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ABSTRACT

Background. The elastic properties of a material are of great importance in solid-state
physics, as they significantly influence the optical properties of crystals.

Materials and Methods. The elastic properties of rubidium ammonium sulfate
(RbNH4SO04) crystals are investigated in this work. The calculation of elastic properties was
carried out using the CASTEP program.

Results and Discussion. Analysis of the elastic coefficients matrix of RbNH4SO4
reveals that this crystal belongs to the rhombic system with pronounced elastic anisotropy.
The crystal is mechanically stable, with the greatest rigidity along the Y-direction and the
smallest along the X—direction. The most stable shear is in the XZ plane, and the least stable
is in the XY plane. The calculation of the Cauchy relations revealed a significant deviation
(Cij > Cw), indicating the predominance of non-central forces in interatomic interaction and a
significant contribution of the covalent or ionic component of the bond in the RbNH4SO4
lattice.

The spatial distributions of Young's modulus, Young's modulus under universal
compression, shear modulus, and Poisson's ratio were calculated. The degree of anisotropy
in the elastic properties of the RoNH4+SO4 crystal was estimated, confirming its significant
anisotropy.

Conclusion. The Born criteria calculation showed that the crystal is mechanically stable.
The calculation of the Cauchy relations revealed the predominance of non-central forces in
the interatomic interaction and the presence of a significant contribution of the covalent or
ionic component of the bond in the RbNH4SO4 lattice.

The presence of rigid tetrahedral groups [SO]3~ causes the formation of covalent
directed bonds within these groups. It is shown that the polarizability of ions is important:
rubidium ions (Rb*) and sulfate groups [SO]5~ have large electron shells that deform during
mechanical compression of the crystal. This leads to the formation of induced dipole
moments. The complex nature of the forces in the RbNH4SO4 crystal is a consequence of
the fact that the crystal consists not of point charges, but of polarizable ions and molecular
complexes [SO]3~ with their own internal covalent bond. This makes the material elastically
anisotropic and sensitive to the direction of the applied load.

Keywords: crystal, anisotropy, elastic coefficients, Young's modulus, universal
compression modulus, Poisson's ratio.
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INTRODUCTION

The refractive indices n; (RI) and birefringence An; are among the most important
optical parameters of materials in the spectral region of transparency. Along with their wide
technical application in instrument-making and optoelectronics (information recording,
transmission, and storage systems, spatial control of light beams, high-precision
polarimetry devices), they are widely used as an effective tool for studying physical
processes in crystals. In particular, they allow analyzing the features of electronic
polarization, determining the contributions of various effects (thermo-optical, piezo-optical,
electro-optical, acousto-optical, etc.) to changes in optical properties, estimating the
magnitude of spontaneous polarization and anti-polarization, and investigating their
changes during phase transitions. One of the newest applications of their application is
biomedicine (for example, studying the microscopic structure of collagen fibers in
connective tissue) [1-12].

This research allows us to study piezo- and electro-optical effects, electro- and
piezogyration, spatial modulation phenomena, acousto-optic interaction, and
photorefraction. It's noteworthy that the optical properties of crystals are closely related to
their elastic characteristics. Deformations of the crystal lattice, which arise under the action
of mechanical stresses, temperature, or external fields, lead to a change in electronic
polarizability and, accordingly, to a change in the refractive indices. This is the basis for the
piezo-optical and photoelastic effects, which establish a direct connection between the
material's optical and elastic parameters. Therefore, for a thorough understanding of optical
characteristics, it is necessary to consider the anisotropy and the values of the elastic
constants of crystals, which determine the lattice's response to external influences [13-21].

This article considers the elastic properties of rubidium ammonium sulfate (RAS),
RbNH4SO4 crystals. Previously, the temperature- and spectral-dependence of the main Rls
in these crystals was studied. It was established that in the studied spectral region (300—
800 nm) and temperature interval (77-820 K), the dispersion ni(1) is normal and is well
described by the two-oscillator Sellmeier formula. The intersection of the dispersion curves
ni(A) in the Y-direction was found. The refractions, electronic polarizabilities, and
parameters of effective ultraviolet and infrared oscillators were calculated. A 2nd-order
phase transition was observed at T = 120 K in the RbNH4SO4 crystal.

