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Changes in the structure of electron states in a layered crystal induced by a deformation giving
rise to a relative shift of the layers have been analyzed. It is shown that if the deformation
force has a low-frequency harmonic component, the period of the deformed lattice changes
discretely, and the energy degeneration of the electron states becomes partially eliminated. A
space-time deformation removes the energy degeneration for states, whose wave vectors have a
component normal to the layer plane and equal to the component of the reciprocal lattice period
in the deformed crystal along this direction. It also generates a discontinuity in the functional
dependence of the energy on this component. Within a separate time period of perturbation, the
energy degeneration becomes eliminated at different time moments, at which the lattice period
along the shear direction is a multiple of the shift. The energies within this time interval can be
identified with the use of a radio equipment, by detecting the time moments, when the density
of electronic states drastically changes.
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1. Introduction

Layers as structural elements of a crystalline struc-
ture in layered crystals are responsible for certain
features in the electronic properties of those materials
[1,2]. They distinctly manifest themselves in the form
of a considerable anisotropy and a field dependence in
the electron transfer phenomena and as a structure of
interband and phonon absorption spectra in the op-
tical properties. The role of layers—as structural ele-
ments that generate an adequate spatial profile of the
potential-in the formation of specific features of elec-
tronic properties depends on the layer structure and
the interaction between the layers. A separate layer
in those crystals may possess a complicated multi-
layer structure, which is formed due to the intense
interaction between the layer atoms, so that the layer
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becomes somewhat isolated. This property reveals it-
self in the residual interaction between neighbor lay-
ers and in the preservation of their structure in a wide
interval of external actions. In particular, it manifests
itself in the results of the action of external deforma-
tion forces on layered crystals [3].

Characteristic modifications in the system of elec-
tron states in layered crystals that arise due to the
deformation of corresponding materials are associated
with changes of the interaction between the layers oc-
curring as a result of the distance variation between
the layers or their relative shift [4,5]. In this work, we
analyze deformation-induced changes in the structure
of electron states and their dynamics, when the lay-
ers become shifted with respect to one another (the
shear deformation). This is a continuation of works
[6-8], in which a mechanism of spectrum formation
was proposed for the photoconductivity component
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that is proportional to the product of the light in-
tensity and the mechanical stress. A substantial non-
monotonic dependence of the phase difference be-
tween the piezophotoconductivity current and the de-
formation force on the energy of interband transi-
tions, which was found in those works, as well as the
conditions for its realization, has to be clarified.

2. Period of Potential Perturbation
in a Shear-Deformed Layered Crystal

The crystal deformation, by changing the equilibrium
coordinates of particles, gives rise to certain modifica-
tions in the crystalline structure and to correspond-
ing changes in the crystal potential field. The layered
crystals can be deformed by shifting the neighbor
layers and leaving the structure of the latter intact,
which results in a violation of the lattice periodicity
and modifies the interaction between neighbor lay-
ers. Such a deformation moves considerable crystal
sections by the same distance in the given direction,
which finds itself in the coordinate dependence of the
potential. As a rule, the layer shift is achieved at in-
significant efforts, which enables such variations of
the potential to be considered as perturbations. The
main controlled quantity of such a perturbation is its
period.

Let us consider structural variations in a layered
crystal subjected to a force action. The force is the
sum of a constant, F., and a low-frequency har-
monic, Fysin ¢, component. If the deforming force
has a component in the layer plane, it can bring the
neighbor layers closer to each other and relatively
shift them. Let us confine the consideration to the
case where the deforming force insignificantly modi-
fies the layer structure and the distance between the
layers. The crystal deformation under the action of
such a force does not change the lattice period in the
layer plane, (z,y), but it modifies the lattice period
in the direction normal to the planes. Owing to the
preservation of structure identity in the course of a
shear deformation, the lattice period in this direction
can change only discretely with a minimum step equal
to the layer thickness d2. This circumstance gives rise
to a complicated dependence of the lattice period d,
in the deformed crystal on the relative shift L, which
changes continuously.

