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ABSTRACT: The transition metal ions are often used to enhance
the photoluminescent efficiency in many compounds, which are
always received as scintillators, optical sensors and memories, laser
media, optoelectronic devices, etc. The photoluminescence of two-
dimensional layered transition metal materials, which is associated
with electron excitation, has long been the focus of applied materials
studies. Most photoluminescence of materials was reported to exhibit
redshift and quenched emission as pressure increases. Here, we report
the pressure effect on photoluminescence and the correlations with
structural phase transitions of manganese dichloride (MnClL,). A
remarkable emission fluctuation at low pressure (below 12 GPa) is
observed, which is ascribed to the competition between the shrinkage
and tensile strain of the lattice along the ¢ axis. In situ synchrotron X-
ray diffraction indicates that the MnCl, underwent three structural
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phase transitions at 4, 21.7, and 47.2 GPa, respectively, which led to the two-color photoluminescence during compression. The
structural transitions are further confirmed by theoretical calculations. Raman scattering experiments are consistent with XRD,
supporting the occurrence of structural transitions. This study provides a comprehensive characterization of the correlation between
structural and photoluminescence properties of MnCl, at high pressure. The analysis of optical and X-ray diffraction data suggests
the important clues for improving photoluminescence performance and an expansive research prospects for two-dimensional layered

transition metal halide materials, toward realizing novel material designs.

1. INTRODUCTION

The layered transition metal dihalide (TMD) materials are
characterized by extended crystalline planar structures held
together by strong intralayer covalent and/or ionic bonds and
weak interlayer van der Waals force." The interesting
phenomenon observed in the family of TMDs is the wide
optical band gap and large resistivity, which makes them ideal
optical materials for applications.” > The traditional man-
ganese dichloride (MnCl,) is important both in practical
applications and in fundamental science, which has attracted
significant research interest in decades. Mn possesses the
3d%4s? electronic configuration, and the manganese ion with
various valences presents very abundant photoelectric proper-
ties, which is paid significant attentions to the band gap and
photoluminescence (PL) of manganous compounds (MCs).’
As the development and improvement of characterization
technology, further exploration of the physical properties of
MCs in this work is motivated by their potential in optical
applications.”®

Recent investigations in MnCl, indicated that it can be
treated as an ideal catalyst and doping material.”~"" It was
found that MnCl, could effectively improve the catalytic
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activity for an organic conversion rate.'> Zihlif et al. found that
the optical energy gap of poly(ethylene oxide) decreased with
the increase of the doping concentration of MnCL,."” Tt was
concluded that MnCl, filled into PVDF (polyvinylidene
fluoride) films exhibit minimum widths of two optical gaps."*
Ronda et al. reported that the absorption and emission of
manganese dichloride exhibited a broad band, which
interpreted the 4T1g(G) - 6Alg(S) crystal field transition of
the Mn?* ion. It was also confirmed that the emission intensity
and the decay time of the luminescence of MnCl, decrease
with the increasing temperature.'® Sugiura discussed about the
mechanism on the shift of the absorption peak to low energy
for different transition metal dihalides, which was ascribed to
the 4p state of the transition metal ion.'®'” Most of research
efforts aimed to improve PL in those materials, but the
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Figure 1. Pressure-induced novel PL spectra of MnCl, under various pressures. (a)—(f) Variation of the MnCl, emission spectrum with an increase
in pressure illustrates PL trapping in the de-excitation processes. (g), (h) Color map of normalized PL intensity of MnCl, with a function of

pressure. (i) Redshift of PL at various pressures.

microscopic process governing the excited state and de-
excitation yielding PL are still not understood fully.'® Only a
few studies of this luminescence in pure MnCl, and a
significant head-to-head content were implied, where the
multivalent manganese was associated by the optical emission
spectrum. It is well known that compression can significantly
alter the properties of matter, changing the atomic distance and
stacking symmetry.'”” For instance, the emission enhance-
ment in halide perovskite due to the increase in exciton
binding energy by high pressure.”’ Thus, a high-pressure
technique is applied to explore the mechanism of luminescence
for MnCl, in this study.

In this letter, we investigate the optical properties and phase
transformation of MnCl, at high pressure by using the
combination of PL, Raman, XRD, and UV—vis absorption
with a diamond anvil cell (DAC). Structural evolution is
accurately tracked and analyzed by in situ XRD and Raman
scattering spectra. It was found that pressure-induced two-
color photoluminescence and three structural phase transitions
occured in MnCl,. The high-pressure phases fulfill the
reduction of the nonradiative center and the formation of
new luminescence centers for different sites of Mn*" in the
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lattice. The ground state electrons benefit from the narrowing
band gap in the compression process.”” Our results provide a
view for us to further understand the mechanism of structural
photoluminescence at high pressure, which will improve the
development of layered transition metal halide materials in the
field of photoluminescence.