The band-energy structure of RoNH4SO4 crystals was calculated, and it was found
that the top of the valence band of these crystals is localized at point D (k = {0.5; 0.5; 0}),
the bottom of the conduction band is at point I (E = 5.16 eV), and the smallest direct band
gap (point I') is 5.33. The top of the valence band is formed by the bonding p-orbitals of
sulfur and oxygen. The bottom of the conduction band is mainly formed by the s- and p-
states of NH4 and Rb, hybridized with the antibonding p states of sulfur and oxygen. It was
found that the band gap width of RbNH4SO4 crystals decreases with increasing pressure
(dEg ! do~—1.55-10"% eV/bar) [22-25].

Despite the considerable amount of available information regarding the optical and
electronic properties of RobNH4SO4 crystals, their elastic characteristics remain practically
unexplored. This lack of information significantly limits a comprehensive understanding of
the coupling between mechanical deformation and optical response in these materials.
Elastic properties are among the fundamental characteristics of crystalline solids because
they determine the propagation of acoustic waves, mechanical stability, energy transfer
processes, thermal transport, and the response of a crystal to external mechanical loading.
In anisotropic crystals, the elastic response strongly depends on crystallographic direction,
resulting in elastic anisotropy that plays a crucial role in many physical phenomena.

The study of elastic anisotropy has become particularly important in recent years due
to the rapid development of acoustic metamaterials, phononic crystals, and anisotropic
functional media. Modern materials science increasingly focuses on designing materials
with highly anisotropic elastic properties, enabling unprecedented control over the
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propagation of elastic and acoustic waves. Such materials can be employed for acoustic
waveguiding, vibration suppression, sound insulation, acoustic cloaking, and advanced
signal-processing systems. Elastic anisotropy also governs the directional dependence of
sound velocities, acoustic attenuation, and acousto-optic interaction efficiency, making it a
key parameter for the development of modern acoustic and photonic technologies.

From the viewpoint of crystal optics, elastic anisotropy is directly related to photoelastic,
piezo-optic, and acousto-optic phenomena. Mechanical deformations modify the dielectric
tensor of a crystal through the photoelastic effect, thereby changing its refractive indices and
birefringence. Consequently, knowledge of the elastic tensor is indispensable for
understanding and predicting the optical response of crystals under external stress. This is
particularly important for materials that may serve as active elements of optical modulators,
deflectors, polarization controllers, and optical sensing devices.

The mixed-cation nature of RbNH4+SO4 crystals makes them especially interesting for
elastic investigations. The coexistence of relatively large Rb* ions and orientationally active
NHa* groups creates a complex system of interatomic interactions, which may result in
pronounced anisotropy of the elastic tensor. The presence of rigid [SO]?~ tetrahedra
combined with comparatively flexible cation sublattices is expected to generate anisotropic
deformation mechanisms associated with both translational displacements of cations and
rotational distortions of sulfate tetrahedra. Therefore, the analysis of elastic anisotropy can
provide valuable insight into the microscopic nature of interatomic bonding and structural
stability in these crystals.

In view of these considerations, the present work is devoted to a comprehensive
investigation of the elastic properties of RbNH4SO4 crystals. Special attention is focused
on the determination of the elastic stiffness coefficients, evaluation of the mechanical
stability conditions, analysis of elastic anisotropy, and discussion of the relationship
between elastic behavior, crystal structure, and optical characteristics. The obtained results
are expected to contribute to a deeper understanding of the mechanical and acousto-optic
properties of RbNH4SO4 crystals and to assess their potential for applications in modern
optical and acoustic devices.

MATERIALS AND METHODS

The elastic properties of the RbNH4SO4 crystal were calculated using the CASTEP
program, based on density functional theory (DFT) [26-32]. This technique combines the
pseudopotential approach with plane waves, which makes it fast and widely used in solid-
state chemistry and physics. The following electronic configurations were used for the
valence electrons: O (1s? 2s? 2p*); S (152 252 2p® 352 3p*), N (152 252 2p3), H (1s"), Rb (482
4p® 5s'). The ionic core was described using a norm-conserving pseudopotential [29], and
the limiting kinetic energy controlling the number of plane waves was taken to be
Ecuit= 750 eV. Integration over the 1st Brillouin zone was performed at points of a 3x2x4 k-
grid selected by the Monkhorst-Pack scheme [30].

