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Abstract

Objectives.Inmanylaboratoriesaroundtheworld, workisunderwayinthefield ofdomainengineering offerroelectrics.
For a number of years, RTU MIREA has been conducting research on the creation of a high-performance technology
for the formation of ferroelectric photonic and phononic crystals. The technology is characterized by a short duration
of the technological cycle and provides the necessary depth of spatially periodic domain inversion. The key element
of the technology is the combined effect of a uniform electric field and interfering high-frequency elastic waves that
create a temperature grating. The technology is universal in relation to ferroelectrics of varying degrees of acoustic
transparency, which is achieved by using highly dissipative liquid electrodes of a certain thickness. In this case, the
energy of elastic waves practically does not penetrate into the ferroelectric, so the manifestation of undesirable
effects is excluded. The purpose of this review article is to analyze the results of work carried out at RTU MIREA in
the field of technology for the formation of ferroelectric regular domain structures (RDSs) during the period from
2008 to the present.

Methods. Provisions of the theory of propagation, refraction and interference of elastic waves in condensed media
are used, in particular, the Newtonian model of a liquid as applied to shear waves, as well as computer simulation.
When considering the main stages of the Double Pulse heterothermal technology for the formation of RDSs, methods
of analysis and synthesis were applied.

Results. The possibility of forming not only micro-, but also submicron RDSs is shown. Recommendations are
given on the choice of the type and specific properties of liquid electrodes, the angles between the direction of
propagation of interfering waves, and their frequency. It is shown, in particular, that the use of highly dissipative
ionic liquids as liquid electrodes creates favorable conditions for the formation of an RDS with a short period at room
temperature. Thus, on shear waves with electrodes based on LiPFg—PC at a frequency of 300 MHz, RDS with a period
of about 2 um can be created. The main technological parameters are determined both for the case of the action of
longitudinal elastic waves and for the case of shear waves with horizontal polarization. The results are applicable to
ferroelectrics such as lithium niobate, potassium titanyl phosphate, and lead zirconate titanate.

Conclusions. The proposed and studied methods are focused on the mass production of devices based on RDSs,
in particular, on the manufacturing of optical parametric oscillators, acoustoelectronic devices, as well as terahertz
wave generators and second harmonic oscillators. The technology has a short duration of the technological cycle,
comparable to the polarization switching time in the used ferroelectric.

Keywords: domain engineering, ferroelectrics, temperature gratings, double pulse heterothermal technology,
elastic waves, acoustic interference method
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Pe3iome

Llenu. Pa6oTbl B 0651aCTV JIOMEHHOMN NHXEHEPUY B CEMHETOINEKTPUKAX BEAYTCS BO MHOMMX naboparopusx Mmpa.
Ha npotsaxeHunn psga net B8 PTY MUPOA npoBoasTcs nccnegoBaHms No CO34aHUI0 BbICOKOMPOU3BOANTENBHOM
TEXHONOrMN GOPMUPOBAHUSA CEMHETOINEKTPUHECKMX (POTOHHBIX U (POHOHHBIX KPUCTANNOB. TEXHONOrMa xapak-
TEpU3yeTcs Masioli NPOAOSIKMUTENIbHOCTLIO TEXHOJNIONMYECKOro umkna nu obecrnevymBaeT HeoOXoaAMMYO TNyOuHY
NPOCTPaHCTBEHHO-NEPMOANYECKOTrO MHBEPTMPOBAHMS IOMEHOB. KNtoYeBbLIM 3BEHOM TEXHONIOMMU ABNSIETCH KOMOU-
HMPOBAHHOE BO3AENCTBME OOHOPOOHOIO SNEKTPUYECKOro NMOa U MHTEPGEPUPYIOLLMX YIPYTMX BOSH BbICOKUX Ya-
CTOT, CO34aI0LLMX TEMNEPATYPHYIO peLleTKy. TEXHONOrS MMEET YHUBEPCAsbHbIN XapakTep B OTHOLLEHUN CEFHETO-
9NEKTPUKOB PA3INYHON CTENEHN aKyCTUYECKOM MPO3PadYHOCTU, HTO AOCTMraeTcs nyTeM UCMONb30BAHUS CUBHO
OVNCCUNATUBHBIX XMOKUX 9NEeKTPOA0B ONpeaeneHHON TONWMHbI. [py 3TOM 9Heprus ynpyrux BOSH NPAKTUHECKN He
NPOHMKAET B CEFHETOINEKTPUK, YTO UCKIIOHAET NPOSIBNIEHNE HexenaTesnbHblx 3pdekToB. Llenb HacToswen ctatbm —
aHanus pes3ynbTaToB PaboT, BbINOSHEHHbIX B PTY MUP3A, B 061acTy TexHONornm popmMmnpoBaHns CErHeToanekTpu-
YeCKuMX perynsapHbix OMeHHbIx cTpykTyp (PAC) B nepuog ¢ 2008 r. no HacTosiwee BpeMs.

MeTopabl. VIcnonb30BaHbl NOAOXEHWST TEOPUN PACAPOCTPAHEHNS, NMPENOMAEHUS U MHTEPdEPEHLMN YNPYrX BOSH
B KOHOEHCUPOBAHHbIX CPeAax, B HaCTHOCTU HbIOTOHOBCKAs MOAENb XUAKOCTU NPUMEHNTENBHO K CABUIOBbIM BOJI-
HaMm, a Takxe KOMMbIOTEpPHOE MoaenMpoBaHue. Mpyn pacCMOTPEHMM OCHOBHbIX 3TarnoB GUUMMYNLCHOW reTepo-
TepMasibHOM TexHoNormm popmmposaHnsa PAC npuMeHanMcb MeToapl aHanmsa 1 CUHTe3a.

PesynbTatbl. [lokazaHa BO3MOXHOCTb GOPMUPOBaAHUS HE TOJIbKO MUKPO-, HO Takxke CyOMUKPOHHbIX PAC. daHbl
pekoMeHZaumMn no BelboOpy TUMa U KOHKPETHbIX CBOMCTB XWAKUX 3NEKTPOA0B, Yr/IOB MeXAy HanpasieHneM pac-
NPOCTPaHeHns1 HTePdEPUPYIOLLMX BOJIH, @ TaKXKe MX 4aCcTOTbl. [Toka3aHo, 4TO NCNONb30BaHME B KAYECTBE XUAKNX
9/1EKTPOLOB CUJIbHO OUCCUMATUBHBIX MOHHBIX XWAKOCTEN co3aaeT 6naronpusiTHbIE YCNOBUS Ans GOpMUPOBaHMS
POC ¢ manbiM nepnoaoM npyv KOMHATHOM TemnepaType. Tak, Ha CABMIOBbIX BOSHAX C 9IEKTPOAAMM HA OCHOBE
LiPFg—PC Ha yacTtoTe 300 MI'u moryT 6bITb co3aaHbl PAC ¢ nepnogom okosno 2 Mkm. OnpeaeneHbl OCHOBHbIE TeX-
HONOrMYyeckne NapamMeTpbl, Kak o ciy4as BO3AeNCTBMS NPOAOSIbHBIX YAPYIrMX BOJH, Tak 1 Afisi ClyyYas CABUMOBbIX
BOJIH C FOPU30HTaIbHOW nonsipuaauneil. PeaynbTtaTtbl NPUMEHVMbI K TAKMM CEMHETO3NIEKTPMKAM Kak HMobaT nnuTus,
TuTaHun-pocdaTt kKanus, LMPKOHAT-TUTAHAT CBUHLA.

