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The elastic stiffness coefficients of K2SO4 crystals at room temperature were calculated. The coefficient C66 
is the smallest among the diagonal components, indicating a “soft” shear mode in the XY plane. The Born stabi-
lity criteria were evaluated, and their fulfillment confirms the thermodynamic stability of the crystal. The Cauchy 
relations were also analyzed. The spatial distributions of Young’s modulus and Poisson’s ratio of K2SO4 crystals 
were constructed. The Young’s modulus surface is close to spherical in shape (a “rounded parallelepiped”) with 
pronounced protrusions along the [010] and [001] crystallographic directions. The values of Poisson’s ratio 
(within 0.23–0.27) are typical for ionic-covalent crystals of intermediate stiffness, indicating moderate transverse 
deformation. The elasto-optic parameters of K2SO4 crystals were analyzed. The baric (pressure-induced) changes 
in the refractive indices were calculated. It is shown that the temperature variation of the refractive index 
(dni / dT) in these crystals is governed by a complex interplay between volumetric and structural factors. 
The contributions to the temperature-induced refractive index changes arising from variations in atomic pola-
rizability (≈ 32%) and crystal density (≈ 68%) were estimated. 
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1. Introduction 

Most physical, mechanical, and optical properties of real 
crystalline materials are anisotropic, i.e., they strongly de-
pend on the measurement direction with respect to the cry-
stallographic axes. The anisotropy of the refractive index, 
birefringence, photoelastic, and acousto-optic responses is 
a direct consequence of the anisotropic distribution of inter-
atomic forces and electronic polarizability within the crystal 
lattice. Understanding the relationship between the elastic 
and optical properties of anisotropic materials is a key ob-
jective of modern solid-state physics, crystal optics, and 
materials science. 

Photoelasticity represents one of the fundamental mecha-
nisms coupling the elastic and optical properties of crystals. 
Lattice deformation induced by external stresses or acoustic 
waves leads to changes in the dielectric permittivity tensor 
and, consequently, to modulation of the refractive index 
and birefringence. 

Particular interest is attracted to anisotropic crystals with 
a high acousto-optic figure of merit, in which an optimal 
combination of elastic, optical, and elasto-optic parameters 
ensures efficient diffraction of light by acoustic waves. The 
anisotropy of elastic moduli and refractive indices makes it 
possible to realize interaction geometries that provide 
maximum values of the acousto-optic figure of merit. This 
opens broad prospects for the development of highly efficient 
acousto-optic modulators, deflectors, and filters for laser 
beam control over a wide spectral range. 

Beyond their practical relevance, investigations of optical 
and photoelastic anisotropy are of fundamental importance, 
as they enable a deeper understanding of the nature of 
interatomic forces, the role of electronic polarizability, and 
the anharmonicity of lattice vibrations. Temperature- and 
strain-induced changes in birefringence and refractive indices 
serve as sensitive indicators of structural rearrangements 
and phase transitions in crystals. 
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Thus, the anisotropy of elastic, optical, and photoelastic 
properties is a key factor in the rational design of functional 
materials for crystal optics and acousto-optics, particularly 
for the development of light-control elements based on an-
isotropic ionic crystals [1–9]. 

The K2SO4 crystal was chosen as the object of investiga-
tion. It exhibits two polymorphic modifications: β-K2SO4 
below 587 °C and α-K2SO4 at higher temperatures. The crys-
tal lattice of α-K2SO4 is described in the hexagonal setting 
with lattice parameters a = 5.90 (2) Å and c = 8.11 (3) Å 
[10, 11] and belongs to the space group 36 /P mmc. The 
α-K2SO4 structure is dynamically disordered, being charac-
terized by orientational disorder of the 2

4SO −  groups [12] 
and restricted rotational freedom [13]. The β-K2SO4 phase 
(below 587 °C) contains four formula units per unit cell 
with lattice parameters a = 0.5731 nm, b = 1.008 nm, and 
c = 0.7424 nm [14]. The c axis is pseudo-hexagonal. In po-
tassium sulfate crystals, the 2