To describe quantum exchange and correlation effects, the local density
approximation (LDA) and the generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) parameterization were initially considered [31, 32]. As is well
known, the use of the LDA functional typically leads to an underestimation of lattice
parameters (by 1-3 %), resulting in a significant overestimation of elastic moduli and elastic
coefficients C; (sometimes up to 10—20 % compared to experimental data). Conversely,
the PBE functional tends to overestimate lattice parameters (by 1-2 %), which leads to a
systematic underestimation of the elastic constants. Therefore, the PBEsol functional [33]
was employed to ensure a precise balance between the cell geometry and the strain-
energy relation. The PBEsol functional, specifically adapted for solids, provides a well-
balanced description of the potential energy surface and yields elastic constants Cj that lie
between the LDA and PBE results. PBEsol is recognized as one of the most accurate and
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well-balanced approximations for minimizing systematic errors in the calculation of elastic
properties, as it delivers results comparable to those obtained from much more
computationally expensive hybrid functionals, such as HSE and PBEO [34,35].

The optimization procedure was performed similarly to works [36-38] with the following
convergence criteria: maximum force 3-10-2eV/A; maximum stress 5-10-3 GPa; maximum
atomic displacement 1-10-4 A. To calculate the elastic properties of the RbNH4SO4 crystal,
known crystallographic data for this crystal with the space symmetry group No. 2 (Ppam)
were used (Table 1). The results of the lengths and occupancy degrees of the shortest
atomic bonds of this crystal are also given there.

Table 1. Crystal lattice parameters, length, and degree of occupancy of the shortest
atomic bonds in the rubidium-ammonium sulfate crystal

Parameter Experiment Calculation

a, A 7.830 7.696

b, A 10.467 10.368

c, A 5.977 5.932

Vv, A3 489.855 473.326

Z 4 4

Bond Length (A) Occupancy
N-H 1.028-1,051 0.85-0.78
S-0 1.459-1,492 0.67-0.56
H-H 1.655-1,725 from —0.10 to —0.09
O-H 1.746-2,705 from 0.11 to —0.01
0-0 2.410-2,434 from —0.24 to —0.23
S—H 2.610-2,665 -0.03

N-O 2.796-2,935 from —0.14 to —-0.04
Rb-O 2.867 0.08

The elastic properties are described by Hooke's law, which is written as follows for
anisotropic materials [13, 39]:

Omk = Cmkni&nts (1)

where gy, is the stress tensor, C,,,;5,; is the elastic coefficients, and &, is the strain tensor.
The RbNH4SO4 crystal belongs to the orthorhombic symmetry class. From a symmetry
point of view, the elastic coefficients of such a crystal form a symmetric 6x6 matrix (in Voigt
notation) containing 12 nonzero components, nine of which are independent: C11, C22, Cs33,
C44, Css, C66, C12, C13, and C23.

The coefficients C;; were obtained by expanding the total energy E (V, §) of the crystal
in a Taylor series with respect to the unit cell volume V. For small deformations (§ «< 1),
the energy per unit volume is described as follows [39]:

6 6
v
E(V,8) = E(V,,0) + VOZ o e + ?" Z Cijeie;, 2)

i=1 i,j=1
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where Vy is the equilibrium volume at zero pressure; e; are the components of the
deformation tensor in Voigt notation; Cj; are the second-order elastic coefficients, which are
defined as the curvature of the energy surface:

1[ 0%E
]. (3)

Y - V_O aeiaej

Here, a set of strain tensors is used to calculate all 9 coefficients. Each strain § causes
an energy change AE =E(§)—E(0), which is a quadratic function of &.
Tensile/compressive strains along the axes are used to calculate the longitudinal and
transverse moduli Cj.

As an example, in the case of strain along the X axis (e = {4, 0, 0, 0, 0, 0}), it is obtained
that:

aE_1 C116% 4
For orthogonal deformation (XY plane), we will have e = {§, -6, 0, 0, 0, 0}, which will
correspond to the relation:

AE ,
A (C11 + Cyp — 2C42)67/2. (5)
0

Using the coefficients C11 and C22, the coefficient C12 can be calculated. To calculate
the shear moduli (Cs4, Css, Css), shear deformations with volume conservation were used.
In the case of shear in the YZ plane (e = {0, 0, 0, 8, 0, 0}) we can write:

AE_lC 52 5

Similar expressions can be written for the coefficients Css (displacement in the XZ
plane) and Ce¢ (displacement in the XY plane). For calculations of the bulk modulus B, it is
taken into account that the crystals of the rhombic syngony are related to the elastic moduli
Cij by the formula:

1
B = a{cll + CZZ + C33 + Z(CIZ + C13 + C23)}. (7)

Poisson's ratios (Vj), which show the transverse compression of the crystal in the j
direction during its stretching along the i direction, were calculated using the following
formulas:

Cll Cll 622
|74 = —-——, |74 = ——, |74 = ——,
XY Clz XZ %3 YZ 653
22 33 33
V = - )] V = - ) V = — .
YX C21 zZX C31 zY C32 (8)

EnekTtpoHika Ta iHpopmauinHi TexHonorii « 2026 « Bunyck 34 229



Oleh Markevych, Vasyl Stadnyk, Oleh Bovgyra et al.

