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High-pressure, high-temperature phase diagram of InSe: A comprehensive study of the electronic
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We report on an investigation of the high-pressure, high-temperature phase diagram of InSe. We optically
observed the phase transition from the rhombohedral polytype (InSe-I) to the monoclinic phase (InSe-II) and
determined the phase boundary up to 10 GPa. High-pressure resistivity measurements were performed to
complement the optical measurements. Monoclinic and cubic InSe (InSe-IIT) were observed to be metastable
around 14.5 GPa and 420 K, and evidence suggesting the existence of an as yet unidentified new high-pressure
and high-temperature phase was found. By means of optical absorption measurements on InSe-II samples, we
observed that InSe-II is a semiconducting phase. It has an absorption coefficient about ten times larger than
InSe-I at the absorption edge, which shifts upon compression to low energies. These results were analyzed
under the light of first-principles band-structure calculations. We also determined the refractive index of InSe-II
and its pressure evolution. Finally, Raman and x-ray diffraction measurements were performed in recovered

InSe-II samples, being its crystalline structure refined and its phonon modes determined.
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I. INTRODUCTION

The II-VI semiconductor compounds—InSe, GaSe, GaS,
and GaTe—have gained attention in recent years because of
their interesting optical properties'™* and the possibility of
preparing high-quality thin films opened by the so-called van
der Waals epitaxy.>” These compounds present an aniso-
tropic crystalline structure with layers formed by two de-
formed sublayers of hexagonal symmetry held together by
strong covalent bonds perpendicular to the layers [see Fig.
1(a)]. The weaker bonding between the layers is of the van
der Waals type and leads to the existence of different poly-
types. In particular, the semiconductor indium selenide
(InSe) crystallizes at ambient conditions in a layered phase,
y-polytype (InSe-I), which belongs to the space group C3,
(R3m).® The optical properties,’~!> lattice dynamics,'®!” and
transport properties'®?* of InSe under compression have
been widely investigated. Regarding the structural behavior,
it is known that at high-pressure and room-temperature (RT)
InSe undergoes a transition toward a NaCl-like cubic phase
(InSe-IITI) and becomes metallic at approximately
10 GPa.?**» In addition, at high-pressure and high-
temperature the layered y-polytype of InSe transforms into a
monoclinic structure (InSe-II), believed to be nonlayered, be-
ing its space group C;h (P2/m) (Ref. 26) [see Fig. 1(b)]. The
existence of this phase was first reported by Vezzoli,” who
obtained the monoclinic phase of InSe by heating for 20 h a
crystal of the layered y-polytype of InSe at 520 K under
4 GPa.”’ Subsequently, Ferlat et al.?® also observed that
InSe-I transforms into InSe-II at 620 K and 1 GPa.”® How-
ever, the phase boundary between both phases has not being
systematically studied yet. On the other hand, it is known
that InSe-II can be quenched to ambient conditions.’®?” In
spite of that, with the exception of a Raman study,” very
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little has been done to know the electronic properties of
InSe-II. In particular, the optical absorption and the refrac-
tive index of phase II of InSe and their behavior upon com-
pression remains unknown today. The aim of this paper is to
study both the high-pressure high-temperature phase diagram
of InSe and to determine the electronic properties of InSe-II.
After describing the experimental method and the details of
the band structure calculations in Sec. II, we will present the
experimental results in Sec. III. The electronic structure of
InSe-II will be also discussed.

II. EXPERIMENTAL AND THEORETICAL CALCULATION
METHODS

A. Experimental procedures

The optical studies were performed in an externally
heated membrane diamond-anvil cell (DAC) using thin InSe
monocrystals, which were cleaved perpendicular to the [001]
direction from an ingot grown by the Bridgman method from
a nonstoichiometric In; ;5Se o5 melt.’* Typically, samples of
100X 100 uwm? size and 0.5-3 um thickness were loaded
into a 200 wm diameter hole drilled on a 50 wm thick In-
conel gasket and inserted between the 500 um culet dia-
mond of the DAC. In the reported experiments, silicone oil
was used as pressure transmitting medium; the use of a 4:1
methanol-ethanol mixture as a pressure transmitting medium
was discarded because we observed that under this medium
InSe decomposes at high temperatures. Temperature was in-
creased up to 700 K using an electric heating sleeve, which
surrounds the DAC body, and was measured using a K-type
thermocouple. The R; photoluminescence line of ruby (Ref.
31) and the 7D0-5F0 fluorescence of SrB,0;:Sm?>* (Ref. 32)
were used to determine the pressure.
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(a)

FIG. 1. Schematic view of the crystalline structure of (a) the
v-polytype (InSe-I) and (b) the monoclinic phase of InSe (InSe-II).
Black circles represent the In atoms and gray circles the Se atoms.
The atomic bonds inside the layers are shown as gray solid lines.
The structure of InSe-1I is shown in a different perspective to better
illustrate the laminar characteristic of this phase. The unit cells are
shown with their vector bases (a, b ,¢) and the primitive unit cell of

InSe-II is also shown with its vector bases (a’,b’,c").

