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Abstract: The article explores pressure-dependent elastic properties of a-ZnP, for the pressure range
of 0-10 GPa. The investigation is carried out with the CRYSTAL Code and the ELATE software. The
present study reveals that bulk modulus has a higher sensitivity to pressure than Young’s modulus and
shear modulus. The difference between Gmax and Gmin for the values of shear modulus G increases with
an increase in pressure. Poisson’s ratio (vu) experiences change about 39% as pressure changes from
zero to 10 GPa. As pressure increases, the universal elastic anisotropy index (A") and log-Euclidean
anisotropy index (A") increase. Directional-dependent characteristics of Young’s modulus and linear
compressibility have been examined with polar plots in different crystallographic planes. This study
shows that elastic anisotropy of a-ZnP; increases with pressure.
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1. Introduction

The Zn-P system has a few binary phases, such as ZnP>, ZnP4 and Zn3P> [1]. The
formation of binary phases is largely dependent on the Zn/P composition, pressure and
temperature of the system [2-3]. II-V, semiconductor materials have been immensely
investigated because of their technological applications. Two distinct crystalline phases of
ZnP; are a-ZnP; (tetragonal) and B-ZnP> (monoclinic) [4-5]. A tetragonal crystal structure of
a-ZnP, was reported by White [6] and Stackelberg et al. [7]. The crystal structure of a-ZnP>
was also confirmed through experiments by Zanin ef al. in 2003 [8]. The melting point of the
a-ZnPs is 985+1°C [9].

The studies of various properties of binary zinc phosphides have thrived through
density functional theory-based research [10—15]. Binary zinc phosphides are useful in the
fabrication of sodium-ion battery anodes having high performance [16]. As stated by Nam e?
al., carbon-modified composite (ZnP>-C) may be a probable promising alternative as a high-
performance SIB (sodium ion battery) anode substance in view of its notable electrochemical
sodium-storage characteristics [16]. Ji et al. selected zinc phosphide composite to serve as a
PIB (Potassium—Ion Batteries) anode [17]. In view of specific intrinsic characteristics, it serves
as a dielectric in metal-insulator-semiconductor (MIS) devices [8]. ZnP; is a propitious
substance for applications in semiconductor optoelectronics and nonlinear optics [18]. The
potencies of controlling the particularities of photodiodes through gyration properties in

ZnP, -Di crystals were attained [19]. The layer of ZnP, -Di in photodetectors may be utilised

for rotation of the polarisation plane of incoming light [20]. It has favorable inherent
characteristics, including relatively large band gaps and anisotropic optical properties with
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significant birefringence [18]. These characteristics enable the use of ZnP, for fabricating
microelectronic elements, photodetectors for laser radiation, photoresistors, etc. [18].

In this present investigation, a comprehensive examination of elastic properties has
been undertaken. To the best of our knowledge, the elastic anisotropy and elastic properties of
a-ZnP; under pressure have not been reported. The present research work will enrich the
understanding of macroscopic details about direction-dependent elastic properties of a-ZnP-
under pressure. An exhaustive knowledge of elastic anisotropy has notable importance for
deciding the preferred crystallographic orientation of the crystals in device design to achieve
optimum performance.

2. Computational Details

Elastic properties of the a-ZnP; are investigated with the CRYSTAL package
(periodic ab initio HF and DFT code) [21-22]. The a-ZnP> has 08 formula units in the unit cell
[4, 6]. Thus, a-ZnP> has 24 atoms in the unit cell [4]. The properties of the alpha phase of ZnP»
with space group P4;2:2 [4, 6] are investigated through DFT. A restricted closed-shell KS
(Kohn-Sham) Hamiltonian-type calculation is used [22]. In the present study, calculations are
performed with the DFT exchange-correlation functional GGA (Generalised Gradient
Approximation). The computations of geometry optimisation using initial geometry [6] and
elastic properties [23-25] are performed with the PBE scheme [26-27]. In this present
computational research, we utilise the basis sets for zinc and phosphorus atoms from the
CRYSTAL-Basis Set Library of the Torino group [21-22, 28-29]. The convergence threshold
TOLDEE on energy is adopted at 10~® Hartree. For carrying out prompt convergence, the
BROYDEN accelerator scheme [21-22, 30-31] is utilised. The Fock/KS matrix mixing factor
(namely, FMIXING keyword) has been employed as a convergence tool for the computations.
An 8x8x8 k-points (Monkhorst-Pack) mesh [32] is implemented for computations. The size of
the strain step for the investigation of elastic computations is 0.01. RMS of the gradient
parameter TOLDEG has a default value of 0.0003 a.u. [22]. RMS of the displacement
parameter TOLDEX has a default value of 0.0012 au. [22]. A constant pressure
preoptimisation parameter (namely, PREOPTGEOM keyword) is employed in accomplishing
the computational investigation of the elastic stiffness coefficients for various pressures.