Using the elastic coefficient matrix, the spatial distribution of Young's modulus is
calculated in the work. For this, first, the inverse matrix of elastic compliance coefficients
[S] = [C]" is found. Then the Young's modulus E in the direction given by the unit vector
n = [l;,1,,13] (where [; are the direction cosines relative to the crystallographic axes) is
calculated by the general formula:

1 3 3 3 3
E:zzzzsijklliljlkll- 9)

RESULTS AND DISCUSSION

The matrix of elastic coefficients C; (GPa) of the RbNH4+SOs crystal at room
temperature looks like

1745 605 587 0 0 0

605 1956 554 0 0 0

|587 552 1788 0 0 0
C=1"% 70 0 524 0 0 (10)

0o 0 0 0 678 0

L o o o o o 486l

We see that the matrix with nine independent non-zero components is characteristic of
rhombic symmetry. In the given case, an approximation to tetragonal symmetry is
observed, since Ci1 = C33 (17.45=17.88 GPa) and (44 = Ces. However, the difference
between (2 and the components C12 # C13 confirms the rhombic structure.

The rubidium ammonium sulfate (RAS) crystal RbNHiSO4 belongs to the
orthorhombic system (space group of type Puma); therefore, its tensor of elastic coefficients
contains 9 independent components Cj;, which are given in Eq. (10). Regarding the shear
stiffness, it can be noted that the shear resistance is maximum in the XZ plane (Css = 6.78
GPa) and minimum and almost isotropic in the YZ and XY planes (Cas = Ceg).

For a stable crystal, the Born conditions must be fulfilled. For crystals of the rhombic
system, the Born conditions of mechanical stability are written as follows:

C11>0,022>0,C33>0,Cs4>0,Cs55>0, Co6 > 0;
[Ci1+ Coz + C33 = 2(Crz2 + C13 + (23)] > 0; (11)
(Ci1+ C2-2C12) >0; (C11+C33-2C13) >0;  (Coz + C33-2C23) > 0.

The check showed that

Ci1+ Cpy — 2Cy5 = 17.45 + 19.56 — 2 - 6.05 = 24.91 > 0;
Cy1 + C33 — 2C;3 = 17.45 4+ 17.88 — 2 - 5.87 = 23.59 > 0;
Cyy + C33 — 2C53 = 19.56 + 17.88 — 2 - 5.54 = 26.36 > 0;
Cy1 + Cop + Ca3 4 2(C1z + C13 + Cp3) = 54.89 + 2 - 17.46 = 89.81 > 0.

We see that all the criteria are met, so the crystal is mechanically stable. Let us
compare the main elastic coefficients. Since C22 > C33 > C11, the greatest stiffness is along
the b-direction, while along the a-direction it is the least. That is, the b-direction is the
stiffest, and the a-direction is the most compressible. This is a typical result for crystals of
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the ABSO4 double sulfate family (A and B = Li, K, Na, Cs, Rb, and NHa4), in which stiffer
polyhedral SO4 chains form along one axis. Since Css > Cs4 > Co6, the most stable shear is
in the XZ plane, while in the XY plane it is the least stable. This may be due to weaker
interionic interactions between layers or to the orientational mobility of NH4* groups.

An important indicator is the deviation from the Cauchy relations (C12 = Ces, C13 = Css,
C23 = C44). From the matrix, we see that C12 (6.02) # Ces (4.86) and C23 (5.54) # Casa (5.24).
A significant deviation (C; > Cw) indicates the predominance of non-central forces in the
interatomic interaction and the presence of a significant contribution of the covalent or ionic
component of the bond in the RbNH4SO4 lattice.

Analysis of the matrix shows that the RbNH4SO4 crystal belongs to the rhombic
syngony with pronounced elastic anisotropy (maximum stiffness along the Y axis). The
inequality in the elastic constants indicates the complex nature of interatomic forces, which
extend beyond simple central interactions. This "violation" means that the real interaction
in rubidium ammonium sulfate is much more complex.

The reason for the “complex nature” of the forces in RoNH4+SO4 is the presence of rigid
tetrahedral groups [SO]2~. The bonding within these groups is covalent, meaning there are
directional bonds. Unlike ionic bonding, which acts equally in all directions, directional bonds
resist changes in the angles between atoms, not just changes in distance. This creates
“angular” or “multi-particle” forces that do not fit into the model of simple central springs.