BbiBoAbl. [peanoxeHHbIe U NCCNeA0BaHHbIE METOAbI OPUEHTUPOBAHbBI HA MACcCOBOE NPOM3BOACTBO YCTPOMCTB Ha
ocHoBe PAC, B T.4. Ha N3roToBIEHME ONTUYECKMX MAPaAMETPUHECKNX FTEHEPATOPOB, YCTPOMNCTB aKyCTOSIEKTPOHNKM,
a TakxXe reHepaTopoB TepParepLoBbIX BOJIH U FEHEPATOPOB BTOPOW ONTUYECKOWN rapMOHUKK. TexHonorus obnagaet
Marsnom NPOAOIKNTENbHOCTBIO TEXHONIOrMYECKOro LIMKa, CONOCTaBUMOWN C BPEMEHEM NMEPEKITIOYEHNS NoNApn3aLmm
B MCMNONb3yEMOM CErHETOSNEKTPUKE.

KnioueBble cnoBa: JoOMeHHas NHXEHEePUA, CErHeTo3JIEKTPUKKN, TEMNEPATYPHbIE PELLUETKN, 6I/II/IMI'Iy}1bCHa9| retepo-

TepMalJibHaa TEXHOJIOIrn4A, ynpyrme BOoJiHbl, aKyCTOI/lHTepd)epeHLI,I/IOHHbII‘/JI MeTon
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ABTOPbI 3a9BNSIOT 06 OTCYTCTBUM KOHMMKTA MHTEPECOB.

INTRODUCTION

Methods for creating photonic and phononic crystals
based on ferroelectrics and multiferroics have recently
been actively studied. Photonic and phononic crystals
comprise regular domain structures (RDSs). Figure 1
schematically depicts a ferroelectric RDS of the side-
by-side type.
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Fig. 1. Side-by-side RDS. Arrows depict the
spontaneous polarization vector

Interest in RDSs is mainly due to their capability of
performing various functions in acoustoelectronics [1],
photonics [2, 3], as well as signal filtering and modulation
devices [4, 5].

A number of methods for the creation of RDSs
in ferroelectrics have been developed in laboratories
around the world over the last 25 years (see, e.g.,
review [6]). A popular method [3] is based on the use
of a nonuniform electric field generated by structured
electrodes deposited by photolithography. Methods for
“writing a domain pattern” using sequential scanning
of the surface of a ferroelectric with a focused laser or
electron beam [7] are of little use in the mass production
of devices based on RDSs due to their long process cycle
and shallow growth of domains. The method [8] based on
moving the probe of an atomic force microscope over the
ferroelectric surface also involves a long process cycle
duration and provides only a shallow domain growth.
The method of direct action of interfering laser beams
on a single-domain ferroelectric [9] fails to produce a
high-quality RDS. The generation of photoinduced
charge carriers accompanying laser irradiation leads
to undesirable effects such as the destruction of the
temperature grating due to heat release by recombining

carriers outside the antinodes of the interference pattern.
Moreover, birefringence prevents the creation of
contrasting temperature grating.

Methods for the creation of RDSs can be considered
to be promising if they offer a minimum duration of
the process cycle to provide a given depth of growth of
domains and high quality RDS.

In recent years, there has been a search for “rapid”
industry-oriented methods for the creation of RDSs that
do not require the use of photolithography [10-13]. In
particular, a method has been demonstrated [10] that
allows the creation of surface quasi-periodic domain
structures under the action of infrared laser pulses. The
main advantage of this method consists in the possibility
to produce rapidly domain structures without the use of
photolithography. However, the method does not yet
allow the creation of periodic domain structures with a
given spatial period.

Methods for the creation of RDSs are also studied
using a temperature grating induced by interfering
elastic waves [13—16]. Such methods are based on the
thermal interference principle, according to which local
stimulation of domain switching is achieved by the
pulsed uniform electric field action and temperature
grating created by interfering waves. Figure 2 illustrates
a pulsed interfering wave action with power density
P and inverting uniform electric field of strength E.
The corresponding technology of combined exposure
is referred to as double pulse heterothermal (DPH)
technology [14]. Selective switching of domains upon
application of a uniform electric field is ensured owing to
the decreased ferroelectric coercive field with increasing
temperature [6]. In comparison with its analogs, this
approach reduces the time of the formation of RDSs to
values comparable to the polarization switching time of
the ferroelectric.

Let us list the main stages of the DPH technology.

1. Creation of an interference pattern using a wave
action pulse (creation of a temperature grating).

2. Polarization switching in heated areas of the
temperature grating by a uniform electric field with
strength £'> E -, where E. is the coercive field.

3. Timely switching-off of the electric field upon
reaching a given depth of domain growth, as well as
in order to prevent lateral growth of domains.
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Fig. 2. A pulse of wave action with power density P and
a pulse of an inverting uniform electric field of strength E.
tp is the thermal interference pulse duration, t is
the duration of uniform electric field exposure

The pulse mode of heterothermal heating is crucial
due to the need to prevent the destruction of the
temperature grating by heat diffusion.

Since the domain inversion begins at the +Z-polar
face of a ferroelectric [17, 18], it is expedient to create a
temperature grating on the +Z-surface of a ferroelectric.

At the same time, in order to induce a contrast
temperature grating using interfering waves, it is
necessary to take into account the efficiency of the wave
absorption in ferroelectrics. In particular, in lithium
niobate and tantalate, the absorption is very low over a
wide frequency range [19]. Consequently, upon entering
a ferroelectric plate, the waves can be repeatedly
reflected from its faces, which reduce the contrast of
the temperature grating. Therefore, to prevent multiple
reflections, itis necessary to create an absorbing layer near
the +Z-polar face. In addition, at oblique incidences of
ultrasound on the surface of both isotropic and anisotropic
solids, birefringence occurs [19-22]. Of course, since
the splitting of a refracted wave into longitudinal and
transverse waves is highly undesirable when creating a
contrasting temperature grating, it preferable that such an
absorbing layer as an electrode for applying an inverting
voltage be made of an electrically conductive liquid or
a metal film. However, the deposition of a metal film is
time consuming; moreover, the creation of long-lasting
temperature gratings is prevented by the high thermal
conductivity of metal materials.