Elastic tensor C,; may be expressed in terms of strain second derivatives of total

energy E as [22, 25, 33] shown in Eq. (1)

1 &E
V0,0,
0

(1)

where, g¢is the second-rank symmetric tensor of pure strain, ¢, B =12,...,6as per Voigt’s
notation.

In the lack of any finite pre-stress, the above expression as provided in Eq. (1) is used
for 3D crystal system in the CRYSTAL code.

The ELATE software [34-35] is also utilised for the computations of maximum and
minimum values of different elastic quantities. ELATE is open source software.
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3. Results and Discussion

At zero pressure, equilibrium lattice parameters of a-ZnP, are ao=5.108 A and
co=18.620 A [36]. Obtained optimised lattice parameters are a=4.897 A and c=17.960 A at a
pressure of 10 GPa. Equilibrium ratios are (a/ao)=0.959 and (c/c0)=0.965. It shows that
decrement in the (a/ao) is slightly greater than that of (c/co), as pressure increases. Crystal
planes (001), (010) and (100) are important as they are symmetry planes. Crystal planes (001)
and (010) of a-ZnP; are shown in Figure 1. CRYSPLOT [37-38] is used for plotting the Figure
1 which is based on computations from CRYSTAL Code [21-22]. CRYSPLOT is an online

free tool [37-38].
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Figure 1. (001) and (010) planes of a-ZnP, at zero pressure
3.1. Elastic stiffness constants and elastic quantities

Elastic stiffness constants have significant importance in dealing with principles of
mathematical stress analysis and design. The elastic stiffness coefficients can predict the elastic
behavioral response of materials to exerting stress. The alpha phase of ZnP: crystal has 06
independent elastic stiffness constants, namely Ci1, C33, Ca4, Cos, C12 and Ci3 as it belongs to
tetragonal (I) class (4/mmm) [33]. Computational materials science has vital importance in
exploring elastic properties of materials. Table 1 displays the elastic stiffness constants of a-
ZnP» crystal. Data of Table 1 are utilised in subsequent sections of the present article for
computations/plots, such as elastic anisotropy parameters, various elastic moduli, polar graphs,
etc.

Table 1. Computed Cj elastic stiffness constants (in GPa) of a-ZnP; at pressure P (in GPa) together with other researchers’
work

P Cn Cn Ci3 Css Cus Ces
Previous work? 0 10821 46.66 4239 118.78 4492 62.04
Other theo. work? 116.48 54.18 48.12 12637 4434 5942
Other theo. work® 118.00 53.00 45.00 123.00 45.00 60.00
Other exp. work? 102.10 30.76 115.70 42.85 52.08
Present work 2 11645 5509 51.11 130.57 4634 63.66
Present work 4 12435 63.89 5997 139.62 46.71 64.82
Present work 6 13195 7271 68.77 14736 4692 65.71
Present work 8 139.64 81.52 77.68 154.74 46.74 66.24

Present work 10 146.67 89.96 8599 161.73 46.20 66.48
“Ref. [36], Ref. [12], ‘Ref. [13], “Ref. [39]
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According to Mouhat and Coudert [40], for the crystal of the tetragonal (I) class
(4/mmm), the four necessary as well as sufficient elastic stability criteria may be shown as Egs.
(2-5)

ol < C, 2)
1

C123 <EC33 (C11+C12) (3)

C44 >0 4)

Cy >0 )

According to our information, neither theoretical nor experimental studies on elastic
stiffness constants of a-ZnP; for higher pressures (range up to 10 GPa) have been made. The
computed Cj; (elastic stiffness constants) of the a-ZnP; crystal fulfil these necessary as well as
sufficient elastic stability criteria. Hence, our result states the mechanical stability of a-ZnP»
crystal in the pressure range from zero to 10 GPa.