The InSe-I to InSe-II phase boundary was determined by
means of optical observation. At the transition, the samples
of InSe become darker because their absorption increases by
nearly one order of magnitude. InSe-II can be also easily
differentiated from InSe-III since [in spite of the large ab-
sorption coefficient («) of InSe-II] light is transmitted
through the very thin samples used to conduct our experi-
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ments, whereas InSe-III becomes completely opaque because
of its metallic character.?*?> On the other hand, we took ad-
vantange of the fact that the InSe-I to InSe-II phase transition
is nonreversible and recovered several InSe-II samples in
order to study the optical properties of this phase. The trans-
mittance spectra of these samples were measured in the DAC
using the sample-in sample-out method in the pressure range
up to 15 GPa and from 300 to 700 K. The absorption coef-
ficient was obtained from the transmittance, the sample
thickness, and the sample reflectivity calculated from the re-
fractive index (see Ref. 13 for details). The sample thickness
was measured from the interference fringe pattern of the
ambient-pressure phase and considered not to change after
the InSe-I to InSe-II transition. To better determine the band
gap of InSe-II, we also performed transmittance measure-
ments at low temperature down to 25 K in a helium closed-
cycle cryogenic system.

The recovered InSe-II samples were also used to deter-
mine the refractive index of this phase and its pressure de-
pendence. The refractive index was measured by analyzing
the interference fringes of the transmittance spectrum using
the interference condition 2n(N)d=k\;, where n(\) is the
refractive index, d is the sample thickness, k=1,2,3,... is
the interference order, and A, is the wavelength at the maxi-
mum corresponding to that order. At ambient conditions, the
refractive index was obtained from midinfrared transmit-
tance measurements carried out with a Perkin-Elmer 1600
Fourier transform (FT) infrared microscope. The pressure
evolution of the refractive index was determined from trans-
mittance measurements performed in the 800-1300 nm
wavelength range. The effects of sample tilting and the varia-
tion of sample thickness with pressure were neglected.

With the aim of verifying that the high-pressure and high-
temperature phase we observed in the optical measurements
was indeed InSe-II, we also synthesized a large InSe-II
sample using a Bridgman cell. This sample was obtained at
conditions similar to those of the InSe-II samples recovered
from the DAC experiments. The Bridgman cell employed for
this experiment has been described in detail in Ref. 22. In the
present case, the system was improved by using internal
graphite disks as heating elements and molybdenum foils,
with very high melting temperatures,3 to apply the current to
the heaters. Therefore, by applying a 60 A current, we were
able to obtain temperatures higher than 840 K. The tempera-
ture was measured using a K-type thermocouple and the
pressure was determined by the calibration of the applied
load.3* Pressure effects on the thermocouple electromotive
force were neglected.’® The conditions of this experiment
were 1 GPa and 700 K, which were held for 1 h. The recov-
ered sample was analyzed by Raman spectroscopy and x-ray
powder diffraction to unequivocally establish that the recov-
ered samples correspond to the InSe-II phase. Raman mea-
surements were performed in the backscattering geometry by
means of a Bruker RFS 100/S FT-Raman spectrometer. Ra-
diation of 946 nm from a Nd:YAG laser was used for exci-
tation. X-ray diffraction (XRD) experiments were carried out
with a Seifert XRD 3003 TT diffractometer using Cu K«
monochromatic radiation (\=1.54 A).

Finally, resistivity and Hall effect measurements were
also performed in the Bridgman cell in order to determine
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the Phase I to Phase II phase boundary up to 1 GPa and
850 K. The tin-doped InSe samples employed for these mea-
surements were typically 150 um in thickness and 4
X4 mm? in size. Indium or silver (Ag) contacts were
vacuum evaporated on the corners of the samples in the van
der Pauw configuration ¥ Silver wires of 200 um in diam-
eter were used as electrical leads, being soldered with high-
purity indium to the evaporated indium (or silver) electrodes.

