rik-Co(111).

B xauecTBe moATBEpKACHUS JAHHOTO MPEIIIO-
JIOXKCHHS Ha pUC. | MpuBeneHa Au(pakrorpamMma
MieHKu, BeIpanmienHod npu P=0.13-0.09 Ila na
MOJUTOKKE, HAXOMSIIEHCS TIPU TEMIIepaType JKuj-
koro azora 7==196°C. B sT0oM ciiyyae, HECMOTpst
Ha MaJjble TOTePH YHEPTHUU aTOMOB KOOajbTa B
MPOCTPAHCTBE MEXKIY MHIICHBIO U TOIIOKKOU
(L-P=10 Ila'mM), u3-3a HU3KOH TeMIepaTyphl
MOJUTOXKKHU CIIEIyeT OXKHIATh CHIXKEHUS dHEPTUU
ajaToMoB. U3 puc. 1 BUIHO, UTO B 3TOM CITydae KpH-
crannnueckas (asa rux-Co(200) ve popmupyercs.

OTMeTnM, 9TO AJIS TICHOK KoOambTa GpopMu-
pOBaHNE TOMHHHUPYIOMIEH KPUCTAIUINIECCKOH (ha3bl
ruk-Co(200) ¢ ToukM 3peHHs MOBEPXHOCTHOM
snepruu (ruk-Co(200): £=3.40 Jx/m2 [18]) siBns-
€TCSl MEHEE BBITOJIHBIM 10 CPaBHEHUIO C KpUCTa-
nryeckumu ¢pazamu riny-Co(002) u ruk-Co(111)
(rmy-Co(002): E~3.18 Jx/m? ; ruk-Co(111):
E.=3.23 Jlx/m? [18]). OnHako B cirydae hopmMupo-
BaHMS Kpuctaymudeckoil ¢asel Tuk-Co(200) mpu
P = 0.13-0.09 Ila u T = 25°C MuHuMH3aLUA
MTOJTHOM YHEPTUHU IUICHKH W COOTBETCTBEHHO CTa-
omnm3anus kpuctammmueckoi daszer ruk-Co(200)
MOJKET ITPOUCXOIUTH 32 CUET MHHUMH3AIIH YHEP-
TUU YIOPYTUX HANpspKeHUU [23], BOZHUKAIOLUX B
mporecce pocra mieHku. [IpuHuMast Bo BHUMaHHE,
410 JuIsl MIeHOK ruk-Co(200) 3HaueHne MOIyIst
IOnra Y = 225 I'lla meHbI11e, 4eM IS IJICHOK Y-
Co (Y =307 I'lla) [9, 24], MOXHO TIpennonaraTh,
410 KpUcTaLuUTHl rK-Co(200) nerde mongaroTcs
nedopMamusaM CKATUS WU PACTSIKCHUS U TeM
caMbpIM Ooisiee 3(p(PEKTHBHO MUHUMH3UPYIOT BO3-
HUKAIOIIKE B MPOLIECCEe POCTa IJIEHKH yIpyTue
HAIPSDKEHUS.

PaccmoTrpum temepbh MUKPOCTPYKTYpPHOE
CTPOCHHE IUICHOK, BBIPAIICHHBIX IIPU PA3IUTHOM
nasienuu (puc. 3). U3 puc. 3, a, 1, 2 MOXKHO BUIIETH,
YTO TUICHKH, TIOJYYCHHBIC IPU BEICOKOM JIaBJICHUU
pabouero raza (1-0.26 Ila), umerT cTonduaTyro
MUKPOCTPYKTYPY CO CPEAHUM pa3MEpeH 3epeH
10-16 uMm. Takas cronbuyaTass MUKPOCTPYKTypa
(opmMHpyeTCs B YCIOBUSIX HU3KOM PHEPTUHU aaaTo-
MOB, KOT/Ia IIPOUCXOIMT UX OBICTpAst TEPMaIA3aLUs
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1 (HOPMUPYIOTCS KPUCTAILTUTEI Malloro pasMmepa, a
UX TPEUMYIIECTBCHHBIA POCT MPOUCXOIUT B Ha-
MIPABIICHUH MTOCTYIUICHMSI aTOMOB [25, 26]. I1pu aToM
TUICHKH TIOJy4YatoTCs MOPUCTHIME (CM. pHC. 3, a, 0,
1, 2), 4TO MOXET OOBACHATHCA IO aHAJIOTHHU C pa-
0oToii [25] OOJIBITUM YKCIIOM BHEAPEHHBIX aTOMOB
pabouero ra3za mpu BHICOKOM JIaBIICHUH.

CHmxeHme maBIeHUs pabodero raza 1m0 P =
~ 0.13-0.09 I1a cnocoOCTBYeT yBENNYEHHIO YHEPTHN
aIaTOMOB Ha MOJIOKKE, YTO IPUBOIUT K YBEINUC-
HUIO JaTepalbHBIX pa3MepoB 3epeH 10 35-60 HM
(cMm. puc. 3, 6, 3). CymecTBeHHass 0COOEHHOCTD
MHUKPOCTPYKTYPHOTO CTPOCHUS TaKUX IJICHOK —
(hOpMHUPOBAHUE KIIEPEXOTHOTO» THITA MUKPOCTPYK-
TypHOTO cTpoeHus (cM. puc. 3, a, 3). BugHo, 4to Ha
HauaJbHBIX 3TAINIAX POCTA XapaKTEPHO 00pa3oBaHME
KBa3HOIHOPOIHONH MUKPOCTPYKTYPBI, KOTOpasi Me-
HSCTCS Ha «KBA3UCTOIOUATYIO» TIPH JOCTHKCHUHU
TJIEHKOW KPUTUYECKOU TONIIUHBI d, OPENETAEMOM
YCIOBUSIMH OCKACHHSI, B YaCTHOCTH TEMITEPaTypon
MOJUTOKKH. [Ipy 3TOM MOPUCTOCTD IJIICHOK CTaHO-
BUTCSI MCHEE BBIPAXKCHA.

HyXHO OTMETHUTB, YTO «IIEPEXOIHBIN» THUII
MHUKPOCTPYKTYPHOTO CTPOCHUS TICHOK O TONIIHHE
paHee HaOIIOIAICS ISl TEKCTYPHUPOBAHHBIX TNICHOK
Ni(200) ¢ rux KpUCTaNIHYeCKOH CTPYKTypoi [26,
27] u ero hopMHpOBaHHE MOXET OBITH CBSI3aHO C
KOHKYPHPYOIIHM BO3ICHCTBHEM Ha KHHETHKY POCTa
IUICHKU MPOIIECCOB JOKAIBbHON HECTaOMIBbHOCTHU
CKOpPOCTH pocTa u3-3a 3(pdekra caMo3aTCHCHHS H
MOBEPXHOCTHOH quddysuu [28].

Taxkum oOpa3om, B paboTe MpOBEACHO HC-
clieloBaHHME BJIMSHUsS NaBICeHUs pabodero raza
P (0.13-0.09< P <1 Ila) Ha MHKPOCTPYKTYpHOE
CTPOEHHE IJICHOK KoOabTa TOMIUHON d =~ 250 HM,
OCaKJaeMbIX MAarHCTPOHHBIM PAaCIbUICHUEM Ha
MOCTOSTHHOM TOKE Ha MOIJIOKKAaX OKHCICHHOTO
KPEMHUS [IPU KOMHATHOU TeMIIepaType 1 HyJIeBOM
HaIpsDKCHUU CMEIIEHHs Ha mouioxke. [lokasza-
HO, YTO NPU BBICOKUX JaBJICHUSAX padovero rasa
(P = 1-0.22 Tla) ¢opmupytorcs mieHku Co co
CTOJIOYATON CTPYKTYpOH IO TOJIIIHHE, IPH ITOM
KpHUCTAJJIHYeCcKass CTPYKTypa MIEHOK COOT-
BETCTBYCT CMENIAaHHOW KPUCTAJIMICCKON (aze
riy-Co(002)/ruk-Co(111). CHuKeHHE JaBIeHHS
pabouero raza no 3Hadenuii P = 0.13-0.09 Ila
criocobcTByeT hopMupoBaHuio miIeHoK Co ¢ TOMU-
HUpPYIOILEH KpucTamuindeckoit ¢azoii rux-Co(200)
C «IepeXOTHBIM» TUIIOM MHUKPOCTPYKTYPHOTO
CTPOEHUS, JUIsl KOTOPOTO XapaKTepHO M3MEHEHHE
MUKPOCTPYKTYPHI IJICHKH OT KBa3HOTHOPOIHOM
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Puc. 3. COM wu300pakeHns monepevyHoro cedeHus (a) u nosepxuoctu (6) mienok Co,

BBIpamIenHbIX npu 7 =25°C mpu pasnudHoM naBneHuH padodero raza P: / — P = 1 Ila;
2-P=0.261Ia; 3— P~0.13-0.09 ITa

Fig. 3. SEM images of the cross section (@) and the surface (b) of Co films grown at
T, =25°Cunder different argon pressure P: / — P=1 Pa; 2—P=0.26 Pa; 3—P~0.13-0.09 Pa

K «KBa3UCTOJIOYATOM» MPHU JOCTHUKCHUHU KPHUTH-
YEeCKOW TOJIIIHHBI dc. VYkazanHoe BIUSHUE JIaB-
JIEHHUS HA MUKPOCTPYKTYPY TIJICHOK CBSI3BIBACTCSI
C U3MEHEHUEM KHHETHKU 3apojbleo0pa3oBa-
HHS 3a CYET pOCTa MOJBUIKHOCTH aJaTOMOB Ha
nojnoxke npu P = 0.13-0.09 Ila, uro, B cBOIO
ouepelib, O0BSCHIETCS U3MEHEHUEM PEKUMa TPO-
JleTa aTOMOB B IIPOCTPAHCTBE MEXKY MUILIEHBIO U
NOAJI0XKKOM. Takol MEeXaHU3M BJIHMSHHS JTaBICHUS
MOJTBEPKACH pe3ylbTaTaMU HKCIIEPUMEHTA I10
HCCJIEJOBAHUIO MHUKPOCTPYKTYPHOTO CTPOCHUSI
IUIEHOK, nony4yeHHsIx npu P~0.13-0.09 Ila na non-
JIOXKKaX, OXJIAKJICHHBIX IO TeMIIEPaTyPhI )KHJIKOTO
azora.

[Tomy4eHHbIE pe3yabTaTh MOTYT IIPE/ICTABIISATE
MHTEpPEC C TOYKU 3peHUss GOpMUPOBAHUS OPHUECH-
THUPYIOIIETO MOJCIION Ha MOMIOXKKAX OKHCICHHOTO
KPEeMHHUS TIPU CO3/IaHUU MHOTOCIIOMHBIX CTPYKTYD
C MepNEeHANKYIIPHON MarHUTHON aHU30TPOITHEH Ha
OCHOBE IJIEHOK KOOaJibTa ¥ 0J1aropoJHBIX METAJIJIOB
[11,12].

Paboma svinonnena npu ¢hunarncosoti noooepoic-
ke PODU (npoexmui Ne 16-37-60052, 14-07-00549).
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Influence of Argon Pressure on Texture and Microstructure
of Cobalt Films Produced by Dc-Sputtering
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Background and Objectives: The development of methods of
textured Co film formation is of practical interest in the field of creating
media with perpendicular recording of information or lateral spin-valve
structures. Despite a rather wide study of the growth conditions ef-
fects on the microcrystalline structure of sputtered cobalt films, the
possibility of changing the texture and microstructure via a change of
the gas pressure has not been discussed. The purpose of this study is
to show that for dc-sputtering the decrease of argon pressure P from
1 Pa to 0.13—0.09 Pa leads to the radical change in the micro-
crystalline structure of Co films. Materials and Methods:
Textured cobalt films were dc-sputtered on SiO,/Si substrates at
0.13-0.09 < P<1 Paand room temperature without substrate bias. The
microcrystalline structure of the films was studied using the X-ray dif-
fraction and the scanning electron microscopy techniques. Results: At
P~1-0.22 Pa the cobalt films are formed with mixed crystalline phase:
hexagonal close-packed (hcp) with (002) texture and face-centered
cubic (fcc) with (111) texture and columnar microstructure. The reduc-
tion of the pressure to P~ 0.13—0.09 Pa (collision-free movement of
sputtered atom from to produce the target to the substrate) leads to
the formation of fcc Co films with (200) texture and nonuniform micro-
structure: at d<d,film shows the “quasi-homogeneous” microstructure
and at d>dc microstructure becomes “quasi-columnar”. Decreasing
Pto the level 0.13—0.09 Pa is a technologically simple way of formation
of cobalt films with fcc crystalline structure and (200) texture at room
substrate temperature. Co(200) films with fcc crystalline structure can
be applied in the field of creating an orienting underlayer to produce
multilayered structures with perpendicular magnetic anisotropy or lateral
spin-valve structures based on cobalt.

Key words: cobalt, thin films, texture, microstructure, x-ray diffrac-
tion, sputtering, scanning electron microscopy.
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[Jana konunuectBeHHas Teopust TepMOIAC (OHOHHOTO YBREYEHUs
A1 OOHOMEPHOTO BbIPOXAEHHOrO 3IEKTPOHHOIO rasa B KBAHTOBOM
NpOBOJIOKE C NapaboNMYECKUM YLEPXMBAIOLLMM MOTEHLIMANOM KOH-
daitHmeHTa. [pagmneHT Temneparypbl HanpaeneH BLOMb OCK KBaH-
TOBOW NMPOBOJOKN. 3@ CYET KOHPANHMEHTA CyLLECTBEHHO MEHSIETCS
SHEpPreTUyeckuii CnekTp 1 BonHOBas GyHKuMs anekTpoHa. [Mpepn-
nonaraetcs, Y10 ypoBeHb MepMu pacrnonoXeH MeXAy HyNesbiM K
nepBbIM YPOBHEM Pa3MEPHOr0 KBAHTOBAHMS. [POBELEHHDI aHanu3
MOKa3bIBAET, 4TO AOMUHUPYIOLLMM MEXaHN3MOM PacCesHUS Npu HK3-
KX Temnepatypax Ans CUbHO BbIPOXJEHHOTO 3MEKTPOHHOMO rasa
SBNSIETCS PACCESHNE HA MOHM3MPOBAHHBIX MPUMECSIX, A AN HOHOH-
HOro — paccesHue Ha rpaHuue obpasua. B uHTepsane Temneparyp
1-2 K pudpdysnonHas Tepmo3/IC npeBbiiaeT GOHOHHYIO, C MOBbI-
LieHrem Temnepatypsbl GoHoHHas TepmMo3[C pesko pacTet, NpeBbl-
was gndpdy3noHHyio Ha nopspok. OuddysuonHas coctasnsiowias
TepMOI[IC n3meHsieTcs NpubNnanTENbHO 06PATHO MPONOPLIMOHANbL-
HO KOHLIEHTpaLum, a GOHOHHas — 06paTHO NPONOPLMOHANBLHO KBa-
Jpaty KoHueHTpaumu. MNokasaHo, 4To B TEMMepaTypHOM MHTepBane
1-20 K ocHoBHoi1 Bknap, B TepMo3[C aaeT GOHOHHOE YBEYEHMe.
KnioueBblie coBa: KBAHTOBAs NPOBOJIOKA, GOHOHHOE YBNEYEHNE,
napabonuyeckuii NoTeHLyan, ANEKTPOHHBIN raa, aneKTPOH-GOHOH-
HOe B3aUMOLENCTBUE, 3HEPreTUYECKU CMEKTP, BOSHOBAA YHK-
Ui, TepMoanekTpuyeckue addekTsl, yposeHs epmu, anddyau-
oHHast Tepmo3[C, doHoHHas Tepmod/IC.

DOI: 10.18500/1817-3020-2017-17-4-263-268

BeepeHue

HaHnopa3mepHbie 00bEKTHI, TAKHE KaK KBAHTO-
BBI€ TOYKH U KBAaHTOBBIE SIMbI, BBI3BIBAIOT OOJIBIITON
MHTEpEC UCCIieioBaTelIe Oaronaps TOMY, 94T0 OHU
00J12/TaF0T MHOTUMU crienn(pruuecKUMHU CBOHCTBA-
MU, HETIPUCYIIUMH 0ObEMHBIM KPUCTAIUTHICCKUM
cuctemMaM. KBaHTOBBIC TOUKH W KBAHTOBBIC SIMBI
IIMPOKO UCIONB3YIOTCS ISl CO3MaHUS Pa3TUIHBIX
OIITOYJICKTPOHHBIX YCTPOHCTB [ 1], B KauecTBe (iry-
OpECLEHTHBIX MaTEPUAJIOB B XUMUYECKUX CEHCOPaX
[2], B OuoTexHonoruu [3], B MEAUIIUHCKOW THArHO-
cTuke [4] 1 BO MHOXKECTBE JPYTUX MPUMEHEHUH.

B nacrosmee Bpemst 00bII0oe BHUMAHUE Y/ie-
TISIETCS U3YYCHHUIO KHHETUYECKUX SIBJICHUH B CHCTe-
Max, pa3Mepbl KOTOPBIX CPAaBHUMBI C JITTAHON BOJIHBI
ne bpotins snexrpona. OrpaHUYEHHOCTD IBHKCHHS
HJIEKTPOHOB B TAKUX CHCTEMAaxX IPHUBOIUT K TOMY, 4TO
KHHCTHYCCKIE SBJICHUS B HUX PE3KO OTINIAIOTCS OT
AIIEKTPOHHBIX SBICHU IIepeHOCa B MACCHBHBIX 00-
pasmax. Ocoboe BHIMaHHE KaK YKCIICPIMEHTAIBHO,
TaK M TEOPETHUCCKH MPHUBICKAIOT TEPMOAIICKTPH-
YecKHe U TePMOMAarHuTHbIe 3((EKTHI B CUCTEMAX C
JIByMEPHBIM JIEKTPOHHBIM Ta3oM [5—7].