2. EXPERIMENTAL PROCEDURES

Commercial MnCl, powder (ultradry, 99.99%) was purchased
from Alfa Aesar. The symmetric DAC was used to generate
high pressure on the sample. Rhenium gaskets were used in the
experiments. The shift of the ruby fluorescence peak was
employed for pressure calibration,” and silicone oil was used
as a pressure transmitting medium. High-pressure ultraviolet—
visible absorption measurements were performed on a UV—vis
absorption and transmission spectrometer system (UV—vis
ATSS) in a DAC with two type II diamonds up to 67.4 GPa.
The high-pressure XRD experiments of MnCl, were
investigated at the Beijing Synchrotron Radiation Facility
(BSRF, 4 W2 beamline) and Shanghai Synchrotron Radiation
Facility (SSRF, 15 Ul beamline). Both series of experiments
were performed with 4 = 0.6199 A and the 2D image data were
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Figure 2. (a) Room temperature synchrotron (4 = 0.6199 A) XRD patterns for MnCl, under compression up to 61.8 GPa. (b) Calculated XRD

patterns with three space groups at different pressures.

integrated using Dioptas software.”* Raman scattering and
photoluminescence measurements used an Nd-YAG 532 nm
laser and an optical grating of 1200 1/mm,*>*° and spectral

resolution was less than 1 cm™.

3. RESULTS

3.1. Photoluminescence Spectrum. The PL properties
of MnCl, at high pressure are investigated up to 50 GPa, as
shown in Figure 1. At ambient conditions, the PL of MnCl, at
642 nm (1.93 V) corresponds to the *T; — A, transition
within the D;; symmetry (MnF)* unit of the CdCl,-type
structure.”” It can be interpreted that MnCl, in the weaker
crystal field was associated with Mn** reflecting its local
symmetry. As shown in Figure 1(a)—(d), the fluctuation of PL
intensity and emission redshifts is observed in MnCl, with the
increasing pressure due to the population of deeper Mn?*
centers. At 4 GPa (Figure 1(d)), the emergence of the new PL
peak is observed at 905 nm, which is associated with two
different Mn?" centers: a regular Mn®" site and a perturbed
Mn** site, respectively. Above 22 GPa, another new peak is
observed at 693.9 nm as displayed in Figure 1(f). Two
possibilities were responsible for the emergence of the new
peaks of PL in the MnCl, crystal at high pressure: phase
transition and chemical reaction. Except for the pressure
transmitting medium, there is only MnCl, in the chamber and
excludes the possibility of a chemical reaction. The pressure-
induced change of the symmetry of MnCl, makes the
difference in energy transfer of the excited stated in different
Mn*" centers. Thus, we speculate that pressure-induced two-
color PL in MnCl, is due to the structural phase transition. All
of emission spectra indicate that red PL mainly occurs through
ligand field changes for the high pressure phase. The PL is
robust and could be preserved up to S0 GPa. The color map of
the PL intensity of MnCl, as a function of pressure is shown in
Figure 1(g), and the details of the PL intensity changes below
S GPa is shown in Figure 1(h), which show the intensity
fluctuation clearly. The PL intensity of MnCl, is enhanced by
pressure, originating from the increase in the exciton binding
energy upon lattice shrinkage. Previous works also demon-
strated a similar phenomenon in which the exciton binding
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energy is increased linearly under high pressure due to the
squeezing of the lattice of semiconductor quantum materi-
als.”"*"™*" The peak positions of PL of MnCl, dependent on
pressure is plot in Figure 1(i). Both emission bands correspond
to the different Mn** coordinations in the crystal structure.

3.2. X-ray Diffraction at Various Pressures. To
elucidate the unusual changes of the PL at high pressure, in
situ high pressure synchrotron XRD experiments were carried
out. The selected XRD patterns up to 61.8 GPa are shown in
Figure 2(a). At ambient pressure, MnCl, crystallizes in the
layered CdCl,-type structure (space group, R3m),”" which
contains triangular nets of Mn in edge sharing octahedral
coordination forming layers of the composition MX, separated
by van der Waals gaps between the CI anions. At 0.6 GPa, the
XRD pattern reveals that MnCl, is mixed with a little portion
of MnCl,-H,0, which is probably due to hydration of MnCl,
during sample loading. The oxygen atom in water replaces the
original chlorine atom while forming a chemical bond with the
manganese atom. As the pressure increases, MnCl,-H,O
disappears and the structure becomes a pure phase at 3.3
GPa. During compression, the sudden enhancement intensity
of the peak at 17.6° and a new peak at 18.2° are observed at 4
GPa, which indicates the compressed ¢ axis originating from
the vulnerable interaction of the interlayer in MnCl,. Thus, the
initial phase undergoes the first structural phase transition at
the pressure.

