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ABSTRACT: Materials with excellent nonlinear optical proper-
ties, especially the second-harmonic-generation (SHG) ability that
can double the frequency of a laser ω to 2ω, are greatly important
to modern optical technology. Recently, a temperature-induced
SHG “on−off” phenomenon has been reported in dozens of
metal−organic complexes, which have emerged as candidates in
advanced optoelectronic applications. As a counterpart to temper-
ature, pressure is also expected to trigger a SHG “on−off”
phenomenon; nevertheless, such material is relatively limited.
Herein, we report the observation of a pressure-induced SHG
“on−off” phenomenon accompanied by a structural phase
transition and piezochromism in CdTeMoO6. Under ∼10 GPa
compression, the material exhibits a sharp transition from the
“SHG-on” state to the “SHG-off” state. Coupled with the SHG “on−off” phenomenon, a structural transition occurs from two-
dimensional to three-dimensional due to the dramatic change in the coordination environments of Te4+ and Mo6+ from [TeO4] and
[MoO4] tetrahedra to [TeO6] and [MoO6] octahedra, respectively. The suppression of stereoactive lone-pair electrons on Te4+ is
considered to be responsible for the SHG-off state under high pressure. Piezochromism from colorless to black is also observed
coupled with the SHG “on−off” phenomenon, which can be attributed to the hybridization between Mo 4d and O 2p orbitals.
Moreover, we demonstrate that the “three-in-one” transition (structural transition, SHG on−off, and piezochromism) is irreversible
at room temperature but reversible upon annealing at increased temperatures (230−350 °C) with SHG, lattice dimension and color
returning to those of the initial state. All of these behaviors make CdTeMoO6 a maneuverable pressure- and temperature-regulated
SHG switching material with pragmatic multifunctionality.

■ INTRODUCTION

As the lowest-order nonlinear optical (NLO) effect, second-
harmonic generation (SHG) represents the ability of that
material to convert two photons with a fundamental frequency
ω to one photon with a doubled frequency 2ω. Due to the
irreplaceable significance of frequency conversion of solid state
lasers, SHG is frequently utilized to generate tunable coherent
radiation in a wide region from ultraviolet (UV) to infrared
(IR).1,2 Therefore, the exploration of SHG materials plays a
key role in the development of modern solid state laser
technology, and several excellent SHG crystals have been
discovered in the past two decades, such as BaB2O4 (BBO),
LiB3O5 (LBO), AgGaS2, and ZnGeP2.

3−6 In particular, the
KBe2BO3F2 (KBBF) crystal can convert the 1064 nm Nd laser
to a 177.3 nm deep-UV region via sixth-harmonic generation,
which has been imminently employed in ultra-high-energy-
resolution angle-resolved photoemission spectroscopy
(ARPES).7,8 Moreover, optical SHG is also a highly sensitive
probe of the subtle magnetic orders in few-layer magnetic
semiconductors, such as CrI3,

9 and hidden phase transitions,

interacting polarized sublattices, and interfaces in centrosym-
metric or noncentrosymmetric magnetic oxides.10

Phase change materials accompanied by changes in physical
properties are promising candidates for sensors, information
storage, and switching devices.11,12 The SHG behavior of a
given material can also be tuned under external stimuli such as
temperature and pressure. Numerous temperature-induced
SHG switching materials have been reported in the past several
decades. Characteristic examples include the order−disorder
molecular rotor [(Hdabco)(H2O)Cl3], the metal-free perov-
skite ferroelectrics MDABCO-NH4I3, and the displacive-type
molecular ferroelectric 4-(cyanomethyl)anilinium perchlo-
rate.13−15 Most of them exhibit SHG “on−off” switching
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upon either cooling or heating along with structural phase
transformations. Comparatively, pressure-induced SHG
switching materials have rarely been reported, probably due
to the lack of steepness for practical applications. In fact,
pressure is a fundamental thermodynamic parameter that is as
important as temperature and can act as a powerful tool to
drive changes in structural or physical properties, including
SHG.16−18 Nevertheless, in previous studies, most of the
compounds have exhibited unfavorable SHG change behaviors
under compression, either an ambiguous or a gradual decrease
over tens of gigapascals in SiO2, CaMnTi2O6, Cr2O3, etc.