B. Band structure calculations

The calculations were carried out using a numerical
atomic orbitals (NAO) density-funtional theory (DFT)
approach.?® This method is designed for efficient calculations
in large systems and implemented in the SIESTA code.’* We
have used the local density approximation to DFT and, in
particular, the functional of Perdew and Zunger.*’ Only the
valence electrons are considered in the calculation, with the
core being replaced by norm-conserving scalar relativistic
pseudopotentials*' factorized in the Kleinman-Bylander
form.*? Nonlinear partial-core corrections were used to de-
scribe the exchange and correlation in the core region.*> We
have used a split-valence double-{ basis set including polar-
ization orbitals for all atoms as obtained with an energy shift
of 250 meV.* The energy cutoff of the real space integration
mesh was 300 Ry. The Brillouin zone was sampled using a
grid of (6X6X6) k points.*> We checked that the results
were well converged with respect to the real space grid, the
Brillouin zone (BZ) sampling, and the range of the numerical
atomic orbitals.

III. RESULTS AND DISCUSSION
A. P-T phase diagram of InSe

From optical measurements at different pressures and
temperatures, we have determined the InSe-I to InSe-II phase
boundary in the pressure range from 1 to 10 GPa. In our
optical measurements, the nonreversible Phase I to Phase II
transition was easily identified above 1 GPa as a clear
change in the shape and intensity of the absorption edge. The
absorption edge changes its shape and slightly shifts in en-
ergy and the absorption coefficient increases by approxi-
mately a factor 10 when passing from InSe-I to InSe-II. Fig-
ure 2 shows several pictures taken at different P-7 conditions
in a 1 um thick InSe sample. There, the changes on the
sample when going through the transition can be easily iden-
tified [see Figs 2(b) and 2(c)] and it can be also observed that
changes on the sample are not reversible [see Fig. 2(d)]. In
Fig. 2, the appearance of linear defects (darkest lines) re-
ported in Ref. 25 can be also observed. It is known that the
presence of this kind of defect allows the match between
different  structural phases in a crystal under
compression,**~*® and consequently they may play a precur-
sor role in the InSe-I to InSe-II transition. It is important to
note here that individual domains of the InSe-I sample sepa-
rated from other domains by linear defects would become
different crystallites after the InSe-I to InSe-II transition.
Therefore, the obtained InSe-II sample had a polycrystalline
character in spite of the monocrystalline character of the
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FIG. 2. (Color online) Optical observation of the InSe-I to
InSe-II phase transition in a 1 wm thick sample. At the transition,
the sample (30X 30 um? in size) becomes opaque: (a) InSe-I at
5.7 GPa and 300 K, (b) InSe-I at 6 GPa and 415 K, (c) InSe-II at
6.4 GPa and 460 K, and (d) InSe-II at 6.4 GPa and 300 K [recov-
ered from (c)].

original InSe-I sample. Figure 3 shows several absorption
spectra of InSe collected at conditions similar to the images
shown in Fig. 2. There, the typical features of the absorption
spectrum of InSe-I can be seen in the spectrum measured at
5.8 GPa and 380 K. In contrast, the spectrum measured at
6.4 GPa and 460 K shows a quite large increase of the ab-
sorption of the sample and a shift of the absorption edge
toward lower energies. These changes correspond to the
changes observed between Figs. 2(b) and 2(c) and indicate
the occurrence of the transition from InSe-I to InSe-II. On
the other hand, the absorption spectrum measured at 6.4 GPa
when decreasing the temperature to 300 K is very similar to
that measured at 6.4 GPa and 460 K, confirming the nonre-
versibility of the phase transition.

Figure 4 shows the P-T phase diagram we constructed for
InSe based upon our own research and previous
studies.’*?7-2° Our results are compatible with previous
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FIG. 3. Comparison of the absorption coefficients of Phases I
and II. Solid line: 5.7 GPa and 300 K (InSe-I), dashed line: 5.8 GPa
and 380 K (InSe-I), dotted line: 6.4 GPa and 460 K (InSe-II), and
dotted-dashed line: 6.4 GPa and 300 K (InSe-II). The inset shows
the absorption coefficient (measured in a 2.7 um thick sample) as a
function of pressure at RT illustrating the InSe-I to InSe-II
transition.
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FIG. 4. P-T phase diagram of InSe. Circles represent the present
optical observations. Solid (empty) circles indicate the stability of
InSe-II (InSe-I), and gray circles the stability of InSe-III. The solid
line indicates the Phase I—Phase II transition line. The dashed lines
are postulated phase boundaries. The dashed-dotted line is the melt-
ing curve of InSe (Ref. 28). The dotted lines connect data points
measured in the same sample. Black diamond: InSe-II from Iwasaki
et al. (26), square: InSe-Il from Vezzoli et al. (27), up triangles:
InSe-II from Ferlat er al. (Ref. 28), down triangle: InSe-II synthe-
sized in the present work using a large volume press, and gray
diamond: InSe-IIl from Schwarz er al. (Ref. 24). The hexagons
correspond to the results obtained from the resistivity measure-
ments. Empty hexagons: InSe-I, solid hexagons: InSe-II, and
crossed hexagons: InSe-IV. The arrows show two runs following
different P-T paths showing that, depending on the run, InSe-II or
InSe-III is metastable at 14.5 GPa and 420 K. The inset shows a
scheme of the low-pressure part of the phase diagram.
works?*~2% and extend the InSe-I to InSe-II transition line to
higher pressures. It is important to note here that the solid
line plotted in Fig. 4 represents the kinetic transition line
rather than the thermodynamic phase boundary. However, in
view of the relative high temperature of the Phase I-Phase 11
transition at low pressures and of the fact that we observed
the same transtion also at RT near 10 GPa, it is reasonable to
assume that the activation barrier is small in this transition.
Then, the observed transition points are expected to be close
to the equilibrium line. Therefore, along the discussion of the
phase diagram of InSe, we will consider the InSe-I to InSe-II
transition line as an equilibrium line.

