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ABSTRACT
Organic–inorganic hybrid semiconductors have enhanced and distinctive material properties. β-ZnTe(en)0.5, which consists of alternating lay-
ers of two-monolayer-thick zinc telluride (ZnTe) and ethylenediamine (en), exhibits high crystallinity, stability, and tunable optical properties.
Using x-ray diffraction (XRD) and Fourier transform infrared spectroscopy, this study investigated the structural response of β-ZnTe(en)0.5
to applied hydrostatic pressure. Pressure-induced phase transitions were observed at 2.1 and 3.3 GPa. Shifts in the XRD peaks indicate sub-
stantial anisotropy in the pressure response, with the layer stacking direction (b axis) exhibiting high compressibility. The a and b lattice
parameters showed −0.55% strain/GPa and −2.26% strain/GPa, respectively, contradicting theoretical calculations that predicted a more
isotropic response. IR spectroscopy revealed abrupt changes in NH2 and CH2 vibrational modes corresponding to the phase transitions.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0266352

INTRODUCTION

Organic–inorganic hybrid semiconductors are of considerable
interest due to their high solar cell efficiency1 and applications
to light-emitting diodes (LEDs).2 They combine the flexibility of
organic materials with the desirable electronic properties of inor-
ganic materials.3 The II–IV organic–inorganic hybrid semiconduc-
tor β-ZnTe(en)0.5 has been a subject of recent attention because of
its superior structural order and longer stability than most hybrid
semiconductors.4 The incorporation of the organic layer allows for
tunable optical properties,5 modifications to the band structure,
and an increased exciton binding energy.6 β-ZnTe(en)0.5 consists
of alternating layers of two-monolayer-thick ZnTe and ethylene-
diamine (en=C2N2H8). It has both long and short-range order
because the organic layers maintain their distinct configurations,
and the organic layer cannot diffuse into the inorganic layer.7 This
material has nearly as good crystallinity as simple semiconductors.4,7

ZnTe(en)0.5 may be preferable over less-ordered hybrid materials,
such as MAPbI3,8 for applications involving quantum coherence due

to its higher crystallinity, which could enhance electronic conduc-
tivity.9 In addition, some phase-change materials can be used for
memory applications;10 however, these materials will often degrade
over time, causing the device to malfunction.11

At room temperature and ambient pressure, β-ZnTe(en)0.5 has
an orthorhombic structure, space group Pnnm,4 with lattice para-
meters a = 5.660 Å, b = 17.156 Å, and c = 4.336 Å (Fig. 1).12 The
en chains, typically as a solvent, have high degrees of freedom,13

meaning that it is expected that the b lattice parameter shortens more
than the a and c parameters under pressure. Previous single-crystal
x-ray diffraction (XRD) measurements showed that the sample has
sharp, intense (0, 2n, 0) diffraction peaks.4 β-ZnTe(en)0.5 has also
been characterized by EDX, SEM, XPS, and a range of optical and
electrical methods.4 Hydrostatic pressure has been used widely to
study the material properties of semiconductors.14 However, studies
on anisotropic systems, particularly organic–inorganic hybrid struc-
tures, are rare. By examining the pressure response of β-ZnTe(en)0.5,
we aim to provide insight into the mechanical properties and
anisotropy of the layer-stacking structure.
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FIG. 1. Unit cell of β-ZnTe(en)0.5 with the c axis perpendicular to the page.
Hydrogen atoms are not shown.

In this paper, we present evidence of pressure-induced phase
transitions of β-ZnTe(en)0.5 at 2.1 and 3.3 GPa, obtained from x-ray
diffraction (XRD) experiments performed on β-ZnTe(en)0.5 powder.
The phase transitions observed in XRD were verified with Fourier
transform infrared (FTIR) spectroscopy. Both results suggest that
the organic layer is especially affected by pressure. We refer to the
phases as the low-pressure phase, the second phase, and the third
phase.

EXPERIMENTAL METHODS

Orthorhombic β-ZnTe(en)0.5 was synthesized using the pro-
cedures detailed in Refs. 4 and 5. Samples were loaded into a
piston–cylinder diamond-anvil cell (DAC) along with ruby micro-
spheres for pressure measurements. The pressures were deter-
mined using the Ruby2020 calibration15 and by averaging pressures
obtained from the R1 and R2 lines before and after measurements.
The estimated precision is±0.1 GPa. Stainless-steel gaskets were pre-
indented to thicknesses of ∼20 or 50 μm to accommodate 600 μm
or 1.1 mm cutlet diamonds, respectively. For the 600 μm cutlet dia-
monds, a 300 μm diameter hole was drilled in the center of the
indent. For the 1.1 mm diamonds, a 700 μm diameter hole was
drilled.