19−21

The exploration of more pressure-responsive SHG switching
materials, especially those with sharp “on−off” phenomena
fulfilling the requirements of a switch device, is urgently
needed.
From the viewpoint of structure chemistry, SHG exists in

only noncentrosymmetric crystal structures.22 According to the
“anionic group theory”,23,24 the overall SHG efficiency of a
crystal is determined by the dividual polarity of asymmetrical
units (e.g., triangles, lone-pair electrons, and distorted
polyhedra) and their sum via periodic arrangement in the
lattice. In this work, we report the results of high-pressure
(HP) studies of a lone-pair electron-dominated SHG crystal
CdTeMoO6.

25 First, as pressure can weaken the stereoactivity
of cations of lone electron pairs based on previous
reports,26−28 it is expected that the lone-pair electrons on
the (Te4+O4) tetrahedra responsible for strong SHG efficiency
can be suppressed under high pressure, and this gives an SHG
“on−off” phenomenon. Second, CdTeMoO6 is a quasi-two-
dimensional (2D) material consisting of unsaturated coordi-
nation polyhedra (e.g., CdO4, MoO4, and TeO4). The
dramatic changes in the local coordination environments and
a 2D to three-dimensional (3D) structural transformation are
also expected in CdTeMoO6, which may produce intriguing
phenomena such as metallization. In situ HP structure analyses
combined with Raman and infrared (IR) spectroscopy are
performed and UV−vis−NIR absorption spectra are recorded
to study the structure and property evolution of CdTeMoO6.
Finally, we also dig into the reversibility of the pressure-
induced “three-in-one” transition in CdTeMoO6. The
discovery of a pressure- and temperature-regulated SHG
switching material, the multifunctionality, and the maneuver-
able control method together shed light on the future
exploration of SHG switching materials.

■ EXPERIMENTAL SECTION
Sample Preparation. The reaction reagents were TeO2 (Aladdin,

99.99%), MoO3 (Macklin, 99.99%), and CdO (Aladdin, 99.99%).
A polycrystalline sample of CdTeMoO6 was synthesized using the

traditional solid state method. Stoichiometric ratios of TeO2 (0.320 g,
2 mmol), MoO3 (0.288 g, 2 mmol), and CdO (0.257 g, 2 mmol) were
thoroughly mixed and placed in a corundum crucible. The crucible
was then heated to 700 °C and held for 72 h with several intermediate
grindings. Finally, phase-pure CdTeMoO6 powder was obtained for
further measurements.
Single crystals of CdTeMoO6 were obtained by the spontaneous

crystallization approach. A Pt crucible with pure CdTeMoO6 powder
was placed in the center of a muffle furnace. The temperature was
increased to 900 °C and held for 10 h to guarantee the melt was
homogeneous. Then the crucible was cooled slowly to 600 °C and
rapidly to room temperature. Transparent CdTeMoO6 crystals were
obtained.
In Situ HP Experiments. A symmetric diamond anvil cell (DAC)

with type II diamonds polished to a diameter of 500 μm was
employed to generate high pressure. Steel gaskets were preindented to

∼40 μm thick, and then 250 μm holes were drilled as the sample
chambers. The denser sample and ruby balls were placed in the
sample chamber. To keep the experimental conditions consistent,
inert silicone oil was employed as the pressure medium for all of the
high-pressure measurements. The pressure was calibrated on the basis
of the fluorescence peak of the ruby balls.29

In situ HP XRD measurements were recorded at the BL15U1
beamline station of Shanghai Synchrotron Radiation Facility (SSRF)
at room temperature. An MAR165 CCD detector was used to record
the in situ HP XRD patterns, and CeO2 was chosen as the calibration
standard. DIOPTAS software was used to perform data reduction.30

Cell parameters under different pressures were refined by the LeBail
method using FULLPROF.31

In situ HP Raman spectra were recorded on a Renishaw Raman
microscope using a 532 nm laser. The system was calibrated by the
Raman signal of Si, and spectra were collected in the range of 100−
1100 cm−1.