The ions' polarizability also plays an important role. The rubidium ions Rb*, ammonium
ions NH4*, and, especially, the sulfate groups [SO]%~ have large electron shells that deform
during mechanical compression of the crystal. In the case of crystal compression, induced
dipole moments arise. The “dipole-dipole” interaction depends on the orientation, which
again adds an off-center component to the total lattice energy.

From the matrix, we also see that, since the Cauchy parameter g=C12-C44=6.05-
5.24>0, this indicates the predominance of ionic character with pronounced polarizability.
The crystal resists a change in volume (compression) more than a change in shape (shear).
This is a consequence of the fact that interatomic forces “hold” the structure not only due
to electrostatic attraction, but also due to the rigid geometry of sulfate groups. That is, the
complex nature of the forces in the RoNH4SO4 crystal is a consequence of the fact that the
crystal consists not of point charges, but of polarizable ions and molecular complexes
[SO]4~ with their own internal covalent bond. This makes the material elastically anisotropic
and sensitive to the direction of the applied load.

For orthorhombic crystals, the maxima of Young's modulus are usually close to the
crystallographic axes. If we compare the diagonal components of the stiffness tensor:
C22>C33>C11, it follows that the maximum Young's modulus is along the b axis, along the ¢
axis it is slightly smaller, and along the a axis it is minimal. That is, the indicatrix of Young's
modulus should be elongated along the b axis. Physically, this means that the crystal is
stiffest in the b direction, and deformation occurs most easily along the a direction. Since
the coefficients of the shear moduli satisfy the following relationship: Css>C44>Cgs, this
means that the lowest shear resistance is in the plane (ab). In a spatial surface, this
manifests itself as a flattening of the indicatrix (Fig. 1a).

Poisson's ratio, v, is one of the fundamental characteristics of the elastic properties of
solids. It describes the mechanical coupling between longitudinal and transverse
deformations of a load. If a uniaxial tensile stress o is applied to a body, it elongates along
the direction of the load and simultaneously compresses in the transverse directions.
Poisson's ratio v is given by the formula:

&
v=—-—=, (12)
&)
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Fig. 1. Spatial distribution of Young's modulus (a), Poisson's ratio (b), and linear compressibility (c) of the
RbNH;SO, crystal at room temperature

where g is the relative longitudinal strain, and €, is the transverse strain. The minus sign
in the formula means that the strains have opposite signs.

For most dielectric crystals, v=~0.2-0.3, which agrees well with the values obtained for
the RbNH4SO4 crystal (Fig. 1b). In anisotropic crystals, v is not a constant. It depends on
the direction of the applied stress n and the direction of the transverse strain m. Therefore,
3D Poisson's ratio surfaces or polar sections are constructed for crystals in certain
crystallographic planes. In some directions, the value may differ significantly.

For an anisotropic crystal

SijrinimEm,

v(n, m) = (13)

)
SijriMiN NNy

where s;jy; is the compliance tensor, n is the load direction, and m is the direction of

transverse deformation. This formula is used to construct spatial maps of v.

For the RbNH4SO4 crystal, Poisson’s ratio reflects the rigidity of the SO4 tetrahedra,
the relatively soft deformations of the NH4* ion, and the weak participation of the Rb* ions
in covalent bonding. This leads to moderate values of v and anisotropy of transverse
deformations.

Poisson’s ratio determines the propagation of acoustic waves, acousto-optic effects,
the material's behavior under pressure, and the mechanical stability of the crystal.
Therefore, its analysis is an important part of the study of the elastic and optical properties
of crystals.

Poisson's ratio determines the transverse strain during tension. Since the off-diagonal
coefficients Ci2, C13, and (2325.5-6.0 GPa, are not significant enough, there is little
transverse interaction between the axes in the crystal. Values of approximately v=0.18-
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0.30, maxima occur in directions close to the (ab) and (ac) planes, where shear strains are
lighter.

Anisotropy in RbNH4SO4 is determined by its lattice structure: the rigid structural
elements of the SO4 tetrahedra are held together by strong covalent bonds. The softer
elements, the NH4* ion, form hydrogen bonds that are much softer. The weakly bound Rb*
cation is mainly ionically bound. Therefore, there is great rigidity along the directions of the
S04 chains, and there are lighter deformations in the directions involving NHa.

The obtained surfaces (Fig. 1c) indicate moderate elastic anisotropy and have
pronounced directions of light shear. This is important for piezo-optical effects, baric
changes in refractive indices, and acousto-optical properties.