Single crystalline β-ZnTe(en)0.5 plates of several hundred μm
in lateral dimensions and ∼10 μm in thickness were loaded into
the DAC for FTIR measurements. For XRD measurements, a nee-
dle was used to break the sample up into smaller pieces (grain
sizes of a few μm) after being placed in the gasket hole. Three
pressure-transmitting media were used: mineral oil, liquid nitro-
gen, and a 4:1 methanol–ethanol mixture. Mineral oil is hydrostatic
up to 2.5 GPa,16 liquid nitrogen up to 24 GPa,17 and the 4:1
methanol–ethanol mixture up to 10.5 GPa.18,19

The XRD experiment was carried out in a Xeuss 3.0
SAXS/WAXS laboratory beamline with a molybdenum x-ray source
(0.711 Å). The instrument, combined with the small opening of the
DAC, limited the maximum scattering angle to 12○. The (011) XRD
peak is predicted to be observed at ∼9.7○, but this peak was weak
and not detected. To obtain a sufficient XRD intensity, 1.1 mm cut-
let diamonds were used. Mineral oil and the 4:1 methanol–ethanol
mixture were the pressure-transmitting media for low-pressure and
high-pressure measurements, respectively. All spectra were recorded
at ambient temperature. A measurement of lanthanum hexaboride
in a diamond anvil cell at 0 GPa was used as a calibration for XRD
data.20 IR measurements were performed with a Bomem DA8 vac-
uum FTIR spectrometer using a SiC source, KBr beam splitter, and
InSb detector. Spectra were taken with a resolution of 4 cm−1. The

data presented in this paper were collected as pressure was increased.
No evidence of hysteresis was observed (supplementary material).

RESULTS
Phase transitions

Three distinct peaks were observed in the XRD plots. Selection
rules for the orthorhombic Pnnm space group dictate that the sum (h
+ k + l) of the Miller indices for all planes seen in the x-ray spec-
tra must be either even-numbered or odd-numbered.21 The lowest
scattering angle peak was assigned to the (020) reflection, while the
two remaining peaks were attributed to (110) and (130). Fitting
was performed on the three peaks, and the optimal a and b lattice
parameters were determined. The results rule out many possibili-
ties of non-orthorhombic structures for the higher-pressure phases;
therefore, we assumed them to be orthorhombic.

The lower half of Fig. 2 shows XRD spectra for β-ZnTe(en)0.5
at 1.2, 1.4, and 2.2 GPa. The (130) peak is observed as a doublet,
which can be attributed to the Kα1 (0.7093 Å)22 and Kα2 (0.7136 Å)23

emission lines from the x-ray source. At lower scattering angles, the
two emission lines are not resolved.

The splitting of the (020) peak at 2.2 GPa indicates a phase
transition, with the higher-angle component corresponding to the
second phase. The large increase in scattering angle indicates a dis-
continuous drop in the b lattice parameter. Similarly, the splitting
of the (130) peak coincides with the phase change. The higher-angle
component actually yields a small discontinuous increase in the a
lattice parameter because the shift reflects the combined effect of the
changes in a and b. The upper half of Fig. 2 shows XRD spectra for
ZnTe(en)0.5 at 2.9, 3.5, and 5.2 GPa. At 2.9 GPa, the single (020)
peak is evidence that the material is no longer in a two-phase region
and consists of the second phase only. At 3.5 GPa, the (020) peak
has split by a significant amount, indicating a mixture between the
second and third phases.