4SO −  group forms a rigid tetra-
hedron with the sulfur ion located at the center and oxygen 
ions at the vertices; the sulfur and potassium ions, together 
with two oxygen ions from each 2

4SO −  tetrahedron, lie in 
two parallel planes. The β-K2SO4 structure is orthorhombic 
(pseudo-hexagonal) and belongs to the space group 

16
2 –hD Pnam . 
Previously, a series of investigations of the refractive 

parameters of K2SO4 crystals has been carried out. In par-
ticular, the influence of uniaxial mechanical stresses on the 
spectral (300–800 nm) and temperature (77–700 K) depen-
dences of the refractive indices ni and birefringence Δni 
was experimentally studied, and their anomalous behavior 
in the vicinity of phase transitions was revealed [15, 16]. 

The baric variations of the parameters of the Sellmeier 
equation, electronic polarizability, and refractivities of K2SO4 
crystals were calculated. The electronic band structure and 
density of states were determined, and the band gap energy 
of K2SO4 crystals was evaluated [17–19]. However, a com-

prehensive study of the elastic and elasto-optic parameters 
has not yet been performed. 

The aim of the present work is to calculate the elastic 
stiffness matrix of the K2SO4 crystal, to analyze the character 
of its anisotropy, and to compare the obtained results with 
the anisotropy of the optical parameters. 

2. Calculation method 

The elastic properties of K2SO4 crystals were calculated 
using the CASTEP code, which is based on density func-
tional theory [20, 21]. The following valence electron config-
urations were employed: O 2s2 2p4; S 3s2 3p4; K 3s² 3p⁶ 4s1. 
The ionic cores were described using norm-conserving pseu-
dopotentials [22]. Integration over the first Brillouin zone 
was performed using a 3 × 2 × 4 k-point mesh. Exchange-
correlation effects were accounted for within the local density 
approximation for crystal structure optimization, as it provides 
better agreement with experimental lattice parameters [23]. 
Calculations of elasto-optic and electronic properties were 
performed using the generalized gradient approximation 
with the Perdew–Burke–Ernzerhof parameterization to ensure 
a more accurate description of electron density gradients 
[24–26]. 

The structural optimization procedure was carried out 
similarly to Refs. 27, 28 with the following convergence 
criteria: maximum force 3·10–2 eV/Å, maximum stress 
5·10–3 GPa, and maximum atomic displacement 1·10–4 Å. 

The crystallographic data reported in Refs. 15, 16 were 
used as input for the elastic property calculations. The cor-
responding structure belongs to the space group No. 62 
(Pnma). Prior to the elastic calculations, the crystal structure 
was fully optimized within the chosen computational 
approach. The experimental and optimized x, y, and z atomic 
coordinates for the K2SO4 crystal are summarized in 
Table 1 [29].  

Table 1. Experimental and optimized x, y, and z atomic coordinates for the 2 4-K SOβ  crystal (D is the estimated standard deviation) [29] 

Atom 
Experimental coordinates Optimized coordinates 

D x y z x y z 

O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 

2.24953 
1.48847 

–2.24953 
–1.48847 
–2.24953 
–1.48847 
2.24953 
1.48847 
0.28334 
2.21514 
3.45466 
1.52286 

–0.28334 
–2.21514 

0.23744 
–0.23744 
–2.64406 
2.64406 
–0.23744 
0.23744 
2.64406 
–2.64406 
1.44075 
1.44075 
–1.44075 
–1.44075 
–1.44075 
–1.44075 

3.54701 
–1.48849 
–3.54701 
1.48849 

–3.54701 
1.48849 
3.54701 

–1.48849 
4.19558 

–4.44937 
–0.83992 
0.58613 

–4.19558 
4.44937 

2.28232 
1.53303 
–2.28232 
–1.53303 
–2.28232 
–1.53303 
2.28232 
1.53303 
0.27358 
2.25872 
3.54177 
1.55663 
–0.27358 
–2.25872 