Compared to the isomorphic Rb2SO4 crystal, RobNH4+SO4 usually exhibits lower shear
moduli and higher anisotropy. The reason is the presence of the NH4 ion, which reduces
the coefficients due to orientational degrees of freedom. The main rigidity of the RbNH4SO4
crystal is formed by SO4 tetrahedra. Such properties are in good agreement with phase
transitions, anisotropy of thermal expansion, and anisotropy of thermo-optic coefficients
dn/dT.

Thus, the RbNHsSO4 crystal has mechanical stability, moderate anisotropy of
longitudinal moduli, significant anisotropy of shear deformations, and a relatively small bulk
modulus (~10 GPa). Such properties are typical for ionic-molecular sulfate crystals with
S04 tetrahedra and orientationally mobile NH4 groups.

Young's modulus characterizes the rigidity of the material during uniaxial tension or
compression. In crystals, the strain depends on the orientation of the load relative to the
crystallographic axes. Therefore, the directional Young's modulus E(6, ¢) is introduced,
where 6 and ¢ are spherical angles that define the direction in the crystal. The Young's
modulus was calculated using formula (9).

The dependence E(6, @) is usually depicted as a three-dimensional surface. In each
direction, the radius r=E(6, ¢) is plotted. The resulting surface is called the Young's
modulus indicatrix. Its shape characterizes the degree of elastic anisotropy and the
directions of maximum and minimum stiffness. For isotropic materials, this surface is a
sphere E(6, ¢)=const, for weakly anisotropic crystals, it is close to an ellipsoid, and for
strongly anisotropic crystals, elongated petal structures or directions with very small E may
occur. In most crystals, the maximum of Young's modulus corresponds to the directions of
the strongest chemical bonds or the densest packing of atoms. The directions of weak
interionic bonds or possible slip planes correspond to the minimum value.

Itis known that the structure of the RboNH4SO4 crystal is determined by SO4 tetrahedra,
Rb* cations, and NH4* groups. The rigidity of the lattice is determined by strong covalent
S—O bonds, ionic bonds with the Rb atom, and rather weak NH4 hydrogen interactions.
Therefore, Young's modulus has maxima along the directions where the SO4 tetrahedra
are more tightly connected, and minima in the directions where deformation occurs due to
rotation or displacement of the NH, groups.

The Young's modulus is related to the bulk modulus B, the shear modulus G, and the
Poisson's ratio v by the following relationship (isotropic case): E=9BG/(3B+G). Therefore,
the spatial distribution of Young's modulus E is a combination of the shear stiffness and
compressibility of the crystal. The shear anisotropy of crystals of the orthorhombic system
is characterized by the following coefficients:

4Cyy 4Css 4Ce6
A = ; Ay = ; Ag = :
C11 + C33 — 2C33 C11 + Gy — 2C; Cp + (33 — 2053

(14)

If we substitute the values from Eq. (10) into these ratios, we can obtain the following
values: A; = 1.82, 4, = 2.16, and A3 = 1.03. If A = 1, then there is isotropic behavior,
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and if A # 1, then there is anisotropic behavior. Therefore, the greatest anisotropy is in the
plane (ac), and the least is in the plane (bc).

Since Cy5, > (33 > (14, we can estimate that E, > E. > E,. That is, the maximum
stiffness is along the b axis, the minimum along the a axis. The approximate ratio
Eax/Emin = 1.3 — 1.4, which corresponds to moderate elastic anisotropy.

For the general characteristic, the parameter is used:

G, B
A=5"21"_g (15)
Gr  Bg

where Gy, By are Voith estimates, G, Bg are Reis estimates. For our set of constants, we
obtain approximately AY ~ 0.4 — 0.6. If A = 0, then there is practically no anisotropy, and
if A= 0..1, then there is weak or moderate anisotropy. Thus, for the RbNH4+SO4 crystal,
there is moderate elastic anisotropy.

The structure of RbNH4SO4 contains rigid SO4 tetrahedra, the Rb* ion, and NH4*
groups. The anisotropy arises from the different orientations of the SO4 tetrahedra, the
possibility of NH4 rotation, and weaker hydrogen bonds. This leads to the fact that
deformation occurs more easily in some planes and more difficultly along the directions of
tight binding. For the Rb2S0O4 crystal, the anisotropy is usually slightly smaller. The reason
is the absence of the NH4 molecular group and a more rigid ionic lattice.