In this article, we consider technology variants
based on the use of a temperature grating induced by

interfering elastic waves incident on a liquid electrode in
contact with the +Z-surface of a ferroelectric (acoustic
interference method). The results are applicable to
such ferroelectrics as lithium niobate, potassium titanyl
phosphate, and lead zirconate titanate.

1. CREATION OF RDSs USING
LONGITUDINAL ELASTIC WAVES

1.1. Experimental setup.
Calculation of the main parameters.
Elastic waves frequency dilemma

Figure 3 shows the working section of the
experimental setup intended to create RDSs both in bulk
Z-cut ferroelectrics and ferroelectric Z-oriented films
(the electrical circuit was described previously [6]).
The operation of the experimental setup is based on the
combined effect of two pulses: an interference pulse and
an inverting pulse (see INTRODUCTION).

As shown in Fig. 3, an RDS is formed in the region
adjacent to the interference pattern in ferroelectric / due
to the local switching of domains by the uniform electric
field using an electrically conductive absorbing liquid
film 6 in contact with +Z-surface 9 of the ferroelectric.
Film 6 functions as an electrode for applying voltage U,
which performs the local switching of the spontaneous
polarization 1_5S on the temperature grating. The radio
pulse U, is sent to the input of emitters 4 of longitudinal
acoustic waves interfering in the area of overlapping
beams. In this case, the temperature grating is created on
the section of a film 6 that is covered by the interference
pattern (the ultrasound absorption coefficient in the liquid
film significantly exceeds the absorption in acoustic
duct 3). Due to being in direct contact with the +Z-surface,
the temperature grating is translated into nucleating layer
8 of the ferroelectric by means of heat transfer. The
voltage U, is applied to both Z-surfaces 9 and /3 for
selective reorientation of the domains under the heated
areas in the antinodes of the interference pattern. In
this case, to transfer the potential from electrode 72 to
the —Z-surface through liquid 5, the latter should also
be electrically conductive (a “ferroelectric on a solid
conductive substrate” variant is also possible).

Acoustic duct 3 of the electroacoustic (EA) module
having two emitters 4 is made of a material having a low
acoustic wave attenuation coefficient. The components
of the circuit are pressed against the ferroelectric crystal
through sealing rings 2 (rubber cuffs) using clamp /0.
In order to maintain a constant thickness of liquid
film 6 under conditions of possible setup vibrations and
ensure the stability of the interference pattern, restrictive
protrusions are provided on acoustic block 3.

Let us consider the algorithm for calculating the
process parameters and numerical estimates. When

Russian Technological Journal. 2022;10(5):73-91

76



Technology for the creation of ferroelectric regular
domain structures using interfering elastic waves

Vladislav V. Krutov,
Alexander S. Sigov

creating RDSs using the acoustic interference method, the
following algorithm can be used for calculating the main
process parameters [12]. Here, an RDS is to be created
having spatial period d, width b, and length a on the
Z-surface. In order to ensure translation of the temperature
grating from film 6 to +Z-surface 9, the film thickness
must satisfy the condition & <<d. Let, e.g., d = d/8.

Taking into account the damping of the wave
according to the Bouguer—-Lambert law and assuming
that the angles of refraction are small, we choose a film
with a thickness approximately equal to the skin depth
1/a, where a is the absorption coefficient of ultrasound
in the film. Then, given that & = d/8, the absorption
coefficient is written as

a=8/d. (1.1)
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Fig. 3. Part of the setup for creating side-by-side RDSs

According to the Stokes—Kirchhoff formula, the
frequency dependence of the absorption coefficient of
acoustic waves in a liquid is quadratic: o =4 - /2, where 4
is a coefficient of proportionality. Then, using Eq. (1.1),
the required ultrasound frequency is obtained as

f=~~8/dA. (1.2)
The period d of the interference pattern created by
two beams propagating at an angle of 2f3 to each other
is obtained
d =MN(2sinp) (1.3)
Then the angle of incidence B of the beams on the
absorbing film electrode is estimated at

sinB = v¢d - f/16, (1.4)

where vg is the speed of ultrasound in the acoustic duct
of the EA module.

The aperture length p of each piezoelectric emitter is

prayl-Av? 1 (32d),

where a is the RDS size (in the direction of the grating
vector).

The length L of the acoustic duct of the EA module
is found using the formula

(1.5)

L~L J8d/ 4. (1.6)
v,
S
The duration of the interference pulse 7 (for

adiabatic heating in the antinodes) should be much less
than the relaxation time of the temperature grating and
can be estimated at [12]
t,~0.1- d’fy, 1.7
where y is the thermal diffusivity of the ferroelectric.
The acoustic pulse power incident on the absorbing

film electrode (providing adiabatic heating in the
antinodes) is calculated by the expression [23]

C YATS
~ PazaX [1+ (1.8)

8zCp
' 1.60-R)d ’

dCyp,

where C,, p,, C, and p are the specific heat capacity and
density of the absorbing film electrode and ferroelectric,
respectively; z is the thickness of the nucleating
ferroelectric layer; R is the coefficient of reflection from
the absorbing film; AT is the temperature increment in
the temperature grating; and S is the RDS area on the
Z-surface.

This expression takes into account the energy
consumption for local heating of the absorbing film-
electrode and translation of the temperature grating
into the nucleating layer of the ferroelectric (by heat
transfer).

The pulsed power P of the microwave oscillator
that is supplied to the input of the piezoelectric emitters
is calculated by the formula

P exp(245 /L)
2
Kqy —1
nl-| >
sz +1

where Ky, is the standing-wave coefficient in the radio
path, 1 is the efficiency of the conversion of electrical
energy into acoustic energy, and Ag is the coefficient
of proportionality in the frequency dependence of the
absorption coefficient of ultrasound for the material of
the acoustic duct [11].

PGz

, (1.9)
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This expression takes into account the loss of
acoustic energy in the acoustic duct as well as that due to
the conversion of electrical energy into acoustic energy
(both the dissipative loss and conversion loss are due
to the reflection of the electromagnetic wave from the
piezoelectric emitters).