0.24504 
–0.24504 
–2.69625 
2.69625 
–0.24504 
0.24504 
2.69625 
–2.69625 
1.47064 
1.47064 
–1.47064 
–1.47064 
–1.47064 
–1.47064 

3.64214 
–1.50831 
–3.64214 
1.50831 
–3.4214 
1.50831 
3.64214 
–1.50831 
4.30905 
–4.54622 
–0.8414 
0.60423 
–4.30905 
4.54622 

0.10091 
0.04936 
0.11335 
0.07143 
0.10091 
0.04936 
0.11335 
0.07143 
0.11775 
0.11033 
0.09211 
0.04859 
0.11775 
0.11033 
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The investigation of elastic properties is of considerable 
importance, as they are directly related to sound velocities, 
heat transport, mechanical characteristics, and other physical 
parameters. Elastic properties are described by Hooke’s law, 
which for anisotropic materials can be written in the fol-
lowing form [1, 30]: 

     ,mk mknl nlCσ = δ  (1) 

where mkσ  is the mechanical stress tensor, mknlС  are the 
elastic stiffness constants, and nlδ  is the strain tensor. The 
K2SO4 crystal belongs to the orthorhombic symmetry class; 
therefore, its elastic constants form a symmetric 6 × 6 matrix. 
This matrix contains 12 nonzero components, nine of which 
are independent: C11, C22, C33, C44, C55, C66, C12, C13, and C23. 

The elastic coefficients ijC  were obtained by expanding 
the total energy E(V, δ) of the crystal in a Taylor series 
with respect to the unit cell volume V and strain δ. For 
small deformations (δ ≪ 1), the energy per unit volume is 
expressed as follows [1, 31]: 

 ( ) ( )
6 6

0
0 0

1 , 1
,  , 0 σ  

2i i ij i j
i i j

V
E V E V V e C e e

= =

δ = + + +…∑ ∑  (2) 

Here, V0 denotes the equilibrium volume at zero pressure, 
ie  are the components of the strain tensor in Voigt notation, 

and ijC  are the second-order elastic stiffness coefficients, 
defined as the curvature of the energy surface: 

 
2

0

1 .ij
i j

EC
V e e

 ∂
=  

∂ ∂  
  (3) 

To determine all nine independent elastic coefficients, 
a set of strain tensors was applied. Each strain δ induces 
a change in the total energy, ΔE = E(δ) − E(0), which is a 
quadratic function of δ. For the calculation of the longitu-
dinal and transverse elastic constants (C11, C22, C33, C12, 

C13, C23), uniaxial tensile/compressive strains along the cry-
stallographic axes were applied. 

For example, for a deformation along the X axis: 
δ = (δ, 0, 0, 0, 0, 0) 

 2
0 11

1/       .
2

E V C∆ = δ   (4) 

Taking into account the calculated values of C11 and C22, 
the coefficient C12 was subsequently determined. To evaluate 
the shear moduli (C44, C55, C66), volume-conserving shear 
strains (up to higher-order terms) were applied. For a shear 
deformation in the YZ plane [ε = (0, 0, 0, δ, 0, 0) in Voigt 
notation], the corresponding energy variation can be 
written as: 

 2
0 44

1/       .
2

E V C∆ = δ   (5) 

Similarly, C55 was determined from a shear deformation 
in the XZ plane, and C66 from a shear deformation in the 
XY plane.  

3. Results and discussion 

3.1. Elastic properties of K2SO4 crystals 

Table 2 presents the calculated elastic stiffness matrix 
Cij (GPa) of K2SO4 at room temperature. The matrix con-
tains 9 independent components, which is characteristic of 
orthorhombic crystals. All other components are zero. 
Table 3 lists the experimental values of the elastic con-
stants Cij (GPa) for the same crystal [31]. 