FIG. 2. XRD measurements for β-ZnTe(en)0.5 at six different pressures. The 1.2
and 1.4 GPa spectra show that the sample is in the low-pressure phase. The
2.2 GPa spectrum shows that the sample is in a mixed phase region, indicated by
the splitting of the (020) and (130) peaks. For the 2.9 GPa spectrum, the sample
is in the second phase. The 3.5 and 5.2 GPa spectra show that the sample is in a
mixed phase region, indicated by the splitting of the (020) peak.
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Figure 3 shows the lattice parameters from 0 to 5.2 GPa. Before
the phase change, the b lattice parameter decreases rapidly, whereas
the a lattice parameter exhibits minimal change. Evidently, the pres-
sure response is highly anisotropic. At 2.1 GPa we find that the
b lattice parameter in the second phase drops by ∼6.8% while the
a lattice parameter increases by ∼3.6% relative to the first phase.
These results indicate that the organic–inorganic layers become
more densely packed under pressure, and more so following the
phase transition. The next phase transition occurs at 3.3 GPa, where
the b lattice parameter dropped by ∼8.8% and the a lattice parameter
increased by ∼3.2%.

The en molecule has two primary conformations, known as
TTT and GTG′, in the II–VI hybrids.24 For the ZnTe-based hybrids
in either the αI or β phase, en takes the TTT conformation. In
another phase that has only slightly higher energy, αII, en is in
the GTG′ conformation, resulting in a significantly shorter lattice
parameter along the stacking direction (by 3.5%). We speculate
that the first phase transition could be the TTT-to-GTG′ con-
formation change under pressure. Interestingly, this implies that
the β-like high-pressure phases (with even smaller lattice para-
meters than those of the α phases) may have the GTG′ confor-
mation. More detailed structural studies are needed to verify this
possibility.

Notably, these transitions occur at pressures significantly lower
than the lowest reported pressure-induced phase change of pure
ZnTe, which is 19.2 GPa.25 At this phase change, pure cubic ZnTe
undergoes a 6.1% volume collapse.25 In contrast, the incorporation
of the organic (en) layer in β-ZnTe(en)0.5 results in phase changes at
significantly lower pressures and with more substantial decreases in
the largest lattice parameter compared to pure ZnTe.

FIG. 3. Lattice parameters of β-ZnTe(en)0.5 as a function of pressure. Dashed
lines represent linear regression fits. Two values for the lattice parameters near
2.1 GPa indicate a mixed phase. Similarly, two values for the b lattice parameter
at 3.3–5 GPa indicate a mixture of the second and third phases.

Lattice parameters vs pressure

Our measured value for the a lattice parameter at 0 GPa is 5.666
± 0.013 Å, which is consistent with the previously reported value
of 5.660 Å.12 The decrease of the a parameter is given by −0.031
± 0.006 Å/GPa (−0.55% strain/GPa), −0.023 ± 0.008, and −0.05
± 0.01 Å/GPa for the low-pressure phase, second phase, and third
phase, respectively. These small slopes indicate that the (100) planes
experience very little compression while in a given phase, even
though they are affected by the phase transitions.

The b lattice parameter at 0 GPa is 17.238 ± 0.03 Å, compara-
ble to the previously reported value of 17.156 Å.12 The b parameter
displays significant slopes: −0.39 ± 0.02 Å/GPa (−2.26% strain/GPa)
for the low-pressure phase,−0.16± 0.01 Å/GPa for the second phase,
and −0.11 ± 0.02 Å/GPa for the third phase. The larger-magnitude
slopes are consistent with the organic (en) layer being more compli-
ant than the inorganic ZnTe layer. We note that the (010) crystal
direction is the most compliant when the material is in the low-
pressure phase and the stiffest when the material is in the third
phase.

The significantly larger pressure coefficient along the b axis
is consistent with the intuition that along the stacking direction,
the structure is the most compressive. However, our results are
inconsistent with the predicted elastic constants for the low-pressure
phase using density functional theory (DFT) and molecular dynam-
ics (MD).26 From that theoretical work, we calculated the strain
coefficients to be −1.81 (−1.41)% strain/GPa with DFT (MD) for the
a axis and −1.54 (−1.66)% strain/GPa for the b axis (supplementary
material). Counterintuitively, these calculated coefficients imply that
the structure is less compressive along the stacking direction (b) than
the a direction. Furthermore, the values show significantly smaller
anisotropy than our observations (−0.55% strain/GPa for a, −2.26%
strain/GPa for b).

