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 A B S T R A C T

The hybrid semiconductor 𝛽-ZnTe(en)0.5 (en = C2N2H8, ethylenediamine) serves as a prototypical organic–
inorganic optoelectronic material characterized by a superlattice structure with strongly anisotropic properties. 
To accurately describe its elastic stiffness tensors, axial compressibilities, and Poisson’s ratios, we evaluated 
various exchange–correlation functionals. Our results demonstrate that only the dispersion-corrected PBE 
functionals, particularly PBE-D3(BJ), accurately reproduce the strongly anisotropic mechanical response. 
Using this method, we investigated the structural evolution of this material under hydrostatic pressure. We 
identified a structural phase transition at 2.4 GPa, which lies within the experimentally observed transition 
range of 2.1–2.9 GPa, and determined that the high-pressure structure adopts 𝑃 21∕𝑛 space group symmetry. 
Furthermore, we simulated the Raman and infrared spectra to provide theoretical insights and assist in further 
experimental characterization of the low- and high-pressure phases. This work provides unique insights into 
selecting appropriate functionals to simulate complex organic–inorganic hybrid structures.
1. Introduction

Organic–inorganic hybrid semiconductors combine the rigidity of 
the inorganic framework with the flexibility of the organic components 
[1–5]. Although halide hybrid perovskites, e.g., methylammonium lead 
iodide (CH3NH3PbI3) and its derivatives, have been extensively inves-
tigated in fields such as photovoltaics and light-emitting diodes, their 
practical applications are hindered by environmental instability [6–12]. 
There is a practical need to explore novel hybrid semiconductors that 
exhibit both exceptional stability and excellent optoelectronic proper-
ties. In this context, 𝛽-ZnTe(en)0.5 (en = C2N2H8, ethylenediamine) was 
first reported in 2000 and has stood out as a member of a large family 
of II–VI-based hybrid structures owing to its outstanding properties 
[13–17]. Unlike conventional inorganic superlattices and most other 
hybrid materials, 𝛽-ZnTe(en)0.5 features both long- and short-range 
order, yielding crystallinity that rivals that of high-quality elemental 
and binary semiconductors and is the highest among man-made super-
lattices [18]. Benefiting from a thermal degradation activation energy 
exceeding 1.6 eV, it demonstrates excellent room-temperature stability 
and is currently the longest-lived hybrid semiconductor known [18,19]. 
Furthermore, it exhibits pronounced excitonic effects, resembling those 

∗ Corresponding author at: State Key Laboratory of High-Performance Ceramics, Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai 201899, 
China.

E-mail addresses: yong.zhang@uncc.edu (Y. Zhang), yysun@mail.sic.ac.cn (Y.-Y. Sun).
1 These authors contributed equally to this work.

of a 2D semiconductor [20], and is one of the few non-oxide semi-
conductors that display zero or even negative thermal expansion [21]. 
Coupled with a high valence band maximum and a wide band gap of 
over 3.5 eV, it also shows potential to be doped as a p-type transparent 
conductor [22].