Comparison of the theoretical and experimental data 
allows us to evaluation of the accuracy of calculations. 
The experimental values of C11, C22, and C33 are approxi-
mately 5% higher than the theoretical ones, indicating that 
the real crystal is slightly “stiffer” than predicted by 
the model in Table 3.  

Table 1 (continued) 

Atom 
Experimental coordinates Optimized coordinates 

D 
x y z x y z 

O 
O 
S 
S 
S 
S 
K 
K 
K 
K 
K 
K 
K 
K 

–3.45466 
–1.52286 
1.74176 
1.99624 

–1.74176 
–1.99624 
–2.4389 

–0.08254 
–1.2991 

–3.65546 
2.4389 
0.08254 
1.2991 
3.65546 

1.44075 
1.44075 
1.44075 
–1.44075 
–1.44075 
1.44075 
1.44075 
1.44075 
–1.44075 
–1.44075 
–1.44075 
–1.44075 
1.44075 
1.44075 

0.83992 
–0.58613 
4.2269 
–0.8086 
–4.2269 
0.8086 
4.13535 

–2.98041 
–0.90015 
2.05509 
-4.13535 
2.98041 
0.90015 

–2.05509 

–3.54177 
–1.55663 
1.76254 
2.05281 
–1.76254 
–2.05281 
–2.46494 
–0.06607 
–1.3504 
–3.74928 
2.46494 
0.06607 
1.3504 

3.74928 

1.47064 
1.47064 
1.47064 
–1.47064 
–1.47064 
1.47064 
1.47064 
1.47064 
–1.47064 
–1.47064 
–1.47064 
–1.47064 
1.47064 
1.47064 

0.8414 
–0.60423 
4.33492 
–0.81552 
–4.33492 
0.81552 
4.26191 
–3.06482 
–0.88853 
2.08562 
–4.26191 
3.06482 
0.88853 
–2.08562 

0.09211 
0.04859 
0.11399 
0.06435 
0.11399 
0.06435 
0.13262 
0.09105 
0.0605 

0.10309 
0.13262 
0.09105 
0.0605 

0.10309 
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In both cases, the C66 coefficient is the smallest among 
the diagonal elements, indicating a “soft” shear mode in 
the XY plane. 

The mechanical stability of the crystal was evaluated 
using the Born criteria, which require the strain energy 
density to be positive definite. For the studied system, the 
diagonal elements satisfy C11 ≈ C22 ≈ C33 > C44 > C55 > C66, 
indicating nearly isotropic longitudinal stiffness along the 
principal crystallographic axes combined with a pronounced 
anisotropy of shear resistance. Stability is further confirmed 
by the positive values of the successive principal minors: 
the first-order minor (С11 > 0), the second-order minor 

2
11 22 12(C C C−  = 2282.9 > 0), and the third-order minor:  

 2 2 2
11 22 33 12 13 23 11 23 22 13 33 122         0 C C C C C C C C C C C C+ − − − > .  

As shown in Table 2, the diagonal shear components 
С44, С55, and С66 are also greater than zero; thus, the Born 
criteria are satisfied, and the crystal structure is thermody-
namically stable.  

The Cauchy relations state that if the interatomic forces 
are purely central and every atom occupies a center of 
inversion, the following equalities must hold: 

 С12 = С66, С13 = С55, С23 = С44.  (6) 

Table 2 shows that С12 ≠ С66 (discrepancy Δ = 4.71), 
С13 ≠ С55 (Δ = 5.90), and С23 ≠ С44 (Δ = 1.69). In the 
K2SO4 crystal, the inequality of the Сij ≠ Сkl coefficients 
indicates the presence of significant non-central forces 
(covalent contribution or many-body interactions). The de-
viation from the Cauchy relations suggests that the interac-
tion potential depends not only on distance but also on 
the bond angles.  

Thus, the K2SO4 crystal satisfies the Born stability criteria, 
confirming the stability of its orthorhombic phase. The vio-
lation of the Cauchy relations (particularly С13 ≠ С55) in-
dicates the dominance of non-central interatomic forces. 
The theoretical values of the elastic constants (Table 2) are 
slightly lower (by 3–5 GPa) than the experimental data; 
however, they accurately represent the overall elastic an-
isotropy of the crystal. 