In situ HP IR spectra were recorded on a Bruker VERTEX 70v IR
spectrometer with a HYPERION 2000 microscope. A Globar was
used as a conventional source. The spectra were recorded in
absorption mode in the range of 600−1500 cm−1 with a resolution
of 2 cm−1. The spectrum of a DAC full of KBr under ambient
conditions in the same aperture region was used as the background.

In situ HP UV−vis−NIR absorption spectra were recorded using a
Xeon light source between 300 and 1100 nm. The absorption spectra
and optical images were obtained in a homemade spectroscopy
system in the microregion (Gora-UVN-FL, Ideaoptics, Shanghai,
China). The bandgap is determined by extrapolating the linear
portion of the α1/2 versus hν curve, where α is the absorption
coefficient, h is Planck’s constant, and ν is the frequency of the
photon.32

The in situ HP SHG experiment was performed in a homemade
optical system. A fiber laser (NPI LASER Co., Ltd., 1064 nm, 20
MHz, 15 ps) was used as the exciting light source, and the laser spot
was focused to 40 μm. A photomultiplier tube (Thorlabs, Inc.,
PMT1000) was employed to collect the SHG signal. The HP SHG
measurement is based on the ambient powder SHG measurement
extended by Kurtz and Perry.33

Density Functional Theory (DFT) Calculations. The calcu-
lations were performed using the VASP package. Two CdTeMoO6
structures, one with an orthorhombic symmetry (ICSD 93794) and
the other in space group P21, were adopted as the initial structure
models for the LP and HP phases, respectively. The cell parameters of
the HP structure were from the LeBail fitting of the powder XRD
spectra at 13.2 GPa and followed by structure optimization. The
electron−electron interaction is treated using the LDA and PAW−
PBE pseudopotential, with an energy cutoff of 600 eV. The valence
electronics of Cd, Te, Mo, and O are 4d10 5s2, 5s2 5p4, 4d5 5s1, and 2s2

2p4, respectively.

■ RESULTS AND DISCUSSION

Material Syntheses and Ambient Crystal Structure.
CdTeMoO6 was first reported in the 1970s,

34,35 and the crystal
structure was determined in 2001.36 In 2013, Zhao et al.
confirmed its crystal structure by the single-crystal X-ray
diffraction (XRD) method and characterized it as a promising
SHG material.25 In this work, a highly pure polycrystalline
sample of CdTeMoO6 was synthesized using the traditional
solid state method (Figure S1). Single crystals of CdTeMoO6
were obtained using the spontaneous crystallization method by
melting the stoichiometric polycrystalline sample. Under
ambient conditions, CdTeMoO6 crystallizes in tetragonal
space group P4̅21m, with the following cell parameters: a =
5.2860(7) Å, and c = 9.0660(18) Å. The quasi-2D structure of
CdTeMoO6 consists of [Te4+O4] with stereoactive lone-pair
electrons (mostly contributed to the overall SHG efficiency),
distorted [MoO4] tetrahedra, and regular [CdO4] tetrahedra.
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Pressure-Induced Structural Phase Transformation.
The in situ HP XRD experiment was conducted to understand
the structure evolution of CdTeMoO6 under compression.
Figure 1a shows the powder XRD patterns of CdTeMoO6 as a

function of pressure. From ambient pressure to ∼6.6 GPa, no
phase transition occurs and all of the diffraction peaks can be
indexed well in space group P4̅21m. Although the phase can
also be indexed well in space group P4̅21m, in the 7.8 and 8.5
GPa patterns, the new reflection just below 12° is weakly
visible, which suggests that a phase transition will take place.
Upon >9.5 GPa compression, some of the old peaks weaken to
disappear gradually and new peaks emerge, implying the
occurrence of a phase transition. The phase transition reaches
completion around 13.2 GPa, and the HP phase can persist to
24.0 GPa, the highest pressure in the XRD experiments.
Notably, the pressure-induced phase transition of CdTeMoO6
is irreversible as the XRD pattern does not return to the
original form after the pressure is released.
The XRD patterns of the HP phase of CdTeMoO6 can be