B 0630pe [8] o0cyxkaanuch KBaHTOBBIE pa3-
MepHBIE 3P PEKTHI B TEPMOIIEKTPUUECKUX MaTEPH-
anax. beuto mpeacTaBieHo paguKaIbHOE H3MEHEHNE
AJIEKTPOHHOM IIIOTHOCTH COCTOSTHUS ITYTEM YMEHbB-
IICHUST pa3MEPHOCTH MAaTEPUATOB. DTO MPUBEIO K
ycuieHuto koddduimenTta 3eedeka u MO3BOJIHIIO
MoJIyMeTalljaM TEePeHTH B MOTyIPOBOTHUKOBOE
cocrostare. OOCYKTaI0Ch TaKKe BIUSHUE KOH(aii-
MeHTa ()OHOHOB U pacCesTHHS UX Ha TPaHHMIIE pa3ieria
Ha YMCHBIIICHHE PEHICTOYHON TEIIONPOBOJHOCTH.

B pabote [9] paccMoTpeHo poHOHHOE yBIIEUe-
Hue TepMoI/IC u KBaHTOBO-pa3MepHble dPPEKTHI
TepMoDIC B MOMyNnpOBOAHUKOBBIX KBAHTOBBIX
HAHOMPOBOJIOKaX. IIpoaHanu3upoBaHO BIHSHUE
HECKOIIbKO KBAHTOBBIX M KJIACCHUECKHUX Pa3MEPHBIX
3¢ (}EKTOB Ha TEIUIOBBIC M TEPMONICKTPHUUCCKHUE
CBOMCTBA, KOTOpPBEIC OBUIH MPENCKa3aHbl TEOPETH-
YeCKUMH pacdeTaMu HITH HaOIMIODaIUCh B OKCIIEPH-
MeHTaX. OCHOBHOE BHHMAaHHUE YAEICHO BIUSHHUIO
TOJIIIUHBI, TIOTIEPEYHOTO pa3Mepa, OTpaHUYCHUS
(hOHOHOB Ha PEIICTOYHYIO TEIUIONPOBOAHOCTE IOJTY-

© TlacaHoB X. A., ycerHos . M., Adaaawosa B. B., Habnes A. 3., Abbacos 1. 1., 2017



==

r3s. Capart. yH-1a. Hos. cep. Cep. $Prznka. 2017. T. 17, Bbin. 4

MIPOBOJHUKOBBIX HAHOIIPOBOJIOK. [IpeioskeHb! My TH
MPOBEACHUA SKCTICPUMECHTAJIbHBIX U TCOPCTUICCKUX
WCCIIEA0BAHUMN JUIsl JTyYILIETr0 TOHUMAHUs HEKOTOPBIX
13 9TUX HAHOMACIITAOHBIX SIBJICHHI MepeHoca.

[Iposenen pacuer TepmoIJ[C [10] B KBaHTOBBIX
mpoBojokax Bi B Momenu moTteHnuana B gopme
mapaboIIon/a BPaIeH!s B OJHOPOTHOM MarHATHOM
nosne f, HanpaBJIEHHOM NEPIEHAUKYJISIPHO OCH
HcclielyeMol HaHOCTPYKTYPbI, U B IIOCTOSIHHOM
anektpuueckoM none E|| H. IlokazaHo, 4To ¢ pocToM
E tepmoDJIC npu pa3nuuHbIX 3HAUYCHHUSIX H omu-
ChIBaeTCsI HEMOHOTOHHOH (yHK1mei. [Ipenioxena
(u3ndecKast HHTePIPETAIHS TAKOTO IIOBSICHUS 3a-
Bucumoctu TepMoI/|C oT £ npu yueTe B3auMofe-
CTBUS HOCHUTEJEH C LIEPOXOBATOW MOBEPXHOCTHIO
HAHOIIPOBOJIKH.

HaHnocTpykTypupoBaHHbIE MaTepUabl U CTPYyK-
Typsl [11] IpeAcTaBIsIOT 3HAYUTENBHBIN HHTEPEC
JUIL TEPMOAJIEKTPUUECKUX NPUMEHEHUW. B koHLe
90-x rofoB MpPOUUIOrO CTOJETUSA IPOBEAEHBI HC-
CJIeJOBaHMs 10 NOBBILIEHUIO TEPMOVIEKTPUUECKOM
JOOPOTHOCTH 3a CU€T mepexoja OT OJHOPOIHBIX
00BEMHBIX MaTEpHUaJIOB K HU3KOPA3MEPHBIM I10JTY-
MIPOBOAHUKOBBIM CpEiaM. K ux YUCIIy OTHOCATCA
CBEPXPELIETKH, CUCTEMbI C KBAHTOBBIMU SIMaMH,
KBAHTOBBIMU MNPOBOJIOUYKAMHU U TOYKAMH, a TAKKC
BCEBO3MOJKHbIE KOMIIO3UTBI C HEPETyJIsIpHBIMHU
BKJIFOUEHUSIMH HAHOMETPOBOTO pa3mepa [5].

B nacrosimiei paborte uccienoBaHa Temrepa-
TypHasi 3aBUCUMOCTH TepM0oD/]C BBIPOXAECHHOTO
JJIEKTPOHHOTO ra3a B MOJIyIPOBOJAHMKOBON KBaH-
TOBOM NMPOBOJIOKE C TAPadOIHMUCCKUM OTECHIIHAIOM
KoH(altHMeHTa B 00JIACTH HU3KHUX TEMIepaTyp Mmo-
psaaxa 1-10 K, rne s ekt hoHOHHOTO yBICUCHUS
UIPAeT CYLIECTBEHHYIO POJIb.

1. TeopeTnyeckas mogenb

B nanHoit pabote paccuntana TepmMoIIC do-
HOHHOT'O YBJI€YEHUS BHIPOXKIEHHOTO 3JIEKTPOHHOTO
ras3a B KBaHTOBOW NPOBOJIOKE C MapadOIHICCKUM
MOTCHIINAIOM KOH(paHHMEHTa IJIsI OIHOMEPHOTO
cilydasi, B OTIIHMYUE OT TPEXMEPHOTO CIIydasi, XOTs B
00oux cirydasix 0CHOBHOU Bkial B TepMoIJIC naer
(onoHHOE yBIIeUeHHE. PacueT 3Toro BKiIaga HE TpH-
BHAJICH, TIOCKOJIBKY MAaTPUYHBIH IEMEHT JIICKTPOH-
(hOHOHHOTO B3aUMOJICHCTBHSI, KOTOPBIH OIpeesieT
BKJIaJ] POHOHHOTO YBJICUEHHUSI, pa3InyaeTcs. 3a cueT
KOoH(alfHMEHTa CYIIECTBEHHO MEHSCTCS SHEPTeTH-
YECKHUI CIIEKTP U BOJHOBAs (DYHKIIUS DJICKTPOHA.

W3BecTHO, 9TO B KBa3HOJHOMEPHBIX KBAHTOBBIX
npoBosiokax (KIT) miist BEIpOsKAEHHOTO SIEKTPOHHO-
r0 ra3a raMHJIBTOHHAH, YHEPTETUICCKUH CIIEKTP U
BOJIHOBast (DYHKIIMSI UMCIOT CIICIYIOLINIA BU;
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w2 %)
2712

e, =(N+M+Dho+ ) a=(N,M,k),
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TEPMUHOM «MarHuTHas JiiuHa». [IpoBonoka pac-
MIOJI0KEHA BIIOIb OCH Z.

[Ipennonaraercs, 4To B ciydae KBAaHTOBOTO
npeneina N=M=(). Torna crieKTp 1 BOJTHOBbIC (DyHK-
LM OCHOBHOTO COCTOSTHUSI UMEIOT BUJ

L A

R=
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0,0k = +tho, 3)
2m
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3nech L — anuna KI1. OcHoBBIBasich Ha JaHHBIX [6],
COIIACHO KOTOPBIM IIPU JUHEMHON KOHUEHTpalUU
snekTpoHos 7= 1.6-108 cM ™!, 3amonHeH TONBKO HITXK-
HHUI YpPOBEHb pa3MepHOro KBaHToBaHuUd. [loaTomMy
npemnonaraercs, 4To ypoeHs @epmu ¢ pacmosno-
JKEH MEX]ly HYJIEBBIM U IIEPBBIM YPOBHEM pa3Mep-
HOI'0O KBAaHTOBaHUsI. le/l OTOM JJI51 BBIIIOJTHCHU A YC-
JIOBHSI CHIILHOTO BBIPOXKICHUS HEOOXOANMO, YTOOBI
k,T <<¢—hw<hw,taek,—nocrosuxas bombuma-
Ha, T—Ttemneparypa. Panee Tepmo3/IC hoHOHHOTO
yBJICUEHUS JIJISi OJIHOMEPHOTO AJIEKTPOHHOTO Ta3a
ObLT paccunTaH B pabore [6] B paMKax MOJEIH
MPSMOYTOJIBHOTO YAEPKUBAIOUIET0 MOTEHIIHAA.
s nByMepHOro rasa 3JIEKTPOHOB MMEIOTCS Kak
Teopernyeckue pacuetsl [12, 13], Tak u sxcnepu-
MEHTaJIbHBIE pe3yNbTaThl [, 14], moaTrBepxaaromme
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JoMUHUpYromuid Bkiax tepmMod/]C GoHOHHOTrO
yBieyeHus B ooumit TepmoI(C.

Temneparypusiit rpaguent V,T HampaBieH
BIIOJIb TIPOBOJIOKH, 1 TepMoDJ[C BBIUMCISETCS TIO
dopmyne a = f/0 . 3nech ¢ — yaenbHas 3IEeKTPo-
npoBogHocTh KII Bonb ocu npoBosioku:

2

o= ne z'(kF). (5)
m

Kax moka3pIBaroT OICHKHU, TOMUHUPYIOIIIM
MEXaHH3MOM PACCESTHUS IPU HU3KUX TeMIIepaTypax
IJIsl CUJIBHO BBIPOXKJACHHOTO ra3a 3JICKTPOHOB fAB-
JACTCA paCCCAHUEC HAa NOHU3UPOBAHHBIX IPUMECAX,
a Juist GOHOHOB — paccesiHue Ha IpaHHIle 00pasIia.
BeipakeHne A1 BPEMEHH peakcallii UMITyJIbca

DJICKTPOHOB MMCET BU/]
-2

()= ke (o )){Z;Zexp(Rzkﬁ)F(O,Rzkﬁ )J .

B N, 2m
(6)

Jnst oHOHOB — Ty = L/s, tne s — CKOpoCTh 3ByKa.
KonieHTparus 3JIeKTpOHOB M BOTHOBOE YUCIIO
Ha ypoBHe depMu CBsI3aHbI COOTHOLIEHUEM

n:%kF: 2 1/2mig—/‘1a)i, (7

" zh

2
2me

elk,)=1+ exp2 R?2)(0.2R%2), (8)

rh’k,y
rae g(kF)— OUdJIeKTpUudeckas QyHKUIus, ) —
CTaTHYECKasl AUIICKTPUUCCKasl IMPOHUIIAEMOCTb,
I'(0,x) — HenonHas ramma-dynkiusa. TepmodJ[C,
CBsI3aHHAsI C TPAJUCHTOM TEMIIEPATYPHI BIOJIb OCH
KII, cocrout u3 quddysuonnoit (a,) 1 poHOHHON
(o ) ;) cocTasisiroeit [15]:
a=ae+a'ph=% %.

BcnenctBue oTcyTCTBHSI KBaHTOBAaHHUS BIOJb
HampaBlICHUsI TEMIIEPATYPHOTO TPaJUCHTA MPH
BBIYMCIICHUM KOO()DUIHUEHTOB fSe U fp; MOKHO HC-
0JIb30BaTh KWHETHYECKOE ypaBHEeHHE bonblMaHa.
HepaBHoBecHast hyHKIUS paciipenelieHHs BRIpaxKa-
ercs uepe3 0000mennyro cmry [15]

E—¢

©, = —eE, ———V,T — ApnkoV,T, (9)

Ile € — dJIEMEHTapHbIi 3apsai; £ — Tepmosiex-
TPUYECKOE T0JIe, 00pa30BaHHOE TEMIIEPaTypPHBIM
rpajuenToM; k, — mocrosiuHas bonbumana, € u
¢ —9HEpPrusi BJIEKTPOHOB U XMMHUYECKHUIA IIOTEHIIHA,
cooTBeTcTBeHHO. [locnenHuit ujieH ecTh CTaTUCTH-
yeckas cuila yBIeUeHUs, a Oe3pa3MepHas BeJIMuuHa
JIAeTCs BBIpAXKCHUEM

B dm*e* B’ Lsk,
" xhp (kT elk, ))

<l a0 oxpl- 28 &7 57 explovi+x® -
_ exp(— bm ))72 xdx,

(10)

1 #° , 00
=———(k,T) —,
ﬂe eT 3 (0 ) ag

n

k
0
ﬂ =——04d
h h o
P e P

T7e BBEICHB 0003HAYCHUSI:
2k.E hsk
a = £ ) b: F .
ep k,T
B (10) yureHs! BkIa/161 B QOHOHHOE yBIICUCHUE
OT B3aUMOJICHCTBUS DICKTPOHOB C aKyCTHUECKAMHU
(hoHOHAMHU TOCPENCTBOM Kak Je(hOopMaImOHHOTO
(£)), Taxk u npe3oakycruueckoro (S =,/0.8¢,/y)
[16] morenunanos.

(12)

(13)

2. 06cyXaeHne pe3ynbTaToB

[TosyyeHHBIE TEOPETUYCCKHE PE3YIbTAThI
npuMeHeHbl K TepMoDJIC HOHOHHOrO yBICUCHHUS
JJ1S1 OZTHOMEPHOT'O BBIPOXKIAECHHOTO 3JIEKTPOHHOTO
ra3a B KBaHTOBOU MPOBOJIOKE C MapadOoInyeCcKUM
VIEPKUBAIOIIUM MOTEHIIMAJIOM KOH(palWHMEHTA.
Uucnennsle pacuersl npuBeneHbl Hamu st KIT
GaAs/Al Ga,  As co ciefylOIUMI 3HaYEHUAMU
napameTpos GaAs: macca anekrpoHos m = 0.067 my,
Ijie m, — Macca CBOOOIHOTO JIEKTPOHA, MIIOTHOCTh
Macchl kpucramia p = 3.3-10%kg/m3, s =5 -10° m/s,
E, =74¢V,e,=0.16 C/m3, mmuaa KIT—L=3 -10"*m,
nuHeiHas MIOTHOCTE YMeKTPoHOB — 7= 1.6-103m™!,
o=7-1083s1,

Ha puc. 1 moxaszana paccunTanHas TeMIIepaTyp-
Has 3aBUCUMOCTH TepM0IJIC yBiieueHus (CTUTONIHAS
nunus). s cpaBHEHUS IPUBEJCHA TAKKE TEMIIe-
paTypHas 3aBUCHUMOCTHh TU((GY3UOHHON COCTaB-
nsromeit TepMoDJlC (mpepwiBucTas nuHUs). s
napabonn4eckoi kBaHToBOM AiMbl GaAs/Al, Ga,  As
Iar IPOCTPAaHCTBEHHOTO KBAaHTOBAHUS 0OpaTHO
MPOTIOPIIHOHAJICH TONIIIHE IIPOBOJIOKH: /i w (eV) =
=14.6 /d(A) [17]. Ham BEIGOp COOTBETCTBYET TOJ-
uHe npuoausuTensHo 100 A.

B unTepnane temmneparyp 1-2 K nuddys3mon-
Has TepmoDJIC npesbimaeTr poHOHHYIO. C MOBBI-
HIeHHeM TeMIteparypbl poHoHHas TepMoIIC pe3ko
pacteT, npeBblias 1udy3uOHHYIO Ha TOPSAIOK.

TBeD,qOTeﬂbHaFI 2r1eKTPOHNKa, MNMKPO- N HAHO3/1EKTPOHKNKA 265
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Puc. 1. Temneparypnsie 3aBucumoctu TepMoI/IC hOHOHHOTO yBIEUEHUS (CILIONMI-
Hast muHus) U quddysuonnoit TepmoJIC (pepbIBUCTASE TUHUSL)

Fig. 1. Temperature dependences for phonon drag thermopower (solid line)
and dotted diffusion thermopower (dotted line)

Ha puc. 2 moxa3aHbl KOHIICHTPAIlMOHHbIC 3a-
BucuMocTtu TepMoI[C GOHOHHOrO yBIECUCHUS
(cmomrHas muHMS, ¥ Auddy3norHoit TepMoIAC
(mpepwiBuctas nuHUsA). duddy3nonHas cocras-

nsirotiast Tepmo/IC n3MensieTest puoIU3UTEIHLHO
00paTHO MPOMOPIUOHAIBLHO KOHIEHTPALHUHU, a
(hoHOHHAS — 0OpPATHO MPOMOPIHOHAIBHO KBAJPATy
KOHIICHTPAIUH.