Since the K2SO4 crystal possesses orthorhombic sym-
metry, its elastic properties are highly direction-dependent. 
To calculate Youngʼs modulus (E) and Poissonʼs ratio (ν), 
the stiffness matrix (Table 2) must first be inverted to obtain 
the compliance matrix S = C–1. Here, it is taken into account 
that the principal Young’s moduli for the orthorhombic sys-
tem are defined by the diagonal components of the compli-
ance matrix Ex = 1/S11, Ey = 1/S22, Ez = 1/S33. The compliance 
matrix Sij and the stiffness matrix Cij are mutually inverse. 
All calculations were based on the previously obtained ex-
perimental data listed in the table and cited accordingly. 
For an orthorhombic system, the principal Young’s moduli 
along the main axes [100], [010], and [001] are defined as 
Еі = Sіі

–1. Using the experimental data (Table 3), we obtain 
Ех (Е11) ≈ 42.5 GPa, Еy (Е22) ≈ 45.9 GPa, Еz (Е33) ≈ 44.0 GPa. 

Youngʼs modulus in an arbitrary direction, defined by 
a unit vector n (l1, l2, l3), where li are the direction cosines, 
is calculated using the following formula: 

1 4 4 4
1 11 2 22 3 33 E l S l S l S− = + +   

( ) ( ) ( )2 2 2 2 2 2
2 3 23 44 1 3 13 55 1 23 12 662 2 2 .l l S S l l S S l l S S+ + + + + +  

   (7) 

Poissonʼs ratio defines the ratio of relative transverse strain 
to longitudinal strain. For the principal axes, the Poisson’s 
ratios are given by 
 /ij ij iiS Sν = − .  (8) 

Here, 12 0.23ν ≈  (compression along X, strain along Y); 
13 0.27ν ≈  (compression along X, strain along Z); and 
23 0.25ν ≈  (compression along Y, strain along Z). 

Figure 1 illustrates the spatial anisotropy of Young’s 
modulus (E) and Poissonʼs ratio ( )ν  for the К2SO4 crystal. 
It can be observed that the Young’s modulus surface exhi-
bits a shape close to spherical (a “rounded parallelepiped”), 
where the radius vector to the surface is proportional to the 
modulus value in that direction. Notable “protrusions” are 
detected along the [010] (b-axis) and [001] (c-axis) directions. 
This indicates that the crystal is least compressible specifi-
cally along these axes. This surface demonstrates how the 
crystal stiffness varies during tension along the vector n. 
Since the coefficient С66 = 14.24 GPa is significantly lower 
than the other shear moduli, the crystal exhibits the highest 
shear compliance in the (001) plane. 

The values of the Poisson’s ratio (0.23–0.27) are typical 
for ionic-covalent crystals of moderate stiffness, indicating 
moderate transverse deformation. The crystal exhibits ortho-
tropic anisotropy, where the XY plane is the most compliant 

Table 2. Calculated elastic stiffness matrix Cij (GPa) of 

2 4K SO  at room temperature 

51.07 18.12 20.01 0 0 0 
18.12 51.13 18.90 0 0 0 
20.01 18.90 52.03 0 0 0 

0 0 0 17.21 0 0 
0 0 0 0 14.11 0 
0 0 0 0 0 13.41 

 

Table 3. Experimentally measured values of elastic stiffness matrix ijC  (GPa) of 2 4K SO  at room temperature [31]  

C11 C12 C13 C22 C23 C33 C44 C55 C66 
53.57 19.99 20.95 56.53 19.90 55.23 19.23 18.79 14.24 
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direction for shear, correlating with the lowest elastic coef-
ficient value. The absence of negative values indicates that 
the K2SO4 crystal is not auxetic. That is, under tension along 
the applied force, the crystal elongates while contracting in the 
perpendicular direction, which represents standard “normal” 
mechanical behavior. It is also observed that the Young’s 
modulus fluctuates between 42.5 and 45.9 GPa depending 
on the direction, reaching its maximum along the [010] 
axis. The Poisson’s ratio is more complex, as it depends 
not only on the tensile direction n, but also on the direction 
in which the transverse strain is measured m (n   ⊥m):  