indexed in monoclinic space group P21, a subgroup of initial
space group P4̅21m under ambient conditions. At 13.2 GPa,
the refined cell parameters are as follows: a = 5.1454(9) Å, b =
5.1641(7) Å, c = 8.7585(6) Å, β = 93.0(1)°. Panels b and c of
Figure 1 show the cell parameters of CdTeMoO6 as a function
of applied pressure. For the low-pressure (LP) phase, the c axis
shrinks faster than the a axis, probably due to the higher
compressibility caused by the interlayer empty space. An
abrupt decrease in c′*cos β compared with c indicates a lattice
collapse along the c axis during the phase transition. For the
HP phase, all of the cell parameters decrease at a similar rate
with an increase in pressure, and the HP phase is obviously
harder than the LP phase.
Pressure-Induced SHG “On−Off” Transition. According

to a previous study,25 CdTeMoO6 exhibits a strong SHG
response at ambient pressure (approximately twice that of
KTiOPO4 at 1064 nm), which makes it a potential candidate

for near-IR and mid-IR laser conversion. The in situ HP SHG
measurement of CdTeMoO6 was conducted at room temper-
ature using a homemade optical system (Figure 2a; see the
Experimental Section for details). SHG-inert silicone oil was
employed as the pressure transmission medium to avoid any
interference.

Figure 2b displays the SHG intensity of CdTeMoO6 as a
function of pressure. At pressures of <8 GPa, the LP phase of
CdTeMoO6 exhibits strong SHG responses and the SHG
intensity decreases slightly due to the pressure effect (such as
strain, amorphous, and particle size change). As the pressure
increases beyond 8 GPa, the SHG intensity decreases rapidly,
which is quite consistent with the pressure-induced phase
transition. CdTeMoO6 loses all of the SHG intensity above
11.3 GPa, indicating that the HP phase of CdTeMoO6 is SHG-
inactive. Notably, no SHG signal is detected from the released
sample, which indicates that the SHG “on−off” phenomenon
of CdTeMoO6 is also irreversible in parallel with the pressure-
induced phase transition.
Compared with compounds in previous SHG-related studies

under high pressure, CdTeMoO6 represents the rare example
of a SHG “on−off” material potential for practical applications.
In the past, HP SHG measurements were mostly employed as
a tool for lattice or magnetic structure changes, for example,
the pressure-induced B4 to B1 phase transition of ZnO37 and
the pressure-induced magnetic transition of Cr2O3.

21 In these
materials, most of the pressure-induced SHG changes are
either ambiguous or gradual. To the best of our knowledge,
only ZnO contains the similarly sharp SHG “on−off”
phenomenon like CdTeMoO6. However, compared with
ZnO, the advantage of CdTeMoO6 is the stronger SHG effect
in the SHG “on” state. In addition, for a functional switch
material, the transition should be sharp and the “on” and “off”
states should be relatively stable. According to the SHG
measurements in this work, the irreversible “SHG-on” to
“SHG-off” change in CdTeMoO6 is steep and clear enough to
make it a potential pressure-responsive SHG “on−off”
material.

Pressure-Induced 2D to 3D Structural Transition.
During the pressure-induced phase transition around 9 GPa, a
lattice collapse occurs along the c axis as evidenced from the
cell parameter analyses. The crystal structure of the HP phase

Figure 1. (a) In situ HP XRD patterns of CdTeMoO6 at selected
pressures, (b) cell parameters, and (c) cell volumes as a function of
applied pressure for the LP and HP phases.