150 .
% L 4
>
=,
S 100}
sol
1.0-108 1.2-108  1.4-10% 1.6-108 1.8-10% 2.0-108
n, 1/m

Puc. 2. Konnentpannonssie 3asucumoctd TepMoI/IC HOHOHHOCO yBIICUEHUS
(crumomrHast muHKA) U 1updy3nonHol TepMoIC (peprIBUCTAS TUHUS)

Fig. 2.Concentration dependences of phonon thermopower (solid line) and
diffusion thermopower (dotted line)

TepmoDJIC hOHOHHOTO yBICUCHHS paHHEE
o1 paccuntan S. Kubakaddi u P. Butcher nns
KBa3MOJHOMEPHOTO 3JIEKTPOHHOTO ra3a B reTe-
poctpykrype GaAs ¢ MPSIMOYTOIBHBIMH SIMaMH.
[onydyennsie MU B paboTe [6] BEIpOKEHUS MOTYT
OBITH MCTIOJIBL30BaHbI [ MPOBOOB Pa3IMYHOM Teo-
meTpuu. B temneparypnom auanasone 1-10 K qst

266

IUINHAPUYECKUX MpoBooB TeMoD/[C poHoHHOTO
YBIICUCHHUS YBEIUUNUBACTCS TI0 MEPE YMEHBIICHUS
KOHIICHTPAIIMH 3JEKTPOHOB. PaccunTaHHas HaMU
tepMoDJIC dpononHoTO YBIeueHus 11 Mmomenu KI1
C MPSAMOYTOJBHBIM MOTEHLHUAIOM KOJIUYECTBEHHO
OTJIMYaeTCs OT MOJy4YeHHOTo B padore [6], HO Ka-
YECTBEHHO PE3YIBTAThI COTNIACYIOTCS.
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X. A. lacaHoB n gp. Tepmo3C GOHOHHOro yBre4yeHna B KBAHTOBOA MPOBO/IOKE

B

3aknioyeHme

beutn mpoBenensr Beraucienus tepmoI/IC B
KBaHTOBOH IPOBOJIOKE C MapadOINIeCKUM IOTCH-
nuanoM. [lokazaHo, 4TO B MHTEpPBAJIEe TEMIICPATYP
1-2 K muddysunonnas repmo3/]C npeBbimaet ¢o-
HOHHYIO, C TIOBBIIIICHUEM TeMITepaTypbl (POHOHHAS
tepMoI/]C pesko pacteT, mpeBbimas Tudy3uoH-
HYI0 Ha TOpsaoK. Juddy3noHHas cocTapIsomas
tepMoDJIC u3MeHseTcst IPUOIU3UTEILHO 00paTHO
NpPOMOPUHOHAIBFHO KOHICHTpAUUU, a GOHOH-
Has — 00paTHO MPOMOPIHOHATIBEHO KBAaAPaTy KOH-
ueHTpauuu, U B unteppaie 1-20 K ocHoBHOI
Bkaa] B TepMoDJIC naeT GOHOHHOE yBICYCHHE.
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Background and Objectives: A quantitative theory of the phonon-
drag thermopower for one-dimensional degenerate electron gasina
quantum wire with parabolic confinement potential is presented. The
temperature gradient is directed along the axis of the quantum wire.
Due to the confinement, the energy spectrum and the wave function
of the electron change substantially. It is assumed that the Fermi
level is located between the zeroth and the first of the size quanti-
zation. Results: The analysis shows that the dominant scattering
mechanism at low temperatures for a highly degenerate electron gas
is the scattering by ionized impurities, and for the phonons it is the
scattering on the sample boundary. In the temperature range, 1-2 K,
the diffusion thermopower exceeds the phonon one. With increasing
temperature, the phonon thermopower increases sharply, exceeding
the diffusion one by an order of magnitude. The diffusion component
of the thermopower varies approximately in inverse proportion to the
concentration, and the phonon component is inversely proportional to
the square of the concentration. It is shown that in the temperature
interval 1-20 K the main contribution to the thermopower is given
by the phonon-drag effect.

Key words: quantum wire, phonon-drag, parabolic potential,
electron gas, electron-phonon interaction, energy spectrum, wave
function, thermoelectric effects, Fermi level, diffusion thermopower,
phonon thermopower.

References

1. Bhattacharya P., Ghosh S., Stiff-Roberts A. D. Quantum
dot opto-electronic devices. Annu. Rev. Mater. Res., 2004,
vol. 34, iss. 1, pp. 1-40. DOI: 10.1146/annurev.matsci.
34.040203.111535.

2. Basabe-Desmonts L., Reinhoudt D. N., Crego-Cala-
ma M. Design of fluorescent materials for chemical sens-
ing. Chem. Soc. Rev., 2007, vol. 36, iss. 6, pp. 993-1017.
DOI: 10.1039/B609548H.

3. Rosenthal S. J., McBride J., Pennycook S. J., Feldman L. C.
Synthesis, surface studies, composition and structural
characterization of CdSe, core/shell and biologically
active nanocrystals. Surf. Sci. Rep., 2007, vol. 62,
iss. 4, pp. 111-157. DOI: 10.1016/j.surfrep.2007.02.001.

4. Rhyner M. N., Smith A. M, Gao X., Mao H., Yang L.,
Nie S. Quantum dots and multifunctional nanopar-
ticles: new contrast agents for tumor imaging. Nano-
medicine, 2006, vol. 1, iss. 2, pp. 209-217. DOI:
10.2217/17435889.1.2.209.

5. Fletcher R., Harris J. J., Foxon C. T., Tsaousidou M.,
Butcher P. N. Thermoelectric properties of a very-low-
mobility two-dimensional electron gas. Phys. Rev. B,

1994, vol. 50, iss. 20, pp. 14991-14998. DOI: https://
doi.org/ 10.1103 /PhysRevB.50.14991.

6. Kubakaddi S. S., Butcher P. N. A calculation of the
phonon-drag thermopower of a 1D electron gas. J. Phys.:
Condens. Matter., 1989, vol. 1, no. 25, pp. 3939-3946.
DOI: 10.1088/0953-8984/1/25/006.

7. Wu M. W,, Horing N. J. M., Cui H. L. Phonon-drag
effects on thermoelectric power. Phys. Rev. B., 1996,
vol. 54, no. 8, pp. 5438-5443. DOI: https://doi.
org/10.1103/PhysRevB.54.5438.

8. MaoJ., LiuZ., Ren Z. Size effect in thermoelectric mate-
rials. Quantum Materials 1, 2016, article number: 16028.
DOI: 10.1038/npjquantmats.2016.28.

9. Shi L. Thermal and thermoelectric transport innano-
structures and low-dimensional systems. Nanoscale and
Microscale Thermophysical Engineering, 2012, vol. 16,
iss. 2, pp. 79-116.

10. Sinyavskii E. P., Solovenko V. G. Specific features of
the thermal electromotive force in Bi quantum wires in
transverse magnetic and electric fields. Physics of the
Solid State, 2014, vol. 56, no. 11, pp. 2197-2200 (in
Russian).

11. Dmitriev A. V., Zvyagin 1. P. Current trends in the
physics of thermoelectric materials. Physics-Uspekhi,
2010, vol. 53, no. 8, pp. 789-803. DOI: 10.3367/
UFNe.0180.201008b.0821.

12. Lyo S. K. Low-temperature phonon-drag thermoelectric
power in heterojunctions. Phys. Rev. B, 1988, vol. 38,
iss. 9, pp. 6345-6347. DOI: https://doi.org /10.1103/
PhysRevB.38.6345.

13. Hashimzade F. M., Babayev M. M., Mehdiyev B. H.,
Hasanov Kh. A. Magnetothermoelectric effects of 2D
electron gas in quantum well with parabolic confinement
potential in-plane magnetic field. Journal of Physics:
Conference Series, 245, 2010, pp. 012015-012018.

14. Fletcher R., Maan J. C., Weimann G. Experimental results
on the high-field thermopower of a two-dimensional
electron gas in a GaAs-Gal-xAlxAs heterojunction.
Phys. Rev. B, 1985, vol. 32, iss. 12, pp. 8477-8481. DOI:
https://doi.org /10.1103/ PhysRevB.32.8477.

15. Askerov B. M. Electron transport phenomena in semi-
conductors. Singapore, New Jersey, London, World
Scientific, 1994. 394 p.

16. Gantmakher V. F., Levinson 1. B. Carrier scattering in
metals and semiconductors. Amsterdam, Noth-Holland,
1987. 459 p.

17. Sinyavskii E. P., Sokovich S. M. Electrically induced
luminescence in parabolic quantum wells in a magnetic
field. Physics of the Solid State, 2000, vol. 42, no. 9,
pp. 1734-1738. DOI: 10.1134/1.1309461.

Cite this article as:

Hasanov Kh. A., Huseynov J. 1., Dadashova V. V., Nabiev A. E., Abbasov I. I. Phonon-Drag Thermopower in a Quantum
Wire with Parabolic Confinement Potential for Electrons. Izv. Saratov Univ. (N.S.), Ser. Physics, 2017, vol. 17, iss. 4,
pp- 263-268 (in Russian). DOI: 10.18500/1817-3020-2017-17-4-263-268.

268

Hay4Hbir oTaen



C. I". MpockypnH n ap. OnTnyeckne 4onnepoBCKNe MeToas! 4/18 N3MepeHHs CKOPOCTH HOTOHOBN @

BUODPU3UKA Qﬁ
U MEAULUWHCKAS ®USUKA

YJIK 535.361.2; 576.321

ONTUYECKUE AOMJIEPOBCKUE METO/bl ) K
AN USMEPEHUA CKOPOCTU NOTOKOB ( )
BUOJIOTMYECKUX XXMAKOCTEM

C. I. MpockypuH, H. A. Kyckosa, T. U. ABcneBny

Mpockypun Cepreii lerHagbeBny, kaHAMAAT (U3NKO-MATEMATUYECKUX HayK, AOLEHT kade-
Ipbl «BrMOMeaMLMHCKAs TexHUKa», TaMOOBCKUIA rOCYAAPCTBEHHBIA TEXHUYECKMIA YHUBEPCHUTET,
spros@tmab.ru

KyckoBa Hapexna AnekceesHa, CTyneHT kadbenpbl «bruoMemmumHckas TexHUKa», TamBOBCKuiA
rOCYAAPCTBEHHBIN TeXHUIECKUI yHUBEpCUTeT, nadya.kuskova@yandex.ru

AscueBny TatbsiHa WropesHa, acnupaHT kadeapsl «bromeamumMHCKas TexHuka», TamBOBCKuiA
rOCYAAPCTBEHHBII TEXHUYECKMIA YHUBEPCHUTET, tiavsievich@gmail.com

B crarbe aaH 0630p OCHOBHbIX PE3YNLTATOB, MOMYYEHHBLIX aBTOPaMu 3 rofibl Pa3BuTHs On-
TUYECKUX [onnepoBCKMX METOL0B KBAa3UYNpyroro paccedaHnsa Ha Huonoruyecknx obbekTax u
XNOKOCTSX. Peluaetcs 3a/la4a n3mepeHns CKopocTu ABUXEHUT HeCTaLMOHapHbIX 3HaKonepe-
MEHHbIX MOTOKOB 3HA0MIa3Mbl NPKX NOMOLLX CNEKTPANbHOr0 Noaxoaa K 06pa60TKe ponyepos-
CKOrO CABMra Hecylueil YacToTbl. Ha aToil ocHoBe pa3pabarTbiBaloTcs METOALI OMIEPOBCKOI
ONTUYECKOI KOTEPEHTHOI TOMOrpadun Ans U3MEpPeHUs CKOPOCTU KPOBOTOKA B MOAKOXHbIX
KPOBEHOCHLIX COCYLaX M B COCYAAX CETYaTKM rnasa YenoBeka. Takxe OnucaHbl METoabl kap-

TUPOBAHUS OHOI BbIOPAHHOI CKOPOCTU B 3HAKOMEPEMEHHBIX NOTOKAX, BO3HUKAIOLLINX B Ha-
KNOHHOM KanuinsipHOM BX0fe.
KnioueBble cnoBa: ontuyeckasi KorepeHTHas ToMorpadusi, 1a3epHbIe U3MEpPeHNs, LoNepoB-
. _J

Ckas cnekTpockonus.

DOI: 10.18500/1817-3020-2017-17-4-269-280 ~ ﬁ

Beepenue H A V Ll H bl ﬁ

MeTonamu 3HaKOUyBCTBUTEIHHOM JIa3€pHOM JOTIEPOBCKON MUKPO-

ckoruu (JIJIM) [1-6], 06paboTka curHaia B KOTOPHIX BO MHOTOM aHa- OTﬂ EN
JOTUYHa 00pabOTKe CUTHAJIA B ONTHYECKON KOTePEHTHOH ToMorpadun

o J/
(OKT), npou3BOIUTCS pErUCTpaIus CKOPOCTH aBTOKOIeOATEIbHOTO ([

JIBHIKEHHSI HIOTIIA3MbI B M30JIMPOBAHHOM TsDKe Ta3Monus Physarum
Polycephalum. Ilpeumy1iiecTBa IpUMEHEHHsI CABUTa HECYIIEH YaCTOTHI
(12 0.1-1000 kI'11) ONTHYECKOro U3ITyYeHUs I 3HAKOUYBCTBUTEIHLHOTO
MEeTOJla PETUCTPALUU CKOPOCTEH MOTOKOB OMONIOTHYECKUX JKUIKOCTEH
B OMOMEIMIIMHCKUX 00BEKTAX MOKa3aHbl U B paHHUX [1, 2] u B Oosee
MO3HKUX padoTax [6—28]. B oTiinume OT perucTpanuy MOIyJIsi CKOPOCTH
[6-8, 10, 12, 15, 27-30] noToka 3HAOMIA3MBI TUIa3Monust Physarum
polycephalum, npuMeHEeHNE HECYIEH YaCTOThI TIO3BOJIMIIO OTCTPOUTHCS
OT HU3KOYACTOTHOTO 1/f IIyma, CymIeCTBEHHO YBEIMYHUTH OTHOILICHHE
CUTHAJI-IIIYM U pEaM30BaTh aBTOMATU3UPOBAHHBIN METOJl PETUCTPALIUN
CKOPOCTH 3HAKOIIEPEMEHHBIX MMOTOKOB. DTOT MOJXOJ TAKKE TTO3BOIHII
pasaenuTh TPYNIOBYIO U (a30BYI0 CKOPOCTH U BIIEPBHIE BBISBUTH JIBA

© [lpockypnH C. I, Kyckosa H. A., Ascnesny T. 1., 2017
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YETKHX ITHKA B YaCTOTHOM CIIEKTPE BPEMEHHBIX 3a-
BHCHUMOCTEH CKOpocTeid, V(f), ABH>KEHUS SHA0IIa3-
MBI B H30JIMPOBAHHOM TsDKE IIasMonus Physarum
polycephalum [9].

CrekTpaJIbHbIH aHaliu3 ObLI MPOBEIEH C IMO-
MOIIBbIO OKOHHOTO ITpeoOpazoBanus Oypee, npume-
HEHHOTO K BPEMEHHBIM 3aBUCHMOCTSIM B PA3THIHBIX
yCIIOBUSX. HOHy‘ICHHLIe CIICKTPAJIbHBIC XapaKTe-
PUCTHKH TTO3BOJISTIOT MOCTPOUTH MOZCITH, KOTOpas
AZICKBATHO ONHMCBHIBACT BPCMCEHHYIO 3aBUCUMOCTD
CKOPOCTH JIBUKEHUS SHIOTUIAa3MEI [5, 9, 26, 31, 32].

Lenbro naHHOW pabOTHI ABIAETCA IEMOHCTpA-
Ul PEUMYIIECTB U MeTo10B orepoBckoit OKT,
KoTOpas mo3posuia Busyanuzupoarb OBC (onny
BEIOPaHHYIO CKOPOCTH) B 3HAKOTICPEMEHHBIX TOTO-
KaX CO CJIOXHOU reOMEeTpUEH.

1. UamepeHue CKOPOCTM 3HAKONEePEeMEeHHbIX
NOTOKOB METOA,aMK NIa3epHol [0MNJIepOBCKOi
MUKpOCKonuu

HccnenoBanue CTpyKTYphI M ITAPaMETPOB HECTa-
[IMOHAPHBIX TIOTOKOB B OMOJIOTHYECKUX O0BEKTaX in
vivo IOTpeOoBaio pa3pabOTKU CIEIUATbHBIX METO-
JIOB, KOTOPHIE ITO3BOJIHIIN OIyYaTh KOIMYECTBCHHYIO
HHPOPMALIUIO B PEKHUME PEallbHOTO BPEMEHHU 0e3
HapyIICHNS [IEIIOCTHOCTH OpraHu3Ma (HCHHBA3HB-
HO) [7, 10, 33]. ITomyuenune TouHOK MHPOPMALIUHU O
CKOPOCTH ¥ 3HaKe ITOTOKA MPOTOILIa3MBI IIpoliiema-
TUYHO H3-32 €€ CIOKHOTO COCTaBa, (POPMHUPYIOLIETO
OTNITHYECKYIO HEOTHOPOJHOCTh BBUAY Pa3sHOTO pas-
Mepa BKITroueHU. [IpobiaemMa 3aKkiIro9aeTcest TAaKKe U B
BBIOOPE JAOITYCTHMOTO YPOBHS INIOTHOCTH MOIITHOCTH
30HIUPYIONIETO ONTUYECKOTO U3Iy4EHHs] BO M30e-
JKaHWe WHTHOMpYomero 3¢ dekra Ha HecIe yeMyo
KUBYIO cuctemy. [Ipubop nomkeH ObITh criocoOeH
PETUCTPUPOBATH CKOPOCTH B narazone 1-500 Mxm/c
B U3MepAEMOM 00beMe OpAIKa 5 MKM-.

BrImeonncaHHBIM XapaKTePUCTHKAM OOJbIIIe
BCEr0 COOTBETCTBYIOT ONTHYECKUE METOJBI UC-
cnenoBanus. OMHUM M3 TIEpBBIX MeTO0B (1974 1)
JUTS aHAlIu3a BHYTPHUKICTOYHBIX JBIIKCHHUI OblLia
nazepHas jgoriepoBckas anemometpus (JIJA) u
mukpockonus (JIAM) [27-29]. [Ipunuun paboTsl B
JIJTA ocHOBaH Ha peruCTpaIIH TOTIIEPOBCKHUX CABHU-
TOB YacTOTHI JIA3EPHOTO U3IYYCHUS, PACCEIHHOIO
JIBIDKYIUMUCS YAaCTUIAMHU (BHYTPHUKICTOIHBIMU
opraneiiamu). Benenctue addexra Hommepa
94acTOTa CBETA, PACCESHHOTO Ha ABIKYIIEHCS YacTH-
11e, U3MEHSETCS Ha BeJIMUUHY Aw = V(kpacc = ko)
3aBHCALIYIO OT CKOPOCTH YaCTHI] V' ¥ OT pa3HOCTH
BOJIHOBBIX BEKTOPOB PACCESIHHOIO (lcpac . )) 1 ajaro-
wero (k) cBeTa. DT0H HOpMyIION onpesenseTcs
JUHEWHAs 3aBUCUMOCTH CKOPOCTH OT JIOTLICPOBCKO-
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TO COBUTA YacTOTHI M3NydeHUs. Takum oOpazom,
CKOPOCTb 4acTul] }' B HalIpaBIEHUU Z IPU PACCESTHUU
Ha YToJl o OyJeT ONpeNesIThCs KakK
o
° 2cos(a)

rae f;, — HeHTpous (CpejiHee 3HaueHue J0IJIePOB-
CKOTO CIIEKTPA), 4 — JJTHHA BOJIHBI 30HUPYIOIIETO
U3y UICHUS.

[Ipu uCHONB30BaHUU OAHOJIYYEBOU CXEMBI
aHEeMOMETpa Ha BBIXOJIe TEHEPHPYETCs CHTHAJ, MOIII-
HOCTb KOTOPOTO MPONOPIHOHAIbHA JIUIIH 3HAYEHHIO
MOTyI1st CKOpOoCTH. C TIOMOIIIBIO TTOTy9€HHOM 3aBUCH-
MOCTH MOYKHO OLICHUTh 3HAYEHHS NIEPUOJIA OCLIMILIIS-
M TIOTOKA TIPH PA3MYHBIX Bo3nencTBusx [28, 30].