From the results we obtained from 11 different samples at
different P-T conditions, we found that above 1 GPa the
Phase I-Phase II boundary has a negative slope of nearly
—30 K/GPa, and that above 7 GPa it bends toward the pres-
sure axis intersecting the RT isotherm at around 9.5 GPa.
The inset of Fig. 3 shows the evolution of the absorption
spectrum of InSe at RT from 7 GPa to 9.6 GPa, illustrating
how it changes from a spectrum characteristic of InSe-I at
7 GPa to one resembling the absorption spectrum of InSe-II
at 9.6 GPa. Above this pressure, the sample becomes com-
pletely opaque indicating the transition to InSe-IIl. The
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above described facts indicate that at RT the structural se-
quence of InSe under compression probably is I—II—1II,
instead of I —III as believed until now. The range of stability
of Phase II at RT is smaller that 1 GPa, which probably
preclude the identification of it in previous studies.”*?? It is
important to note here that the appearance of a new Raman
peak beyond 7 GPa was observed in previous Raman mea-
surements carried out on InSe-1.!7 This additional peak was
observed from 7 GPa to 10 GPa, and was still observable
upon pressure release around 143 cm™! at 1 bar. This fre-
quency coincides with the frequency of the most intense
mode of InSe-II,%° which also suggests that the RT structural
sequence of InSe might be I — II—III. It is also important to
state the fact that d7/dP <0 at the Phase I to Phase II bound-
ary of the P-T phase diagram, which implies, according to
the Clausius-Clapeyron equation*® (dT/dP=AV/AS, where
AV and AS are, respectively, the difference in molar volume
and entropy of InSe-I and InSe-II), that Phase II is more
dense than Phase 1.

Regarding the P-T phase diagram below 1 GPa, it is well
established in the literature that at 1 bar pressure InSe-I re-
mains stable up to melting. We also observed in our resistiv-
ity measurements that Phase I remains stable up to 750 K at
0.3 GPa. In particular, we found that at 0.3 GPa the resistiv-
ity (p) slowly increases with temperature from 0.12 ) cm at
300 K to 0.38 Q) cm at 750 K in agreement with the results
of our previous studies (see Fig. 5).2> However, when in-
creasing the temperature above 750 K, a faster increase in
the resistivity with temperature is observed (e.g., it goes
from 0.38 Q cm at 750 K to 1 ) cm at 840 K), being this
change related to a decrease in the carrier concentration (n)
and a slope change in the carrier mobility (). Note that
below 750 K, the mobility is proportional to 7-"13, in agree-
ment with previous measurements performed in InSe-1.22 A
possible reason for the observed changes in w and n above
750 K will be given later. On the other hand, upon compres-
sion at 840 K, we first observed that all the transport param-
eters remain nearly constant from 0.3 GPa to 0.55 GPa.
However, at 0.6 GPa, an abrupt change in the resistivity was
observed which is caused by a decrease in both the carrier
concentration and mobility (see Fig. 5). We attributed the
abrupt changes observed at 0.6 GPa and 840 K to the stabi-
lization of InSe-II. It is important to note here that after these
abrupt changes observed at 0.6 GPa, the transport parameters
do not change upon further compression at constant tempera-
ture up to 0.8 GPa, which is consistent with the fact that,
according to previous XRD experiments,”® InSe-II is ex-
pected to be stable around 0.8 GPa and 840 K. On top of
that, the abrupt changes observed in p, n, and u at 840 K
above 0.55 GPa were not reversible as expected for the
transformation of InSe to the monoclinic phase. Then, if we
assumed that below 0.5 GPa and above 600 K, a Phase I to
Phase II solid-solid transition takes place, dT/dP would be-
came quite large below 0.5 GPa, causing a large change in
the slope of the phase-boundary curve somewhere around
0.5 GPa. This fact is in contradiction with the general prin-
ciples of thermodynamics, which predict that there are no
abrupt changes in the phase boundaries of any two-phase
transformation. In our particular case, from Fig. 4 and ac-
cording to the Clausius-Clapeyron equation*® (which follows
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FIG. 5. Resistivity and Hall effect measurements. First, the tem-
perature was increased from 300 K to 840 K at 0.3 GPa, and sub-
sequently the pressure was increased from 0.3 GPa to 0.8 GPa at
840 K. Solid symbols represent the measurements performed at
constant load (P=0.3 GPa) at different temperatures. Empty sym-
bols represent the measurements performed at constant temperature
(T=840 K) at different pressures.