If the layers are shifted in the direction, in which
the lattice period in the layer plane equals d,, the
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identical spatial arrangement of two neighbor layers
in the crystalline structure is reached, when their to-
tal realtive shift is the smallest multiple of dy,. A re-
quired condition for this equality to be satisfied is the
multiplicity relationship between the quantity Nd,
and the relative shift L,

Ndzy =nlL, (1)

where n is the number of sheared layers, and IV is the
smallest integer number, at which n is an integer for
the given d,,- and L-values. Hence, the lattice period
in the deformed crystal in the direction normal to the
layer plane is determined by the number of shifted
layers, d, = nd?. If the lattice period dyy is a multiple
of the shear magnitude (this requirement is satisfied
for shifts L < d;y ), the realized n-values are small, so
that the values of the period d, are the smallest.
The value of the period d, in the deformed crystal
and in the corresponding deformation-induced per-
turbation of the crystal potential can be changed by
one layer thickness owing to an additional shift. If the
period d, is obtained at the shift L., its increase by
one layer thickness can be reached by reducing the
shift by AL, = —Lcn%‘_l. This period can be reduced
by increasing the shift L. by AL_ = Lcﬁ. The re-
duction of the period d, by an integer number p of
the layer thickness can be obtained, if the shift L.
is increased by the additional shift AL_ = LCH,
whereas its increase by the number p of layers is
reached by reducing the shift L. by the value of
AL, = _Lan-;—p’ provided that p < n — 1.
Therefore, the period of a deformation-induced per-
turbation of the crystal potential is determined not
only by the shear magnitude, but also by its relation
to the period dg,. The multiplicity relationship be-
tween the quantity Nd,, and the shift L is a necessary
condition for the layer structure preservation, when
the period of a potential perturbation changes. The
dependence of the perturbation period on the shift is
given by the multiplicity factor n, which is determined
by the values of a shift and the period Nd,, of the lat-
tice, in which the shift takes place. The multiplicity
ratio between the period d,, and the shift magnitude
is equal to the number of sheared layers, whose to-
tal thickness is equal to the crystal period d, in the
direction normal to the layer plane. A change of the
multiplicity factor by one corresponds to the change
of this period by the thickness of one layer. Below, we
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confine the consideration to shifts L < , at which

the multiplicity factor values are small.

3. Time Evolution of Deformation-Induced
Potential Perturbation

Specific features of the processes responsible for the
formation of the periods of a potential perturbation
at the shear deformation distinctly manifest them-
selves in the temporal dependences of their parame-
ters. In the case of layered crystals, for which the re-
laxation time 7 of mechanical stresses is rather short,
and provided that the frequency €2 of the harmonic
component is so low that %’“ > 7, the main fac-
tor giving rise to time variations in the deformation-
induced perturbation is the time dependence of the
relative shift between the layers. The harmonic force
component makes the shift L time-dependent, L =
= L.+ LgsinQt, so that L changes within the in-
terval [L. — Lg, L. + Ls] depending on the constant
force component L. and the amplitude L of the har-
monic component. Within this interval, the shift L
changes continuously (increasing or decreasing, de-
pending on the deforming force phase) and inphase
with the harmonic phase. Under certain conditions,
at definite time moments ¢, within a temporal period
of the harmonic component, the period d,, becomes
a multiple of the shift L. As a result, the smallest
multiplicity factor n and the perturbation period d,
become time-dependent.

The time moments, at which the multiplicity ratio
between the period d,, and the shift L changes, can
take place only as a result of the additional shifts AL,
with the harmonic part of the shift playing this role
in our case. The harmonic component of a shift, be-
ing regarded as an additional shift to L. (considered
to have a given constant value), can result in its re-
duction or growth by an integer number of p-values,
depending on the harmonic phase. In the case of har-
monic increments, AL = L, sin Q¢, that diminish L.
by the smallest value AL, = —L.2— o the multiplic-
ity factor n grows to n+p. If the harmonic component
makes the shift L. larger by AL_ = Lcniip, the mul-
tiplicity factor n decreases to n—p, wherep = 1,2, ....

The harmonic component of the total shift is a di-
rect origin of temporal variations of the period d,,
in the deformed crystal. It plays the role of an addi-
tional shift to the given constant shift L.. The har-
monic component, by changing the total shift from
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L.— Ls to L.+ Ly, creates total shifts that are mul-
tiples of the period d,. Within the harmonic period,
every such shift L, = L. + Lssin{t, is associated
with a specific multiplicity factor n, and a specific
time moment of its creation.

The multiplicity factor n = associated with
the given constant shift L. can be either reduced by
the harmonic shift component by an integer number
of p-values, if the harmonic component at the time
moment ¢, is equal to the shift AL_,

day

LysinQt; = L,—— 2)
—p

or increased by an integer number of p-values in the
case of the equality

p
n—+p’ 3)

L, stt+ =L,

which is obeyed in corresponding harmonic intervals.