Table 1 illustrates that coefficients C33 and Ci are significantly greater than the other
coefficients, such as Ciz, Ci13, Ca4 and Cgs. Table 1 also describes that variations in values of
Ci1, C12, C13 and C33 are intensely dependent on pressure, whereas Cas and Ces do not show
substantial variation in their values with applied pressure. Figure 2(a) describes that both values
of C12 and C13 are less than Ceg at zero pressure. However, both the values of Ci2 and Ci3 are
greater than Cee at higher pressures (as per Table 1), as the effects of increasing pressure result
in raising the values of Ci2 and Ci3. The values of Ci2 and Cis rise almost linearly with
hydrostatic pressure.

For the tetragonal (I) class (4/mmm) crystal, Reuss bulk modulus Br, Reuss shear
modulus Gr, Voigt bulk modulus Bv and Voigt shear modulus Gy may be expressed as [41-43]
Eqgs (6-9)

By =[Sy, +2S,, +2S, +4S,]" (6)
G = 15[3(Sgs +25,,) +4(S,; +28,,)—4(S, +25,,) ] (7)
B, - C,, +2C, +2C, +4C, (8)
9
G, = %[c66 +2C44]+%[C33 -C,+2C, -2C,] ©)
where S;; denotes elastic compliance coefficients.
Elastic tensor Cand compliance tensor S are related as ¢ = 8!
For tetragonal crystal system [33], the expressions are provided by Egs. (10-16) as below.
C,+C,=5,/8 (10)
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C,—-C,=1/(S,-5,) (11)

C,=-S,/8 (12)

Cy=(S,+8,)/S (13)

C,=1/8, (14)

C,=1/8, (15)

S =8,(8,+S,)—-2S}, (16)

As per the Voigt-Reuss-Hill method, macroscopic polycrystalline Young’s modulus Ew,
Poisson’s ratio vy, bulk modulus By and shear modulus Gu may be expressed as (Egs. 17-20)
[41-43].

1

Gy =E[GR+GV] (17)
1

B, :E[BR+BV] (18)

- 1.5B, -G, (19)
G, +3B,
9G,B

= — (20)

G, +3B,

Using data of Table 1 in the present work, the density p and different elastic quantities
(B, G, E and v) at various pressure values are estimated as depicted in Table 2. Elastic stiffness
constants contribute to the analysis of the strength of crystals. The values of Young’s modulus
predict the sufficient mechanical strength of a-ZnP>. The characteristics of these key physical
properties are useful in specific industrial applications. The orthorhombic crystal of phosphorus
has bulk modulus of =36 GPa [44] and Young’s modulus of 30.4 GPa [45]. The bulk modulus
and Young’s modulus for Zn crystal are 60.6 GPa and 92.7 GPa, respectively [45]. In the
pressure range 0-10 GPa, the calculated values of bulk modulus and Young’s modulus of the
alpha phase of ZnP> exceed those of the respective mentioned values of its constituent
elements.

The bulk modulus is related to resistance to volume change and shear modulus is related
to resistance to shear stress. For a-ZnP>, bulk modulus is substantially greater than shear
modulus. Therefore, a-ZnP; serves higher resistance to volume change than shape change.
Bulk modulus By at temperature 295 K is about 444 GPa for diamond and about 98 GPa for
silicon [45]. Therefore, bulk modulus (~ 66.4 GPa) of a-ZnP; is also less than that of silicon.
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Figure 2. (a) Variation of elastic stiffness constants (C;) with pressure P;
(b) ratio of bulk modulus to shear modulus (Bu/GH) at various pressure