N3mepeHne ManblXx CKOPOCTEH MOTOKOB MPHU
HUCITIOJIB30BaHHUU OGI)I‘IHI)IX AHCMOMCTPOB MOXKET
OBITH 3aTPYAHEHO U3-3a MaJbIX 3HAYEHHWH Aore-
POBCKOTO CIBHUTa, KOTOPBHIH MOXKET CMEIIMBATHCS
C HHU3KOYACTOTHBIMU Irymamu. I ycTpaHeHHS
3TOr0 HeJIOCTaTKa ObLI pa3padoTaH METOJ| 3HAKO-
YyBCTBUTEJIBHOMN JIa3€pHOI JOIUIEPOBCKOM MHMKpO-
CKOITMU C MPUMEHCHUEM C/IBUT'a HCCYH.ICIZ IIElCTOTI)I‘fC
peructpupyemoro curnana [1, 2]. Casur Hecyueit
9acTOTHI MO3KE cTal ucronb3oBarbes U B OKT mis
pasnenenust (a3oBoi U TPYIIIOBOI CKOPOCTH.

OCHOBHBIMH NPEUMYIIIECTBAMH 3HAKOTYBCTBH-
tenpHOTO JIJIM siBisitorcsi: 1) BBICOKOE TIPOCTpaH-
CTBEHHOE pa3pelieHre — MaJIblii U3MEpPUTENbHBIN
00b€M; 2) BOBMOXXHOCTbH NMPOBOAUTH U3MEPEHUS
MTHOBEHHBIX 3HAYCHUH CKOPOCTH C BEICOKHM BPEMEH-
HBIM pa3pelieHneM; 3) TMHEHHOCTh MEXKIy 9aCTOTOH
JOTUTEPOBCKOTO CIIBUTA M BEIMYWHOW CKOPOCTH H,
KaK CJICICTBHE, IPOCTOTA KaaTuOpoBKY; 4) aBTOMa-
THU3UPOBAHHOE M OJHO3HAYHOE OMpENeICHNE 3HaKa
CKOpPOCTH (HAIIpaBJICHUS ITOTOKA); 5) BO3MOXHOCTD
HCCIIEIOBaHUS TIOTOKOB CO CKOPOCTSAMH, OJIM3KHUMHU
K HYIIO; 6) BBICOKAs TOYHOCTh U MOBTOPSIEMOCTH
PE3yJBTaToB ONarofapsi OTCTPOKKE f, OT HU3KOYACTOT-
HOU cocTtapmstoniei ciiekrpa (1/f mym) [2].

OcobenHocThI0 pazpadoranHoro JI/IM sBiser-
sl CIIOCOOHOCTh aBTOMaTHU3UPOBAHHOTO OTpeaene-
HUS HAIPaBIICHUS TIOTOKA 33 CYET CIBUTA YACTOTHI
B OJTHOM U3 ITy4KOB Au((HepeHINANTEHON (IBYXITY -
KOBOH) CXEMBI C 4aCTOTAMH f| U f5:

A

[IpuanunuansHas cxema ycranoBku JIJIM uzo-
Opaxena Ha puc. 1. [Tyukn nmazepHOTo M3ITydCHHS
omHomozoBoro He-Ne nazepa (A = 632.8 HM, Mo1-
HOCTh 1-15 MBT) mepecekaroTcss BHyTpU U3Mepsie-
MOTo 00BbEKTa B 00pa3yroT H3MEPUTEIBHBIH 00beM
~5-10 MKM?, TeOMETpHs KOTOPOTO 3aBUCHT OT JUTHHBI
BOJIHBI U3JTYYCHUSI U YIJIA IIEPEeCEUCHHS ITYIKOB.

HayyHbifi otaen
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Detector

a’a

Emitter Detector- 2

Detector-1

6/b

Puc. 1. Indpepenunansnas cxema JI/IM ¢ aByMs aKyCTOONTHISCKUMH MOIYIISITOpaMH (&) [2], aHaiorud-
Has U GepeHnnaIbLHON cXeMe TOMIEPOBCKOTO YIBTPa3ByKOBOTO HCCIIEIOBAHIS C OXHIM U3ITydaTeneM
u ByMs netekropami (0) [34-36]

Fig. 1. Differential circuit of LDM with two acoustooptic modulators (@) [2]. It is similar to the differential
curcuit of Doppler ultrasonic probing with one emitter and two detectors (b) [34-36]

BuyTtpu m3meputenpHoro odbréma Gopmupy-
eTcsi nHTepepeHInOHHas KapTHHA, KOTopasi aHa-
nornyHa uHTepPeporpamme OKT u moxymupyet
perucTpupyemMblii curHain Ha ¢GoToaeTexkrope. B
peanu3oBaHHOU cxeMe JI/IM nBuKymuecs 4acTu-
LBl TIepeceKaloT UHTep()EePEeHIIMOHHYIO KAPTUHY B
MEepIEHJUKYIAPHOM HampaBieHuH. [Buxyuuecs
YacTHULBI, IepeceKkas uHTephepeHUHOHHbIE T0-
JOChl, MOLYJIUPYIOT PErUCTPUPYEMBIH CUTHAJ

&

w

Intensity, a. u.

1
Frequency, kHz

a/a

fp=20-500 I'n necymeit qaCTOTch =1-50«kl,
KOTOPBIN 3aBUCUT OT HANpaBJICHUSI U CKOPOCTU UX
JBIDKCHNS.

Ha nomnnepoBckoM CIIEKTpe BBIACNIAIOTCS JBa
KA, OJWH M3 KOTOPBIX COOTBETCTBYET M3BECTHOM
PasHHIE YaCTOT 30HAMPYEMBIX JIyYeH, f, = f; — /5,
a BTOPOIl — JOMJIEPOBCKOMY CABHTY YacTOTHI, BBI-
3BaHHOMY PacCesHHEM CBETa JBIXKYILEeHcs yacTueit

(puc. 2).

Intensity, a. u.
-

1
Frequency, kHz
6/b

Puc. 2. JlonnepoBckue CHEKTPhI 3HAKOUYBCTBHTENbHOTO JIJIM. Hecymas wactora — y3kuii nuk ¢ f, = 1 k0.
JlorutepoBckue CIEKTPhI HaXosATCs cieBa (a) u cupasa (6) ot He€ [37, 38]

Fig. 2. Doppler spectra of the sign-sensitive LDM. The carrier frequency is a narrow peak with f, = 1 kHz.
The Doppler spectra are on the left () and on the right (b) from it [37, 38]

KomnberorepHas o6paboTka JOMIEPOBCKUX
CIIEKTPOB OIIPENEINSIeT IOIMIEPOBCKYIO YaCTOTY,
CABUHYTYIO BIIPaBO WJIM BJIIEBO OTHOCUTEJIBHO He-
cymiei 9acToTsl. OHa COOTBETCTBYET IICHTPY Macc
JOTLIIEPOBCKOTO CIEeKTpa (LEHTPOU]), KOTOPHII
paccMaTpuBaeTCs B Ka4eCTBE YaCTOTHI, IIPOITOPIIH-

Bbrnopnsnka n meanunHcKkas prsnxa

OHAJILHOU cpeHel CKOpOoCTH yacTull. Perucrpaius
1 00paboTKa MOCIeN0BATEILHOCTH JIOTUIEPOBCKUX
CIIEKTPOB IMO3BOJISIOT MOJIYYUTh BPEMEHHBIE 3aBH-
CHMOCTH CKOpOCTEH, V(f), TOTOKOB BHYTpH HCCIIE-
Jiyemoro oobema. Eciii 3aMeHuTS J1a3ep ¢ BhICOKOM
KOT€PEHTHOCTHIO Ha HU3KOKOTEPEHTHBIM UCTOYHUK
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(OKT), T0o IeHTpanbHBIi MUK CIIEKTPA, COOTBETCTBY-
IOLIUH f, HCYEZHET U OCTAHYTCS TOJIBKO JIOIIEPOB-
CKHE CHEKTPBI, COOTBETCTBYIOIINE IBIKYIIEMYCS
MOTOKY (CcM. pHC. 2.)

2. CkaHMpoBaHue u U3MmepeHne CKopocTeit
NOTOKA 3HA0M/Ia3Mbl B U30/IMPOBAHHOM TSXe
naasmoama

[lnasmonuii Mmukcomunera Physarum Poly-
cephalum sIBISICTCS OPTAaHU3MOM C aMEOOBHIHBIM
THUIIOM JIBUXKEHUSI, KOTOPOE OCYIIECTBIISICTCS TPH
oMoty rncesaononnii. Knerka niasmonus npea-
cTaBIIsIeT cO00M MPOTOMIAa3MaTUYECKYIO CTPYK-
Typy C Pa3BETBJICHHBIMH TSIKaMH, COJEPIKAIIYIO
MHOXECTBO siiep. TsHKu Taa3Mousi JTOCTHTAIOT
B auametpe nopsiaka 0.1-0.8 MM u HamoMUHAIOT
CeTh KPOBEHOCHBIX COCY/IOB, KOTOpas MOXET HC-
MOJTB30BaThCSl KaK MOJIENIb KPOBEHOCHBIX COCY/IOB
ceruaTku Tiasa. J[Jis 9HA0IIIa3Mbl BHYTPHU TSDKEH
XapaKTEepHO MEePUOAUIECKOE, Pa3HOHAINIPABICHHOE
JIBIDKCHHUE, KOTOPOE U 00YCIIOBIIMBAET MEepeMellie-
HHE IJIa3MOJAMS Kak IIeJIoro opraHmsma. B cBoro
ouepeib, aBTOKOJIe0aTebHasi aKTUBHOCTD 3a[a€TCs
rmapamu OCJIKOB aKTHH U MHUO3UH, TAKUX )K€, KaK B
MBIIIIAX XKUBOTHBIX U YeJIOBeKa. bhUIO mokaszaHo,
YTO 3Ta HEMBIIIEYHAS MOABMKHOCTH 3aBUCHUT OT
MHOXECTBa (PaKTOPOB, OT TEMIIEPATYPhl U BIIAXK-
HOCTH, @ TaK)K€ OT KOHLEHTPAIMU XUMHUYECKUX
KOMIIOHEHTOB, Takux kak Ca2", NADH, KHUCJIOpOAA,
mosekyn AT® [39, 40].

[Ipn momomu 3Hako4yBCcTBUTENBRHOTO JI/IM
BIIEPBBIC yAATOCh U3MEPUTH U caenarh Oypne-aHa-
JIM3 BPEMEHHBIX 3aBUCUMOCTEH 3HAKOTIEPEMEHHOTO
YEJTHOYHOTO JIBM)KEHHSI HECTAI[MOHAPHOTO MOTOKA
SHJIOIJIA3Mbl B U30JUPOBAHHOM TSIKE ILJIA3MOJIHSI
Physarum Polycephalum ¢ npuMeHeHHEM WHTHOU-
TOpOB AbIxaHus [41, 42].

[Mna3moauii ObUT BBIpAIIEH HA NMUTATEIbLHON
arapoBoil moanoxke. M301upoBaHHBIN TAXK IL1a3-
moaust (mumHOW 20 MM u nuameTpom 0.2 MM),
BBIPE3aHHBIN U3 IIEJIOT0 OpraHu3Ma BMECTE C ITUTa-
TEINbHOU MOAJIOKKOH, momeancs B yamky [lerpu.
[Tocnennas conepxana pacrBop coneit (CaCl, —
1 mMons, NaCl — 2 mMous, KCI — 2 mMous,
MgCl, — 3 MMons) ¢ pH = 7.2, npu temneparype
25°C. Cnycts 10-15 muH (1mocie BOCCTaHOBIICHHS
BHEIITHETO CJIOSI DKTOIJIa3Mbl B Xxoje (Gpudpusio-
reHesa [7]), 4eJIHOYHOE JBWKCHHE TOTOKA HIO-
IJ1a3Mbl BOCCTAHABIUBAJIOCH, MIOCIIE YETO MPOU3-
BOJIMIIMCH U3MEPEHUS CKOPOCTH.

W3mepenue oaHo TOYKH 3aBUCUMOCTH V(f)
MPOBOJIUIIOCH B LIEHTPE TOPU3OHTAIHLHO OPHEHTH-
POBaHHOTO TsDKa B TeueHue 2—16 ¢ (mormiepoBckue
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CIIEKTPHI yCpeAHsUTUCH 110 2—10 n3MepeHusiM, BpeMs
HakoTuIeHus Kaxjaoro crekrpa 0.8—1.6 c¢). Moui-
Hocth He-Ne nasepa cocrasmsuia 1 MBt, nnmunnas
Y KOPOTKAas OCh AJUTUTICOM/ 1A TTOJIy4aeMOro H3MEpH-
TENBHOTO 00BeMa COCTaBIIN 12 1 6 MKM COOTBET-
CTBCHHO. /[BMXEHUE MHTEP(HEPEHIIMOHHBIX TOI0C
MPOUCXOANUT BIOIH MOTOKA, & PACCTOSHHE MEXIY
HUMU cocTaBisieT d = A/2sin(a/2) = 1.08 pwm, e
A = 632.8 HM, yron nepecedeHus Jyden o = 38°.
Ecnu JaCTUlbl SHAOIIJIa3Mbl HE ABUIKYTCS, TO UH-
TEHCUBHOCTH PACCESHHOTO M3ITyUCHHSI CTAHOBHTCS
MOJYJTUPYEMOM € 4acTOTOH f_. ITO MPOABIAETCS B
BHUJIC ITUKA B CIIEKTpPE, MHPHHA KOTOPOTO OTpakaeT
HUHTCHCHUBHOCTbD 6pOyHOBCKOFO JABUXKCHHUA YaCTHULI.
[Tpu nBMKEHUN YACTHUI] SHIOIIIA3MBI C Pa3HBIMH Pa3-
MepaMH U CKOPOCTSAMU HaOMI0AaeTCs IOTIIEPOBCKHIMA
CHIBHT ¥ YIIUPEHHUE CIIEKTPA.

[Tocre peructpanuu BpeMEHHOM 3aBUCUMOCTH
CKOPOCTH B TSDKE B HOPMAJIbHBIX YCIOBHUSX B KIO-
BCTY ,Z[O6aBJ'I$IJ'II/ICI> I/IHFI/I6I/ITOpr JAbIXaHUS NUAHU
kammst (KCN) u canuuunruapokcamoBasi KUCIOTa
(SHAM) B koHLIeHTpauu 5 1 7 MMoJb Ha JTUTP CO-
OTBETCTBEHHO. JTOT PacTBOP MPUBOIMT K OCTAHOBKE
HEMBIIIEYHOM 3H/10IIa3MaTHYECKON MTOIBMYKHOCTH.
3areM MHTHOUTOPBHI OTMBIBAIKMCH Oy(pEpHBIM pac-
TBOPOM, TsAK CHOBA NMOMCIIAJICA B 6J'[aFOHpI/IﬂTHI>Ie
YCIIOBUS U MPOU3BOAMIACH PETUCTPAIHS BOCCTa-
HOBJICHUS ABUXCHUS.

3. CneKTpanbHblit aHaNIM3 BPEMEHHbIX
3aBMCMMOCTEN CKOPOCTN ABUXEHUS
3HAONNA3Mbl

[lepBUuYHBIM pe3ynbTaToM paboThl mpuOOpa
JIIM saBAsAIOTCS JOTJIEPOBCKHE CIEKTPHI, 3ape-
TUCTPUPOBAHHBIC OT JMBIIKYIICHCS 3HIOIIA3MBI
nasMoausi. LleHTpanbHbIil THK COOTBETCTBYET HY-
JIEBOM CKOPOCTH, JIeBbIi MUK ckopoctu —40 MKM/C,
MpaBbIid MUK — ckopoctu +350 mwm/c (puc. 3).

C moMOIIBI OKOHHOTO IpeoOpa3oBaHUs
®ypre (ummTensHoCTh 0KHA 600 ¢) ObUTH TIpoaHa-
JTU3UPOBAHBI V(f) U MOJIYYCHBI COOTBETCTBYIOIIHE
UM crnekTpsl (puc. 4). [IpeuMyniecTBo 3HaKOTIE-
PEMEHHOM pPEerucTpaIiii CKOPOCTH 3aKII0YaeTCs B
OTCYTCTBUHU HA CIIEKTPE HU3KOYACTOTHBIX IIyMOB.
B cmyuae permcrpanuu TOIBKO MOIYISI CKOPOCTU
Ha CIEKTPE YacCTOT MPOSIBISAIOTCS IIyMBI, KOTO-
pBIe HE MO3BOJISIIOT TOYHO ONPEICIHUTh CKOPOCTh
JIBU)KEHUS dHJoMIa3Mbl. [Ipu ananuze mepBoit
YacTH MOIYJNS 3aBUCHMOCTH V(f) NIUTETHHOCTHIO
600 ¢ O OOHAPYKEHBI JIBA CUITHHO 3alTyMJICHHBIX
nuka ¢ yacroramu ©,=0.0132, ©,=0.024, u ewe nsa
HauOoJIee ABHBIX MHMKA C 9acTOTaMu 03=0.0368 u
0, =0.0505[9, 10].
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Puc. 3. JloruiepoBckue CIIEKTPEI, TOTyYEeHHBIE TPU H3MEPEHUH
CKOPOCTH JBMIKCHHS H/IO0IIA3MBbl tu1asmonus Physarum Poly-
cephalum. CeKTpsl COOTBETCTBYIOT JBIDKCHUIO C Pa3HBIMU
CKOPOCTSMH M OCTaHOBKE 9HJ0MIa3Mbl. CIIIOLIHbIE IMHUH —
rayCcCOBCKHE anmpoKcumanuu, R%>0.98 Bo Beex ciyuasx [26]

Fig. 3. Doppler spectra obtained by measuring the velocity

of endoplasm movement in Physarum Polycephalum. The

spectra correspond to the motion with different velocities and

endoplasm cessation. The solid lines are Gaussian approxima-
tions, R%> 0.98 for all the cases [26]

[Ipu mconp30BaHUN 3HAKOUTYBCTBUTEILHOTO
peXKHMa JTOCTATOYHO YETKO BBIJEISICTCS aBTOKO-
nebaTenbHas aKTHBHOCTB, CHEKTPANBHBIA aHAH3
BPEMEHHOW 3aBUCHMOCTH CKOPOCTHU JaéT JBa SIBHO
BBIPQKEHHBIX MHUKa ¢ yactoramu ®,=0,0132 u
©,=0.024 (cm. puc. 4.). Takum 06pa3zom, 3HAYEHUS
MIEPBBIX IBYX YaCTOT B O0OUX CIyYasx COBIAAAIOT,
OJTHAKO B MEPBOM CJIy4ae BBIACIUTH UX U3 IIYMOB
HE TIPEICTABISICTCS BO3MOKHBIM. 3HAYCHNUS YETHIPEX
MaKCHMAJIbHBIX 9aCTOT BTOPO#l JUTUTEIILHOCTH OKOH-
HOTO TIpeoOpazoBanus yepes 10 mun (600—1200 c)
B IIEPBOM Cily4ae coctaBuii ®,=0.0132, ©,=0.024,
©3=0.037 1 ©,=0.0515, a B ci1yyae 3HaKONEpPEMEH-
HOM peructpanun — ©,=0.013 n ©,=0.0254 I'n.
VYBeaMUeHHE aMIUIHTYABl B 000WX CIydasx Mpo-
HCXOIUT MPOMOPIHOHATBHO. [IpH 3TOM 4acTOTHI
MIEPBBIX IBYX TAPMOHHK B O0OWX CITydasX MPaKTH-
YECKH COBIAJAIOT, Torna 3-i u 4-i MUKH, CKopee
BCET0, COOTBETCTBYET IITyMaM, BO3HUKAIOIINUM TpU
peructparnuu u oo0padorke curxana [9, 11].