As a biaxial crystal composed of alternating two-monolayer ZnTe 
sheets and en spacers, 𝛽-ZnTe(en)0.5 exhibits strong anisotropy in its 
physical properties, as previously shown in its electronic and optical 
properties and thermal expansion [21,22]. Recently, a hydrostatic-
pressure study of this material [23] has revealed its highly anisotropic 
elastic response, including a particularly high interlayer compressibil-
ity and low-threshold pressure-induced phase transitions at 2.1 and 
3.3 GPa, suggesting potential sensing and memory applications. Sim-
ilar pressure-induced phenomena have been extensively reported in 
metal organic frameworks (MOFs) and covalent organic frameworks 
(COFs), where external pressure can induce pronounced anisotropic 
compressibility, breathing behavior, and structural phase transitions 
[24–27]. The study on 𝛽-ZnTe(en)0.5 raises two interesting computa-
tional issues that need to be addressed. First, the axial compression 
behavior deviates drastically from what was predicted by previous 
density functional theory (DFT) calculations and molecular dynamics 
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Table 1
Calculated elastic constants 𝐶𝑖𝑗 (in GPa) of 𝛽-ZnTe(en)0.5 using different exchange–correlation functionals, in comparison with 
previously reported theoretical values [28].
 Functionals 𝐶11 𝐶12 𝐶13 𝐶22 𝐶23 𝐶33 𝐶44 𝐶55 𝐶66  
 PBE 34.7 15.4 7.3 30.5 16.6 49.7 16.6 3.9 7.8  
 PBEsol 36.5 20.4 10.4 38.3 22.0 56.4 19.9 4.1 8.4  
 SCAN 46.4 17.3 5.9 34.0 18.8 59.0 19.7 7.4 11.5 
 r2SCAN 45.4 18.9 8.3 36.3 20.3 55.7 12.7 4.1 8.9  
 SCAN+rVV10 53.9 22.0 6.6 42.2 24.3 58.1 24.1 2.3 9.8  
 DFT-PBE [28] 43.1 14.1 7.4 32.5 18.0 51.6 18.0 5.8 8.2  
 MD [28] 41.9 14.9 8.8 39.1 18.9 55.3 21.5 1.4 7.7  
 PBE-D3 30.9 19.0 9.3 39.9 23.8 57.0 20.6 3.7 9.3  
 PBE-D3 (BJ) 31.2 19.5 9.5 40.8 24.2 56.9 20.9 3.6 9.2  
(MD) simulations [28]. Second, structural information regarding the 
high-pressure phases, such as their exact space groups, remains un-
known, although it has been speculated that the phase transitions are 
dominated by conformational changes of the en molecule.

The reliability of exchange–correlation functionals is commonly 
judged by their ability to accurately describe basic material properties, 
such as lattice constants, electronic band structures, and phonon fre-
quencies, which are often the first quantities to be measured. Elastic 
properties are rarely included in such benchmarks because they are not 
readily available for new materials. A recent study compared the accu-
racy of different functionals for calculating the elastic constants and 
pressure-induced phase transitions of group IV semiconductors [29]. 
𝛽-ZnTe(en)0.5 is a unique and clean prototype structure, structurally 
much more complex than elemental semiconductors, for accurately 
assessing computational approaches to different material properties, 
including, in this case, the elastic properties and phase transitions of 
a hybrid structure for which dispersion corrections are expected to be 
significant.

In this study, DFT calculations were conducted to explore the 
pressure-induced phase transition of 𝛽-ZnTe(en)0.5 and to address 
the issue of accurately predicting the mechanical anisotropy of this 
material. We systematically evaluated several exchange–correlation 
functionals by comparing their predictions of elastic stiffness tensors, 
axial compressibilities, and Poisson’s ratios. Our results show that 
the dispersion-corrected PBE-D3(BJ) functional accurately reproduces 
the strongly anisotropic mechanical response, thereby resolving the 
discrepancy between previous theoretical results and experimental 
findings. Furthermore, our study elucidates the structural evolution 
under high pressure and identifies the role of the flexible organic 
layers during the phase transition. The predicted high-pressure struc-
ture is further corroborated by comparing the calculated transition 
pressure with the experimental result. We also simulated Raman and in-
frared spectra for both the low-pressure and high-pressure phases. This 
work provides unique insights into selecting appropriate functionals to 
simulate complex organic–inorganic hybrid structures.

2. Computational methods

All DFT calculations in this work were performed using the Vi-
enna Ab initio Simulation Package (VASP) [30]. The interactions 
between ionic cores and valence electrons were described using the 
projector-augmented-wave (PAW) method [31,32], and the electronic 
wave functions were expanded in a plane-wave basis set. To ob-
tain accurate lattice constants and axial compressibilities, we com-
pared several exchange–correlation functionals, including the Perdew–
Burke–Ernzerhof (PBE) [33], PBEsol [34], PBE-D3 [35], and PBE-
D3(BJ) [35,36]. At the meta-GGA level, we adopted the strongly 
constrained and appropriately normed (SCAN) functional [37], its 
regularized-restored version (r2SCAN) [38], and the SCAN+rVV10 
functional [39], which incorporates the revised Vydrov–Van Voorhis 
nonlocal van der Waals (vdW) correlation functional [40–43].