Soshnikov et al. [39] measured B and G of a-ZnP, as 63.6 GPa and 39.3 GPa,
respectively, which are based on the ultrasonic experimentations. Table 2 shows that Bu
follows a substantial variation with pressure. In the case of ratio B/G greater than a value of
approximately 1.75 [46], the malleable sort of nature of polycrystalline material is expected. It
is therefore important to examine the ratio B/G for a-ZnP>. The value of B/G is nearly 1.55 at
zero pressure; hence, it indicates the brittle type of nature of a-ZnP> [36]. Brittle materials are
prone to abrupt cracking once a certain directional stress limit is exceeded. The ratio B/G varies
almost in a linear manner with pressure in the pressure range 0 to 10 GPa. Figure 2(b) depicts
that values of B/G greater than a value of 1.75 take place for pressure greater than around
2.3 GPa; therefore, the malleability of a-ZnP, increases with increasing pressure. The
increasing values of B/G with hydrostatic pressure illustrate the improvement in malleability
with increasing pressure. Table 2 reveals that values of Poisson’s ratio change from 0.235 to
0.326 as pressure varies from zero to 10 GPa. Thus, it is apparent that calculated values of v
exist in the theoretically expected range values [47] for materials.

Table 2. Values of bulk modulus B (in GPa units), shear modulus G (in GPa units), density p (in g/cm? units), Young’s modulus
E (in GPa units) and Poisson’s ratio v (unitless) of a-ZnP,. Present work under PBE scheme according to Voigt-Reuss-Hill
notations

P Bu Gu En VH p
Previous work® 0 6643 4280 105.70 0.235 3.442
Other theo. work” 73.34  42.61 107.07 3.496
Present work 2 7529 4373 10991 0.257 3.556
Present work 4 8394 4387 112.09 0.277 3.647
Present work 6 9235 4377 113.40 0.295 3.730
Present work 8 100.80 43.44 11396 0312 3.808
Present work 10 108.71 4292 113.78 0.326 3.883

“Ref. [36], /Ref. [12]
3.2. Elastic anisotropy

Elastic anisotropy plays a pivotal role in technological implementations. Elastic
anisotropy guides in ascertaining the appropriate crystal orientation to achieve improved
performance with greater mechanical durability. The anisotropic elasticity of crystal affects
their mechanical behavior. Using a DFT study, elastic anisotropy of materials may be revealed.
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In this investigation, directional-dependent variations in Young’s modulus E and linear
compressibility £ for a-ZnP; crystal have been studied. In the case of a crystal of the tetragonal
class (4/mmm), directional Young’s modulus £ along the unit vector /; may be expressed as
(Eq 21) [33]

E=[(1+1)8, +(1-2)E (S, +25,)+ L2 (S +25,)+ 1S, | @D

Here, /1, > and /3 represent direction cosines.

Sii symbolises the elastic compliance constants.

For all tetragonal crystal systems, the directional linear compressibility £ along the unit vector
/i may be expressed as (Eq 22) [33]

ﬁ:(Sn+Slz+S13)_(Slz_S13+Sn_S33)132 (22)

Using the data of Table 1, variation of Young’s modulus (along [100] and [001]
crystallographic directions) of a-ZnP> with pressure is shown in Figure 3(a). It is clear from
Figure 3(a) that Eji100) and Ejoo1] increase and then decrease with pressure in the pressure range
of 0 to 10 GPa. Young’s modulus Ejoo1] at pressure of 10 GPa is greater than Ejoo1} at zero
pressure, whereas E[ioo] at a pressure of 10 GPa is less than Ejioo; at zero pressure. As a-ZnP>
crystal has tetragonal symmetry (a#c), therefore, it is also expected that values of Young’s
modulus along [100] and [001] are not the same.

Using our computed elastic stiffness constants (Table 1 data) of a-ZnP, at different
pressures, minimum and maximum of shear modulus G and Young’s modulus E are estimated
using ELATE software [34-35]. The variations of the maximum (Gmax and Emax) and minimum
(Gmin and Enin) of G and E are shown in Figure 3(b) in the pressure range 0-10 GPa. As pressure
increases, the differences Emax—FEmin and Gmax—Gmin Increase with pressure. It suggests the
increase of elastic anisotropy with increasing pressure. The rate of change of Emax with pressure
is greater than that of Emin, Gmax and Gmin.