Owing to the continuous growth of the total shift L
within the harmonic phase interval 0 < ¢; < 7/2, the
multiplicity factor diminishes discretely at the time
moments

1
t, = g arcsin <Rn g p> (4)
reckoned from the time reference point Qto = 0
R =

factor changes p1, corresponds to the total shift
L=L.+ L, and is equal to the largest integer part
of the fraction p; = Y] +1 The number of p;-time mo-
ments, at which the multiplicity factor changes, de-
pends on its value at the time moment ¢, = 0. The
multiplicity factor n = 2 cannot be diminished by any
layer shift.

Within the time intervals corresponding to the har-
monic phases 7/2 < ¢o < m, the multiplicity fac-
tor, being reduced to n — p, diminishes discretely
due to the harmonic reduction of the total shift from
L.~ to L.. The time moments t+, at which the
considered multiplicity factor changes by one take
place, when the harmonic component acquires values
that are equal to the corresponding increments AL,
which increase the multiplicity factor,

us 1 D
th=—4 = _—
» 50 arcsin (Rn ; ) (5)

Similar variations of the multiplicity factor n oc-
cur in the next half-period of a harmonic. Within the
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interval of the harmonic phase change from 7 to %ﬂ',
due to a reduction of the total shift, the multiplicity
factor drastically increases to n + p;. The maximum
increment of the multiplicity factor, p1, is equal to the
largest integer part of the fraction p; = 113—’}%. The
time moments t;, at which the multiplicity factor
changes, take place, when the harmonic shift com-
ponent is equal to one of the increments AL, giving
rise to the multiplicity factor growth by one.

Within the time interval corresponding to the ¢4-
phase interval from %ﬂ' tp 27, when the shift increases
from Lcﬁ to L., the multiplicity factor decreases
from n + p; to n at the time moments ¢, that sat-
isfy a dependence for additional shifts AL_, which is
similar to Eq. (5).

Thus, the harmonic component of the relative
layer shift makes the component of the crystal lat-
tice period oriented normally to the layer plane time-
dependent. The time dependence of the period d, in
this direction is governed by discrete shifts of strictly
given quantities in the form of sudden changes of
its value by a value of the layer thickness at the
time moments corresponding to the phase values of
the harmonic components of those shifts. Within the
time intervals, when the period changes by one layer
thickness, the lattice period in the deformed crys-
tal remains constant. The duration of those inter-
vals, which are responsible for the time dependence of
the period d,, substantially changes in the harmonic
phase intervals 0 < ¢ < m and ™ < ¢ < 2.

The time dependence of the component d, of the
crystal lattice period is a complicated discrete non-
harmonic periodic function, in which an antiphase
tendency with respect to the harmonic phase is con-
ditionally preserved. In Fig. 1, the time diagrams for
the parameter set L. = 0.25, Ly = 10.25, and dgy = 1
are shown.

4. Deformation-Induced Changes
in the Structure of Electron States

The deformation of a layered crystal leads to certain
modifications in its crystal structure. As a result, the
coordinate dependence of the crystal field potential
undergoes corresponding changes. In the case of a de-
formation giving rise to a relative shift of neighbor
layers, the microscopic fragments of a crystal struc-
ture may move over rather long distances, which can
bring about substantial modifications in the structure
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Time diagram for the parameter set L. = 0.25, Ls = %0.25,
and dgy =1

of electron states. The shear deformation of a layered
crystal is obtained, as a rule, at insignificant external
forces and, therefore, can be considered as an origin
of the deformation-induced potential perturbation.

The deformation-induced perturbation of the crys-
tal potential is generated by a relative shift of lay-
ers and substantial changes in their interaction. The
shift between the layers changes the distance between
the identical structural elements in the neighbor lay-
ers and, accordingly, affects both the interaction be-
tween them and the dependence of this interaction
on the layer structure. The changes that are induced
in the weak interaction between the layers by their
relative shift, at which the layered structure of a de-
formed crystal and the structure of the layers them-
selves survive, stimulate changes in the crystal po-
tential, which are considered as perturbations. If the
deforming force has a low-frequency harmonic com-
ponent, which provides a quasistationary regime of
the process, the period of this perturbation may de-
pend on the shift between the neighbor layers, being
a complicated discrete function of the time.

The relative shift between the neighbor layers takes
place synchronously with the harmonic phase. At the
same time, the perturbation period changes only at
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definite discrete shift values arising at the correspond-
ing time moments within the harmonic period. Such
a temporal dependence of the perturbation allows
its influence on the electron states to be considered
in the adiabatic approximation of perturbation the-
ory. In the framework of this approximation, the har-
monic component of a perturbation is considered to
be a slowly varying background for short, in compari-
son with the harmonic period, time intervals with the
varying perturbation periodicity regarded as a rapid
component in the temporal dependence of the per-
turbation.