directly from the Gibbs equality),”° it is straightforward to
conclude that, since usually entropy changes at a solid-solid
transition tend to be small, above 0.5 GPa, AV is also ex-
pected to be small. However, if below 0.5 GPa InSe-I trans-
forms directly to InSe-II, the slope of the phase boundary
becomes extremely abrupt, implying a large AV, which is
quite unrealistic since the volume is an analytical function of
P and T and therefore a differential change in P and T cannot
produce abrupt changes in AV. One possible explanation of
the observed stability P-T ranges of InSe-I and InSe-II is the
existence of a third phase at play, which we will denote as
Phase IV. The existence of this phase between InSe-I and
InSe-II below 0.6 GPa and above 650 K would imply that
the three phases meet at a triple point near 0.5 GPa and
650 K. The proposed stability range for InSe-IV is shown in
Fig. 4. It is important to note here that the rhombohedral
vy-phase of InSe (InSe-I) could transform into different hex-
agonal and rhombohedral layered polytypes under heat treat-
ment at low pressures.’'3? Therefore, the possible stabiliza-
tion of any of the other known layered polytypes of InSe is
compatible with the three-phase scenario we proposed
above. One candidate structure for InSe-IV may be a GaTe-
like structure (B2/m).>® This monoclinic structure is more
similar to the rombohedral y-polytype of InSe (R3m) (Ref.
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FIG. 6. Powder diffraction patterns of quenched InSe-II at am-
bient conditions. Black symbols: Observations, solid line: Refined
model, and dotted line: Residual. The position of the Bragg reflec-
tions is indicated.

8) than the monoclinic InSe-II structure (P2/m).2% Due to the
similarities between the B2/m and R3m structures, the GaTe-
like structure would suppose a smaller entropy change at the
InSe-I to InSe-IV transition than the one at the InSe-I to
InSe-1II transition. This fact, would explain the large change
observed in dP/dT at the I-II-IV triple point. It is important
to note here that the changes observed in the transport pa-
rameters at 0.3 GPa beyond 750 K take place at P-T condi-
tions similar to those we estimate for the occurrence of the
InSe-I to InSe-IV, being that this transition is their possible
cause. Validation of the proposed revised phase diagram of
InSe can be only obtained by the performance of in situ XRD
experiments under high-pressure and high-temperature tak-
ing advantage of third-generation synchrotron sources.

Before closing the discussion on the P-T phase diagram
of InSe, we would like to mention that when compressing a
sample of InSe-II from 8.4 GPa to 14.5 GPa at 420 K we
found that it did not transform to InSe-IIl. On the contrary,
when following a different P-T path, starting from InSe-III at
12 GPa and 300 K and going to 14.4 GPa and 430 K, we
observed that InSe-III remains stable at the same P-T condi-
tions that we observed InSe-II to be stable by following the
420 K isotherm. Therefore, both phases seems to be meta-
stable at high temperatures at these conditions.

B. X-ray diffraction and Raman measurements

In order to unequivocally conclude that the high P-T
phase we observed was the monoclinic phase of InSe, we
performed XRD and Raman measurements in a sample of
InSe-II quenched in the Bridgman cell from 1 GPa and
700 K. We collected 15 different XRD patterns in the
quenched sample covering the 18°-78° 26 range, and aver-
aged them to perform a Rietveld refinement. Figure 6 shows
the averaged XRD pattern. The Rietveld refinement (per-
formed using the POWDERCELL program)> of this profile,
with the monoclinic P2/m structure reported by Iwasaki
et al.,* is also shown in Fig. 6: Ryp=2.26%, Rp=1.72%,
R(F?)=2.1% for 128 reflections. For this structure, which
has four molecular units contained in the unit cell, we ob-
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FIG. 7. Raman spectra of InSe-I and InSe-II. The observed
zone-center modes are labeled.

tained the following lattice parameters and atomic volume:
a=4.088(4) A, b=4.6554) A, ¢=10981(8) A, «
=86.85(3)", V=208,5(5) A3, which differ by less than 1%
from those values reported by Iwasaki et al.?® These results
unequivocally confirm that the high P-T phase we optically
observed is the monoclinic phase previously reported in the
literature.”>2® An important fact to note here is that the
monoclinic structure of InSe-II, in spite of having been con-
sidered until now as a nonlayered structure, is indeed a lay-
ered structure as can be seen in Fig. 1(b). This figure shows
how the P2/m structure is built up by Se-In-In-Se layers. The
main difference between the monoclinic P2/m structure and
the rhombohedral y-polytype is that, in the first one the In-In
bonds are parallel to the layers, and in the second one are
perpendicular to the layers.