IR spectroscopy

To complement the XRD experiments, FTIR spectroscopy
was employed to investigate vibrational modes associated with the
phase transitions. We completed measurements with two pressure-
transmitting media, mineral oil and liquid nitrogen. With mineral
oil, we achieved pressures as low as 0.3 GPa, which enabled an exam-
ination of the first phase transition with greater precision. With liq-
uid nitrogen, we loaded the sample to just below the first phase tran-
sition, 1.9 GPa. It has previously been observed that en has several
IR-active CH2 and NH2 stretching modes in the 2500–3400 cm−1

range.27–29 We examined modes in the 3120–3300 cm−1 range
for measurements performed with mineral oil and modes in the
2900–3025 cm−1 range for measurements performed with liquid
nitrogen.

IR spectra for measurements performed with mineral oil are
presented in Fig. 4. For pressures between 0.3 and 1.8 GPa, the
spectra were almost identical, with a broad absorption peak at
3200 cm−1, which we assigned to an NH2 stretching vibrational
mode.27 Significant changes in the vibrational spectrum occur at
2.1 GPa. The 3200 cm−1 vibrational mode splits into two peaks at
3190 and 3220 cm−1, and an additional vibrational mode appears
at 3255 cm−1. The abrupt change in the spectrum indicates a phase
transition at 2.1 GPa, consistent with the findings from the XRD
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FIG. 4. Transmission spectra for β-ZnTe(en)0.5 with mineral oil at four different
pressures. The lower three pressures indicate that the sample is in the low-
pressure phase. The appearance of IR peaks at 2.1 GPa, designated by arrows,
indicates a phase transition.

measurements, where the new phase exhibits additional IR-active
NH2 stretching vibrational modes.

Figure 5 displays the C–H vibrational modes in the
2900–3025 cm−1 range for measurements performed with liq-
uid nitrogen as a pressure-transmitting medium. At 1.9 GPa, two
peaks are observed at 2920 and 2940 cm−1, corresponding to CH2
stretching modes.27 Between 1.9 and 2.2 GPa, a distinct spectral
change occurs: at 2.2 GPa, the two peaks merge into a single broad
peak with maximum absorption at 2950 cm−1. This is consistent
with a phase transition between 1.9 and 2.2 GPa, verifying the
conclusion made with XRD measurements and IR measurements
performed with mineral oil.

FIG. 5. Transmission spectra for β-ZnTe(en)0.5 with liquid nitrogen at six different
pressures. At 1.9 GPa, the sample is in the low-pressure phase. The change in
vibrational modes at 2.2 GPa indicates a phase transition. The change in vibra-
tional modes at 3.5 GPa indicates that the sample has undergone a second phase
transition between 2.9 and 3.5 GPa. Arrows indicate IR peaks for each phase.

The spectra taken between 2.2 and 2.9 GPa show the same
vibrational mode at 2950 cm−1. The spectrum taken at 3.5 GPa indi-
cates another change in the vibrational modes. In that spectrum and
the following spectrum at 4.2 GPa, there are two peaks at 2935 and
2985 cm−1. The change in CH2 stretching vibrational modes indi-
cates a second phase transition occurring between 2.9 and 3.5 GPa,
consistent with findings from the XRD measurements that indicated
a phase transition at 3.3 GPa.

CONCLUSIONS

In conclusion, this study provides evidence of pressure-induced
phase transitions in β-ZnTe(en)0.5 at 2.1 and 3.3 GPa. XRD mea-
surements showed splittings in the (020) and (130) peaks, and FTIR
spectroscopy further demonstrated changes in the vibrational modes
at both phase transition pressures. These transitions occur at pres-
sures significantly lower than the lowest reported phase change for
pure ZnTe. Both phase transitions are characterized by substantial
decreases in the b lattice parameter, attributed to the compression
of the organic layer. Similar to In2Se3, which also experiences phase
transitions at relatively moderate pressures,10,30 multiple phases of
ZnTe(en)0.5 could potentially be utilized in memory devices.

Our findings indicate that the pressure response of ZnTe(en)0.5
is highly anisotropic; specifically, the organic layer is very respon-
sive to pressure changes. This anisotropy results in larger strain
along the layer stacking direction (the b axis) than in the a direc-
tion for a given pressure. However, our experimental findings are
at odds with previous calculations of the elastic constants.26 In
the future, elastic constant measurements using ultrasonic meth-
ods, along with first-principles calculations, may be beneficial in
resolving this discrepancy.

SUPPLEMENTARY MATERIAL

See the supplementary material for XRD details, IR spectra
taken for decreasing pressures, and strain calculations.
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