To ensure the accuracy of the calculated results, strict convergence 
criteria were applied. The plane-wave cutoff energy was set to 1200 eV. 
2 
Fig. 1. (a) Crystal structure of 𝛽-ZnTe(en)0.5 viewed along two directions. 
(b) Relative errors of the calculated lattice constants with respect to the 
experimental values [21]. The results obtained using different functionals in 
this work are compared with previously reported theoretical values [28].

The Brillouin zone was sampled using a 2 × 8 × 10 𝑘-point mesh. 
The energy and force convergence criteria were set to 10−8 eV and 
0.001 eV/Å, respectively. To evaluate the macroscopic mechanical 
response and vibrational spectroscopic properties of 𝛽-ZnTe(en)0.5, the 
elastic constants 𝐶𝑖𝑗 and the 𝛤 -point phonon modes were calculated us-
ing the finite-difference method [44–48], whereas the dielectric tensors 
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and the Born effective charge tensors were obtained using density-
functional perturbation theory [49–51]. The Raman tensor 𝑅(𝜈)

𝑖𝑗  was 
calculated from the partial derivative of the macroscopic dielectric 
tensor 𝜀𝑖𝑗 with respect to the normal coordinate 𝑄𝜈 of the 𝜈th phonon 
mode [52–54], according to 

𝑅(𝜈)
𝑖𝑗 =

𝜕𝜀𝑖𝑗
𝜕𝑄𝜈

. (1)

For the orientation-averaged Raman response, the Raman activity of 
each mode was evaluated from the rotational invariants of the Raman 
tensor [54], 
𝐴𝜈 = 45𝛼̄2𝜈 + 7𝛽2𝜈 , (2)

where 𝛼̄𝜈 and 𝛽2𝜈  are the isotropic and anisotropic invariants of 𝑅(𝜈), 
respectively. For the polarization-averaged infrared response, the in-
tensity of the 𝜈th phonon mode was determined by the mode-induced 
change in the macroscopic polarization [55], which can be written as 

𝛥𝐏(𝜈) = 1
𝛺

∑

𝑠
𝐙∗
𝑠 ⋅ 𝛥𝝉

(𝜈)
𝑠 , (3)

where 𝛥𝐏(𝜈) is the change in macroscopic polarization induced by the 
𝜈th phonon mode, 𝛺 is the unit-cell volume, 𝐙∗

𝑠 is the Born effective 
charge tensor of atom 𝑠, and 𝛥𝝉 (𝜈)𝑠  is the displacement vector of atom 𝑠
associated with the 𝜈th phonon mode.

3. Results and discussion

3.1. Lattice constants of 𝛽-ZnTe(en)0.5

As illustrated in Fig.  1(a), 𝛽-ZnTe(en)0.5 belongs to the 𝑃𝑛𝑛𝑚 space 
group, featuring a layered structure stacked along the 𝑎-axis and an 
extended intralayer network throughout the 𝑏𝑐 plane. The inorganic 
layers consist of two-monolayer-thick ZnTe (110) slabs and are con-
nected by en molecules via covalent bonding between Zn and N atoms 
[18]. At 4.2 K, the experimental lattice constants of 𝛽-ZnTe(en)0.5 are 
𝑎 = 17.1983 Å, 𝑏 = 5.6569 Å, and 𝑐 = 4.3429 Å [21], where the 𝑎- 
and 𝑏-axes are interchanged compared to previous work [23]. We first 
evaluated the effects of different exchange–correlation functionals on 
the lattice constants 𝑎, 𝑏, and 𝑐. As shown in Fig.  1(b), all of these 
functionals yield lattice constants with generally acceptable accuracy, 
although some functionals perform slightly better than others. We 
show below that although some functionals perform nearly as well 
in predicting the lattice constants, i.e., in locating the equilibrium 
structure at the energy minimum, they may behave rather differently 
in describing the energy landscape away from the minimum, such as in 
the calculation of axial compressibility.