Regarding the Raman measurements, they are also in
good agreement with those reported in the literature” and
confirmed that our samples were transformed to Phase II.
Figure 7 shows the Stokes spectra measured for InSe-I and
InSe-II. In the spectral range of our measurements, five zone-
center phonons of InSe-I can be identified in addition to two
overtones. The assignment of these modes is well established
in the literature.’% The E? mode is not observed because
the spectral range of the used spectrometer cannot be ex-
tended below 50 cm™'. The energy of the observed Raman
peaks is in good agreement with previous results.!73-% The
second-order Raman peaks are present in the spectrum be-
cause the laser excitation energy is tuned to an optical inter-
band transition. At 1 bar pressure, the 946 nm line of the
Nd:YAG laser matches the direct band gap of y-InSe.!®
InSe-II exhibits a quite different spectrum than that of InSe-I.
On it, we can identify another five structures. The measured
spectrum is very similar to that reported by Kuroda et al.*
However, in our experiments, we were not able to observe
the B;, mode of InSe-II due to the spectral range limitation of
our setup. Regarding the mode assignment, we think the as-
signment of the Raman lines in Ref. 29 is incorrect. Kuroda
et al.”® did not seem to realize that the monoclinic unit cell of
the InSe-II structure is a nonprimitive unit-cell and therefore
they duplicated the number of vibration modes. The primi-
tive unit cell of InSe-II can be constructed by performing the
following vector base transformation:
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FIG. 8. Schematic representation of the six zone-center Raman
active modes. Black circles: In atoms and white circles: Se atoms.

., a-b+c¢ - -—a-b+c ., -
—, b'=——7——, and ¢ =-0b,
2 2

where a’, b’, ¢’ is the vector base of the primitive unit cell,

and a, b, ¢ is the vector base of the conventional unit-cell of
the P2/m structure; see Fig. 1(b). The primitive cell has two
units of InSe instead of four, and therefore InSe-II should
have 12 normal modes in contrast to the 24 proposed by
Kuroda er al.?® The symmetry of the Cj, space group leads in
InSe-II to six zone-center Raman-active modes following the
decomposition:

['=4A, +2B,.

The different vibrations involved in each mode are repre-
sented in Fig. 8, together with the present assignment and the
measured frequencies. As for the Ag and B; modes, all Se-In
units on each side of the In-In bond vibrate almost rigidly;
these modes are expected to have the lowest frequencies. On
the other hand, as happens in the y-polytype of InSe, the
vibration perpendicular to the layer involving stretching of
the In-In and In-Se bonds is expected to have the highest
frequency.

C. Band structure of InSe-II

Figure 9(b) shows the band structure calculated for mono-
clinic InSe along high symmetry directions of its BZ. A
sketch of the monoclinic BZ is shown in Fig. 9(a). In order
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FIG. 9. (a) BZ of InSe-II and (b) band structure of InSe-II at
1 bar as calculated by the NAO-DFT method. E=0 corresponds to
the Fermi energy level. In (a), g represents the reciprocal vector

& =2m(a@ X b')[a-(b' X&)

to figure out the orientation of the BZ with respect to the
crystal structure given in Fig. 1(b), one should consider that
the I'-A direction corresponds to the axis perpendicular to the
layer plane (which corresponds to the dotted-line polygon).
In that plane, the lines I'-Z (binary axis) and I'-Y are perpen-
dicular and parallel to the In-In bonds. Consequently, the
mirror plane of the point group corresponds to the k.-k,
plane. As in y-InSe, the primitive unit cell of monoclinic
InSe contains two InSe units. Then, the lowest lying 9 bands
are filled by the 18 valence electrons of the unit cell. Figure
10 shows the density of states and its orbital decomposition,
with the previously defined axis orientation.

Even if the lower symmetry of monoclinic InSe leads to
much stronger orbital mixing, there are some similarities be-
tween the electronic structure of both InSe polymorphs: (i)
The two lowest lying bands mainly have Se s character, (ii)
the following upper band has predominant In s character and
corresponds to the In-In covalent bond (molecular bonding o
orbitals), (iii) the following six bands have predominant Se p
character, (iv) the upper valence band has, in most of the BZ,
predominant Se p, character and mainly corresponds to the
electron pair responsible for the interlayer interactions, (v)
the In character dominates in the lowest conduction band
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FIG. 10. Total and projected density of states of InSe-II onto the
different atomic sites and the different orbital contributions.