The above expressions were used to calculate the
main process parameters of the creation of RDSs in
epitaxial Z-oriented lead zirconate titanate (PZT) films
deposited on a conductive substrate. The RDSs formed
in such films are used, e.g., in acoustoelectronics to
create acoustic microwave filters [1]. Table 1 presents
the results of calculations for an RDS with a width of
b =25 pm and a number of periods of N = 20 for two
spatial period values d = 0.8 and 1.2 um (these values
correspond to the RDS created by scanning with an
atomic force microscope probe in PZT films having
a thickness of 0.2 pm [1]). The material of the liquid
absorbing film electrode comprised an aqueous LiCl
solution with a low thermal diffusivity (0.14 - 10~ m?%/s),
which significantly exceeds the value of this parameter
for ferroelectrics. The material of the acoustic duct
of the EA module was fused quartz. The following
parameter values were used in the calculations [24, 25]:

A4 = 299 - 105 ¥m, vy = 596 - 10° m/s,
Ag = 0015 - 10715 s¥m, x = 0.7 - 10° m?%s,
C=230017J  kg"K! p=176-10 kg - m3,

C,=38001J kg! K p =105 10 kg m3,
R=0.5,and AT=5K.

Table 1 shows that the radio pulse power P at
the input of the piezoelectric emitters does not exceed
0.1 W. Here it should be noted that the power P; should
not exceed the threshold value to avoid breakdown.
This is especially important for gigahertz piezoelectric
emitters in which thickness of the piezoelectric layer
is quite small. The threshold value of the breakdown
power depends on the material of the piezoelectric layer,
its thickness, and other parameters, which is the subject
of special studies.

From expressions (1.8) and (1.9), it follows
that P, can be reduced, in particular, by decreasing
the temperature increment A7. Small AT values are
acceptable in areas with a strong dependence of the
coercive field on temperature. As the results of studying
PZT showed [26], AT can be radically reduced near the
Curie point, where the rate of decrease in the coercive
field with increasing temperature is maximal.

As follows from expression (1.9), the power P can
be reduced by decreasing the operating frequency f, the

length L, and the absorption coefficient A in the acoustic
duct of the EA module. In addition, P can be reduced
by increasing the conversion efficiency n and decreasing
the area S, as well as by reducing the reflection loss of the
radio pulse from the piezoelectric emitter (by decreasing
the standing-wave coefficient Kgy, using impedance
matching).

Expression (1.2) shows that frequency f can be
decreased (at a given period d) by increasing the
coefficient 4 of the absorbing film (by choosing
appropriate electrolyte solution, solute concentration,
and operating temperature).

The relaxation time of the temperature grating
is 1y = d*/y. In our calculations, for the period
d = 0.8-1.2 um, it is 7y = 1-2 ps, i.e., significantly
exceeding the duration g of the inverting pulse, which
for a PZT film is about 50 ns. Therefore, the temperature
grating is preserved throughout the inverting pulse.
At the same time, the duration of the process cycle
(combined exposure to the interference and inverting
pulses) is 7 = g = 0.25 ps (Table 1).

Let us estimate the elongation of the sample due
to thermal expansion. For PZT, the thermal expansion
coefficientis k=2 - 107K~ [25]. Then, for a temperature
grating having a temperature increment of A7 =5 K, the
relative elongation is Aa/a = k - AT/2 = 0.47 - 107>, For
an RDS with a length of @ = 20 um (which was used in
the calculations), the elongation is Aa = 1079 m. The
obtained value is four orders of magnitude smaller than
the RDS periods given in Table 1.

Thus, using the developed model, the main process
parameters of the creation of an RDS were estimated as
applied to Z-oriented PZT films and liquid electrodes
based on an aqueous LiCl solution. The calculations
showed that, at room temperature (293 K), the creation
of'an RDS with a period on the order of one micrometer
requires interfering elastic waves in the gigahertz range,
the generation of which requires very expensive EA
modules.

Note that the results of the estimation calculations
were obtained for small angles of refraction and
under the assumption that the thickness of the liquid
electrode layer is approximately equal to the skin
depth 6 = d/8.

As shown previously [27], in order to create an
RDS with a small spatial period, including submicron
structures, thin ferroelectric samples (i.e., films)
should be used due to their specific heat transfer
properties.

Table 1. Main process parameters of the creation of RDSs in PZT films

RDS period | Frequency f, [Pulse duration| Acoustic duct | Conversion | Standing-wave | Power at input of liquid| Power at input
d, pm GHz t, 1S length L, pm | efficiency n |coefficient Kgy, electrode P, W of emitters P, W
d=12 14.9 0.2 71 0.4 1.3 0.015 0.063
d=0.8 18.3 0.09 38 0.3 1.4 0.019 0.094

78
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The amplitude of the sound pressure of an elastic
wave decreases by a factor of e at a distance of 1/a.
Formula (1.2) for the carrier frequency of elastic waves
was obtained under the assumption of small angles
of refraction (for a liquid electrode with a thickness
of 1/a). At the same time, after the wave is refracted at the
acoustic duct-liquid interface at angle vy, the projection
of the distance traveled by the wave onto the normal to
the boundary is 6, = (1/a)cosy (“reduced” skin depth).
Earlier [15], for a liquid electrode with a thickness equal
to the reduced skin depth, solutions were obtained for
the carrier frequency (constructive frequency dilemma)
as well as for the angles of refraction. The solutions for
the angles of refraction have the form

n 1 Av?
=arccos| 1.15cos| —+ —arccos ,(1.10
h ( (3 3 12.3de (110

Av?
12.3dD’ (10

where v is the speed of ultrasound in the liquid electrode.
The corresponding solutions for the frequency of
interfering waves are given by the formulas

8cosy,
"

1
Yy = arccos[l.lScos[g - Earccos

(1.12)
8
fo =y CZZYZ. (1.13)

Based on the results of the modeling, we provided
recommendations for choosing the frequency taking
into account the state of the art of high-frequency
ultrasonic piezoelectric emitters. As can be seen
from formulas (1.12) and (1.13), it is advisable when
operating at lower frequencies to use liquid electrodes
having a high coefficient 4 value in the frequency
dependence a = Af2 of the absorption coefficient of
elastic waves.

Note that the values of the “lower” and “upper”
frequencies of the elastic waves depend only on the
properties of the liquid electrodes and the period of the
domain structure.

Thus, the formation of an RDS (with given period d)
is possible in two cases:

1) at the lower frequency f; with the angle of refraction

v, (formulas (1.10) and (1.12)), and

2)at the upper frequency f, with the angle of

refraction v, (formulas (1.11) and (1.13)).

The obtained results can be used to create similar
experimental setups that require one to take into account
the state of the art of high-frequency piezoelectric
emitters.

1.2. Low-temperature operation

The cost of EA modules is known to sharply increase
with increasing operating frequency of the piezoelectric
emitter of elastic waves. Keeping in mind the high cost
of manufacturing gigahertz piezoelectric emitters, let us
consider an economical technological solution involving
the use of ultrasonic waves at frequencies close to the
lower limit of the microwave range (f = 300 MHz). As
shown below, DPH technology can be used to create
RDSs having parameters corresponding to those of the
key elements of high-performance acoustoelectronic
devices [28], as well as generators and detectors of
terahertz radiation [2].