110 T
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Figure 3. Variation of: (a) Young’s modulus £ of a-ZnP, along different crystallographic directions with pressure; (b)
minimum and maximum of Young’s modulus £ and shear modulus G of a-ZnP, with pressure

For representing the degree of elastic anisotropy, Ranganathan et al. [48] presented the
universal elastic anisotropy index in the following approach shown in (Eq 23)



Multidisciplinary Research Journal Volume 2, Issue 1, 2026
ISSN (online): 3108 — 1533 January — March 2026

B
av=Bv 5O g 23)

R GR
A log-Euclidean anisotropy scheme is a different strategy to get the measure of elastic
anisotropy of crystals, in which elastic anisotropy index is represented as shown in (Eq 24) [49]

[ETHE

The calculated values of AV and A for a-ZnP; crystals are represented in Figure 4. For
the elastic-isotropic materials, values of 4Y and A" become zero [48-49]. It is evident from
Figure 4 that increasing pressure results in increase in values of AY and A'. Figure 4 also
explains the ratio of the maximum to minimum of elastic quantities.

At pressures P=0 and P=10 GPa, polar plots (2D) of Young’s modulus and linear
compressibility are depicted in Figure 5 and Figure 6, respectively, using data of Table 1. The
angular variation of E is similar in the (010) plane and in the (100) plane. At zero pressure, in
the (110) plane, Young’s modulus E increases continuously from 95.57 GPa to 124.35 GPa as
the angle (with [001] direction) increases from 0°to 90°. At zero pressure, for planes (001) and

2

+5

2

(24)

(110), the maximum percentage changes in Young’s modulus E relative to their respective
minimum values (in the corresponding planes) are 50.9% and 30.1%, respectively. In the (001)
plane, at an angle of 45° to [100] direction, the maximum change in value of £ takes place with
a change in pressure.

25
> E /E
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Figure 4. Elastic anisotropy parameters of a-ZnP, with pressure
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Figure S. Representation (2D directional polar graphs) of Young’s modulus £ (in GPa units) of a-ZnP; at pressures P=0 and
P=10 GPa. Projections of Young’s modulus £ on: (a) the (001) plane, (b) the (100) plane (c) the (110) plane

The angular variation of linear compressibility f is similar in the (010) plane and in the
(110) plane. Thus, in the case of linear compressibility, the (010) and (110) planes have higher
anisotropy compared to the (001) plane. For the tetragonal crystal symmetry (a=b), linear
compressibility is represented by a circular shape in xy-plane for the polar graphs.
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Figure 6. Representation (2D directional polar graphs) of linear compressibility £ [in (TPa)! units] of a-ZnP, at pressures
P=0 and P=10 GPa. Projections of linear compressibility 4 on: (a) the (001) plane, (b) the (010) plane (c) the (110) plane

3D directional polar graphs of a-ZnP> for linear compressibility and Young’s modulus
at pressure P=10 GPa are plotted in Figure 7.
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200 -200 e
Young's Modulus E at P=10 GPa Linear Compressibilityg at P=10 GPa
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Figure 7. For a-ZnP; at pressure P=10 GPa, representation (3D directional polar graphs) of: (a) Young’s modulus £ [in GPa
units]; (b) linear compressibility 3 [in (TPa)! units]
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4. Conclusions

Our present study shows that bulk modulus is more responsive to applied pressure
compared to shear modulus and Young’s modulus. Our research reveals that values of B/G
greater than 1.75 occur at pressures greater than around 2.3 GPa; therefore, the malleability of
polycrystalline a-ZnP> increases with increasing pressure. The Poisson’s ratio varies from
0.235 to 0.326 as pressure varies from 0 to 10 GPa.

The present findings reveal that a-ZnP> crystal system has specific elastic anisotropy.
Planes (010) and (110) exhibit higher elastic anisotropy compared to the (001) plane for linear
compressibility. In general, elastic anisotropy of the alpha phase of ZnP; increases as pressure
increases. These results will be useful for experminentalists in understanding the variation of
elastic anisotropy with pressure to achieve optimum performance and high durability of devices
made from o-ZnP; crystals. As our present computational work is based on the DFT, and
subsequent future experimental research is to be carried out to further validate the present
findings.

Multidisciplinary Domains

This research covers the domains: (a) Physics, (b) Chemistry, (c) Materials Science.
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