(with a stronger participation of s orbitals), although there is
also a very sizeable contribution of the Se p orbitals (i.e.,
antibonding In-Se o orbitals) (vi) the lowest direct gap oc-
curs at the intersection with the BZ limit of an axis perpen-
dicular to the layer plane including the I' point, i.e., the A
point in the monoclinic BZ or the Z point in the rhombohe-
dral BZ."3

In regard to the differences, the first one concerns the
matrix element of the electronic dipole associated with the
direct gap. While in monoclinic InSe this transition is dipole
allowed by the crystal symmetry (A, to B,), in y-InSe it is
allowed only for light polarization parallel to the ¢ axis.'*> On
the other side, the strong orbital mixing in monoclinic InSe
gives rise to many subsidiary maxima in the valence band
and minima in the conduction band, making the semiconduc-
tor indirect. In this direction, it is interesting to point out that
this effect also occurs in InSe when the interlayer interac-
tions are increased and the nonequivalence of the half-layers
becomes larger under pressure. Monoclinic InSe is then an
indirect semiconductor in which the valence-band maximum
(VBM) occurs near the P point in the P-Y line and the
conduction-band minimum occurs in the same line, near to
the Y point.
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The small thickness of the sample studied here and the
strong light scattering preclude any estimation of the indirect
gap of monoclinic InSe. Conversely, the previous analysis of
the band structure allows for a quite well-founded assign-
ment of the observed direct transition, that would correspond
to the direct transition at the A point. It is also interesting to
notice that in the A-P direction there are several conduction
bands at low energy running parallel to the upper valence
band in that direction. This would give rise to a strong direct
allowed transition that could correspond to the relatively
low-energy Penn gap (between 3 and 4 eV) necessary to ac-
count for the large refractive index.

Concerning the pressure evolution, the large interlayer in-
teraction must result in a stronge sensitivity of the upper
valence band to pressure. The VBM would shift up under
pressure giving rise to a pressure decrease in both the direct
gap and the Penn gap (as actually observed).

D. Optical absorption coefficient as a function of pressure
and temperature

The absorption edge exhibits two different regions: A low-
energy tail, that turns out to be insensitive to pressure and
temperature, and a steep high-energy edge, that changes with
pressure and temperature. The low-energy tail does not fol-
low the energy dependence expected for an indirect transi-
tion. Therefore, it cannot be assigned to the fundamental (in-
direct) band gap predicted by our calculations. Since the
low-energy tail is pressure and temperature independent, it
seems more reasonable to attribute this tail to light scattering
due to the polycrystalline character of the InSe-II sample. On
the other hand, the high-energy edge can be identified as the
lowest-energy direct transition allowed in monoclinic InSe.
In Fig. 11(a), we present the evolution of the absorption edge
of InSe-II at RT from ambient pressure to 4.2 GPa. In the
measured spectrum, we have been able to separate the ab-
sorption edge from the light diffusion we observed at low
energies. In this way, we deduced the pressure shift of the
energy of the absorption edge up to 10 GPa.

The inset of Fig. 11(a) gives the pressure dependence of
the absorption edge. As in InSe-I, GaSe, and GaTe, the pres-
sure dependence of the band gap is strongly nonlinear. The
direct band gap at ambient conditions is 1.8 eV. At low pres-
sures, the band gap shifts to lower energies with a rate of
—60 meV/GPa, a larger absolute value than that of
InSe (=17 meV/GPa), but close to that of GaTe
(-85 meV/GPa).

In Fig. 11(b), we illustrate the evolution of the absorption
edge with temperature from 25 K to 300 K. In the inset, we
give the temperature dependence of the band gap, which
is linear. The temperature coefficient is dE,/dT=
—0.45 meV/K.

E. Refractive index under pressure

In Fig. 12, we have depicted the transmittance measured
in the medium infrared for an InSe-II sample quenched in a
DAC experiment. The transmittance spectrum shown corre-
sponds to a 1 wm thick sample and has been taken with
nonpolarized light. From these measurements, we have esti-
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hv (eV)

FIG. 11. Pressure (a) and temperature (b) evolution of the ex-
perimental absorption coefficient of InSe-II. The insets show the
evolution of the band gap with P at 300 K and with T at 1 bar. (a)
Solid line: 4.2 GPa, dashed line: 3.1 GPa, dashed-dotted-dashed
line: 2.1 GPa, dotted line: 0.8 GPa, and dashed-dotted-dotted-
dashed line: 1 bar. (b) Solid line: 300 K, dashed line: 225 K, dotted
line: 125 K, and dashed-dotted-dashed: 26 K. Different symbols in
the inset of (a) correspond to different samples.