 ( ) ( ),     ijkl i j l kn m E n S n n m mν =− .  (9) 

To construct the three-dimensional surface, either the maxi-
mum value max ( )nν  for each direction or the average value 
is typically used. It can be observed that the maximum values 
of E occur along the crystallographic axes (the vertices of 
the surface), which is characteristic of systems with high 
ionic density. The lowest stiffness is observed at an angle 
of 45° to the axes, where the contribution of the shear com-
ponents (S44, S55, and S66) becomes dominant.  

The Poisson’s ratio for the K2SO4 crystal is non-iso-
tropic [Fig.1(b)]. The “indentations” (or dips) in the surface 
indicate directions where the crystal is difficult to compress 
laterally under tension. If the Cauchy relations were satis-
fied, these surfaces would exhibit higher symmetry. The de-
viations observed (asymmetry of the lobes) confirm the pre-
sence of non-central forces in the potassium sulfate lattice. 

Thus, the spatial distribution of the Young’s modulus 
for the K2SO4 crystal demonstrates orthotropic symmetry, 
with maxima along the [100], [010], and [001] axes (42.5, 
45.9, and 44.0 GPa, respectively). The red surface of the 
Poisson’s ratio visualizes the anisotropy of transverse con-
traction; it possesses a complex lobed shape, where the 
highest values are reached in planes parallel to the axes 
with the lowest Cij values (the XY plane, due to the low 
value of C66).  

Using the obtained Cij matrices, the bulk modulus (B) 
was calculated using the following relationship:  

( )11 22 33 12 13 23
1  2 29.81 GPa
9

B C C C C C C = + + + + + =  , 

  (10) 
as well as the shear modulus (G = 17.15 GPa). 

The observed behavior of the elastic coefficients in the 
K2SO4 crystal is attributed to the presence of rigid tetrahedral 

2
4SO −  groups. The bonding within these groups is covalent, 

implying the presence of directional bonds. Unlike ionic 
bonding, which acts isotropically in all directions, directional 
bonds provide resistance not only to changes in interatomic 
distances but also to changes in the bond angles.  

It is also evident from the matrix that the Cauchy para-
meter g = (C12 − C44) = 0.91 GPa is positive, which indi-
cates a predominant ionic character with pronounced polari-
zability. This is a consequence of the interatomic forces 
“maintaining” the structure through both electrostatic at-
traction and the rigid geometry of the sulfate groups. 

Thus, the complex nature of the forces in the K2SO4 
crystal arises because the lattice is composed of polarizable 
ions and molecular 2

4SO  −  complexes with internal covalent 
bonding, rather than simple point charges. This results in 
the material being elastically anisotropic and highly sensitive 
to the direction of the applied load. 

3.2. Photorefractive properties of potassium 
sulfate crystals 

It is well known that photoelasticity defines the change 
in the optical indicatrix under the influence of mechanical 
stress, and it is expressed as follows [32, 33]: 

 2
1     εij j
i

p
n

 
∆ =  
 

,  (11) 

where ijp  are the photoelastic coefficients (or elasto-optic 
coefficients), in  are the refractive indices, and jε  are the 

Fig. 1. Spatial anisotropy of the Young’s modulus E (a) and the Poisson’s ratio (b) for the 2 4K SO  crystal. 