3.2. Elastic constants and axial compressibilities of 𝛽-ZnTe(en)0.5

The axial compressibility 𝜅𝑖 can be obtained either from the pres-
sure dependence of the lattice constants or from the elastic stiffness 
tensor 𝐂. A recent experimental study reported 𝜅𝑎 = 2.26% GPa−1

and 𝜅𝑏 = 0.55% GPa−1 for the low-pressure phase, indicating that the 
interlayer direction is 4.11 times more compressible than the intralayer 
direction [23]. However, the values derived from the previously re-
ported DFT-PBE (MD) results are 𝜅𝑎 = 1.54 (1.66)% GPa−1 and 𝜅𝑏 =
1.81 (1.41)% GPa−1, yielding 𝜅𝑎∕𝜅𝑏 = 0.85 (1.18) [28], which strongly 
deviates from the experimental findings. Intuitively, the crystal struc-
ture shown in Fig.  1(a) suggests that the 𝑎-axis should be the least stiff, 
because the molecule is expected to be highly compressible, whereas 
the 𝑏- and 𝑐-axes should be stiffer since both involve the inorganic 
sheets.

For small lattice deformations, each elastic constant 𝐶𝑖𝑗 is defined 
as the second derivative of the total energy 𝐸 with respect to strain: 

𝐶𝑖𝑗 =
1 𝜕2𝐸 , (4)

𝑉0 𝜕𝑒𝑖𝜕𝑒𝑗

3 
where 𝑉0 is the equilibrium volume of the unit cell, and 𝑒𝑖 and 𝑒𝑗 are 
strain components expressed in Voigt notation [56]. To accurately eval-
uate the elastic properties, the calculated 𝐶𝑖𝑗 values are summarized in 
Table  1 for different functionals. The axial compressibility can then be 
calculated from the stress–strain relation [23]: 
𝐂𝜺 = 𝝈. (5)

Here, 𝐂 is the elastic stiffness tensor, 𝜺 is the strain vector, and 𝝈 is 
the stress vector. For hydrostatic pressure, the stress vector is taken to 
be 𝝈 = (−𝑃 ,−𝑃 ,−𝑃 , 0, 0, 0)𝑇 . Consequently, the axial compressibility 
can be expressed as the negative of the induced axial strain per unit 
hydrostatic pressure, i.e., 𝜅𝑖 = −𝜀𝑖∕𝑃 . A detailed derivation is provided 
in the Supplementary Materials.

Fig.  2(a) shows the calculated axial compressibilities along the 
𝑎-, 𝑏-, and 𝑐-axes. The experimental value for the 𝑐-axis is not yet 
available [23]. The calculated axial compressibilities along the 𝑎- and 
𝑏-axes are sensitive to the choice of exchange–correlation functional. 
Fig.  2(b) presents the ratios 𝑅𝑎∕𝑏 = 𝜅𝑎∕𝜅𝑏 and 𝑅𝑎∕𝑐 = 𝜅𝑎∕𝜅𝑐 . Except 
for PBE-D3 and PBE-D3(BJ), the results from all other functionals, 
including the vdW-corrected SCAN+rVV10, significantly deviate from 
the experimental values, with 𝜅𝑎 and 𝜅𝑏 being too close to each other. 
In particular, SCAN, r2SCAN and the previous PBE calculation even 
yield 𝜅𝑎 < 𝜅𝑏. These results overestimate the resistance to compression 
along the interlayer 𝑎 direction while underestimating that along the 
intralayer 𝑏 direction. Both the dispersion-corrected PBE-D3 and PBE-
D3(BJ) functionals show good agreement with the experimental 𝜅𝑎
and 𝜅𝑏 values, yielding 2.50 (2.49)% GPa−1 and 0.68 (0.62)% GPa−1 for 
the 𝑎- and 𝑏-axes, respectively. The corresponding predicted 𝜅𝑐 values 
are 1.06 (1.08)% GPa−1. These results confirm the highly compressible 
layer stacking axis of 𝛽-ZnTe(en)0.5. This resolves the contradiction 
between the previous PBE- and MD-based predictions and the experi-
mental results. Furthermore, the PBE-D3(BJ) functional yields superior 
quantitative accuracy, with an axial compressibility ratio 𝑅𝑎∕𝑏 in closest 
agreement with experiment. This demonstrates its capability to accu-
rately predict the anisotropic mechanical response of the material. Note 
that, as seen in Table  1, for most functionals, the 𝐶11 values are either 
larger than or comparable to the 𝐶22 values. Only PBE-D3 and PBE-
D3(BJ) yield a 𝐶11 value nearly half that of bulk zinc-blende ZnTe, 
whereas 𝐶33 remains close to the bulk value of 61.5 GPa [28]. This 
is understandable because the en molecules are aligned parallel to the 
𝑎-axis, whereas the inorganic slabs perpendicular to the 𝑎-axis is more 
rigid.