Figure 2. (a) Sketch map of in situ HP SHG measurement. (b)
Pressure dependence of the SHG intensity of CdTeMoO6 during
compression.
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of CdTeMoO6 is determined by combining the XRD
refinements (Figure S2 and Table S1), structure optimization
by theoretical calculations, and local structure analyses (will be
discussed in the section on Raman and IR spectra). The DFT
relaxation of the HP structure starts from an initial structure
model with experimental cell parameters at 13.2 GPa and
atomic coordinates at ambient pressure. The optimization
under high pressure is done with preindexed space group P21
without any restraints. Figure 3 shows the crystal structures of

the LP and HP phases of CdTeMoO6. An obvious 2D to 3D
transformation happens during the pressure-induced phase
transition, which can be considered the result of the evolution
of the coordination environment of cations Cd2+, Te4+, and
Mo6+. Under compression, the coordination number of Te4+

and Mo6+ increases from 4 for [TeO4] and [MoO4] tetrahedra
to 6 for [TeO6] and [MoO6] octahedra, respectively, which
primarily contributes to the 2D to 3D structural transition. In
the 3D HP phase of CdTeMoO6, the basic structure units are
[TeO6], [MoO6], and distorted [CdO8]. The degeneration of
the lone-pair electrons on [TeO4] tetrahedra and the d orbital
rearrangement of Mo6+ will inevitably affect the physical
properties of CdTeMoO6. It is worth mentioning that the
calculated BVS values for Te and Mo based on the optimized
HP structure at 13.2 GPa are +4.8 and +3.6, respectively,
which indicates the possibility of charge transfer between the
two metal centers, but further experimental evidence is needed.
Piezochromism and Pressure-Induced Bandgap Nar-

rowing. Pressure is an effective tool for regulating the optical
and electrical properties of a given material and triggers
unexpected phenomena at high pressures, such as metallization
and piezochromism.38−40 At ambient pressure, CdTeMoO6 is
an indirect-bandgap and colorless semiconductor with an Eg
value of 3.59 eV.25,41 Under compression, CdTeMoO6 exhibits
an obvious colorless-to-black change as shown in Figure 4a.
Notably, the color change of CdTeMoO6 seems stepwise: it
remains almost transparent and colorless before the pressure-
induced phase transition around 9 GPa; after that, it quickly
becomes yellow and finally opaque black above 20 GPa. In situ
HP UV−vis−NIR absorption measurements are performed to
gain additional information about the color change and the
variation of the bandgap, as shown in panels b and c of Figure
4. We can conclude that the piezochromism of CdTeMoO6 is
mainly due to the pressure-induced bandgap narrowing. Below
7.6 GPa, the absorption edge of CdTeMoO6 slowly shifts to
longer wavelengths, and the bandgap decreases by ∼0.27 eV
compared with the ambient value. Then the bandgap decreases
rapidly by ∼1 eV in the range of 7.6−11.5 GPa. The dramatic
color change and bandgap narrowing are coupled with both

the structural phase transition and the SHG “on−off”
phenomenon. The bandgap of CdTeMoO6 decreases by
∼57.1% during the whole compression up to 24.3 GPa.
Moreover, the released sample does not return to the ambient
condition (Figure S3), which implies that the piezochromism
in CdTeMoO6 is also irreversible.
Preliminary DFT calculations are carried out to reveal the

mechanism of piezochromism and bandgap narrowing in
CdTeMoO6, neglecting the quantitative underestimation of the
band introduced by the discontinuity of the exchange-
correlation energy (Figure S4).42 The valence band maximum
(VBM) and conduction band minimum (CBM) of CdTe-
MoO6 are mainly comprised of the O 2p and Mo 4d orbits,
respectively. With an increase in pressure, the CBM orbitals (O
2p and Mo 4d) shift to the Fermi level, corresponding to the
experimental results. Therefore, one can conclude that the
change in the coordination environment of Mo6+ (from
[MoO4] to [MoO6] groups) plays a key role in the
piezochromism and giant bandgap narrowing in CdTeMoO6.
One can also predict that CdTeMoO6 may suffer a
metallization when the pressure increases slightly. It is worth
mentioning that the piezochromism effect may also cause SHG
to decrease due to self-absorption at 532 nm. In the case of
CdTeMoO6, the pressure-induced SHG-off behavior is mainly
due to the local structure evolution, because the SHG-off
behavior happens far ahead before it becomes opaque at 532
nm (∼18 GPa).