(a) (b) 
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strain components. For small baric (hydrostatic) changes, 
the relationship is written as:  

 
3 ε

  . 
2

ji i
ij

j

ddn n
p

dp dp
= − ∑  (12) 

Since 

 1 2 3
ε

     j
j j j

d
S S S

dp
 =− + +  ,  (13) 

the following relationship can be obtained: 

 
3

1 2 3  
2

i i
ij j j j

j

dn n
p S S S

dp
 =− + + ∑  .  (14) 

According to Eq. (14), the baric change in the refractive 
index dni/dp depends not only on the elastic compliance 
matrix components Sij but also explicitly on the refractive 
index ni and the elasto-optic coefficients pij. The reciprocal 
bulk modulus 1/B for the crystal under study is determined 
by Eq. (10). At the same time, in Eq. (14), the corresponding 
compliance components enter with weighting factors pij 
and are multiplied by the factor 3 / 2in . Introducing the ef-
fective hydrostatic elasto-optic coefficient eff

ip , we obtain 

 
3

eff

2
1i i

ij
dn n

p
dp B

= −  . (15) 

This expression allows one to estimate the effective values of 
the elasto-optic coefficients from the experimentally obtained 
refractive indices, their pressure-induced variations, and 
the calculated values of B. This, in turn, will enable the as-
sessment of the acousto-optic properties of the studied 
crystals, which is crucial for the development of acousto-
optic modulators and deflectors to control electromagnetic 
radiation. Such research is planned for the future. 

We obtained a value of В ≈ 30 GPa (1 GPа = 104 bar), 
which yields 1/В ≈ 3.3·10–6 bar–1, consistent with previously 
reported values. Since 11 22 33   S S S≠ ≠ , the photoelastic ef-
fect differs for the refractive indices nx, ny, nz. That is, 

     yx zdndn dn
dp dp dp

≠ ≠ , and their anisotropy is determined by 

the anisotropic part of the compliance matrix Sij. 
The temperature dependence of the crystalʼs refractive 

index ni(Т) is also related to its elastic properties, as tem-
perature changes induce changes in volume and, conse-
quently, the material density, which is a manifestation of 
its elastic response. Furthermore, temperature influences 
the electronic polarizability of atoms and ions. 

The temperature dependence of the refractive index can 
be expressed as follows: 

 ( ) ( ) ( ) ( )ρ/     / / ρ ρ/ . Tdn dT n T n d dT= ∂ ∂ + ∂ ∂   (16) 

The first term describes the changes in electronic polariza-
bility associated with anharmonicity and the reorientation 

of structural elements. Temperature affects the electron 
shells of atoms, altering their deformability in an electric 
field (i.e., their polarizability). This effect is typically 
smaller than the volumetric contribution but can be significant 
in certain materials. The second term describes the impact 
of thermal expansion (change in the crystal density, ⍴). 
As the crystal temperature rises, atoms vibrate with greater 
amplitude, leading to an increase in the average interatomic 
distance and a corresponding volumetric expansion. This 
reduces the number of oscillators (atoms/molecules) per 
unit volume, which generally results in a decrease in the 
refractive index. This effect is a direct manifestation of the 
material’s elastic properties. 

Internal deformation processes, induced by the lattice 
vibration anharmonicity, influence the electronic polariza-
bility αe. Anharmonicity leads to a temperature-induced 
shift of the energy bands (a decrease in the band gap Eg). 
This increases the electronic polarizability, providing a po-
sitive contribution to dn/dT. If the contribution from the 
polarizability change (due to anharmonicity) exceeds that 
of thermal expansion, the refractive index increases with 
temperature (as seen in semiconductors). Conversely, if ex-
pansion dominates, the index decreases (typical for ionic 
crystals). 

Using the calculated value of   / ρn∂ ∂  ≈ 1·10–4 m3/kg [34], 
along with previously obtained values for the thermo-optic 
coefficients (dni/dT ≈ 4·10–5 K–1) and linear expansion 
[(Δl/l0)i ≈ 3·10–5] [35], we have estimated the contributions 
to the thermal changes in the refractive indices: approxi-
mately from the change in atomic polarizability (≈ 32%) 
and from the change in crystal density (≈ 68%). Previously, 
similar relationships between the temperature and pressure 
variations of refractive indices were observed for isomorphic 
crystals (NH4)2SO4, RbKSO4, Rb2SO4 and (NH4)2BeF4 [36–39]. 