The deformation of a crystal by the total harmonic
force gives rise to a shift of layers, which oscillates
inphase with the phase of the harmonic force com-
ponent. The cophasal behavior of this harmonic and
the period of the deformation-induced perturbation
becomes lost because of a complicated non-harmonic
time dependence of the perturbation period.

Changes in the perturbation period realized in the
form of sudden increments of its value takes place
only at the time moments, when the shift values and
the shift period d;, are multiple to each other. In
particular, the period of perturbation created by the
constant force component, d,, = d]fy d = n.d%, di-
minishes by the harmonic componenct due to the to-
tal shift growth in the time interval from Qtg = 0
to Q1 = 7 and increases in the time interval cor-
responding to the harmonic phase difference from
m to 2m. With respect to the time reference point,
to = 0, at which the shift equals L., the period of
the deformation-induced perturbation changes in an-
tiphase to the harmonic phase.

Hence, the shear deformation of layers results in
the formation of a set of short-lived Bragg planes,
which coincide with the layer planes. Their energy
position and the time of emergence are determined
by the component of the period in the reciprocal lat-
tice, ¢ = 3—”. At the corresponding time moments,
owing to the diffraction of Bloch waves at those
planes, there emerge discontinuities in the energy de-
pendence of electron states (k) at all wave vectors
k, whose k, component equals the vector component
q= Z—”. The comparability of the g-value and the k-
compénents of the wave vectors in the Brillouin zone
allows such e(k)-energy discontinuities to be realized
in the whole interval of the conduction band. For a
given, fixed in time, perturbation period d,, the dis-
continuities in the energy dependences appear simul-
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taneously at all energies, for which the correspond-
ing wave vectors have the k,-component k, = ?T’Tm,
where m = 1,2,3.... In the vicinities of those ener-
gies, the density of electron states drastically changes,
which results in the corresponding modifications of
electronic properties of the crystal. The energy bands
that arise owing to the Bragg diffraction of Bloch
waves are formed at time moments that unambigu-
ously correspond to the component ¢ and can be iden-
tified by its magnitude.

The elimination of the e(k)-energy degeneration by
means of a deformation-induced perturbation gives
rise to adequate changes in the structure of electron
states in the undeformed crystal. Owing to changes
in the coordinate dependence of the crystal poten-
tial and its symmetry, the shift of the layers re-
moves the degeneration at energies corresponding to
the wave vectors with the k.-component equal to the
component of the perturbation vector ¢. The elimi-
nation of the state degeneration for the given vec-
tor ¢ takes place simultaneously for all energies with
k. = q at the corresponding time moment. As a re-
sult, the energy dispersion curve becomes discontin-
uous at wave vectors with the k,-component k, = g,
and the corresponding electronic properties of the
crystal change. The degeneration elimination dynam-
ics and its influence on the structure of electron states
completely coincide with the results of the Bragg
diffraction of Bloch waves.

The shear deformation of layers preserves the struc-
ture and the major physical parameters of a crystal,
except for a change of the crystal lattice period in the
direction normal to the layer plane, which takes place
discretely by one layer thickness. This model makes it
possible to compare variations arising in the structure
of electron states in the crystals, for which the d,-
components of the lattice periods differ by an integer
number of times. Provided that the volume of a de-
formed crystal remains constant, this deformation re-
sults in multiple changes of the unit cell volume in the
reciprocal lattice and in the corresponding changes
for the number of allowed wave-vector values. Every
fixed period of the deformed crystal corresponds to
a specific spatial distribution of structural units, the
corresponding dependence on the layer structure, and
the interaction between the layers. Among various
changes in the structure of electron states induced
by the layer shift, the discontinuity in the functional
dependence of the energy on the wave vector and the
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time of its realization remain invariant for the con-
sidered model of deformed crystal.

The structural changes in the energies of electron
states associated with the layer shift controlled by de-
forming forces can be found experimentally from the
time dependence of the harmonic component of the
monochromatic light absorption factor, which plays
the role of a monitor, within a single harmonic pe-
riod. In works [7, 8], such changes were estimated
from the spectral dependence of the phase shift of
the conductivity component that is proportional to
the product of the light intensity and the mechanical
stress with respect to the phase of a modulating force.