The phase transition is completed at 14.6 GPa. We
employed CALYPSO™™** to search the new phase using a
simulation cell containing up to 4 formula units in the pressure
range of 10—50 GPa. As shown in Figure 2(b) and Figure S1,
our simulations discovered a tetragonal phase (space group:
P4m2), which is consistent with the experimental results. As
compression continues, all Bragg diffraction peaks shifted to a
larger 26 range, and meanwhile, the new peaks are observed at
10.8° and 11.3° at 21.7 GPa. The emergence of these new
peaks means that the crystal structure is rearranged again.
When pressure is up to 33.2 GPa, the new phase became
dominant. The third structure is determined to be a tetragonal
(I4,/a) structure. As the pressure increases up to 47.5 GPa, a
new peak at around 14.6° start to appear and become stronger
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as pressure increases, suggesting that another phase transition
occurred in the sample. However, it is quite different between
the calculated XRD and the experimental one of the fourth
phase, as shown in Figure S1. It is believed there are at least
two reasons for thedifference. The first is that the structure of
MnCl, is a two-dimensional structure with a strong anisotropic
nature, which causes a strong preferred orientation especially
under high pressure. Second, the element manganese is a
typical transition metal with strongly correlated electrons,
which might reduce the accuracy of simulations. The possible
structures for the high-pressure phases are shown in Figure
2(b).

As found from the structural study, the 2D layered transition
metal dihalides exhibit obvious anisotropy; the stability of the
crystal field is vulnerable at high pressure. With the increase of
the pressure, the defects and nonradiation traps could be
gradually activated, which will lead to the change of the ion
centers and the efficiency of PL. The responsibility for the
changes of Mn*" centers is assigned to the structural phase
transition, and the intensity fluctuation of PL is attributed to
the results of the competition among these effects at high
pressure.

3.3. Raman Scattering Spectrum. Raman scattering
spectroscopy is a sensitive method for detecting changes of a
crystal, which can give microscopic information to understand
the novel PL. Two Raman active modes of MnCl, as assigned
to the in-plane Elgl and the out-of-plane Algl were reported.26
The E,,' mode is from the vibrations of both Mn and Cl atoms
in the basal plane. Also, the Algl mode reflects the vibration of
Cl atoms along the ¢ axis. We present in situ high-pressure
Raman spectra of MnCl, in Figure 3(a),(b), which shows the
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Figure 3. (a) Representative Raman spectra at various pressures for
MnCl,. (b) Pressure dependence of Raman frequency shifts.

weaker Raman peaks shift to a high frequency with the
increasing pressure. With continuous compression, the Elgl
mode disappeared at 23 GPa, and the new Raman peak is
observed at 25 GPa, which indicates the changes of symmetry
in MnCl,. Above 45.7 GPa, almost all of the Raman peaks
disappeared, which can be explained by the structural
symmetry that does not allow for Raman activity. All of the
changes of the Raman peaks are in good agreement with the
XRD data. All the Raman modes shifted to higher frequencies

upon compression, and the modes fully reverted to the original
structure. The Raman modes activity of Mn®" in different
lattice sites is suppressed above 45.7 GPa. Therefore, a
sequence of phase transitions can occur by pressure, resulting
in the change of PL.

3.4. UV-Vis Absorption Spectrum. To further under-
stand the behavior of ground state electrons, the ultraviolet—
visible absorption spectroscopy (UV—vis AS) is shown in
Figure 4(a). Figure 4(a) shows the UV—vis absorption
spectrum of MnCl, at an ambient condition. A sharp
absorption edge is detected at about 5.86 eV, showing a
large band gap. As the band gap energy is out of the capability
of our instrument, the high-pressure UV—vis absorption
spectra were taken from 16.7GPa. With increasing pressure,
the absorption edge is suppressed to a lower energy region
(redshifts of the absorption edge), indicating the narrowing of
the optical band gap (Figure 4(b)). The absorption edges
become more and more broadened above 37.5 GPa. The direct
band gap (E,) of MnCl, is fitted by the linearized Tauc
coordinates (a-hv)* — hv in Figure 4(c). The obtained E,
values sharply decrease with the increasing pressure. The
robust band gap is still as large as 2.3 eV up to 67.4 GPa,
indicating that the localized electron is so hard to transfer to
the conduction band and is highly tunable. There is a method
to obtain the band gap from the position of the peak energy in
PL. Taking into account the binding energy of the exciton,
absorption modes and the Stokes shift can be explained by the
change of PL in various pressures. In addition, the previous
work demonstrated the binding energy of excitons for ground
states is increased with pressure.zg’35 At 19, 30.7, and 46.8 GPa,
inflection points in the sharply falling band gap were observed,
which indicates structural phase transitions. Combining with
the PL spectrum, the new peak at low energy is observed at
~22 GPa, and the inflection point in the redshift of intrinsic
PL is also observed at similar pressure, suggesting that the
decreasing band gap may be promoted by the deep Mn?'
centers. Above 46.8 GPa, the slow redshift and reduced
intensity of PL are due to the enhanced scattering of ground
state electrons by the close packing structure.