Kpome Toro, 3HaKOUYBCTBUTEIBHBIN PEKUM
PETUCTPAIK CKOPOCTH MO3BOJISICT KOJHYECTBEHHO
U3MEpSTHh HalpaBICHHBIH MacCcOIEPEHOC DHIO-
IJa3Mbl M ONPENENATh HAlpaBICHUE JIBUKCHUS
IUTa3MOMMS KakK IeJoro opranuiMa. MHTrerpanbHas
IJIOIIAb MO KPUBOW 3aBUCHMOCTH CKOPOCTHU

Brnopnsnka n meanunHckas prsnka
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Puc. 4. CriexTpsl, 1ojgy4eHHbIE METOJOM OKOHHOTO IIpe-
obpazoBanus Oypbe BPEMEHHBIX 3aBUCHMOCTEH CKOPOCTH
JIBI)KEHHS DHIOIUIa3Mbl V(f) B Cllydae periuCTpariii MOLYIst
CKOPOCTH (TOYKH) ¥ 3HAKOIIEPEMEHHOH perucTpanuy (KBaapa-
Tb1). HTEpBaIel Bpemenu: a — 0-600 ¢, 6 — 6001200 ¢ [26]

Fig. 4. Spectra obtained by the method of short-time Fourier

transform of time dependencies of the endoplasm velocity V(z)

in the case of detecting the absolute velocity values (points)

and sign-sensitive registration (squares). The time intervals:
0-600 s (a) and 6001200 s (b) [26]

HUKE U BBIIIE OCH HYJIEBOH CKOPOCTHU (3HAYCHHUS CO
3HAKOM — ¥ CO 3HAKOM 1) TOBOPHUT O TIPEHUMYIICCTBEH-
HOM HarpaBJICHUH IBHYKEHUS TIIA3MOINS B OJTHY WJIH
JIPYTYIO CTOPOHY.

C ucnonbp30BaHUEM MOMYYEHHBIX CIIEKTPallb-
HBIX 3HAYCHHWH 9acToT, (a3 ¥ aMIuiuTya Obljia Io-
CTpOEHA MOJIEJIh 3aBUCUMOCTH CKOPOCTH JIBUKCHUS
OT BpeMeHH Jiis 00oux ciaydaes [11, 26]. Kak BuziHO
U3 MOJYyYEHHBIX TEOPETUUYECKHX 3aBUCHUMOCTEH,
JUISL 3aBUCHMOCTH 0€3 MCITOJIb30BaHUS 3HAKOYYB-
CTBUTEJIBHOTO METOJla TeOpeTHYecKas KpuBas He-
JIOCTaTOYHO aJCKBAaTHO OTHUCHIBACT IOJYYCHHBIC
SKCIepUMeHTajIbHbIe NaHHble (R°=0.46), Torna Kak
C YYETOM 3HaKa MEXJIY JKCIICPUMCHTAIbHBIMU H
TEOPETUYECKUMHU JTaHHBIMH CYIIECTBYET 3HaYMMasi
koppensanus (R =0.9).

Ha »sTame BOCCTaHOBJICHHUSA HMOABUKHOCTU
TUTa3MOJIHS ITOCIIE YIAICHUS HHTHOUTOPOB JIBIXaHHS
Takxke OblIa TOJIydeHa BpeMeHHas 3aBUCHMOCTh
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CKOpPOCTH (pHC. 5), sl KOTOPO# XapakTepHO Tap-
MOHHYECKOC MOBCACHUC U YMCHBUICHUE MEpUuoaa
KosieOaHuil B CPAaBHEHHUH C TIEPBOM 3aBHCHUMOCTHIO
[11,26]. Ha dypbe- cnekTpe JaHHOM 3aBUCUMOCTH
MpeBaJupyeT TOJbKO OAHA, IepBasi, rapMOHMKA, C
MEHbIIEH 4acTOTOW M OOMbIICH aMIUIUTYAOU, B TO
BpeMs Kak BTOpasi rapMOHHKa MOCTENEHHO BOC-
cTaHaBlIMBaeTCs nocie 11-i MUHYTHI 10 IPEXKHETO
yposHs [9, 11, 32]. MonenupoBanue pe3yabTaToB
3HaK0‘lyBCTBHTCJ’IbHOI71 peructpanuu 1moka3ajio Bbl-
COKYIO CTeTIeHb aJIeKBaTHOCTH Mojenu (R2 = 0.92).

200
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-100
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'200 T T |
0 200 400

Puc. 5. BpemenHnast 3aBUCUMOCTbH CKOPOCTH JIBUIKECHUS
9HAOIUIa3MbI B Oy(hepHOM pacTBOpE MOCIE YIaJICHHS HH-
rudutopoB aerxanus (KCN u SHAM). CrutomHas TuHUS —

pe3ynbTaT MOJCITUPOBAHUS, 3BE3J0UKH — IKCIIEPHUMEHTAIb-
HbIE TOUKH [26]

Fig. 5. Time dependence of the endoplasm movement velocity
in the buffer solution after removing the inhibitors of respi-
ration (KCN and SHAM). The solid thick line is the result
of modeling, the asterisks are the experimental points [26]

4. UccnepoBaHue 3HaKkonepeMeHHOro noToka
CO CJIOXHOI reomeTpueit

CXOISIIIMIACS TOTOK OBLT MCCIIEN0BAH METOIA-
mu gomnepoBckoit OKT no u nmocie kKanuuisipHOTo
Bxofa ¢ pasperenuem ~10x10x10 mxm?. TTomyueHst
CTPYKTYpHBIE U300pakeHUs paHTOMA U U300paxke-
HUS OJHOW BBIOpaHHO# ckopoctu (OBC kapTupo-
BaHue) (puc. 6). MHOXKeCTBO pa3IHIHBIX MPoduIeh
CKOPOCTH (BOTHYTBIH, YIJIOMEHHBIH, Mapadonn-
YECKHUH, TPEeyroybHbIN) OBbLIM IKCIIEPUMEHTAIBHO
MOJTYYEHBI JIO U TIOCIIE KalTMJUIIPHOTO BXoa (puc. 7,
8). IToToKM OMOJIOTHUECKUX KUAKOCTEH, TAKMX KaK
nuM@a U KpOBb, pEaTU3yIOTCS B YCIOBUSIX CJIOKHON
reoMeTpuy. MUKpOLUUPKYIISALHUSA KPOBU KaK HEHbIO-
TOHOBCKOM JKUJKOCTH TIOKAa3bIBAET OTKIOHEHUS OT
napabonndeckoro npoduis u3-3a BETBICHHS CO-
CYZIOB M CJIOKHOCTH cocyaucTon cetu [20].
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Puc. 6. Crpykrypusie OKT nzobpaxenust u OBC uzobpasxe-
HHSI CKOPOCTH CXOJSILErocs OTOKA B CHMMETPHYHOM (@) |
HaKJIOHHOM (6) kammuripHoM Bxoxe. @opma OBC m300pa-
JKEHHUS COOTBETCTBYET (hopMe, ITOXOXKEH Ha KilanaH cep/ua B
OTCYTCTBHE CaMoro kianasa (0) [43]
Fig. 6. Structural OCT images and OSV images of the convergent
flow velocity, in the symmetric (a); and inclined () capillary
inlet. The form of the OSV image corresponds to the shape similar
to the heart valve in the absence of the valve itself (b) [43]

Hupkynsamnus KpoBU B cepjille MO3BOHOYHBIX
Ha BXOJIC U BBIXOJIC M3 JKEIyJOYKOB U MPEACEPIUM
MMEET aCUMMETPUYHBIE BUXPH, KOTOPBIE TOMOTAI0T
3aKphIBaTh CEPACUHbIE KIanaHbl. B pe3ynprare mo-
JTYYEHHBIX CTPYKTYPHBIX H300paKCHH CKOPOCTH
MOXHO 00OCHOBATH IMPEIIOI0KEHUE O TOM, YTO
(hopMma kIarmaHOB IBONIOLMOHUpPOBAiA MOJ JCH-
CTBHEM BO3HUKAIOIIUX BUXPEH M Bella K acCUMe-
TPUYHOMY YETBIPEXKAMEPHOMY CEpAIly NMPUMaTOB
BBUJIYy TOTO, YTO ATO YHEPTETUUYECKH BBITOJHO C
TUJPOAUHAMUYECKON TOUKH 3peHus [19].
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Puc. 7. [Ipodmm ckopocTH, moTydaeMbie Ha paccTossHAU 1.5—2 MM OT KarmuisipHoro Bxoza. [Ips-
Mast TMHUSA (8) COOTBETCTBYET IEPICHANKYISIPHOMY pacroioxkeHuo antoMa. [Tapabommaecknit
po Ik () COOTBETCTBYET HAKIIOHHOMY pacrojokeHHto ¢pantoma [43]

Fig. 7. Velocity profiles obtained at the distance of 1.5-2 mm from the capillary inlet. The straight
line (a) corresponds to the perpendicular arrangement of the phantom. The parabolic profile (b)
corresponds to the inclined position of the phantom [43]

o/e

—
8/c
e/f

Puc. 8. TIpoduin CKOPOCTH, MOIYUCHHBIC B THAPOJANHAMHYECKOM (PAaHTOME B TIOTOKE CO CIIOKHOM reOMETPHEH 10 KaITHIIIPHOTO
Bxoqa (a) u nocine Hero (6—e). [lapadomuueckuit mpoduib hopmupyercs nocie 1.5-2 mm nocie Bxona (6) [43]

Fig. 8. Velocity profiles obtained in the hydrodynamic phantom in the flow with complex geometry before the capillary
inlet (a) and after it (b—f). The parabolic profile is formed in 1.5-2 mm after the entrance () [43]

B macrosimee Bpems MCCIEIOBATEIM YacTO  MAarHUTOPE30HAHCHYIO TEXHUKY JJIST KAPTHPOBAHUS
HCIIONB3YIOT yABTPa3BYKOBBIE MPUOOPHI, BEICOKO-  CKOPOCTH KpOBOTOKa. HecMOTpst Ha TO 4TO METOJ
CKOPOCTHBIC BHICO3aMUCHIBAIONINE YCTPOHCTBA ©  MAarHUTOPE30HAHCHOW BU3yalH3alUU CKOPOCTEH
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ITOTOKOB IIPUMEHSIETCS [T N3YYESHHSI TTIOTOKOB KPOBH
B CEPALE i Vivo, IPUMEHsIEMas alllaparypa B 3TOM
METOJI€ JIOporasi, TPOMO3/IKast M Ja€T pa3pelieHue
nopsnka 0.5—1 mm [27, 43].

Tem He MeHee pa3Mep TIOTOKOB CO CIIOKHOM reo-
METPUEH CyIIECTBYET HE TOJIBKO HA YPOBHE CaHTHMe-
TPOBOM IIKAJIbI, HO ¥ HA YPOBHE IIKAJIbI B HECKOJIHKO
COTeH MUKpPOH. [IpeanoxeHHbIN TuapoAnHaMUYEeCKUH
(haHTOM C HAKJIOHHBIM KaIWJUISIPHBIM BXOJOM HMECT
ACHMMETPHYHBIN CXONSIINICS TOTOK C COOTHOIIEHUEM

a/a

nmuameTpos 1:4 [37, 44]. OH mo3BoIsIeT MPUMEHSITh Me-
Tozb! poruiepoBckoit OKT u kapTupoBaHus OAHOI BBI-
OpaHHOI CKOPOCTH B IIOTOKAX CO CJIOKHOW TeOMETPUEH.

KpoMe HU3KOKOTE€pPEHTHBIX AOIMIEPOBCKUX
CTIICKTPOB M Pa3IIUYHBIX MPODUICH CKOPOCTH OBLIH
nony4deHsl cTpykrypHsle 1 OBC u3o6paskenus (cM.
puc. 6) [37]. Takoi moaxox AaéT UCUEPITHIBAIOIITY IO
UH()OPMALIUIO O AUHAMUKE TIOTOKOB PA3IMYHBIX OHO-
JIOTHYECKHUX JKHUJIKOCTEW, CYyCIIEH3UNA IPUTPOLIUTOB U
LENBbHOM KpoBH (puc. 9).

6/b

Puc. 9. Crpykrypusie OKT n300paxeHus noTOKa LENbHOM KPOBU KOPOBBI B IIMJIMHIPUYECKOM
Kanuusipe quamerpoM 1 MM (@) ¥ HaKJIOHHOM KallWJUIIPHOM BXoze (0)

Fig. 9. Structural OCT images of bovine whole blood stream in a cylindrical capillary with
the diameter of 1 mm (a) and inclined capillary inlet (b)

3akioueHune

Ha ocHOBe 3HAKOUYBCTBHTEJIBHBIX ONTH-
YEeCKUX JOTUICPOBCKUX METOMOB PETHCTpaIuu
CKOPOCTH JBIKCHHS HECTAIIMOHAPHBIX 3HAKOIIE-
PEMEHHBIX TTOTOKOB JHJIOIIIa3Mbl ObLTH pa3pado-
TaHBI M YCOBEPIICHCTBOBAHBI METOIBI OIITHYECKON
korepenTHoU Tomorpaduu (OKT) u nomnepoBckoit
OKT st meneéd u3MepeHus: CKOPOCTH, TPOGUIst
CKOPOCTH M BHU3yaJM3allUd OAHOW BHIOpaHHOM
ckopoct (OBC) moTOKOB OMONOTHYECKUX KU
kocted. Ha oCHOBE HHU3KOKOT€PEHTHBIX METOJI0B
JUCKPUMHMHAIIUU ONTHYECKOTO CUTHaja paspada-
THIBAETCSl AJTOPHUTM I[BETOBOTO JOTJIEPOBCKOTO
KapTUPOBAHUsI PA3HOHATIPABICHHBIX MOTOKOB,
KOTOPBIH MTO3BOJISIET B aBTOMAaTHU3MPOBAHHOM pe-
KUME pa3fesaTh UCXOIHBIE NTaHHbBIC Ha IBE YaCTH,
COOTBETCTBYIOIINE TIOJIOXKUTEIHFHOMY M OTpHUIIa-
TEJIHHOMY CIBHTY HECYHICH YacTOTHI C TOCIEHY-
IOIUM HE3aBUCHMBIM MOCTPOCHUEM IBYMEPHOTO
cTpykrypHoro u neymepHoro OBC n3obpaxeHus
C IBETOBBIM KOJAWPOBAHHMEM M HTOTOBBIM KOM-
nmnekcupoBanueM. OBC kapTupoBaHue O3BOJISIET
MOCTPOUTH AHATOMUYECKHE JJOTIEPOBCKUE KAPThI
MMOTOKOB OMOJIOTUYECKUX KUIKOCTEH, KOTOPBHIE OT-
paxaroT (pyHKIIMOHAIBHOE COCTOSTHUE OM000BEKTA
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B HOpME W maroyioTuu. [IpeanoxeHHbIH MeTox
MOYXHO MPUMEHSITh HE TOJIBKO B ONITHYECKUX, HO U
B YIIBTPa3BYKOBBIX CHCTEMaX.

Paboma evinonnena npu uunancosoi noo-
oepoicke Donoa Ilpoxoposa (npoexm Ne 04-
01.3/446, 2015 2.) u cmunenouu Ilpezudenma
Poccuiicrkot @edepayuu (npoexm Ne 653, 2016 2.)
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Background and Objectives: In this paper the key results obtained
by the authors during the years of development of Doppler optical
methods for quasi-elastic light scattering and coherence gating on
biomedical liquids are presented. The research is focused on the sign
sensitive velocity measurement and quantitative visualization of alternat-
ing and complex geometry flows using spectral approach to digital data
processing of Doppler shift of the carrier frequency. Materials and
Methods: Laser Doppler microscopy allows accurate sign-sensitive
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measurement of the endoplasm stream velocity in the isolated strand
of Physarum polycephalum. An algorithm of color Doppler mapping of
multidirectional flows (vessel phantom) is developed to automatically
decompose the original data into two parts corresponding to a positive
and negative shift of the carrier frequency with forming up the structural
image and two OSV (One Specific Velocity) ones followed by color
coding and a final complexation. Results: The model based on the
spectral characteristics adequately describes the change of the veloc-
ity time dependencies of the endoplasmic motility. The OSV Doppler
mapping allows for the construction of structural Doppler images of
biological fluids. They clearly visualize and reflect the functional state
of the biological object. Conclusion: The methods of quasi-elastic
light scattering, optical coherence tomography (OCT) and Doppler OCT
have been developed for the direction-sensitive velocity measurements
and OSV mapping of biomedical liquids, based on the automated
sign-sensitive registration of the carrier and Doppler shifts. Velocity
measurements and color mapping of the alternating flows of the liquids
in vitro and in vivo are presented.