We further evaluated the Poisson’s ratios, whose detailed derivation 
is provided in the Supplementary Materials. In the 𝑎𝑏 and 𝑏𝑐 planes, 
the material displays conventional positive Poisson’s ratios, with 𝜈𝑎𝑏 =
0.5067, 𝜈𝑏𝑎 = 0.5220, 𝜈𝑏𝑐 = 0.3381, and 𝜈𝑐𝑏 = 0.6383, which are 
all larger than the previously predicted values derived from the PBE 
results for 𝐶𝑖𝑗 [16]. It is noteworthy that 𝜈𝑐𝑎 and 𝜈𝑎𝑐 exhibit negative 
Poisson’s ratios of −0.0944 and −0.0486, respectively, with magnitudes 
much larger than the previously reported values of 𝜈𝑐𝑎 = −0.0111
and 𝜈𝑎𝑐 = −0.0098. We examined the structure under compression 
along the 𝑎 axis. The negative Poisson’s ratio is connected to bond 
angles within the Zn-centered tetrahedrons. For clarity, we name the 
Te atom in the mirror plane of the 𝑃𝑛𝑛𝑚 group as Tein, while the 
other two Te atoms bonded to the Zn atoms as Teout , which are out 
of the mirror plane. Reducing the lattice constant 𝑎 by 1% will reduce 
the N–Zn–Tein angle from 104.07◦ to 103.25◦, and meanwhile reduce 
the Teout–Zn–Teout angle from 109.64◦ to 109.42◦. Essentially, when 
the molecule is compressed along the 𝑎 axis, the Zn atom is pushed 
down into the ZnTe sheet, which leads to the reduction of the 𝑐 lattice 
constants, as can be visualized using Fig.  1(a). The same trend of these 
two bond angles is consistent with the negative Poisson’s ratio obtained 
above. Given the best performance of the PBE-D3(BJ) functional in 
describing the mechanical properties of the system, the subsequent 
structural predictions of high-pressure phases and vibrational property 
simulations will be conducted using this functional.
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Fig. 2. (a) Axial compressibilities 𝜅𝑖 (𝑖 = 𝑎, 𝑏, 𝑐) along the 𝑎-, 𝑏- and 𝑐-axes calculated using different exchange–correlation functionals, together with literature 
and experimental data [23,28]. (b) Axial compressibility ratios 𝑅𝑎∕𝑏 = 𝜅𝑎∕𝜅𝑏 and 𝑅𝑎∕𝑐 = 𝜅𝑎∕𝜅𝑐 . Experimental values involving 𝜅𝑐 are not shown because 𝜅𝑐 has 
not been experimentally reported.
3.3. Phase transition of 𝛽-ZnTe(en)0.5

Previous experimental studies have shown that 𝛽-ZnTe(en)0.5 un-
dergoes two reversible pressure-induced phase transitions at 2.1 GPa 
and 3.3 GPa. However, the detailed structural information of the high-
pressure phases remains unclear [23]. Given the challenges of ex-
perimental determination of the detailed crystal structure of such a 
hybrid material under high pressure, it is necessary to predict the 
possible high-pressure structure through theoretical calculations and 
to explore the underlying phase transition mechanisms. Note that the 
experiments typically employed pressure-transmitting media (PTM), 
while our calculations just assume ideal hydrostatic loading of the bulk 
crystal without explicitly including the PTM. Unlike porous frameworks 
such as MOFs, where the medium can enter the pores and modify the 
mechanical response [24], 𝛽-ZnTe(en)0.5 is a dense, non-porous super-
lattice. Therefore, such PTM-related effects are therefore expected to be 
negligible at least to the first phase transition pressure, which is sup-
ported by the fact that our calculated compression coefficients and first 
phase change pressure are in good agreement with the experimental 
results.