mated the refractive index of InSe-II at ambient conditions to
be n=2.82 in the medium infrared (A =2500 nm). This value
agrees with the value we obtained from near-infrared mea-
surements at A= 1100 nm. We also performed transmittance
measurements in the near-infrared in a DAC at several pres-
sures. From these measurements, following the procedure

T T T T T T T T T T T T T T T

InSe-ll

Intensity (arb. units)

1 1 I 1 I I 1

I
500 1000 1500 2000 2500 3000 3500 4000

wave number {cm’™)

FIG. 12. Medium infrared transmittance of a 1 um InSe-II
sample measured at ambient conditions.
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FIG. 13. The refractive index of InSe-II at several pressures as
obtained from fringe measurements. Pressures are indicated in the
plot. Solid symbols: Up stroke, and empty symbols: Down stroke.

already described in the experimental section, we have been
able to obtain the pressure dependence of the refractive in-
dex. In Fig. 13, we have represented the refractive index as a
function of the wavelength for pressures ranging from
1.7 GPa to 7.9 GPa. At long wavelengths (far away from the
electronic transitions determining the refractive index, A
= 1100 nm), the refractive index shows a low dispersion and
its pressure dependence is determined mainly by that of the
electronic contribution to the static dielectric constant. The
obtained pressure dependence of the refractive index for long
wavelengths is shown in Fig. 14. We found that the refractive
index of InSe-II increases linearly under compression, being
its  absolute  pressure  derivative  JIlnn/dP=1.8(2)
% 1072 GPa™!. This value is very close to the one observed in
GaTe.

In order to understand the pressure behavior of the refrac-
tive index, we have used the Phillips-Van Vechten model.”®
In this model, the dispersion of the refractive index is given

by
Ep
n(E) = 1+ s
(E)= 1/ g

where Ep is the plasma energy of the valence electrons and
Ey is the Penn gap. From Fig. 13, we estimated both param-

32l -
31l ]

30 ]

FIG. 14. Pressure dependence of the refractive index of InSe-II
as obtained from the near-infrared measurements. Solid squares: Up
stroke, and empty squares: Down stroke. The diamond represents a
data point obtained from medium-infrared measurements.
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eters: Ep=8.65 eV and E,=3.35eV. Then, since at long
wavelengths the increase of the refractive index does not
depend on the wavelength, we can assign the increase of the
refractive index to that of n2=1 +E%,/ EZO. From this relation,
and taking into account the compressibility (which enters in
the pressure dependence of Ep), we can obtain the pressure
dependence of the Penn gap. Unfortunately, the compress-
ibility of the monoclinic phase of InSe is not known yet.
However, it can be estimated to be between those of the
v-phase and the cubic phase of InSe. By making this as-
sumption, we obtained that JE,/IP=-45 meV/GPa. This
value is at least four times smaller that the value obtained for
layered phases of InSe, GaSe, and GaS in the direction per-
pendicular to the layers,'! but similar to the value obtained in
GaTe.%° We think that the origin of the small pressure deriva-
tive of the Penn gap is related to the fact that, in the mono-
clinic structure of InSe, the In-In bonds are parallel to the
layers as happens with the Ga—Ga bonds in GaTe. As we
discussed above, the observed decrease in the Penn gap is a
direct consequence of the pressure enhancement of the inter-
layer interactions.

IV. CONCLUSIONS

In the present work, we investigated the high-pressure
high-temperature phase diagram of InSe; in particular, the
InSe I-II phase boundary was determined up to 10 GPa. We
also found evidence suggesting that InSe-II and InSe-III are
metastable phases at high temperatures beyond 14 GPa, and
that a new high-pressure and high-temperature phase exists
above 650 K at low pressure. On top of that, by means of
optical absorption measurements, we found that InSe-II is a
semiconducting phase. It has an allowed direct transition
with an absorption coefficient approximately ten times larger
than InSe-I, which shifts to low energies upon compression.
These results were analyzed on the basis of first-principles
band-structure calculations which allowed us to assign the
observed absorption edge to a direct transition located in the
A point of the Brillouin zone. These calculations also estab-
lished that InSe-II is an indirect semiconductor. However, the
indirect band gap could not be obtained from our measure-
ments due to the strong light scattering of the InSe-II
samples. We also determined the refractive index of InSe-II
and its pressure evolution, which has been explained trough
a decrease of the Penn gap. Finally, Raman and XRD mea-
surements were performed on InSe-II samples, and its crys-
talline structure was refined and its phonon modes deter-
mined.
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