It can be shown that, for a liquid electrode of
thickness 6 equal to 1/2 of the reduced skin depth, i.e.,
d = (1/2a)cosy, the formulas for the angle of refraction
and the frequency f of elastic waves have the form

2
y = arccos| 1.154 cos E—larccosL , (1.14)
3 3 6.15d

4cosy
f‘z V)

. (1.15)

where d is the spatial limit of the RDS.

Solving the system of equations (1.14) and (1.15)
gives formulas for the period of the RDS and the
coefficient 4:

d~ 0.81v

\/cos v/ cos(m —3arccos(0.867cosy)), (1.16)

A= if\/cosy -cos(3arccos(0.867cosy)—m). (1.17)
v

The angle of refraction is known to be related to the
angle of incidence by Snell’s law

y = arcsin [L sin Bj.

Vs

(1.18)

For the phase and group velocities of the elastic
wave to have the same direction, the material for the
acoustic duct of the EA module should be isotropic.
Among isotropic materials, the attenuation of elastic
waves is lowest in fused quartz.

Let us consider the operation of an EA module
made of fused quartz (vg = 5.96 - 10° m/s) in
combination with a liquid electrode with a speed
of ultrasound v = 1.7 - 10° m/s. Previously [16],
the frequency dependences of the period 4 and
coefficient 4 of a liquid electrode were characterized
according to expressions (1.16), (1.17), and (1.18).
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Figure 4 illustrates the dependences of the period d on
the frequency f for three EA modules with § = 10°, 12°,
and 17°. For example, at a frequency of /'~ 300 MHz
and an angle of incidence =~ 17°, an RDS with a period
of d = 38.0 um can be created. RDSs with such a period
are used, in particular, in the manufacture of IR optical
parametric oscillators [29, 30]. However, to create an
RDS with such a period, an appropriate liquid electrode
is required. Figure 5 presents the dependence of the
coefficient A4 of the liquid electrode on the frequency f
for the same EA modules. It can be seen that, to create
an RDS with such a period, a liquid electrode with a
very high value of the coefficient 4 = 1060 - 10713 s2/m
is necessary. One of best-studied and most widely
available conductive liquids is an aqueous solution
of lithium chloride LiCl. However, at a frequency
f = 300 MHz, the coefficient 4 of a LiCl solution is
insufficiently high (4 < 550 - 107!5 s?/m) even when
cooled to 7= 223 K [31]. Therefore, an aqueous LiCl
solution is inapplicable for creating an RDS with a
period of d <40 um at a frequency close to f~ 300 MHz.

d-10%, m
106.8
91.6
76.3

61.0
45.8

30.5

15.3

268 - 536 805 1074 1342 f,MHz

Fig. 4. Period d versus frequency f at three values
of the angle of incidence B = (1) 10°, (2) 12°,and (3) 17°

As noted above, RDSs having a period d =~ 40-100 pm
are the key elements of high-performance acoustic
filters [28], as well as generators and detectors of
terahertz radiation [2]. The possibility of creating
an RDS with such values of the RDS period at a
frequency /= 300 MHz has been demonstrated using
a liquid electrode based on a LiCl solution at angles
of incidence B < 17° [16]. For example, at § = 10° at
a given frequency (as follows from Figs. 4 and 5), the
RDS period is d = 80 um when using a liquid electrode
with 4 ~230 - 10715 s2/m. This value of the coefficient 4
can be achieved by cooling the aqueous LiCl solution to
a temperature of 7= 241 K [31].

An EA module having a higher frequency
f = 670 MHz has also been modeled [16]. At this
frequency and lower temperature of 7' = 233 K, the
possibility of creating an RDS with a period d = 16 pm
has been demonstrated using a LiCl solution-based
liquid electrode [31].

A-1015, s2/m

1360
1140, |
910
682
455
227

268 536 805 1074 1342 f,MHz

Fig. 5. Coefficient of liquid electrode versus frequency
at three values of the angle of incidence 3 = (1) 10°,
(2)12°,and (3) 17°

In economical terms, EA modules operating at
lower frequencies are generally more affordable. For
example, domain structures with a period d = 90 pm can
be created at a frequency of f= 270 MHz and B = 10°
using a liquid electrode with 4 =250 - 10715 s?/m (e.g.,
a 7.7 M aqueous LiCl solution at 7= 238 K [31]).

Significantly, RDSs with different periods d can
be created using the same EA module (with a specified
value of the angle of incidence P) by tuning the
frequency within certain limits by means of various
liquid electrodes and/or different temperatures.

2. CREATION OF RDSs USING
LONGITUDINAL ELASTIC WAVES
AND ELECTRODES BASED
ON RTIL IONIC LIQUIDS

2.1. Main parameters of some highly
dissipative RTIL at room temperature

The possibility of using the acoustic interference
method to create RDSs using liquid electrodes based
on an aqueous solution of lithium chloride was
demonstrated in the previous section. However, the
proposed technological solution requires cooling down
to temperatures from 233 to 243 K.

In this section, we will discuss the possibility of
creating RDSs at room temperature and frequencies
near f =~ 300 MHz taking into account new data on
the acoustic properties of liquid electrodes based on
ionic liquids. Salts that melt at room temperature
are referred to as room-temperature ionic liquids
(RTIL). It will be shown that highly dissipative,
electrically conductive RTILs such as 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
([C,mim][NTf,]) and 1-hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide  ([C,mim][NTf,])
create favorable conditions for the formation of RDSs
using the acoustic interference method, implementing
the technological solution [16] without cooling below
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room temperature. The results are applicable to such
ferroelectrics as LiNbO;, KTiOPO,, and PZT.

Let us consider the use of RTIL-based liquid
electrodes in combination with a fused quartz acoustic
duct. The experimental setup for the creation of RDSs
using interfering elastic waves was described in
section 1.1, as well as in the literature [ 12]. Figure 6 shows
a fragment of this setup: (/) ferroelectric, (2) acoustic duct
ofthe EA module, (3) piezoelectric emitter of longitudinal
waves, (4) liquid electrode, and (5) +Z-surface of the
ferroelectric. Here, Pg is the spontaneous polarization,
B is the angle of incidence on the quartz—liquid interface,
y is the angle of refraction, and P; is the power at the
input of the piezoelectric emitters.