To search for possible high-pressure structures, random atomic 
displacements were introduced into the 𝑃𝑛𝑛𝑚 structure to reduce its 
symmetry to 𝑃 1. These low-symmetry structures are referred to as 
quasi-low-pressure structures because they remain structurally close to 
4 
the parent 𝑃𝑛𝑛𝑚 phase before the phase transition. A series of com-
pressed structures was then generated by reducing the lattice constants 
according to the calculated axial compressibilities. After structural 
relaxation, we obtained the total energy versus volume (𝐸–𝑉 ) curve. 
As shown in Fig.  3, the 𝐸–𝑉  curve exhibits discontinuous changes at 
certain volumes. At each discontinuity point, both the cell shape and 
internal atomic positions change significantly compared with those at 
the preceding volume point, indicating a structural transition along 
the relaxation path. Similarly, the resulting structures are referred to 
as quasi-high-pressure structures because their space group symmetries 
have not yet been determined. Fig.  3 shows that the 𝐸–𝑉  curve does 
not exhibit an ideal single-step transition from the quasi-low-pressure 
branch to the quasi-high-pressure branch. Instead, several isolated 
points deviate from the main branch and fall on the extension of the 
neighboring branch. In addition, the first discontinuity, marked by the 
red box in Fig.  3, appears at a pressure of 4.6 GPa, which is higher 
than the experimentally observed phase-transition onset of 2.1 GPa. 
The more accurate phase transition pressure will be calculated below. 
Before that, we need to determine the symmetry of the high-pressure 
phase.

The low-pressure phase belongs to the orthorhombic 𝑃𝑛𝑛𝑚 space 
group (No. 58), where the non-hydrogen atoms are distributed on the 
high-symmetry mirror planes at 𝑧 = 0 and 𝑧 = 0.5, with the en 
molecules exhibiting a TTT conformation [57]. As depicted in Fig.  4, to 
overcome the increasing interlayer steric hindrance under compression, 
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Fig. 3. Energy–volume (𝐸–𝑉 ) curve obtained from the relaxation of 
symmetry-broken quasi-low-pressure structures generated from the 𝑃𝑛𝑛𝑚
phase. The energy and volume are referenced to the equilibrium energy 𝐸0
and equilibrium volume 𝑉0 of the low-pressure 𝑃𝑛𝑛𝑚 phase, respectively; thus, 
the vertical axis represents 𝐸−𝐸0 and the horizontal axis represents 𝑉 ∕𝑉0. The 
discontinuous energy changes indicate that structural transitions occur during 
the relaxation process. The arrow indicates that the volume decreases from 
right to left. The red box marks the first discontinuity, which corresponds to 
a pressure of 4.6 GPa.  (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

Fig. 4. Two views of the predicted 𝑃 21∕𝑛 phase of 𝛽-ZnTe(en)0.5, showing 
the tilting of the en molecules and the preserved connectivity of the inorganic 
[ZnTe] framework.

the en molecules undergo tilting. This structural change forces the en 
molecules to deviate from the original mirror planes, thereby reducing 
the number of symmetry operations from 8 to 4. The overall struc-
ture transforms into a monoclinic phase with the 𝑃 21∕𝑛 space group 
(No. 14). In contrast, the response of the inorganic [ZnTe] framework 
under high pressure manifests itself as adaptive volume compression 
and local fine-tuning to match the lower symmetry, while its long-range 
topological connectivity is preserved.

We employed the Birch–Murnaghan equation of state to fit the 
calculated 𝐸–𝑉  data points for the two phases [29]. According to the 
relation 𝑃 = −d𝐸∕d𝑉 , the phase transition pressure is equal to the neg-
ative slope of the common tangent of the 𝐸–𝑉  curves of the two phases. 
5 
Fig. 5. Energy–volume (𝐸–𝑉 ) curves for the low-pressure 𝑃𝑛𝑛𝑚 phase and 
the high-pressure 𝑃 21∕𝑛 phase. The energy is referenced to the minimum of 
the low-pressure 𝐸–𝑉  curve. The solid curves are Birch–Murnaghan equation 
of state fits to the calculated data points. The dash-dotted line represents 
the common tangent of the two 𝐸–𝑉  curves, whose negative slope gives the 
transition pressure 𝑃𝑡. The inset shows a magnified view of the region around 
the tangent points.