Key words: optical coherence tomography, laser measurements,
Doppler spectroscopy.
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BBepeHue

B nocnegnue rozbl 3aMETHO YBEJIMUYMIIOCH YHUCJIO YHUBEPCUTET-
CKHX Kadeap, co3JaBacMBbIX Ha 0a3e HAyIHO-HCCIENOBATEIbCKUX,
HAy4YHO-TIPOU3BOJCTBEHHBIX, YUCTO 00pa30BaTEIbHBIX, YHCTO IMPO-
M3BOJICTBEHHBIX U MHBIX OpraHu3anuax. «3eJeHbli cBeT» 0a30BBIM
KaeapaM OTKPbUIN yTBEpkKACHHBIC MuHOOpHayKu PO nokymeHTHI [ 1,
2]. Uenb coznanus 6a30BBIX Kadenp oueBHIHA — 0OecIieueHUE YCIOBUH
JUISL CTYIEHTOB, [103BOJIAIOIIMUX YIYUYIIUTh UX MPAKTUYECKYIO IOArO-
TOBKY M COKpAllleHUE CPOKOB aJaNTaluu K TPYyJOBOH JeATEeIbHOCTH.
[TonoOHas monuTHKA B3aUMOACHCTBHSI 00pa30BaTEIbHBIX U HAYYHBIX
U HAay4YHO-IIPOM3BOJCTBEHHBIX OpraHU3alMil CyllecTBOBajla U paHee,
B YaCTHOCTH, B (pOpME MPOBEJICHUS MPOU3BOACTBCHHBIX MPAKTHK HA
IEHCTBYIONINX MPEATIPUATHAX, a TAaKXKe B popmare Gruimnanos xkadeap,
CO3/1aBaeMbIX By30M Ha 0a3e nmpouiabHbIX opranuzanuid. O6 onsiTe 1
UTOTaX TAKOTO COAPYKECTBa Ha MpHUMepe oxHOH n3 Kadenp pusmue-
ckoro ¢akyipreTa CapaToBCKOTO HAllMOHATIBHOTO UCCIEI0BATEIBCKOTO
rocymrapctBeHHOro YHUBepcuTeTa umenu H. I. Uepnasrmesckoro (CI'Y)
U paccKa3bIBaeTCs B TaHHOM CTaTheE.

' B Ha3BaHuM CTATbHU MCMOJB30BaHA (HOPMYIMPOBKA, AHAJOTHYHAS TEPMHHOJO-
I'uu, IpEMeHeHHO! B Ha3BaHUH 3akoHa CCCP ot 24 nexabps 1958 r.: «O6 ykpemie-
HMHU CBSI3U LIKOJIBI C ’KM3HBIO U JajIbHEHIIEM Pa3BUTHH CHCTEMbI HAPOAHOTO 00pa30-
BaHust CCCPy».

© AHnknH B. M., 2017
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®dununan kapeapbi CI'Y
B aKaAeMNYeCKOM MHCTUTYTE

OpaHuM U3 NEPBBIX B cTpaHe punuanos kadeap
B HayuHbIX yupexaeHusx CCCP sBuics dumman
kadeapsl GU3NKH TI1a3MbI PU3NUECKOTO (haKyIbTeTa
CapaToBCKOTO TOCYTapCTBEHHOTO YHHBEPCHUTETA
umenu H. I'. Yepnsimesckoro. OH ObUT OTKPHIT 23
nexabps 1986 1. coBMECTHBIM PUKa30M MUHHUCTEP-
CTBa BBICILIETO M CPEHETO CIEIHaIbHOTO 00pa3oBa-
Hust PCOCP u IMpe3nauyma Axagemun nayk CCCP.

DTOT 3aMeUYaTeNbHBIH JOKYMECHT IIOMEIICH B
[Ipunoxenuun. Ero noanucanuio npeaiecTBOBaio
3axiroueHue JloroBopa o6 opraHuzanuu Quinaia
kadenpsl B CaparoBckoM ¢rumane MHcTuTyTa pa-
JIMOTEXHUKH U dNIeKTpoHukn Axagemuu Hayk CCCP
(apiae — CapatoBckuit punuan MHCcTHTYTA paano-
TEXHHUKH U 3JIeKTpoHnkn nMenn B. A. KotensHukoBa
PAH, C® UPD PAH). [lannsii doroBop ObLT yT-
BepxieH 20 uronst 1986 . HauaTbHUKOM YIpaBlICHUS
kaapoB AH CCCP, a 24 aBrycra TOr0 *e€ roja — Ha-
JaJIbHUKOM [ TaBHOTO yTIpaBIEHUS] YHUBEPCHTETOB,
9KOHOMHUYECKUX U IOPUIUYECKUX By30B MUHBY3a
PC®CP. Jlorosop noamnucan: co cropoHsl CapaTos-
CKOTO TOCYIapCTBEHHOTO YHUBEPCUTETA — PEKTOPOM
CI'Y noxTopoM TEXHHYECKUX HAyK, IPOPeccopoM
Anaronnem MuxaiinosuueM boromosioBeiM, ne-
kaHoM ¢usndeckoro paxynsrera CI'Y moxTopom
(u3nKo-MaTeMaTHYECKHUX Hayk Banepuem Bukropo-
BHYeM TydHHBIM, 3aBEAYIOIINM Kadenpoit Gu3uKu
TUTa3MBI TOLIEHTOM (BIOCIEICTBHAH — TPOPECCOPOM)
Anexcanapom DegoposuueM [onyOeHIIEBBIM; CO
ctoponsl CaparoBckoro ¢unuana MHcTUTyTa paguo-
texHuku ¥ 3MekrpoHnku AH CCCP — nupekTopom
HNuctutyra akagemukom lOpuem BacuibeBuuem
I'ynseBbiM, pykoBoauTenem CapaToBckoro ¢puinana
WNPD PAH kanauaaroM TeXHUUYECKUX HayK | eHHa-
nueM TumodeeBnuem KazakoBbIM, 3aBEAYHOIINM
nmabopatopueit CO VPO PAH, noktopom ¢duznxo-
MaTeMaTHIeCKUX Hayk, nmpodeccopom Hmuxomaem
VBanoBnyem CHHHUIIBIHBIM.

Ha ocHOBaHWW NpUBEICHHBIX TOKYMCHTOB
9 derpans 1987 1. ObLT U37aH COBMECTHBIN MPUKa3
CI'Y u C® UPD PAH 00 opranm3anun duiamana
kadenpsr pusuku miazmel CI'Y B CO WP PAH,
rJe, B Y4aCTHOCTH,

1) nexany ¢akynpTeTa ONpeaeIsics TopsAI0K
KOHKYPCHOTI'O O0TOOpa CTYJIEHTOB Ha (puiIHan Ka-
benpsl;

2) pykoBoguteneM ¢unmana kadeapsl Ha3Ha-
gaycst npod. H. . Cunuubiy;

3) nekany ¢axynbTera, 3aBeJyOIlleMy Ka-
dbenpoit u 3aBenymwmemMy QrIHaioM Kadeaps
MOpy4aJioch OPTaHU30BaTh Ha (uiraie Kadeapbl
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IEJIEBYI0 HHTCHCUBHYTO TIOATOTOBKY CIICIIHAIUCTOB
(LIATIC) co crenumanu3aiueii B 001acTi BOJIHOBOM
AIIEKTPOHUKH U TIA3MBI TBEPJOTO Tella, aBTOMATH-
3alMU HAyYHBIX UCCIEA0BAHUN U TEXHOJIOTHYECKUX
MPOIIECCOB;

4) npopekTopy mo yuebHoi pabore CIY,
3aBenyronieMy kKapeapod QU3UKU MiIa3Mbl U
pykoBoauTento ¢unuana Kapeapsl mopydainoch
pa3paborarh pabodue y4eOHbIC TPOTpaMMBbI TS
o0ydeHus Ha ¢puinane Kapeapsl Mo JUCHUIUIHHAM:
«CoBpeMEHHOE COCTOSIHUE U TEPCIIEKTUBEI pa3-
Butus CBY-anextponuku», «PuU3uka U TEXHUKA
CBY- u onTHYeCcKUX MOTYyNPOBOIHUKOBBIX IMPHU-
60poB», «DU3NUECKHE OCHOBBI AKyCTOIEKTPOHH-
Ki», « BOJTHBI B MArHUTOYNOPSTOUSHHBIX Cpeaax u
yCTpOHCTBAa 00pabOTKM CUTHAJIOB Ha UX OCHOBEY,
«DNEeKTPOMarHUTHBIE KOJICOAHHS U BOJHBI B TUAJICK-
TPUUECKUX, MOJYNPOBOAHUKOBBIX U IIa3MEHHBIX
HAIPaBISIOMUX CTPYKTypaxy», «Pu3nka, TeXHUKA
U TEXHOJIOTUSI COBPEMEHHOU MUKPOAICKTPOHUKI.
[IpenycMmarpuBanoch YTEHHUE JEKIUN, IPOBEAECHUE
CEeMMHApOB M OpraHU3aluil ABYyX CHELHAIbHBIX
naboparopuii Ha 0a3ze HayYHO-HCCIIEI0BATEIIbCKOM
anmaparypsl CO 1UPD.

CoBMecTHas yueOHas 1 Hay4Has pabora kade-
Jpsl ¥ ee punnana B 1997-2002 rr. ocymiecTBisIach
B paMkax PenepanbHON 1eaeBoi nporpaMmmel «H-
Terpanus BbICILIET0 00pa3oBaHus U (PyHIaMEHTANb-
HOW Haykm»: B 1997 1. kadeapa, moyduBIIas K TOMY
BPEMECHU HAUMEHOBAHUE Ka(eIpbl BHIUUCIUTEIBLHOMN
(M3MKH ¥ aBTOMATHU3aIUH HAYIHBIX HCCIICIOBAHUI
[3], u ee ¢punuan B CO PO PAH Beiurpanu rpant
®denepanbHON 1€eBOM (MMEBIIEH cTaTryc mpe-
3UJICHTCKOI) MporpaMMbl «MHTerpamnus BBICIIETO
o0pa3oBaHus U yHIAAMEHTAIBHOW HAyKW». DTO
OBLT NEPBBIH KOJUICKTUBHBIN IPAHT HE TOJIBKO TS
CapaToBCKOTO TOCYJapCTBEHHOTO YHHBEPCUTETA, HO
U JJIS1 HECKOJIBKUX BBICHINX yUCOHBIX 3aBEACHUN U
akaJieMu4eckux yupexaenuii . Caparosa. U HyxHO
OTMETHUTB TO 00CTOATENBCTBO, YTO «TaHAEM» Kade-
Ipa BBIYUCITUTENHHON (PM3MKU W aBTOMAaTHU3ALNU
Hay4YHBIX UCCIeN0BaHUMN — punnan kadenpsl 8 UPD
PAH cran snpom mpoekra, Oiaromaps KOTOPOMY
MOCTIETHUM U COCTOSIICS, TOCKOJIBKY 00513aTeIbHBIM
YCIIOBHEM Yy4acThsl B KOHKypce TPaHTOB OBLIO Ha-
anuune guauana kapenps! B yupexaeHun PAH.

['maBHBI cUCTEeMHBIH 3P dPekT nmporpamMmm
«DyHIaMEHTAJIbHBIC HCCIEAOBAHUS M BBICIIAS
IIKOJIa», KaK MPENCTaBISETCs, COCTOSI B COXpa-
HEHUU M MOJJEPKKE HAYUHBIX MIKOJ U HAy4YHO-
MEarOTHICCKUX KOJJICKTUBOB BBICIINX yUIEOHBIX
3aBeneHuil. I'pantamu OUII «MaTerpanus» mnoa-
JIepKUBAJICSI UMEHHO KOJUICKTHBHBIH MPUHITUII
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OpraHU3aIlii HAYYHBIX HCCICIOBAHUHI M COBEp-
IIEHCTBOBaHUS 00pa3oBaTeIbHOTO MpoLecca.

Tak, Bo BTOpoi# monoBuHe 80-X TT. MPOILIOTO
BEKa B 00JIACTH BBICIIETO 0OPa30BaHUS B CTPAHE HA
MIPaKTHKE CTajla PEeau30BBIBATHCS ILIOJOTBOPHAS
KOHIICIIIIMS 06 UHTErpaliui HAYIHO-TICAAarOTn4eCKUX
KaJpOB B LEJSIX MOBBIIMICHUS YPOBHS ITONTOTOBKU
CIELIMAINCTOB HAy4YHO-HCCIIEI0BATENbCKOIO MPO-
(U MOCPEICTBOM OTKPBITHS B aKaIeMUYIECKUX
YUYPEKIAECHHUAX U JTyYIIUX HAYYHO-ITPOU3BOJICTBEH-
HBIX OpraHM3amusAx (UInaioB Kadenp BBICIIUX
y4eOHBIX 3aBEJICHUH.

C cosnanueM ¢uimana CTyaeHThl Kadeapbl
MOJIYYHJIKA BO3SMOXKXHOCTD CIIYIIATh JICKIHUU BEAYITUX
criennanuctoB NP3 PAH mo pasnuunbsiv Hanpasiie-

HUSIM BaKyyMHOU M TBEPAOTEIbHON ANEKTPOHUKH,
3JIEKTPOMArHUTOOMOIOTUH, 3HAKOMUTBCS C COBpE-
MEHHBIM YHHUKaJIbHBIM Hay4YHBIM OOOPYIOBaHUEM,
mproOIIaThCs K HAayuHOU AesiTtenbHOCcTH. C Havana
co3nanus ¢uinana kadeapbl ero 0€CCMEHHBIM
PYKOBOAUTEINEM SIBIISUICS TOKTOP (PH3UKO-MaTEeMAaTH-
YeCcKHX Hayk, npodeccop Hukonaii Banosuu Cu-
HUIBIH, 3aCIIy’KEHHBIN JesaTenb Hayku Poccuiickoit
®Denepanuuy, naypear ['ocynapcreennoi npemun PO.
B 2003-2004 rr. oH >k€ HCHOTHAI 00S13aHHOCTH 3a-
Beyromero kapeapoit. B 2005 —2008 rr. kadeapoit
3aBenoBal Bragumup MBanosuu HasiHoB, saypeat
[Ipemun IlpaButenbcTBa PO B 001acTH HAyKW W
texuuku 2002 r., nepenasmmii B 2009 1. «actadery»
aBTOPY 3TUX CTPOK.

Cotpynnauku kadeapsl mo ciaydato npucyxaeHus npod. H.W. Cuanubiny [ocynapcTBeHHOM
npemun B obnactu Hayku 1 TexHuKH (2000). B mepBom psay (cnesa Hampaso): M. A Bopo-
muHa, B. M. Makaposa, H. I Cunnnsig, B. H. [Inmxkuna, C. A. HosHOBa; BO BTOPOM psity:
B. M. Anukun, B U Ilerpocsn, O. . Memkos, B. W. Hasnos, 10. B HostHos, A. @. Tony-
ocHies, B. B [Tonos, b. Y. Meicenko, 0. A. ®umumonos, C. C. Apkagakckuit

O pesynbTaTax COTpyIHHYECTBA KadeaApsl U
aKaJIeMHUYeCKOT0 MHCTUTYTA paccKa3blBaJIOCh Ha
CTpaHHIaxX XypHana «Bpicmiee obpa3zoBanue B
Poccun» [4].

Kadepgpa Ha 6ase CP UPD

nmenn B. A. KotenbHukosa PAH

B 2012 . ¢opmar B3aumopeiictBus Quzmue-
ckoro (pakynprera CapaToBCKOrO YHUBEPCHUTETA W
CaparoBckoro ¢umnana MHCTUTYTa paguoTeXHIKU
u snektpoHukn umenn B. A. KorensHukoBa PAH
u3MeHwiIcs. B cBsi3u ¢ ynpasaHeHueM Quinaia
Ka(eaApsl BEIYUCIUTEIbHON (PU3UKN U aBTOMATH3a-
IUU HAYYHBIX UCCIICAOBAHHUN PEIICHHEM YUYEHOrO
cosera CI'Y Obuta oOpazoBana 0a3oBas kadeapa
KOMITBIOTEPHOW (PH3UKH U METaMaTepUaioB (hu3u-

MeTogndyecknr otgen

geckoro ¢axynsrera CI'Y B CapaTroBckoM dummane
WucTuTyTa pagioTeXHUKH U AIICKTPOHUKH UMEHHU
B. A. KorenpaukoBa PAH. B mae 2016 r. pemiearem
VYuenoro coseta CI'Y kadeapa nmomyuuna Hau-
meHoBanne «Kadenpa xommbioTepHOil GU3NKH U
MeTamaTtepuanony Ha 6aze CapaToBckoro ¢uanana
WHCcTUTYTa PAJUOTEXHUKH U HJICKTPOHUKH MMEHU
B. A. Korensuukosa PAH.

[Ipu peopranm3anmu xkadeapsl MOTHOCTHIO
OBLIU BBIMOTHEHB! TPEOOBAHMS HA3BAHHBIX BBIIIE
npuka3oB MunoOpuayku PO [1,2], a Takxe YcraBa
(hemepanbHOTO TOCYAAPCTBEHHOTO OIOIKETHOIO
00pa30BaTENBHOTO YUPEHKACHUS BBICIIETO IIPO-
(eccuonanbHOro o6pasoBanus «CapaTOBCKUI
HaIlMOHAJBHBIN HCCIe0BaTEIbCKUN ToCcymap-
CTBEHHBIN yHUBepcuTeT uMeHu H. I'. YepHbimies-
CKOTO»:
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a) peanuzyemas (GU3UUCCKUM (PaKyIbTETOM
CI'Y obpa3oBarenbHasi IporpaMma COOTBETCTBYET
Hay4YHBIM HampaBlieHusM aesrenpHoctn CO PO
nmenu B. A. KorenpnukoBa PAH;

0) Juts KadeIpbI BBIJICJIICHO CIIeMaTbHOE TTOMe-
nieHue; Ha 6a3e HayqHoro obopynosanust CO PO
OpTaHN30BaHbI YIeOHBIE TA00PATOPHN;

B) oOecreueHbl 0€30MacHbIe YCI0BUs 00yue-
HUS;

r) B yueOHBIC MpPOrpaMMBbl BHECEH CHELH-
aJIbHBIN pa3fes, OrOBapUBAIOUIMNA HAaJIMYHUE U CO-
OmroeHNE CTICUAIBHBIX YCIOBUH JUISI TIOMY4EHUS
o0OpasoBaHus 00ydYaIONUMHUCS C OTPAHUYCHHBIMH
BO3MOYKHOCTSIMU 3]I0POBBSI;

1) obecrieueHbl KaJpoBbIe M MaTepHAIbHBIC
YCJIOBHUA IAJid MPOBEACHUA MMPAKTUICCKUX SaHHTHﬁ,
CEMUHAPOB, JIAOOPATOPHBIX MPAKTHKYMOB, y4COHBIX,
Hay4YHO-HCCIIe/I0BATEIbCKUX, IPON3BOJACTBEHHBIN U
MPEIAUTUIOMHBIX TPAKTUK U MHBIX BUIOB 3aHATHH,
npeaAyCMOTPCHHBIX y‘lC6HLIM IJIaHOM,

€) obecredeHbl PyKOBOJCTBO BBIMTYCKHBIMU
KBaNU()UKALMOHHBIMU paboTaMu, OMpeaeneHue
UX TE€M H PEleH3UpOBaHUEe, OE3BO3ME3THOE MTPEI0-
CTaBJICHHE CTYJEHTaM JocTyna K MHpOpMaluH,
HEOOXOINMOM IS TIONTOTOBKHU BBHITYCKHBIX KBAJIH-
(bUKaAIOHHBIX PaloT.