Previously [15], the thickness of the liquid electrode
was assumed to be equal to the reduced skin depth
8, = (l/a)cosy. At the same time, in order to reduce
the excessively high values of the coefficient A4, the
thickness of the liquid electrode should be selected to
be somewhat lower than the reduced skin depth. Since
a more significant decrease can lead to a decrease in the
contrast of the temperature grating due to the reflection
of a significant fraction of the ultrasound energy from
the +Z-surface of the ferroelectric, this value should be
approximately equal to 1/2—3/4 of the reduced skin depth.
For example, if the thickness of the liquid electrode is
taken to be 1/2 of the reduced skin depth, i.e., d = (1/2a)
cosy, then the angle of refraction vy, frequency f, period
d, and coefficient 4 can be described by formulas (1.14),
(1.15), (1.16), and (1.17), respectively.

3 \

4

A

N\
<
o

]

({‘%

Fig. 6. Fragment of the experimental setup

Table 2 presents some parameters of four RTILs
with high values of coefficient 4 at 293 K [32, 33]. It
can be seen that these values are more than an order of
magnitude higher than those of this coefficient for an
aqueous lithium chloride solution at room temperature;
as follows from expression (1.15), this allows RDSs to
be created at much lower ultrasound frequencies.

Note also that the thermal diffusivity of the RTILs
presented in Table 2 is very low (less than half that of
water): x = 0.6 - 1077 m?/s. This makes it possible to
create “long-lived” temperature gratings in RTIL-based
liquid electrodes.

2.2. Results of computer modeling
of the creation of RDSs at room temperature
with ionic liquids

Figure 7 presents the dependence of the coefficient
A of the liquid electrode on the frequency faccording to
expressions (1.17) and (1.18) for EA modules with angles
of incidence f = 17°, 16°, 15°, and 14°. The required
value of the coefficient 4 of the liquid electrode can be
seen to decrease at a given frequency f with decreasing
angle of incidence B on the quartz—RTIL interface.

An analysis of the radicands in expressions (1.16)
and (1.17) shows that the minimum possible angle
of incidence on the quartz—RTIL interface is f§ = 13°
(for liquids with a speed of sound of v = 1260 m/s).
For angles B ~ 13° and less, there is no real solution.
In this case, this angle is independent of the chosen
thickness of the liquid electrode, depending only on
the v/vg ratio. At the same time, as follows from Fig. 7,
the selection of angles of incidence that significantly
exceed B = 17° involves the need to use RTIL with a
very high coefficient A, which is not always possible at
room temperatures [32, 33].

Figure 8 illustrates the dependence of the period d
on the frequency f according to expressions (1.16) and
(1.15) for the same EA modules with specified incidence
angles B=17°,16°, 15°, and 14°. Here, the period d of the
formed RDS can be seen to increase for an EA module
with a specified frequency f with decreasing angle of
incidence B3 on the quartz—RTIL interface. Obviously, as
follows from Fig. 7, the selection of an excessively low
ultrasound frequency results in the need to find an RTIL

Table 2. Parameters of RTILs with high values of the coefficient A at an ultrasound frequency of f~ 300 MHz

and a temperature of 293 K

RTIL Coefficient 4, s%/m Speed of ultrasound v, m/s Electrical conductivity o, S/m Reference
[C,mim][NTT,] 450 - 10715 1260 0.9 [32]
[C,mim][NTf,] 650 - 10715 1260 0.3 [32]
[Cemim][NTT,] 800 - 10713 1260 0.2 [32]
[C,C,pyr][NTE,] 870 - 10713 1260 0.2 [33]
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having a rather high value of the coefficient 4, which, as
noted above, is not always possible at room temperatures.

A-10715,s2/m
1023

910

796

682

568

454

341

227

114

67 134 201 268 335 403

Fig. 7. Coefficient of liquid electrode versus
ultrasound frequency at four values of the angle
ofincidence B= (1) 177, (2) 16°, (3) 15°, and (4) 14

f, MHz

For example, as follows from Fig. 8, using the EA
module operating at a frequency of /~300 MHz, at an angle
of incidence B ~ 15.5°, an RDS with a period d = 48 ym
can be created. At the same time, as follows from Fig. 7, to
create such an RDS, an appropriate liquid electrode with
A =650 - 1015 s2/m is required. As Table 2 shows, the
ionic liquid [C,mim][NTf,] can be used as such a liquid
electrode at a temperature of 293 K (with a conductivity
o = 0.3 S/m). As follows from Figs. 7 and 8, by using
another RTIL such as the ionic liquid [C;mim][NTf,]
(with A= 800 - 10713 s%/m at the same temperature) at the
same frequency, an RDS can be created having a period
d =42 um (with an incidence angle § = 16.7°).

Table 3 presents other examples of creating RDS
using RTIL at room temperature. At a frequency
/=300 MHz with the given RTIL, the spread in values
of the angle of incidence B can be seen to comprise
approximately 3 degrees.

In practical terms, the most interesting case arises
when there is one type of RTIL and one EA module with
a specified angle B. In this case, it is possible to create an
RDS having a different period d by tuning the ultrasound
frequency using the previously characterized [32, 33]
temperature dependences of the coefficient 4.

The rightmost column of Table 3 presents the
estimated durations ¢ of an interference pulse
calculated for lithium niobate (x = 1.54 - 107 m?/s)
using formula (1.7). For ferroelectrics having thermal

diffusivities lower than that of lithium niobate, such
as PZT [34], the corresponding values of the pulse
duration ,are several times longer.

d, um
91.6
83.9
76.3
68.7
61.0
53.4
45.8
38.1
30.5
22.9
15.3

67 134 201 268 335 403 f,MHz
Fig. 8. Period d versus frequency at four values
of the angle of incidence B = (1) 17°, (2) 16°, (3) 15°,
and (4) 14°

The obtained results can be used, e.g., to develop
and manufacture high-performance acoustic filters [28],
generators of terahertz waves [2], and giant strain
actuators [35, 36], especially in their mass production.

3. CREATION OF RDSs USING ELASTIC
SHEAR WAVES

3.1. Calculation of the parameters
of shear waves and some liquid electrodes
in the Newtonian fluid model

In the previous section, we demonstrated the efficacy
of using highly dissipative, electrically conductive
RTILs as electrodes in the creation of RDSs at room
temperature [37]. It is important to note that the use
of these liquids opens up more opportunities in terms
of choosing the type of elastic waves, since not only
longitudinal, but also shear waves can propagate in
them. A feature of shear waves is a very small depth of
their penetration into the liquid [38]. This feature can
significantly increase the efficiency of the technology.