As shown in Fig.  5, by solving for this common tangent, the theoretical 
transition pressure was determined to be 2.4 GPa, which lies within 
the experimentally observed transition interval of 2.1–2.9 GPa. This 
agreement suggests that the predicted monoclinic phase corresponds to 
the experimentally observed second phase. The optimized structure cor-
responding to 2.4 GPa shows that the en molecules tilt while retaining 
their overall TTT conformation, with the N1–C1–C2–N2 dihedral angle 
kept at 180◦. However, the Zn–N1–C1–C2 and Zn–N2–C2–C1 dihedral 
angles change slightly from 180◦ to 178.3◦. Furthermore, since the 
accompanying unit-cell shear deformation only causes the 𝛽 angle to 
deviate marginally from 90◦ to 91.4◦, this monoclinic structure can be 
described as pseudo-orthorhombic [58]. The detailed crystallographic 
parameters of this high-pressure phase are provided in CIF format in 
the Supplementary Materials.

To assess the robustness of this local search, we generated a set 
of initial structures by applying random perturbations of up to 5% 
to the atomic coordinates and relaxed each structure independently 
under compression (see the Supplementary Materials). We found that 
the volume at which the structural discontinuity appears varies with the 
initial perturbation, reflecting the path-dependent nature of the local 
relaxation. Nevertheless, symmetry analysis of the obtained structures 
consistently identifies them as the same 𝑃 21∕𝑛 phase, confirming that 
the predicted 𝑃 21∕𝑛 phase does not depend on the initial distorted 
configuration.

3.4. Discussion on the phase transitions

The approach above for determining the atomic structure after 
phase transition is applicable to the case where the phase transition 
involves only simple and local distortions to the original structure. It 
will fail if the rearrangement of the bonding network is extensive. By 
examining the experimental XRD results [23], the peaks after phase 
transitions mainly involve peak splitting rather than extensive new 
peaks, suggesting that the distortions are mainly local and the approach 
employed above is acceptable.

Regarding the new 𝑃 21∕𝑛 phase, the predicted phase transition 
pressure is in good agreement with experimental measurement. More-
over, during the study on Raman and infrared spectra below, there 
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Fig. 6. Theoretically calculated vibrational spectra of the low-pressure and high-pressure phases of 𝛽-ZnTe(en)0.5. Raman spectra in the ranges of (a) 0–350 cm−1

and (b) 350–3500 cm−1. IR spectra in the ranges of (c) 0–350 cm−1 and (d) 350–3500 cm−1. The intensities are plotted on a logarithmic scale to enhance the 
visibility of weak peaks.
are not any imaginary modes found in our calculations, suggesting 
that the 𝑃 21∕𝑛 phase is indeed a metastable phase. Thus, we have 
reasonable confidence that the identified structure is true. Regarding 
the further phase transition to the third phase at higher pressure, 
we fail to determine its atomic structure. To improve the approach, 
one may consider more global algorithms such as USPEX [59] and 
CALYPSO [60] to search for new structures. However, the 32-atom unit 
cell of 𝛽-ZnTe(en)0.5 renders these approaches too complicated to locate 
the global minimum of the configuration space. Another possibility 
is the reconstruction into larger unit cells, even though this lacks 
experimental evidence so far as the XRD results do not show new peaks 
corresponding to doubling of lattice constants along 𝑎 and 𝑏 directions. 
The determination of the third phase may need future experiments to 
provide more insights.

Another limitation on the approach employed above is the tem-
perature effect. Ideally, one needs to calculate the Gibbs free energy 
to determine the accurate phase transition pressure. Instead, we cal-
culated the total energies at 0 K and ignored the effect of phonons 
which contributes to the entropy and the temperature-dependence of 
enthalpy. Therefore, the calculated phase transition pressure of 2.4 GPa 
should be considered as an approximation.