Kadenpa xommbrorepHol GU3NKH 1 MeTamare-
puanos Ha 6aze CD MPD umenu B. A. KorenbHuko-
Ba PAH npu3sBaHa criocoOCTBOBAThH TMOANEPKAHUIO
BBICOKOTO YPOBHSI TIOATOTOBKU BBIMTYCKHUKOB, 00-
JIAJIAFOIIMX OOIIEKYJIBTYPHBIMU U MPOPECCHOHAITB-
HBIMU KOMITETEHIIUSAMH B 00;1aCTH (DU3UKH, KOMITBIO-
TEPHBIX METOAOB (M3UKU W OPHEHTUPOBAHHBIX Ha
Hay4YHO-UCCIIEA0BATENbCKYIO eI TeIbHOCTb. 3a1a4a
Kadenpsl — MOJATOTOBKA 0aKaJIaBpOB, MaruCTPOB U
aCTIMpPaHTOB BBICOKOH KBanM(UKaUU A HAYyUHO-
HCCIIeIOBATEILCKOM JICATEIIBHOCTH B o0JiacTH (u-
3MKH JUI POCCUIICKMX Hay4YHO-HCCIIEI0BATEIbCKIX
1 HayYHO-TIPOM3BOJCTBEHHBIX OpraHH3aIlHi.

Kacgenpa obecrieunBaeT nomHslit HAOOp cy1ie-
CTBYIOIINX YPOBHEH BBICIIETO YHHUBEPCHTETCKOTO
00pa3oBaHUs ¥ BCE BUABI yueOHBIX 3aHsATHIl. Oc-
HOBHOW KadenpanbHbIi Npoduib OakanaBpuara —
«KommbrorepHas pu3uKay 10 HaIPaBICHHIO OAT0-
toBkH 03.03.02 «Duznka». CoBMecTHO ¢ Kadeapoit
paanopu3UKN U HEMTUHEHHOHN NuHAMHKH Kadenpa
MPUHAMACT y9acTHE B IIOATOTOBKE OaKalaBpOB IIO
Hanpasienuto 11.03.02 «MHpoKoMMyHUKAIIMOHHBIE
TEXHOJIOTHH M CHCTEMBI CBSI3U» (IPOQIIH MOATO-
TOBKHU «MH()OKOMMYHHUKAIIMOHHBIE TEXHOJIOTHH B
CHUCTEMaxX PaHOCBS3N»).

Ha xadenpe Beaercs Takxke MoAroToBKa Oaka-
TaBpoB 110 npop o «DyHmTaMeHTaIbHast U OKCIIe-
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puMeHTanbHas GU3NKa» HAPaBICHUS OATOTOBKH
03.03.02 «®u3uka» 1 MarucTpoB 10 HAIIPABJIEHUIO
noarotoBku 03.04.02 «Duznkay (mpoduu «Dusrka
ONTHYECKUX U JIA3€PHBIX SIBICHUI», «MarHuTosiek-
TPOHHKA B CHCTEMaXx 3allUThl HHPOpMAIHK 1 Oe3-
OomacHOCT», « TeopeTrueckas U IKCIIePUMEHTalb-
Has pusukay). Kpome Toro, kadeapa odecrnednBaet
MpoBeJieHNE YYeOHBIX 3aHSITHI MO0 00IIeMy KypCy
(bM3UMKHM Ha pa3sTUIHbBIX (akyabTeTax CapaToBCKOTO
YHUBEPCHUTETA.

[MoxroToBka acmupaHTOB Ha Kadeape ocy-
mectpisiercss no HanpasieHuto 03.06.01 «duzu-
ka u actpoHomus» (HampasineHHoctu: 03.04.03
«Pamnoduzuxayn, 03.04.21 «Jlazepnas dpuszuxa») u
Harnpasienuto 11.06.01 «Dnexkrponunka, paanorex-
HUKa U CUCTEMBI CBsI3W» (HampasieHHoCcTh 05.27.01
«TBeprorenbHas YIEKTPOHUKA, PAJIUOITCKTPOHHBIE
KOMITOHEHTBI, MUKPO- ¥ HAHORJIEKTPOHHKA, MPHOO-
PbI Ha KBAaHTOBBIX 3 (HeKTax»).

[ToaroroBka cTyaeHTOB Ha Kadeape BemeTcs
Ha OCHOBE TECHOI CBA3M y4eOHOrO Tporecca U
HAy4YHBIX HCCIICIOBAHHM, YTO TIOMOTaeT GOPMHUPO-
BaTh BBIITYCKHUKOB YHHUBEPCUTETA, COUETAIOIINX
npodeccruoHagbHbIe 3HAHUS M CIIOCOOHOCTh CaMo-
CTOSITENTFHO PeIaTh 3a1a9d B (PyHAaMEHTAIBHOW U
IIPUKJIAJHON HayKe.

K y4eOHBIM 3aHATHSM CO CTylAeHTaMHU puraia
Kadeapbl MPUBJICKAINCH U MPUBJIEKAIOTCS TyUIIHe
creraiuctel CO PO nmenn B. A. KorenpHukoBa
PAH — nokropa nayk H. M. Cunuusin, B. B. ITonos,
b. /1. 3aiines, 0. A. ®unumonos, U. E. Ky3nenosa
u P. K. SAdapos, kanaunarer Hayk 1. T. Kazakos,
I'. B. Topramos, A. I'. Becenos, FO. A. Mopo3os,
N. A. boponuna u npyrue.

Hcnonp3oBanne B 00pa3oBaTeIbHO-HAYIHOM
npouecce B CI'Y Hay4HO-TEXHUYECKOIO IOTEHIIUAA
Capatosckoro ¢unuana PO umenu B. A. Korens-
HukoBa PAH crniocoGcTByeT MOIHITHIO KauecTBa
o0OpazoBanust Ha GU3HIECKOM (PaKyJIbTETe Ha HOBBIH,
a Mopoi M Ha yHUKaJbHBIN ypoBeHb. Tak, Ha Oa3e
HayuyHbIX J1aboparopuit CO PO nmenn B. A. Ko-
TenpHIKOBa PAH ObIITM OpraHn30BaHbl MPAKTHKYMBI
T10 BOJTHOBOH AJICKTPOHUKE U (PH3UKE H TEXHOJIOTHH
MHUKPO- U HAHOBJIEKTPOHUKH. DTH MPAKTUKYMBI CO-
BEPIICHCTBYIOTCS MO HACTOSIIEE BPEeMsI, IpHIEM
naboparopHble pabOThl MMOCTABJICHBI HA PEabHBIX
TEXHOJIOTHYECKHUX W M3MEPUTEIBHBIX yCTAHOBKAX,
HCIIOJIb3YIOIUXCA [JIs MPOBEACHUA TCKYIIUX Ha-
YYHBIX UCCIIEIOBAHUM.

K npumepy, CTyaeHTBI 3HaKOMSTCS ¢ paboTOI
annaparypbsl CKaHUPYIOLIEW TYHHEIbHOW MHKPO-
CKOINHMH, MOJICKYISIPHO-Ty4eBOH XuaKopazHOM
SMHUTAKCHHU, MIA3MEHHO-XUMHUYECKOW 00pabOTKH
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MaTepHuaioB, PCHTTEHOCTPYKTYPHOTO aHalln3a U
T.1. Co3nanne u HyHKIMOHUPOBAHUE TOJOOHOM
MPUOOPHO-IKCIIEPUMEHTAILHON 0a3bl HEmocpe/-
CTBEHHO B By3€, CONMPOBOXKJAEMOE MOATOTOBKOM
KBATH(HIIMPOBAHHOTO TEPCOHANA, TIPEACTABISCT
TPYIHO OCYIIECTBUMYIO 3a/1a4y.

Metomudeckoe oOecredeHnEe MPAKTHKYMOB B
C® NP3 conpoBokaIOCH U3/1aHNEM Y4eOHBIX MO~
cobwuii. B wactHocTH, B U3narenbctBe CapaToBCKOTO
YHUBEPCUTETA YBUEIU CBET YHUKAJIbHBIE, U 10 CEH
JIEHb HE TIOTEPSIBIIINE aKTyaJIbHOCTh TOocoous [5—7].

Hayunsle nccienoBaHust COTpyAHUKOB Kaenapbl
MIPOBOJSTCS B 00JIACTH MUKPO- M HAHOTEXHOJIOTHIA,
(u3uUeCKON NEKTPOHUKH, HETHHEHHOH (HU3UKH,
na3epHoOU (pU3UKH, MeTaMaTepruaaoB, HAHO()OTOHU-
ku. ITonyyeHHsle pe3yabTaTsl OTPa)KEHbl BO MHOI'O-
YUCJICHHBIX CTaThsiX U MOHOTpadusax [8—10].

IIpuknanHbele acneKThl IPOBENECHHBIX Hayd-
HBIX WCCJICAOBAHUI CBSI3aHBI ¢ M3YUYCHHEM (HU3H-
YECKHMX CBOWCTB HOBBIX MaTepUaiOB Ha OCHOBE
yIJIepoaa, pa3BUTHEM TEXHOJOTHU IO CO3JaHUIO
ABTOOMHUCCHOHHBIX HCTOYHHUKOB TOKa U IIJIOCKHUX
MaHENBHBIX TUCIUIEEB, alllapaTyphl Ul JICUCHUS U
(DYHKIIMOHATBHOM TUarHOCTUKU C UCTIOIB30BAHNEM
HU3KOMHTEHCHUBHBIX JIEKTPOMATrHUTHBIX KOJieOaHHH
B MUJUIMMETPOBOM JIMaria3oHe JJIMH BOJH, BHEApE-
HUEM aBTOMaTH3HPOBAaHHBIX CHCTEM MOHUTOPUHTA B
MOCTOCTPOEHHUH, H3yUEHHEM TPAHC(HOPMALIUMOHHBIX
CBOWCTB ONTHYECKUX BOJTHOBOAOB, H3TOTOBICHHBIX
N3 XaJIbKOTCHUIHBIX CTCKJIA, PAa3BUTHEM MCTOJA0B
HEJIMHEWHOW TUHAMHKH U UX NPUIIOKEHNUEM K aHa-
au3y U 00pabOTKE CHUTHAIOB PA3INYHOM MPUPOSBL,
B TOM YHCIIE IS TIeNieil KpunTorpapum.

Hayunas paboTa CTyIeHTOB U acIUPaHTOB
KadeIpsl MPOBOAMUTCS MO PYKOBOJCTBOM Mpodec-
COPCKO-TIPEINOAaBaTeIbCKOT0 cOCcTaBa Kadeapsl.
CTyneHTHI M acIMPaHTHI KaeqphI SIBISIOTCS ydacT-
HUKaMU MHOT'OYHCJICHHBIX MEXKIYHAPOAHBIX U BCC-
POCCUHCKHUX KOH(EPEHIINHA, BKIOYAs MOATOTOBKY
U TIIPOBEJICHUE €XKETOIHBIX HAYYHBIX KOH(epeHInit
Ha 6asze CI'Y u UPD PAH. B wactHocTH, B Havaie
centa0ps B CO UPD, naunnas ¢ 2005 1., mpoBoguTCs
eKerogHast Bcepoccuiickast KOH(GEPEHIINH MOIOIBIX
yueHblx «HaHoamekrponuka, HAHOPOTOHUKA U HE-
TUHEHas pU3nKay.

OTnenpHOM MO3UIMU B XapaKTEPUCTHKE Ha-
YYHO-OpTaHu3alnoOHHOTO B3aumonencteust CI'Y u
C® 1P PAH 3acnyxuBaet npoBeaeHue B Caparose
nerom 2002 r. (mo cnenuansHOMY TpaHTy «MHTe-
rpamusi») YeTBepToil BceMupHoil koHpepeHunu o
BaKyyMHBIM UCTOUHHKaM 1ekTpoHoB (Fourth IEEE
International Vacuum Electron Sources Conference,
IVESC), B KoTOpO# MPUHSUITHA y4aCTHE BEAYIIIHE CTIe-

MeTognyecknr otgen

IIUATACTHI IT0 BAKyYMHOH MHUKPO- U HaHOIJIEKTPO-
Huke u3 16 ctpan mupa. Pabota stoit koHepeHnnu
ocseniaiack B myonukanusx [11,12].

C yuyeTom 00111eii HanpaBIEHHOCTH TOATOTOB-
KW BBIITYCKHHUKOB JIJIsI HAYYHO-HCCIIE0BATEIBCKON
JIeATEIbHOCTHU B TIpoliecce paboThl ¢ OakanaBpamu,
MarucTpaHTaMU U aCTIUPaHTaMH Ha Kadeape ynemns-
eTCsl Cepbe3HOE BHUMAHUE KaYECTBY IPEICTABICHUS
0aKamaBCKUX U MAarUCTEPCKUX KBATU(PUKAIIMOHHBIX
paboT, a TakxKe [uccepTaluii acmupaHToOB. B cucte-
MAaTHYECKOM BHJIE COOTBETCTBYIOIIHE METOANICCKIE
peKOMEHIAUN TpeacTaBiIeHbl B mocodun [13].
OTaenpHBIE BOIPOCH! MPE3CHTAIUN BBITYCKHBIX
KBATM(HUKAIIMOHHBIX pabOT M AUCCEpTAIUil OTpa-
JKeHsI B [14-24].

HekoTopbie utorn

[Ipennockuikoit mist co3nanus B 2012 1. kade-
JIpbI KOMITBIOTEPHOH (DU3UKK U MeTaMaTepuajoB
¢usmueckoro daxymprera CapaTOBCKOTO YHUBEP-
cutera Ha 0aze CapatoBckoro ¢punnana Macturyra
PaZMOTEXHUKH U eKTpoHUKH uMeHu B. A. Korenb-
HukoBa PAH sBuiCS HaKoNJIE€HHBIH MHOTOJIETHUN
OIIBIT 00Pa30BaTEIbHO-HAYYHOT'O B3aUMOAECHCTBUS
MEXIy (U3NUCCKUM (PaKyIbTETOM U aKaJeMU4e-
CKMM MHCTUTYTOM B paMKaX TBOPYECKOIO TaHAeMa
«xadenpa — Gunnan kapeapb».

C 1986 1. na 6a3ze C® NP3 PAH nponum nosa-
roToBKy 0KoJ10 300 CTyAeHTOB (PH3HUIECKOTO (haKyb-
teTa. [loAroTOBKa CTYNEHTOB OBLIIa OPHEHTHUPOBAHA
Ha HAYYHO-HCCIEI0BATEIbCKYIO IESITEIbHOCTB,
KOTOpasi, COOCTBEHHO, M COCTaBISICT COACpIKaHUE
aKaJIEMUYECKOTO YUPEIKICHUS, a TAKIKE TPEyCMO-
TpeHa (eaeparbHBIME rOCYIapCTBCHHBIMU 00pa30-
BaTEJIbHBIMU CTaHIapTaMHU.

YueOHas qesITETbHOCTh Kapenpsl CTPOUTCS B
COOTBETCTBUH € (pesiepabHBIMU 00pa30BaTeIbHBIMH
nporpaMMamMiu. PeryisipHO NpOBOIUTCS aKTyalu3a-
1Hst pabounX yueOHBIX INTAHOB U pabOIHX POTPaMM
npernojaBaeMblx AUcHUILIMH. Haubosnee none3Hbmu
BHUJIaMU YyYEeOHBIX 3aHSTHH, MPOBOJUMBIX HEIO-
cpenctBeHHO Ha 6aze CO UPD, spnsrorcs yueOHbIe,
Hay4YHO-UCCJIEJIOBATEIhCKUE, TPOU3BOJICTBEHHBIC H
MPEIIUTUIOMHBIC TTPAKTHKH, paboTa B madopaTop-
HBIX MPaKTHKyMax, CO3JIaHHBIX Ha 0asze JelcCTBY-
ol1ero HayuyHoro ooopynosanusi CO PO, yrenue
CTIEIUATBHBIX KYPCOB, aBTOPAMH-pPa3paboTInKaMu
KOTOPBIX SIBJISIOTCS COTPYAHUKH PO, pyKoBOICTBO
BBINTYCKHBIMH KBaJTH(QUKAIIMOHHBIMU paboTaMu, Ha-
YYHOE€ PYKOBOACTBO aCIIUPAHTAMH.

3a roJpl COBMECTHOH 00pa3zoBaTebHO-HA-
YYHOU NEsTeNIBbHOCTH Ha Kadeape 3allumieHBI
5 moxropckux (B. M. Anukun, A. ®@. ['onyOeHnes,

285



==

r3s. Capart. yH-1a. Hos. cep. Cep. $Prznka. 2017. T. 17, Bbin. 4

b. 1. 3aiiues, U. E. Ky3nenosa, B. B. [lonos) u
10 kaHaUAATCKUX auccepTanuii (mocie o0ydeHus
B aCIUPAHTYpE, IMOCIEIOBABIICTO 32 OKOHYaHHEM
YHHMBEPCHUTETA).