The previously obtained [15] results showed that
high values of the coefficient 4 for liquid electrodes
allow the ultrasound frequency to be significantly
reduced. Obviously, the use of shear waves can reduce
the operating frequency. The use of shear waves can

Table 3. Estimated parameters for the creation of RDSs using ultrasound at a frequency f~ 300 MHz and some RTILs

at a temperature of 293 K

RTIL Coefficient 4, s%/m | Angle of incidence B, deg| RDS period d, um z}(l)lrsi ti?ﬁ:i?o%aii
[C,mim][NTf,] 450 - 10715 14.3 59 226
[C,mim][NTT,] 650 - 10713 15.5 48 150
[Cmim][NTE, ] 800 - 10715 16.7 42 115
[C,C,pyr][NTT,] 870 - 10713 17.2 40 104
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also be justified as follows. As is known, reflection and
refraction of horizontally polarized shear waves do not
result in the splitting of the wave into longitudinal and
shear components at any angle of incidence. At the same
time, when longitudinal waves are obliquely incident on
the interface, the type of the wave is transformed, which
may cause significant energy loss.

Whereas there are numerous publications on the use
of longitudinal waves in liquids, corresponding studies
into the use of shear waves, in particular, horizontally
polarized ones, in liquids are not so abundant [39, 40].

As will be shown below, in some conductive liquids,
giant values of the coefficient 4 ~ (0.482-4.28) - 1010 s%/m
were obtained for shear waves at room temperatures. Note
that the process of the creation of RDSs using longitudinal
waves [37] used ionic liquids with 4 = (0.2-0.8) - 10712 s%/m
(i.e., two orders of magnitude lower).

The experimental setup for the creation of RDS by
the acoustic interference method using elastic waves
was described in section 1 of this article, as well as in
the literature [12, 15]. The setup described in this section
differs by virtue of including piezoelectric emitters of
shear waves, rather than longitudinal waves.

The wave amplitude decreases by a factor of e at
the distance 1/a. For shear waves, 1/a is the depth of
penetration of these waves into the liquid, which can be
estimated at [38]

/o= 2&, (3.1)
po

where 1, is the viscosity of the liquid at low frequencies,

p is liquid density, and o is the circular frequency of the

shear waves.

For example, at a viscosity of 0.1 Pas, a density of
1400 kg/m3, and a frequency /=200 MHz, the penetration
depth 1/a of a shear wave into the liquid is very small
(324 nm). The quantity 1/a is also referred to as the skin
depth. After the wave is refracted at the acoustic duct—
liquid interface at angle y, the wave amplitude decreases
by a factor of e at a distance of 1/a, and the projection of

the distance traveled by the wave onto the normal to this
interface is 8, = (1/a)cosy (reduced skin depth).

The velocity of shear waves propagating in a
Newtonian fluid (ot << 1, where t is the shear relaxation
time) is described by the formula [40]

v [2nym/p.

The coefficient of proportionality 4 for shear waves
in the fluid can be readily found from expression (3.1)

(3.2)

A= TCp3 .
n()f

(3.3)

Using the condition wt << 1 of the Newtonian fluid
model [40] and the values of the shear relaxation times t
offluids that are given in Table 4, the maximum frequency
Jy of shear waves in the model can be estimated at

Iy = V(4n). (3.4)

Table 4 presents the maximum frequencies fy
of shear waves (in the Newtonian fluid model) as
calculated from formula (3.4) and some parameters of
fluids used as electrodes: LiPF—PC electrolyte solution
and the ionic liquid 1-butyl-3-methylimidazolium
hexafluorophosphate ([C,mim][PF], or [bmim][PF]).

For many materials at frequencies above approximately
=300 MHz, the elastic waves are significantly attenuated
in the acoustic duct of the EA module. To avoid this
(other conditions being equal), a higher ultrasound power
and more labor-intensive technology has to be used for
manufacturing piezoelectric emitters. Based on this, and
provided that the condition /< fy; is met for each liquid, the
frequencies '~ 70 MHz and '~ 300 MHz were chosen for
preliminary estimation of the shear wave velocity v and the
coefficient A. Table 5 presents the values of the shear wave
velocity v and coefficient 4 calculated in the Newtonian
model using formulas (3.2) and (3.3).

Table 5 shows that, for shear waves, these liquids have
giant values of the coefficient 4 = (0.482—4.28) - 107 19s?/m

Table 4. Values of f, and parameters of liquid electrodes at room temperature

No. Liquid Viscosity n,, Pa's| Density p, kg/m3 |Relaxation time T, Jfn» MHz | Electrical conductivity o, S/m
| LiPFPC 0.06 12103 02-107° 0.2
(2 mol/kg) [41] [41] [42] 400 [45]
. 0.27 1.38-10° 1.1-107° 0.1
2 [C,mim][PF ] [43] [43] [44] 72 [46]

Table 5. Values of the shear wave velocity v and coefficient A at frequencies not exceeding the maximum frequency fy

of the Newtonian model

No. Liquid </ MHz v, m/s A, s*/m
LiPF—PC (2 mol/kg) 300 4342 0.482 - 10710
2 [C,mim][PF,] 70 414.9 2.18- 10710
LiPF—PC (2 mol/kg) 70 209.7 42810710
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at room temperature. It is also noted that the velocity of
the shear waves is several times lower than that of the
longitudinal waves.

Taking into account the above limitations, computer
modeling was performed to determine the angles of
incidence of shear waves on the acoustic duct-liquid
interface for given values of the RDS period and develop
recommendations for choosing the frequency; the results
are discussed in the next section.

3.2. Results of computer modeling
for liquid electrodes based on [C,mim][PF]
and LiPF;—PC at room temperature

A mathematical model of the effect of interfering
elastic waves on a ferroelectric through a liquid layer
whose thickness o is smaller than the RDS half-
period (0 = d/8) and equal to the reduced skin depth
9, = (1/a)cosy has been considered earlier[15].

It was determined [15] that, if the condition

d>0.08142, (3.5)
is met, then, for a given RDS period, the angle of
refraction and the shear wave frequency are described

by the expressions
Av?
, (3.6
12.3dD (36)

(3.7)

1
Y= arccos[l 15 cos(g - Earccos

8cosy
TN~

We note that the elastic wave velocity v and the
coefficient 4 in formulas (3.6) and (3.7) in the case of
shear waves depend on the frequency according to (3.2)
and (3.3), respectively.

From expressions (3.6) and (3.7), the following
formula for the coefficient is obtained:

A= %Jcos ycos(3arccos(0.867 cosy) —m). (3.8)
v

The radicand is nonnegative if y > 0.0475.

Equating the right-hand sides of expressions (3.3)
and (3.8) and taking into account expression (3.2), we
obtain the equation for the angle of refraction of shear
waves on the acoustic duct-liquid interface:

2.4927cosycos(3arccos(0.867cosy) —m) = 1.

Solving this equation gives two values of the angle
of refraction:

v, =0.455; 7, = 1.119. 3.9)

The angle of refraction y is known to be related to
the angle of incidence § by Snell’s law (1.18).