3.5. Raman and infrared spectroscopic analysis of 𝛽-ZnTe(en)0.5

To assist the experimental characterization of the low-pressure and 
high-pressure phases of 𝛽-ZnTe(en)0.5, we further calculated Raman 
and infrared (IR) spectra. Fig.  6(a) and (b) present the calculated 
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Raman spectra in the low- and high-frequency regions, respectively, for 
the low-pressure phase at 𝑃 = 0 GPa and the high-pressure phase at 
𝑃 = 2.4 GPa. The calculated Raman spectrum of the low-pressure 𝑃𝑛𝑛𝑚
phase reproduces the main features reported in previous literature [18]. 
Although the total number of Raman-active modes remains unchanged 
after the phase transition, the symmetry lowering from the 𝑃𝑛𝑛𝑚
phase to the 𝑃 21∕𝑛 phase modifies the Raman symmetry classification. 
Specifically, the four Raman-active species in the orthorhombic phase, 
𝐴𝑔 , 𝐵1 𝑔 , 𝐵2 𝑔 , and 𝐵3 𝑔 , are regroup into only two monoclinic species, 
𝐴𝑔 and 𝐵𝑔 . In the low-frequency region, most Raman modes associated 
with the inorganic [ZnTe] framework exhibit a shift toward higher 
frequencies, i.e., a blue shift, after the phase transition. In the high-
frequency region, the Raman features can be mostly attributed to the 
stretching vibrations of the en molecules. These modes remain within a 
similar frequency range across the phase transition, suggesting that the 
intramolecular bonding framework is largely retained under pressure. 
Meanwhile, the changes in peak position and intensity indicate that the 
local environment of the en molecules is modified in the high-pressure 
phase. Detailed assignments of the Raman-active modes in both the 
low-pressure and high-pressure phases are given in the Supplementary 
Materials.

Fig.  6(c) and (d) present the calculated IR spectra of the low-
pressure and high-pressure phases. Changes in the IR spectra are ob-
served across the phase transition because the structural transformation 
modifies the symmetry classification of the IR-active modes from 𝐵1𝑢, 
𝐵2𝑢, and 𝐵3𝑢 to 𝐴𝑢 and 𝐵𝑢. Detailed assignments of the IR-active modes 
in both the low-pressure and high-pressure phases are given in the 
Supplementary Materials.
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4. Conclusion

In summary, this study investigated the high-pressure mechanical 
response and phase transition of 𝛽-ZnTe(en)0.5 using density functional 
theory. By systematically comparing different exchange–correlation 
functionals, we show that the PBE-D3(BJ) functional can most accu-
rately describe the elastic constants of this system, thereby resolving the 
discrepancy between earlier theoretical predictions and experimental 
measurements of its axial compressibility. Based on the resulting elastic 
constants, we further obtain Poisson’s ratios that are more reliable than 
previous PBE-based estimates. In addition, our calculations predict the 
previously unreported 𝑐-axis compressibility. These results reflect the 
anisotropic mechanical response of this hybrid semiconductor. Under 
hydrostatic pressure, we predict that the tilting of the en molecules 
drives a symmetry reduction from the initial orthorhombic 𝑃𝑛𝑛𝑚 phase 
to a monoclinic 𝑃 21∕𝑛 high-pressure phase, whose detailed crystal 
structure has not yet been experimentally determined. The calculated 
transition pressure of 2.4 GPa lies within the experimentally observed 
transition range, supporting the assignment of this predicted struc-
ture to the experimentally observed second phase and verifying the 
key role of the organic layers in the pressure response. We further 
predict the Raman and infrared spectra of both the low-pressure and 
high-pressure phases, providing theoretical references for future exper-
imental characterization. Overall, this work highlights the importance 
of adopting an appropriate dispersion-corrected functional for complex 
organic–inorganic hybrid structures, where lattice constants alone are 
insufficient to assess the reliability of a functional and where mechan-
ical response and pressure-induced phase transitions can be highly 
sensitive to the treatment of dispersion interactions.
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