CONCLUSION

The elastic properties of RbNH4+SO4 crystals at room temperature have been
investigated for the first time using a comprehensive analysis of the elastic stiffness tensor.
The obtained results fill an existing gap in literature concerning the mechanical
characteristics of this crystal and provide the necessary basis for understanding the
coupling between its elastic, optical, and electronic subsystems.

Analysis of the elastic stiffness matrix confirmed that RbNH4SO4 belongs to the
orthorhombic crystal system and exhibits pronounced elastic anisotropy. The inequality of
the principal elastic constants (C22 > (33 > C11) indicates that the crystal possesses the
highest resistance to uniaxial deformation along the Y crystallophysical direction, whereas
the X direction is mechanically the softest. A substantial anisotropy was also found for
shear deformation, with the highest shear stability observed in the XZ plane and the lowest
in the XY plane. These results reveal a strong directional dependence of the interatomic
interactions and deformation mechanisms operating in the crystal lattice.

Mechanical stability was confirmed by satisfying all Born stability criteria. At the same
time, a significant deviation from the Cauchy relations was established, providing clear
evidence for the predominance of non-central interatomic forces. This behavior originates
from the coexistence of rigid covalently bonded sulfate tetrahedra and comparatively
flexible ionic sublattices formed by Rb* and NHa4* ions. The obtained results demonstrate
that the elastic response of RboNH4SO4 cannot be described within the framework of simple
central-force models and is governed by complex many-body interactions, directional
bonding effects, and the intrinsic polarizability of the constituent structural units.

A detailed analysis of the elastic anisotropy revealed that the rigid [SO];~ tetrahedra
act as the main structural elements controlling the mechanical behavior of the crystal.
Under external loading, deformation is primarily accommodated through rotations and
distortions of sulfate tetrahedra as well as displacements of Rb* and NH4* ions. Such a
deformation mechanism gives rise to pronounced anisotropy of the elastic tensor and
explains the observed directional dependence of the Young’s modulus, shear modulus,
compressibility, and Poisson’s ratio.
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For the first time, three-dimensional spatial distributions of the Young’s modulus, linear
compressibility, shear modulus, and Poisson’s ratio were calculated and analyzed. The
resulting surfaces reveal a highly anisotropic mechanical response, which is directly related
to the crystal structure and anisotropic arrangement of sulfate groups. The universal elastic
anisotropy index was estimated to be AY = 0.4-0.6, indicating a moderate-to-high degree
of elastic anisotropy. The relatively small difference between the Voigt and Reuss
approximations confirms the reliability of the elastic characteristics obtained while
simultaneously reflecting the intrinsic anisotropic nature of the crystal.

The results obtained are important not only from a fundamental perspective but also
for potential practical applications. Knowledge of the elastic tensor and elastic anisotropy
is essential for evaluating the acousto-optic, photoelastic, and piezo-optic properties of
RbNH4SO4 crystals. The pronounced anisotropy of the elastic response suggests the
possibility of directional control of acoustic-wave propagation and acousto-optic interaction
efficiency. Therefore, RoNH4SO4 can be considered a promising material for acousto-optic
modulators, deflectors, polarization-control elements, and optical sensors operating under
external mechanical loading.

Furthermore, the calculated elastic parameters provide a basis for future investigations
of acoustic-wave velocities, photoelastic coefficients, acousto-optic figures of merit, and
strain-induced modifications of the electronic band structure and refractive characteristics.
Consequently, the present study establishes a fundamental framework for the development
of multifunctional optical and acoustic devices based on RbNH4SO4 crystals.
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MPYXHI BNACTUBOCTI KPUCTAIIB RbNH4SO4

Onez Mapkeeuy’, Bacuns CmadHuk®, Onez Boeaupa’,

Pomakn Jluc?*, I2zop Mameiiwun?, Onez OHycppie®

JIbsigcbKul HayioHanbHUl yHisepcumem imeHi lsaHa ®paHka,

'®isuyHuli pakynbmem, gyn. [pazomaroea 19, m. Jlbeie, 79005, Ykpaina,
2@akKynbmem efIeKMPOHIKU Mma KOMITIMepHUX MexHosogzid,

syn. leHepana TapHascbkozo 107, m. Jibsis, 79017, YkpaiHa.
SHauioHanbHul nicomexHidHul yHigepcumem,

syn. leHepana YynpuHku 103, m. Jlbeig, 79057, YkpaiHa

AHOTALIA

Beryn. lNMpyxHi BnacTMBOCTI MaTtepiany € BaxnvBumu Ans isvku TBepgoro Tina,
OCKINbKW1 BOHM CYTTEBO BMNMMBAOTb HA ONTUYHI BNACTMBOCTI KpUcTanis.