5. Conclusions

The deformation of a layered crystal realized in the
form of a relative shift between the neighbor layers
changes the component of the crystal lattice period
in the direction perpendicular to the layer plane. The
lattice period changes by an integer number of layer
thicknesses at specific shift values, for which the lat-
tice period in the shift direction is a multiple. The
shifts induced by a force with a low-frequency har-
monic component result in a non-harmonic discrete
dependence of the lattice period on the time within
the force harmonic period. The time moments of the
lattice-period change unambiguously correspond to
the shift magnitudes and the multiplicity factor of
the period in the shift direction.

The deformation-induced space-time perturbation
of the crystal potential, which is created by shifting
the layers, when being considered in the adiabatic ap-
proximation, results in a partial elimination of the en-
ergy state degeneration and the appearance of discon-
tinuities in the energy dependence on the wave vec-
tor component normal to the layer plane. The partial
elimination of the electron energy degeneration takes
place at the time moments ¢, when the components
of the wave vector k, equal

B 21 L.+ LssinQt),

k. =
o dey

(6)
Hence, the degenerated energy can be identified by
the moments of its degeneration. Those moments co-
incide with the moments, when the electronic proper-
ties of the crystal drastically change due to substan-
tial changes in the electron density of states in the
vicinities of degenerated energies.
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Thus, the energies of electronic states, whose dege-
neration can be partially eliminated by a controlled
deformation-induced perturbation of the crystal lat-
tice, can be identified by the time moments, when
this elimination takes place. The elimination of the
degeneration of a specific energy state takes place
at a characteristic time moment and is accompa-
nied by a drastic change in the electron density of
states in the vicinity of this energy. Accordingly, the
moment, when the degeneration becomes eliminated,
can be identified by detecting the change of electronic
properties.

In works [8, 9], the energy dependence of the
time moments, when the energy degeneration of elec-
tronic states in the IngSes layered crystals was elim-
inated, was estimated from the spectral dependence
of the phase shift between the harmonic and the non-
harmonic component of the piezophotocurrent. The
structural modifications in the system of electron
states in layered crystals that arise due to the shear
deformation of layers can be efficietly used. In partic-
ular, this effect can be applied to analyze light spectra
within radio engineering methods and taking no ad-
vantage of dispersing elements [10].
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CTPYKTVYPHI SMIHI ¥V CUCTEMI
EJIEKTPOHHUX CTAHIB IITAPYBATOI'O
KPUCTAJIA, JEOOPMOBAHOI'O 3CYBOM IIIAPIB

Pesowme

IIpoanasiizoBaHO 3MiHU CTPYKTYpPH €JIEKTPOHHHX CTaHIB Ia-
pyBaTUX KPHCTAJiB, fKi 3yMOBIEH] gedopMalieo KpUCTaJa,
10 IPUBOIUTD JI0 BifHOCHOrO 3cyBy mapis. [lokazano, mo Ta-
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Ka jedopMallisi CHJIO0, sIKa MAa€ TapMOHIYHY CKJIAJIOBY HU3b-
KOl 9aCTOTH, IPUBOJAUTD JI0 JIMCKPETHOI 3MiHU HEPIOYy I'PATKHA
i YaCTKOBOI'O 3HSITTsI BUPOJKEHHSI €HEPriil eJIEKTPOHHUX CTa-
uiB. IIpocropoBo-uacoBe nedopmariiiine 30ypeHHsI IPUBOIUTDH
10 3HSITTSI BUPOJI?KEHHSI €HEpriil, XBUJIbOBI BEKTOPHU SIKMX Ma-
IOTh KOMIIOHEHTY, HOPDMaJIbHY JI0 IJIOIIMHU IIapiB i piBHY KOM-
MOHEHTI mepiony o6epHEHOI I'paTKu 1ePOPMOBAHOIO KPHCTa-
Jla y IbOMY HAIPSMKY, i po3puBy (DYHKIIOHAIBLHOI 3aJI€2KHO-
cTi eHepril BiJ TaKOl KOMIIOHEHTH. Y MeXKaX OKPEMOro Iepiomy
3HATTS BUPOJKEHHSI €Hepril BinOyBaeThCsA B Pi3HI €KCKIIIO3UBHI
MOMEHTH dYacy, B sIKi IepioJ I'paTKH y HaIpsIMy 3CYyBYy € Kpa-
THHUM BeJIMYMHAM 3CyBy. EHepril 1poro inTepBajy MOXyTb Oy-
TH imeHTudikoBaHi paaiOTEXHIYHUMUA METOAAMU 38 MOMEHTaMU
qacy pi3kol 3MiHM I'YCTHUHH €JIEKTPOHHUX CTAaHIiB.
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