Using expressions (1.18) and (3.2), the frequency
dependences of the angles of incidence [ on the acoustic
duct-liquid interface can be derived:

p
4nn, f
. . p
B, =arcsin| vgsiny, [——— |.
2 S 2 4TET]0f

Hence, the conditions follow:

. / p . f p
Vg Sin <1, vgsin <1.(3.11
g Sy, amng f s Sy, amny f (3.11)

Obviously, the case of the smaller angle of
incidence B, is of the greatest practical interest; since
v, =0.455 <y, = 1.119, this occurs at a lower frequency.
In addition, to meet condition (3.11) at lower frequencies,
it is advisable to use an EA module made of a material
having a low shear wave velocity vg. Paratellurite
a-TeO, represents such a material in which the slowest
shear sound wave velocity is vg = 0.61 - 10° m/s [47].
Then, condition (3.11) for the 2 mol/kg LiPF .~PC liquid
is satisfied at > f_ ., = 113 MHz; for the [C,mim][PF ]
liquid, at /> f . , =26 MHz.

Figure 9 illustrates the frequency dependence of the
angles of incidence 3, and B, for the 2 mol/kg LiPF~PC
liquid using the EA module based on paratellurite. It
can be seen from Fig. 9 that the frequency f, . , (for the
angles B,) is approximately equal to 481 MHz for this
liquid. In the Newtonian model used here, an RDS can be
created at shear wave frequencies simultaneously higher
than the frequency f . , and lower than the maximum
frequency fy of the Newtonian model. Therefore, since
the condition /< f; = 400 MHz should be satisfied
because for the 2 mol’kg LiPF~PC liquid, only the
angles B, are of interest.

Similar frequency dependences of the angles of
incidence 3, and [, when using the EA module based on
paratellurite were also characterized for the [C,mim][PF]
liquid. Table 6 presents the minimum frequencies f_ . , and
Jininp Tor these two liquids along with the angles ;.

It is also necessary to determine the spatial period of
the formed RDS. Taking into account expressions (3.3)
and (3.7) and two values of the angle of refraction (3.9),
we obtain the formulas for the frequency dependence of
the RDS period:

d, :8cosyl/,lnpf/n0 , d, :8cosy2/1/npf/n0 . (3.12)

Figure 10 presents the frequency dependences
of the RDS period for the 2 mol/kg LiPF~PC liquid

B, = arcsin[vS siny,
(3.10)
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Table 6. Minimum frequencies, operating frequency range Af, angle of incidence B,, and RDS period d,, calculated for

an acoustic duct made of a-TeO,

. Operating frequency . .
No. Liquid Jin» MHZ | f . . MHz i Angle of incidence 3, | RDS period d, um | £, MHz
1 [Cymim][PF ] 26 123 30-70 1.410-0.703 10.4-6.8 72
2 LiPF=PC 113 481 125-400 1.270-0.564 2.6-14 400
(2 mol/kg)

and the [C,mim][PF ] liquid. These dependences can
be used to determine the period of the created RDS at
frequencies in the range from £, . | to f. In particular,
for the 2 mol/kg LiPF~PC liquid, at frequencies in the
range from £ . | = 113 MHz to f, = 400 MHz; and for

the [C,mim][PF,] liquid, at frequencies in the range

fromf_ ., =26 MHz to f, = 72 MHz.
B, |
B1 BZ
15
, 2

1.0+

0.5

0 100 200 300 400 500 f,MHz

Fig. 9. Frequency dependence of the angles
of incidence B, and B, on the paratellurite-liquid interface
for the 2 mol/kg LiPFg-PC liquid

Table 6 presents the results of calculating the
minimum frequencies of shear waves, the range Af of
operating frequencies, the angles of incidence f3,, and
the RDS period d, (for the EA module made of a-TeO,)
for two liquids. Obviously, in practice, the operating
frequency range Af is somewhat smaller than the
difference f — /i, because the operating frequency is
chosen not too close to the frequencies f, ;| and fy.

d, pm’
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Fig. 10. Frequency dependence of the RDS period
for the (7) [C,mim][PF¢] liquid
and (2) 2 mol/kg LiPFg—PC liquid

From Table 6, it can be seen that the use of a liquid
electrode based on the 2 mol/kg LiPF —PC liquid enables
the creation of an RDS with a period of 1.4-2.6 um at
frequencies of 400—125 MHz, respectively.

Thus, by using the acoustic interference method
using shear waves, it is possible to create an RDS having
a very small spatial period at room temperature with an
EA module made of paratellurite, which is a significant
advantage over the technology [37] using longitudinal
waves.

CONCLUSIONS

The following are the main results obtained at
RTU MIREA for the technology used for the creation of
ferroelectric RDSs using interfering elastic waves.

1) The proposed technology for creating RDSs uses
interfering elastic waves of high and ultrahigh
frequencies. In this case, ultrasound is almost
completely absorbed in liquid electrodes of a
certain thickness and does not penetrate the
ferroelectric, which prevents multiple reflections
from opposite faces, increases the contrast of the
acoustically induced temperature grating, and
makes the technology universal (independent
of the degree of acoustic transparency of the
ferroelectric).

2) It is shown that, when using liquid electrodes based
on lithium chloride, the creation of a RDS having
a spatial period of several tens of micrometers at
ultrasound frequencies of about 300 MHz requires
cooling to temperatures of 233 to 243 K. It was
also found that, at room temperature, the creation
of an RDS requires liquid electrodes for which
the coefficient of proportionality in the frequency
dependence of the absorption coefficient of
ultrasound is an order of magnitude greater than that
of a lithium chloride solution.

3) It is shown that the use of such highly dissipative
ionic liquids as [C,mim][NTTf,] and [C,mim][NTf,]
as liquid electrodes creates favorable conditions
for the formation of a short-period RDS at room
temperature. Recommendations are given on the
choice of the type of ionic liquid, the values of the
carrier frequency and pulse duration, as well as the
angle of incidence of elastic waves on the fused
quartz-liquid interface.
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4) Using the Newtonian fluid model, a mathematical

model is formulated for the creation of an RDS
under the action of interfering shear waves on a
ferroelectric through a liquid electrode layer was
created. Recommendations are given for selecting
the type of the liquid electrode, its thickness, the
angle of incidence of shear waves at the paratellurite-
liquid interface, as well as the carrier frequency and
pulse duration at room temperature. To prevent the
splitting of the shear wave at the acoustic duct-liquid
interface into two components (longitudinal and
shear), it is advisable to use horizontally polarized
shear waves.

5) It is shown that shear waves at the same carrier

. Esin A.A., Akhmatkhanov A.R.,

frequency can be used to create an RDS having a
spatial period an order of magnitude smaller than
that created when using longitudinal waves. For
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