Local Structure Evolution under Compression. As
discussed above, the pressure-induced SHG “on−off”,
piezochromism, and 2D to 3D structural transitions are all
strongly related to the coordination environments of the
cations. In situ HP Raman and IR spectra are collected to
probe the local structure evolution in CdTeMoO6 under
compression. Figure 5 presents the pressure dependence of

Figure 3. Crystal structures of (a) the LP phase and (b) the HP phase
of CdTeMoO6.

Figure 4. (a) Optical photos of CdTeMoO6 during compression. (b)
In situ UV−vis−NIR absorption spectra of a single crystal of
CdTeMoO6 under compression. (c) Pressure dependence of the
bandgaps of CdTeMoO6.
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Raman and IR spectra in wavenumber ranges of 100−1100
and 600−1500 cm−1, respectively. The Raman and IR peaks
around 930 cm−1 are the characteristic symmetric stretching
vibration mode (v1) of [MoO4] tetrahedra, and the Raman
peaks around 765 cm−1 are from the stretching vibration mode
(v1) of [TeO4].
Before the pressure-induced transition, both Raman and IR

peaks maintain the original profile with gradual peak shifts. As
the pressure reaches 9.5 GPa, two small peaks at 877 and 906
cm−1 are visible in the Raman spectrum, which implies the
beginning of the phase transition. When the pressure further
increases above 10 GPa, dramatic changes take place in both
the Raman and IR spectra, indicating remarkable changes in
the local structures in CdTeMoO6. First, three new peaks at
906, 877, and 836 cm−1 can be attributed to the stretching
vibrations (v1) of [MoO6] octahedra. Second, the Raman
softening implies an increase in Mo−O bond length from
[MoO4] to [MoO6].

43,44 A [TeO4] to [TeO6] transformation
is also observed around 10 GPa, as the stretching vibrations
(v1) of [TeO4] at 730 and 765 cm−1 vanishes and two new
peaks at 697 and 512 cm−1 emerge, corresponding to the
stretching vibration (v1) and bending vibration (v5) of [TeO6]
groups, respectively.45,46 Detailed assignments of observed
Raman modes are listed in Table S2. All of this evidence
confirms the increase in the coordination numbers of Te4+ and
Mo6+ from 4 to 6 during the pressure-induced structure
transformation. The confirmation of the suppression of the
stereoactive lone pairs on [TeO4] and the 4d orbital
rearrangement of Mo6+ also match well with the SHG “on−
off” and piezochromism phenomena. Although the Raman and
IR spectra of the released sample are similar to those of the
ambient phase (Figure 5a,d), the peak positions are still
different and have obvious shifts. It is normal that there is a
similar vibration energy but from distinct coordination groups.
Pressure- and Temperature-Regulated Binary State

Switch. The irreversibility of the pressure-induced “three-in-
one” transition is confirmed by the results of in situ XRD,
absorption, and SHG measurements. Both Raman and IR
spectra indicate that the local structures of the released HP
phase are somehow similar to that of the LP phase. To further
verify the structural relationship between the LP and HP
phases, annealing experiments on the pressure-released

CdTeMoO6 are conducted and the products are monitored
by Raman and SHG responses.
Figure 6a shows the Raman spectra of pressure-released

CdTeMoO6 upon annealing at different temperatures
compared with the initial LP phase. Then, a new peak around
940 cm−1 emerges corresponding to the symmetric stretching
vibration mode (v1) of [MoO4], indicating the coexistence of
[MoO4] and [MoO6] and the partial phase recovery to the LP
phase. After annealing at 350 °C for 20 h, the characteristic v1

Figure 5. (a) In situ HP Raman spectra of CdTeMoO6 at selected pressures. (b) Pressure dependence of the Raman peak positions in the
wavenumber range of 450−1000 cm−1. (c) Representative Raman vibrational modes of [MO4] tetrahedra and [MO6] octahedra (M = Mo or Te).
(d) In situ HP IR spectra of CdTeMoO6 at selected pressures.