Hctopus m nestenpbHOCTh Kadeapsl KOM-
NBIOTEPHON (HU3UKU W MeTaMaTepualoB Ha 0ase
CaparoBckoro ¢umnana MHCTHTYTa pagHoTeXHIUKH
u 3nekTpoHukn uMeHn B. A. KorenpHnkoBa PAH
OCBEIIANaCh B ITyONMKAIMSIX O Pa3IHYHBIX dTarax
pasButus pusnyeckoro paxynasrera CI'Y [3,25-29].
Crnenyet oOpaTuTh BHUMaHHE Ha TO, UTO COCTaBHOM
YaCcThIO 3TOU HUCTOPHHU ABJIIAIOTCA JICTOINUCHU ACATCIIb-
HOCTH KadeIp, BOMICANINX C TEICHHEM BPEMEHU
B cocTaB 0a30Boil kadeapsl, HO MEPBOHAYATHHO
(GYHKIMOHUPOBABIINX KaK CaMOCTOSITEIbHBIC.
Ot1o kadenpa xumMuueckoi Gpu3uku, co3gaHHas B
1958 1. mpodeccopom A. Jl. CremyxoBudem (mepe-
uMeHoBaHa B 1997 1. B kadenpy nmpukiagHoi on-
TUKU U criekTpockormuu; g0 2010 r. eii 3aBeqoBan
npodeccop B. . bepesun) u kadeapa npuxiaaHoi
(usukwy, BeIiesieHHas B 1986 I. 13 cocTaBa Kadeapsl
o0meii pusuku (mepBbIii 3aBeTy 0N — mpodeccop
B. C. Komemnes); B 1998-2015 rr. pykoBOZICTBO OCYy-
mecTBisut mpodeccop A. C. IllanoBaios.

3amMeuaTeNbHBIMU CTPAHUIIAMU HCTOPHH Ka-
tbenp paxynprera ABIACTCA MPSIMOE UITH OTIOCPENO0-
BaHHOC y4yacTHe B MX (QOPMHUPOBAHHUH U PAa3BUTHU
CO CTOPOHBI BEIHKHUX pycckux ¢uszuxoB — [lerpa
Hukonaesuua Jlebenena [30,31] u Hukonas Hu-
konaeBuua Ceménona [32-35]. OObenuHeHue
Kadenp Mpou3BOIMIOCE IO CIICHAPHUIO, TPEICTAB-
JIeHHOMY B [36].

Hy»xHo cka3are, 4To «apyx0a» ¢ HayqIHO-IIPO-
N3BOACTBCHHBIMU OPTaHU3alIUAMU NOAACPKUBACTCS
Ha Kadeape B TeUCHHE BCEr0 BPEMEHH €€ CYIIEeCTBO-
Banud. Tak, ¢ Hauana 1970-x IT. HA OPOTAKEHUU
15 net ee mapTHepoM BricTynango CaparoBckoe Ha-
YUHO-IIPOU3BOJCTBEHHOE 00beauHeHne « TaHTamy.
Ha xadenpy toraa mpunuin padoratbk pyKOBOIH-
tenb «Tantana» I. A. YMHOB, MIaBHBIM UHKEHED
B. A. AunpuaHoB, HauadbHUK Jaboparopuun OKbB
B. b. baitbypun. B pesynsrare kadeapa cranga Ha
(usrueckoM (hakylIbTeTe IEPBOMPOXOJLIEM B 00J1a-
cTi HH(POPMAITMOHHBIX TexHONOorui. A B 2006 I. ipu
kadespe ObUT CO3/1aH COBMECTHBIN yUeOHO-HAYYHBII
u BHenpenueckuit ieHTp CI'Y u OAO «BonromocTt»
«ABTOMAaTHU3AIHS HAYIHBIX UCCIICIOBAHUI 1 IIPOU3-
BOJACTBCHHBLIX ITPOLECCOBY.

OO0mas xe ucTopusi Kapeapbl KOMIBIOTEP-
HOU (I)I/ISI/IKI/I U MCTaMaTCpUualioB HACUUTLIBACT
65 net. Ona ObuTa 0Opa3oBaHa B 1952 T. mpuka3oM
Munuctepcrsa Beicuiero oopasosanust CCCP kak
Kadeapa GU3NKKA BaKyyMa M AJICKTPOBAKYYMHBIX
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TEXHOJIOTHI B «CBA3Ke» C Kadeapoi AEKTPOHUKHU
(ubIHE — Kadenpa MEKTPOHUKH, KOJIeOAHU U BOJIH)
U Kadeapa dJeKTPO- U PaAHOTEXHUKH (HBIHE — Ka-
(henpa paguOTEXHUKH U DIEKTPOAMHAMUKH). DTH
TpH KaeIapsl «IIpeTHaA3HAYAINUCE I BTOPOTO (PH-
3uueckoro ¢axynsreta CI'Y — paguodusuueckoro.
WuunmaTopamMu co3aaHus HOBBIX Kadeap ObLIH Ha-
OupaBIINe MOIIb NPEANPHULTHUS JIEKTPOHHOHN ITPO-
MbiuieHHOCTH CapaTtoBa (MEpPBBIM 3aBEAYIONUM
kaeapoit pU3MKK BaKyyMa U 3JIEKTPOBAKYYMHBIX
TEXHOJIOTHI ObUI ITIABHBIA WHXKEHED 3aBOJA MPH-
€MHO-yCUJIUTeNbHbIX JaMn bopuc Hukonaesuu
Kompaxkos [3]).

CCFO,Z[HSI OpeaAnpudATrud paguodJICKTPOHHOTO
KOMIUIEKCA HYX/Ial0TCs B IPUTOKE MOJIOABIX KaIpOB,
B IMOATOTOBKE KOTOPLIX ITIABHYIO POJIb U JOJIKHbBI
CBITpaTh Kaeaphl Ha MX OCHOBE.
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006 opranm3aruu Griinana kadpeapbl GU3NKH MIa3Mbl
CapaToBCKOro roCy/1lapcTBEHHOTO YHUBEPCUTETA
um. H. I YepHbImeBckoro
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MuUHHCTEPCTBO BBICIIETO U cpefHero crnenuaibaoro oopazoanuss CCCP [TIPUKA3BIBAIOT:
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The article is devoted to the history, experience and results of the

30-year joint organizational, educational, scientific and methodical
activity of the Department of Computer Physics and Metamaterials
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of the Physics Department of Saratov National Research University
named after NG Chenyshevsky (SSU) and Saratov Branch of the
Institute of Radio Engineering and Electronics named after V A.
Kotel'nikov of the Russian Academy of Science (SB IRE RAS)
within the formats “Chair of SSU — Branch of the Chair in the
SB IRE RAS” and “Chair of SSU on the Basis of IRE RAS”. The
article reflects the original range of activities of the basic chair,
taking into account the research field for activity of bachelors,
masters and graduate students, in particular methodical work to
improve the quality of final qualification papers and dissertations
presented for defense.

Key words: Saratov University, Physics Department, Basic Chair.

MeToanyecknri otaen



B. M. AHnknH. BbasoBblie Kapeqgpsl: «CBA3b YHNBEPCHMTETOB C KN3HBIO»

B

References

10.

The procedure for the creation by educational organiza-
tions implementing educational programs of higher edu-
cation in scientific organizations and other organizations
engaged in scientific (research) activities, departments
engaged in educational activities. Order of the Ministry
of Education and Science of the Russian Federation
no. 159, March 6, 2013. Rossiyskaya Gazeta [Russian
Newspaper], no. 6137(161), 2013, July 25 (in Russian).
The procedure for creating higher education departments
and other structural subdivisions that provide practical
training for trainees by professional educational organiza-
tions and educational organizations, on the basis of other
organizations that carry out activities on the profile of
the relevant educational program. Order of the Ministry
of Education and Science of the Russian Federation no.
958, Aug. 14, 2013. Rossiyskaya Gazeta [Russian Paper],
no. 2013, Sept. 20 (in Russian).

Saliy I. N. On the 60th anniversary of the Faculty of
Physics, Saratov State University named after N. G.
Chernyshevsky (fragments of history). Izv. Saratov Univ.
(N. S.), Ser. Physics, 2005, vol. 5, iss. 1, pp. 5-38 (in
Russian).

Trubetskov D., Anikin V. Education and science: the first
collective grant for SSU. Vysshee obrazovanie v Rossii
[Higher education in Russia], 2007, iss. 6, pp. 156-160
(in Russian).

Praktium po volnovoj elektronoke i mikroelektronoke
[Practical work on wave electronics and microelectro-
nics : in 4 pts. Eds. Yu. V. Gulyaev, N. I. Sinitsyn.
Pt. 1. Wave Electronics; Pt. 2. Physics and technol-
ogy of modern microelectronics; Pt. 3. Technology of
microelectronics; Pt. 4. Technology of microelectron-
ics]. Saratov, Saratov University Press, 1997-2000 (in
Russian).

Zaitsev B. D. Akusticheskiye volny v tverdykh telakh:
ucheb. posobiye dlya studen-tov starshikh kursov fizich-
eskogo fakul teta [ Acoustic waves in solids : Textbook.
allowance for students of senior courses of the physics
department], in 2 parts. Saratov, Saratov University Press,
1997. Part 1. 150 pp.; Part 2. 150 pp. (in Russian).
Popov V. V. Vvedeniye v elektrodinamiku dvumernoy
elektronnoy plazmy [Introduction to the electrodynamics
of a two-dimensional electron plasma]. Saratov, Saratov
University Press, 2000. 19 pp. (in Russian).

Nayanov V. I. Mnogopolevye solitony [Multi-field soli-
tons]. Moscow, FIZMATLIT, 2006. 278 p. (in Russian).
Anikin V. M., Goloubentsev A. F. Analiticheskie modeli
determinirovannogo haosa [ Analytical models of deter-
ministic chaos]. Moscow, FIZMATLIT, 2007. 328 p. (in
Russian).

Anikin V. M., Arkadaksky S. S., Remisov A. S. Ne-
samosopryazhennyye lineynyye operatory v nelineynoy
dinamike [Non-selfadjoined linear operators in chaotic
dynamics]. Saratov, Saratov University Press, 2015.
96 p. (in Russian).

MeTognyecknr otgen

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Applied Surface Science. Special Issue. 4th International
Vacuum Electron Sources Conference in Saratov, Rus-
sia, July 15-19, 2002. Eds. Georg Gaertner, Valery M.
Anikin, Nikolai I. Sinitsyn, Raouf Z. Bakhtizin, Yuri V.
Gulyaev. 2003, vol. 21, nos. 1-4. Pp. 1-318.

Anikin V. M. IVESC in Saratov. Izv. Saratov Univ. (N. S.),
Ser. Physics, 2007, vol. 7, iss. 1, pp. 7580 (in Russian).
Anikin V. M., Usanov D. A. Dissertacija v zerkale av-
toreferata: metod. posobie dlja aspirantov i soiskatelej
uchenoj stepeni estestvenno-nauchnyh special nostej
[Dissertation in the Mirror of the Abstract: the Methodo-
logical Guidance for Graduate Students and Applicants
for Scientific Degree of the Natural Science]. 3rd ed.,
revised and updated. Moscow, INFRA-M, 2013. 128 p.
(in Russian).

Anikin V. M., Poizner B. N. State final attestation of
postgraduate: from formality to preventiveness. Alma
mater (Vestnik Vysshei shkoly), 2015, no. 11, pp. 17-21
(in Russian).

Anikin V. M., Izmailov 1. V., Poizner B. N., Sosnin
E. A. Zashchishchayemoye polozheniye v dissertatsii
kak transdistsiplinarnyy nauchnyy zhanr [Defended
statements in the thesis as a transdisciplinary scientific
genre]. Russian Physics Journal, 2015, vol. 58, no. 8/3,
pp. 300-303 (in Russian).

Anikin V. M., Poizner B. N. Scientific supervision by
graduate students: “internal” and “external” regulators.
Izv. Saratov Univ. (N.S.), Ser. Physics, 2015, vol. 15,
iss. 1, pp. 83—88 (in Russian).

Anikin V. M., Izmailov L. V., Poizner B. N. About percep-
tion, numerical rating and protection of scientific results.
Izvestiya VUZ. Applied Nonlinear Dynamics, 2014,
vol. 22, no. 6, pp. 25-34 (in Russian).

Anikin V. M., Izmailov 1. V., Poizner B. N. Disser-
tation: scientific characteristics. Geteromagninaya
mikroelektronika: sb. nauch. trudov [Heteromagnetic
microelectronics: Collection of scientific papers]. Ed.
A. V. Lyashenko. Saratov, Saratov University Press, 2014,
iss. 16, pp. 105-118 (in Russian).

Anikin V. M., Poizner B. N. «Pre-defense» of thesis: for-
mal requirements and traditions. /zvestiya VUZ. Applied
Nonlinear Dynamics, 2014, vol. 22, no. 2, pp. 95-102
(in Russian).

Anikin V. M., Poizner B. N. Communicative function of
thesis and professional grade of dissertator. Izv. Saratov
Univ. (N.S.), Ser. Physics, 2013, vol. 13, iss. 1, pp. 80-86
(in Russian).

Anikin V. M., Poizner B. N. Kakova priroda interesnogo,
ili definitsii nauki i nauchnosti — epistemologicheskiy
komponent professional’noy kompetentsii (radio)fizika
kak inzhenera issledovatelya [What is the Nature of the
Interesting, or Definition of Science and Scientificity is
the Epistemological Competence of (Radio)physicist as
an Engineer and Researcher]. Russian Physics Journal.
2013, vol. 56, no. 10/3, pp. 118-120 (in Russian).
Anikin V. M., Poizner B. N. Epistemologicheskiye up-
razhneniya magistranta: formulirovka i otsenka nauch-

289



==

r3s. Capart. yH-1a. Hos. cep. Cep. $Prznka. 2017. T. 17, Bbin. 4

23

24

25

26

27

28

29

nykh polozheniy v svoyey dissertatsii [Epistemological
exercises for master student: formulation and assessment
of scientific statements in the thesis] Russian Physics
Journal, 2012, vol. 55, no. 8/3, pp. 213-214 (in Russian).

. Anikin V. M., Poizner B. N. Kak dissertantu argumenti-
rovat’ dostovernost’ nauchnykh polozheniy i rezul’tatov,
vynosimykh na zashchitu [How to argue the authenticity
of defended scientific statements and results]. Russian
Physics Journal, 2011, vol. 54, no. 6, pp. 105-108 (in
Russian).

. Anikin V. M., Usanov D. A. Abstract of the thesis: func-
tions, structure, significance. /zv. Saratov Univ. (N.S.),
Ser. Physics, 2008, vol. 8, iss. 2, pp. 61-73 (in Russian).

. Anikin V. M. Afterword to the Anniversary of the faculty
of Physics of SSU. Izv. Saratov Univ. (N.S.), Ser. Physics,
2016, vol. 16, iss. 4, pp. 248-252. DOI: 10.18500/1817-
3020-2016-16-4-248-252 (in Russian).

. Usanov D. A., Anikin V. M. Scientific and educational
physical schools in Saratov (on the 80th Anniversary
of the Saratov Region). Izv. Saratov Univ. (N. S.),
Ser. Physics, 2016, vol. 16, iss. 3, pp. 178-190. DOI:
10.18500/1817-3020-2016-16-3-178-190 (in Russian).

. Anikin V. M. The faculty of Physics in the XXI Century.
To the 70th Anniversary of the physical faculty of Saratov
State University. Izv. Saratov Univ. (N.S.), Ser. Physics,
2014, vol. 14, iss. 2, pp. 65-71 (in Russian).

. Anikin V. M. 65 years of faculty of Physics. Geteromag-
ninaya mikroelektronika: sb. nauch. trudov [Heteromag-
netic microelectronics: Collection of scientific papers].
Ed. A. V. Lyashenko. Saratov, Saratov University Press,
2011, iss. 9, pp. 4-16 (in Russian).

. Anikin V. M. The 80-th anniversary of the birth of Profes-
sor A. F. Goloubentsev (10.07.1933 — 22.08.2003). /zv.
Saratov Univ. (N.S.), Ser. Physics, 2013, vol. 13, iss. 1,
pp- 8788 (in Russian).

30.

31.

32.

34.

35.

36.

Anikin V. M. P. N. Levedev’s «Factory of Young
Physicists» and Saratov University. Phys. Usp.,
2016, vol. 59, iss. 2, pp. 162-166. DOI: 10.3367/
UFNe.0186.201602¢.0169.

Anikin V. M., Poizner B. N., Sosnin E. A., Shuva-
lov A. V. Fenomen nauchnoj shkoly: istorija, tipologija
poluchenija i peredachi znanij, psihologija kommuni-
kacij [The phenomenon of the scientifi ¢ school: history,
typology of the receipt and transmission of knowl-
edge, communication psychology]. Ed. V. M. Anikin.
Saratov, Saratov University Press, 2015. 232 p. (in
Russian).

Anikin V. M. Vladimir I. Karmilov, Physicist, Innovator
and Nikolai N. Semenov’s Countryman, Teacher, Friend.
Izv. Saratov Univ. (N.S.), Ser. Physics, 2016, vol. 16,
iss. 1, pp. 44-54. DOIL: 10.18500/1817-3020-2016-16-
1- 44-54 (in Russian).

. Anikin V. M., Usanov D. A. Nikolai N. Semenov: Volga

Region Themes of the Life. Izv. Saratov Univ. (N. S.),
Ser. Physics, 2016, vol. 16, iss. 2, pp. 47-59. DOLI:
10.18500/1817-3020-2016-16-2-109-121 (in Russian).

Anikin V. M. The First Nobel Prize (To the 60th Anniver-
sary of the Awarding of the Nobel Prize to Academician
N. N. Semenov). Izv. Saratov Univ. (N. S.), Ser. Physics,
2017, vol. 17, iss. 3, pp. 201-211 (in Russian). DOI:
10.18500/1817-3020-2017-17-3-201-211.

Anikin V. M. Nikolai Nikolaevich Semenov: fragmenty
nauchnoj biografii [Nikolai N. Semenov: fragments of
scientific biography]. Saratov, Saratov University Press,
2015. 80 p. (in Russian).

Anikin V. M., Poizner B. N., Sosnin E. A. Merging of
universities from the position of the theory of purposeful
activity systems. Universitetskoe upravlenie: praktika i
analiz [University management: practice and analysis],
2015, no. 6 (100), pp. 41-56 (in Russian).

Ci

te this article as:

Anikin V. M. Basic Chairs: «Relations between Universities and Life». Izv. Saratov Univ. (N.S.), Ser. Physics, 2017, vol. 17,
iss. 4, pp. 281-290 (in Russian). DOI: 10.18500/1817-3020-2017-17-4-281-290.

290

MeToanyecknri otaen