Thus, the thermal variation of 𝑛𝑛і in orthorhombic crystals 
results from the competition between thermal expansion 
(which decreases ni) and the anharmonic increase in polariza-
bility (which increases ni); in the orthorhombic system, 
both effects exhibit different magnitudes along the three 
principal axes. 

Conclusions 

In this work, the elastic constants of K2SO4 crystals 
were calculated at room temperature. The obtained values 
are slightly lower than the experimental data (by approxi-
mately 5%). Among the diagonal elements, С66 is the small-
est, indicating a “soft” shear mode in the plane XY. 

The Born stability criteria were satisfied, confirming 
the thermodynamic stability of the crystal. Furthermore, 
the analysis of the Cauchy relations showed significant 
deviations (Сij ≠ Сkl), indicating the presence of substantial 
non-central forces, such as covalent contributions or many-
body interactions. 

The spatial distributions of Young’s modulus and 
Poisson’s ratio for the K2SO4 crystal were constructed. 
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The Young’s modulus surface exhibits a shape close to a 
“rounded parallelepiped” with distinct protrusions along 
the [010] (b-axis) and [001] (c-axis) directions, identifying 
these as the directions of minimum compressibility. The 
Poisson’s ratio values (ranging from 0.23 to 0.27) are typical 
for ionic-covalent crystals of moderate stiffness, indicating 
moderate transverse deformation. The absence of negative 
values confirms that the crystal is not an auxetic. 

The photoelastic (elasto-optic) parameters of K2SO4 

crystals were analyzed. Using the calculated bulk modulus, 
the baric (pressure-induced) changes in the refractive indices 
were determined. 

It was demonstrated that the thermo-optic coefficient 
dni /dT is governed by a complex interplay of volumetric 
and structural factors. The thermal variation of the refractive 
indices in K2SO4 crystals results from the competition 
between thermal expansion (which decreases ni) and the 
anharmonic increase in polarizability (which increases ni). 
In the orthorhombic system, both effects exhibit different 
magnitudes along the three principal axes. The contribution to 
the temperature-induced changes in the indices was esti-
mated to be approximately 32% from the change in atomic 
polarizability and 68% from the change in crystal density. 
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серед діагональних компонент, що вказує на наявність «м’якої» 
моди зсуву в площині XY. Оцінено критерії стійкості Борна; їх 
виконання підтверджує термодинамічну стабільність кристала. 
Також проаналізовано співвідношення Коші. Побудовано про-
сторові розподіли модуля Юнга та коефіцієнта Пуассона кри-
сталів K2SO4. Поверхня модуля Юнга за формою близька до 
сферичної («заокруглений паралелепіпед») із вираженими 
виступами вздовж кристалографічних напрямків [010] і [001]. 
Значення коефіцієнта Пуассона (у межах 0,23–0,27) є типовими 
для іонно-ковалентних кристалів проміжної жорсткості, що 
вказує на помірну поперечну деформацію. Проаналізовано 

пружно-оптичні параметри кристалів K2SO4. Розраховано ба-
ричні (зумовлені тиском) зміни показників заломлення. Пока-
зано, що температурна зміна показника заломлення (dni / dT) 
у цих кристалах визначається складною взаємодією об’ємних 
та структурних факторів. Оцінено внески в температурні зміни 
показника заломлення, що виникають внаслідок зміни атомної 
поляризовності (≈ 32%) та густини кристала (≈ 68%). 

Ключові слова: кристал, коефіцієнти пружної жорсткості, 
критерій Борна, співвідношення Пуассона, 
модуль Юнга, показник заломлення. 

 


	1. Introduction
	2. Calculation method
	3. Results and discussion
	3.1. Elastic properties of K2SO4 crystals
	3.2. Photorefractive properties of potassium sulfate crystals

	Conclusions
	Acknowledgments