MaTtepianu Ta meTogm. Y poboTi 4OCMIAXEHO NPYXHi BNAacTUBOCTI Kpuctanis pyoiain
amoHin cynbdaty RbNHsSO4. Po3paxyHOK MpyxHWX BracTMBOCTEN NPOBEAEHO 3a
ponowmoroto nporpamu CASTEP.

Pesynbratu. AHania matpuui npyxHux koediuieHTiB RbNH4SO4 cBigunTb, Wwo uen
KpUCTan HanexuTb [0 POMOIYHOI CUHIOHIT i3 BMpaKEHOK MPYXHOK aHi30Tponieto.
HepiBHICTb NPY>XHUX KOHCTAHT BKa3ye Ha CKNagHW/A Xapaktep MDKaTOMHUX CUn.
BcTaHoBneHo, Wo KpucTan € MexaHiyHo cTabinbHMM, HanbinbLua XXOPCTKICTb € B3O0BX Y —
HanpsiMy, HanmeHwa — B3goBx X. Ockinbku Css > C44 > Ces, TO HAWBINbLL CTiMKMIA 3CYB € B
nnowmHi XZ, HanmeHwnin — B nrowmHi XY. Po3dpaxyHok BigHoweHb Kowi BUSBMB 3HavHe
BiaxunenHs (Cij > Ck), WO BKa3ye Ha NepeBaXaHHs HEeLEHTpanbHUX CUM Yy MiKaTOMHIl
B3aeMOZil Ta HasBHICTb CyTTEBOrO BHECKY KOBANeHTHOI abo iOHHOI CknagoBOi 3B'sI3KYy B
rpaTui RoNH4SO4.

Y pobGoTi po3paxoBaHO MPOCTOPOBUIA po3nogin moayns HKOHra, moayni BceGivyHoro
cTuckaHHs, KOHra, 3cyBy Ta koediuieHT MyaccoHa. OuiHeHO CTyniHb aHi30TPOMii NPYXHUX
BnactmeocTen kpuctana RbNH4SO4, o nigTBEpOKyE NOro 3Ha4Hy aHi3oTponito.

BucHoBku. PospaxyHOK kpuTepiiB BopHa nokasas, WO KpucTanm € MeXxaHi4yHO
cTabinbHUM. TOPIBHAHHA TFOMOBHUX MPYXXHUX KoedilieHTiB nokasano, o Hawnbinbwa
XOPCTKICTb € B3A0BX Y — Hanpsimy, ToAi sk B34oBX X — HanpsMy BOHA € HaWMEHLUOL.
PospaxyHok BigHoweHb KoLl BUSIBUB nepeBakaHHS HeueHTPanbHUX CUM Yy MiKaTOMHIN
B3aeMOJil Ta HasBHICTb CyTTEBOro BHECKY KOBANeHTHOI abo iOHHOI CkNagoBOi 3B'sI3KYy B
rpaTui RoNH4SO4.

HasBHICTb XOPCTKMX TeTpaeapuyHMX rpyn [SO]%~ cnpuumHsie yTBOPEHHIO KOBANEHTHUNX
HanpsMneHux 3B’a3kiB BcepeauHi uux rpyn. [lokasaHo, WO BaXUBUM € BNMYB
MOMAPU3OBHOCTI iOHIB: ioHM pyGidito (Rb*) Ta cynbdaTHi rpynu [SO]3~ MaloTb BesmKy
€neKTPoHHY 060MOoHKY, sika AedopMyeTbCs Nif Yac MexaHiYHOro CTUCHEHHS KpucTany. Lle
CNPUYMHSIE BUHWKHEHHS iHOYKOBAHUX OUMONbHUX MOMEHTIB. CknagHui xapaktep cun y
kpuctani RoNHsSO4 € Hacnigkom Toro, WO KpucTan CKNagaeTbCcst He 3 TOYKOBMX 3apsais, a
3 MOMAPM3OBHUX IOHIB Ta MONEKYNAPHUX KoMMnekcie [SO]5~ i3 BRacHMM BHYTPILLHIM
KOBaneHTHUM 3B'A3koM. Lle pobuTe MmaTtepian npyXHO-aHi30TPOMHUM | YyTRIMBMM [0
HanpsiMKy NPWKINageHoro HaBaHTaXEeHHS.

Knroyoei cnoea: kpuctan, aHizotponisi, NpyxHi koediuieHTn, moaynb KOHra, mogynb
BCeOiYHOro cTuckaHHs, koedilieHT MNyaccoHa.
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