4. DISCUSSION AND CONCLUSIONS

We observed the pressure-induced two-color photolumines-
cence in MnCl, at room temperature. This kind of PL of
MnCl, originates from two distinct Mn>* emission bands in
different high-pressure structural phases. MnCl, shows strong
red luminescence, which is due to the crystal field transition
4T1g(G) - 6A1g(S) of the Mn?* jon at an ambient condition.
The ground state of Mn has a t2g3eg2 configuration, whereas the
excited state has a t2g4eg1 conﬁguration.b The mechanism of
the de-excitation process for Mn** is shown in Figure S. The
energy levels of the free Mn®* is nondegenerated in the crystal
field. The energy transfer E — T governs the peaks of PL. At
an ambient condition, the red PL mainly occurs through the
eightfold-coordinated Mn*" in the rhombohedral structure.
The different emission bands correspond to the different
symmetries of Mn>* centers in the crystal structure. In order to
further interpret the excited-state dynamics of Mn** at high
pressure, we combine the UV—vis absorption spectrum, XRD,
and Raman scattering to give our understanding. In the initial
structure phase, the Mn and Cl form an octahedron in a
CdCl,-type structure and a little of the MnCl,-H,O structure.
The new peak of PL is observed at 4 GPa, which means the
new luminous band at 905 nm is excited. According to the

https://dx.doi.org/10.1021/acs.jpcc.0c06598
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XRD data, with the increase of pressure, the combined water
disappeared due to its weak binding, and the MnCl, underwent
the first structural phase transition that occurs at 4 GPa. The
new structure was indexed by a tetragonal structure. The
shrinkage of the interlayer in MnCl, is associated with the
changes of the crystal field for Mn®* centers. With continuous
compression, another peak of PL was observed at 693.9 nm at
22 GPa. The second phase transition was also observed at 21.7
GPa. Thus, the mechanism of the new peak of PL can be
interpreted that pressure induced a new Mn®* center in the
second structure phase of MnCl,. The new Raman peak was
observed at 25 GPa, which also supports the effect of the
structural phase transition on Mn>" centers. Up to 47.2 GPa,
the third structural phase transition was observed again, and all
of the Raman peaks disappeared. It is worth noting that the
original emission band is quenched at 40 GPa, while the new
emission band is still unquenched at 50 GPa. The pressure-
induced emission band in MnCl, was correlated with structural
phase transition. Furthermore, the PL of Mn**centers depends
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on distortion and defects of the crystal lattice at a high pressure
condition.

Hernandez et al. reported the pressure-induced two-color
photoluminescence in MnF,. The Mn*" emission appears just
due to phase transition. The results of the lifetime of
fluorescence experiments indicate the reduction of the
exchange interaction, and hence the energy transfer rate at
high pressure.’® It was found that interactions of the 3d
electrons of Mn®" is mainly affected by the crystal field
interaction.”” The direct excitation of the trap state is the same
with the Mn?" luminescence.®® In addition, Falk et al.
considered that the energy transfer from the exciton state
into the Mn** shell is a dipole—dipole mechanism in the MnSe
structure.”” Although these previous works indicated the
behavior of 3d electrons of Mn** were tuned by external
conditions, the presence of PL of MnCl, was interpreted by the
change of Mn**centers in the crystal field. Thus, our results
demonstrate a clear relationship between structural phase
transitions and pressure-induced two-color PL in MnCl,.

Our main conclusions of the present work are as follows:
First, the unusual red PL was observed in MnCl, at ambient
pressure that was associated with the Mn?' ions. Second,
pressure-induced two-color PL are interpreted as structural
phase transitions at 4 and 21.7 GPa, respectively. The
luminescence of Mn>" centers was affected by distortion and
defects of the crystal lattice at high pressure. Third, the second
and third structural phases were determined to be tetragonal
structures (P4m2 and I4,/a). However, the fourth phase is not
determined. The high-pressure structures require more efforts
to be precisely determined in our future investigations. The
robust new emission band of MnCl, is not unquenched at S0
GPa. The narrowing band bap is consistent with the structural
phase transition. We discovered that the band gap rapidly
decreases with increasing pressure in the third phase. The
T (G) = 6Alg(S) photon transitions is related with the A;/!
Raman mode. Our findings highlight the role of pressure in
obtaining PL in concentrated materials at room temperature
and provide new insights into improving photoluminescence
materials.
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