Figure 6. (a) Raman spectra and (b) SHG signals of pressure-released
CdTeMoO6 upon annealing at different temperatures compared with
the initial LP phase. (c and d) Schematic diagrams of the total energy
and phase fraction, respectively, between the HP phase and LP phase
of CdTeMoO6 upon heating and compression.
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vibration peak of [MoO6] disappears completely and the
overall Raman profile seems to be almost the same with the LP
phase. SHG signals show the same changing process (Figure
6b), which confirms the temperature-driven HP phase to LP
phase transformation at a relatively low temperature. A similar
phenomenon occurs in ZnO,37 which undergoes an irreversible
phase transition, and heating aids in the recovery to the
ambient wurtzite phase.
The dual regulation of the binary states in CdTeMoO6

separately by pressure and temperature is illustrated in panels c
and d of Figure 6. First, the pressure-induced structural phase
transition, the SHG “on−off” transition, and piezochromism
are irreversible at room temperature. The released HP phase is
metastable compared with the LP phase, and there is an energy
barrier to overcome to return to the LP phase. Second, both
pressure and temperature can regulate the one-way “on−off”
transition between the two states of CdTeMoO6, and it is also
possible to realize a cycling process. Finally, it is worth
emphasizing that CdTeMoO6 represents the SHG “on−off”
transition and piezochromism coupled with the controllable
structure regulation, both of which are significant function-
alities that have potential to be used as switches or sensors.

■ CONCLUSION
In summary, we report a pressure- and temperature-regulated
SHG switching in CdTeMoO6. The sharp SHG “on−off”
phenomenon is accompanied by a 2D to 3D structural phase
transformation and a colorless to black piezochromism around
10 GPa. Structural analyses based on the combination of XRD
data and Raman and IR spectra provide a clear understanding
of the structure−property relationship. That is, the suppression
of stereoactive lone-pair electrons on the Te4+ cations during
the [TeO4] to [TeO6] transformation under compression
triggers the “SHG-on” to “SHG-off” behavior. On the contrary,
piezochromism and the large bandgap reduction are attributed
to the increased degree of hybridization between the Mo 4d
and O 2p orbitals along with the [MoO4] to [MoO6]
transformation. Moreover, the pressure-induced “three-in-one”
transition (structure transition, SHG on−off transition, and
piezochromism) is irreversible at room temperature, but the
metastable HP phase can return to the ambient phase after
annealing at higher temperatures (230−350 °C, far below the
synthesis temperature). The SHG response and the color
return to ambient conditions, as well. Our demonstration of
the development of the pressure-induced SHG “on−off”
transition together with dramatic structure transition and
piezochromism opens the door for future exploration of
pressure-responsive bistable and multifunctional materials.
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(32) Kortüm, G.; Braun, W.; Herzog, G. Principles and Techniques
of Diffuse-Reflectance Spectroscopy. Angew. Chem., Int. Ed. Engl.
1963, 2, 333−341.
(33) Kurtz, S. K.; Perry, T. T. A Powder Technique for the
Evaluation of Nonlinear Optical Materials. J. Appl. Phys. 1968, 39,
3798−3813.
(34) Forzatti, P.; Tieghi, G. Solid State Reactions to CdTeMoO6

and Its Structural Characterization. J. Solid State Chem. 1978, 25,
387−390.
(35) Forzatti, P.; Trifiro,̀ F.; Villa, P. L. CdTeMoO6, CoTeMoO6,
MnTeMoO6, and ZnTeMoO6: A New Class of Selective Catalysts for
Allylic Oxidation of Butene and Propylene. J. Catal. 1978, 55, 52−57.
(36) Laligant, Y. X-Ray and TEM Studies of CdTeMoO6 and
CoTeMoO6: A New Superstructure of Fluorite Type with Cation and
Anion Deficiencies (■CoTeMo)(□2O6). J. Solid State Chem. 2001,
160, 401−408.
(37) Bayarjargal, L.; Winkler, B.; Haussühl, E.; Boehler, R. Influence
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