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ABSTRACT

This Tutorial focuses on the physics of layered compounds under high pressure. We have chosen h-BN and III-VI layered materials as rep-
resentative materials. h-BN layers are strictly two-dimensional. Layers in III-VI compounds are more complex, and subtle details in their
structural behavior play an important role in the evolution of high pressure properties. They are also interesting because they contain a dif-
ferent number of layers in their primitive unit cell and/or have a different ionic character. We begin describing the structural evolution. We
discuss the experimental challenges encountered as well as the main findings related to intra- and interlayer compressibility, polytype influ-
ence, and geometrical modifications induced by pressure inside the layers. We then describe lattice vibrations. The origin of the modes is
reviewed, paying attention to the relationships between atom motions in different layers. We discuss the convenience of redefining the
Griineisen parameter and describe the behavior of rigid layer modes, soft modes, and Davidov pairs. The last section is devoted to the elec-
tronic properties. We show that the changes observed when passing from a single layer to a three-dimensional BN are qualitatively similar
to those induced by high pressure. The pressure behavior of electronic transitions in III-VI layered compounds is very rich, revealing the

subtle balance between intra- and inter-layer interactions. Finally, we take advantage of high pressure studies to explain the formation of the |

Mexican hat type of valence band at ambient conditions in single layers of InSe and GaSe, but not in three-dimensional compounds.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0190274

I. INTRODUCTION

Pressure is a thermodynamic variable that can induce changes
in interatomic spacing that are one or two orders of magnitude
larger than those associated with temperature variations, usually
without the inherent disorder introduced by temperature. Changes
in interatomic spacing lead to changes in the electronic structure
and, in extreme cases, challenge basic chemical concepts of
bonding. Pressure can be used as a diagnostic tool to test our
understanding of matter. This is particularly the case in layered
materials, where the relative intensity of intra- and interlayer inter-
actions can be tuned by high pressure.

The mechanical isolation of graphene' sparked the interest in
2D materials and van der Waals heterostructures,”™ including BN,
transition metal dichalcogenides, and layered III-VI chalcogenides,
among others. At the same time, the study of two-dimensional
materials has renewed the interest in bulk materials. Perhaps, the
best example is h-BN. The recent availability of very good quality
single crystals’ has greatly expanded the BN range of applications,

not only as an excellent substrate for graphene or as a component
in graphene devices but also in photonics.” To give just a few exam-
ples, even though h-BN is an indirect wide bandgap compound
(~5.9¢V),” it exhibits a strong luminescence, which has been used
to demonstrate ultraviolet lasing.” In addition, its anisotropic struc-
ture leads to the formation of hyperbolic phonon polaritons,” a key
element in nanoscale photonics in the infrared. Its point defects are
used as single-photon emitters from the visible to the near-IR
range, even at room temperature.'”'" On the other hand, the initial
interest in III-VI layered semiconductors arose because of their
applications in the fields of solar cells,””™"” nonlinear optics,"*™*’
and solid-state batteries.”'** In this case, however, it is the two-
dimensional form that has recently spawned a plethora of applica-
tions, as reviewed in Refs. 25 and 26. These include photodetectors,
high mobility field effect transistors, and catalytic applications.
Layered materials under high pressure have been studied for
decades.””*® Recently, several reviews have been published on the
high pressure behavior of two- dimensional materials, with a partic-
ular focus on summarizing the most relevant recent research’”’’
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and advances in diamond anvil cell (DAC) technology for in situ
high pressure measurements,”’ or centered in atomically thin van
der Waals materials.”' In this work, we do not pretend to present a
review showcasing the most recent research but, instead, describe
the behavior of layered compounds under high pressure using a
Tutorial approach. We have chosen h-BN and III-VI layered semi-
conductors as examples, comparing them with graphite where
appropriate. Even if they are very relevant from a technological
point of view, our choice is based on methodological reasons. h-BN
layers are strictly two-dimensional. Layers in III-VI compounds are
more complex, and subtle details in their high pressure behavior
play a significant role in the evolution of high pressure properties.
They are also interesting from a pedagogical point of view because
they contain a different number of layers in their primitive unit cell
and/or have a different ionic character. We will begin with the evo-
lution of the crystal structures under high pressure (Sec. II). After a
brief description of the structural motifs, we discuss the challenges
found in high pressure x-ray diffraction experiments on layered
materials. We first compare the compressibility of h-BN with that of
graphite and then the behavior of B-GaS, e-GaSe and y-InSe,
including different polytypes. The section concludes reporting x-ray
absorption experiments and how they are used to infer the high
pressure evolution of the internal intralayer structure. In Sec. I1I, we
discuss lattice vibrations. The origin and physical properties of the
modes are described, often relying on symmetry arguments. High
pressure studies of the h-BN modes are interesting because, on the
one hand, there is a nearly rigid layer mode whose pressure evolu-
tion is dictated by the interlayer interaction and, on the other hand,
there are two modes with different symmetries, which basically
depend on the stretching of the B-N bond but have slightly different
pressure evolution. The pressure behavior of lattice vibrations in
II-VI layered compounds is exemplified by & and y-GaSe.
Section 1V is devoted to the electronic properties. We first describe
the band structure of a BN single layer and then bulk BN, and
finally discuss pressure effects with the help of a tight-binding
model. The discussion related to III-VI layered semiconductors
begins with the description of y-InSe and then £-GaSe. The high
pressure behavior of optical transitions displays a rich behavior, with
the indirect gap decreasing, the direct gap showing a nonlinear
dependence on pressure and more energetic direct gaps increasing
linearly. All these phenomena can be understood qualitatively in
terms of intra- and interlayer interactions. In y-InSe, the appearance
of a toroidal feature in the valence band at high pressure is also
described and explained with the help of a k - p model. Interestingly,
a similar feature has been observed in InSe and GaSe single layers.

Il. STRUCTURAL PROPERTIES
A. Ambient conditions

We are going to focus our work in the layered materials dis-
played in Fig. 1. In h-BN, similar to graphene, sp* bonding leads to
a honeycomb layer where N and B occupy the nonequivalent sites
of the hexagons [Fig. 1(a)]. The unit cell includes two layers,
stacked in such a way that the B atoms of one layer face N atoms of
adjacent layers [Fig. 1(b)]. The resulting structure®” is centrosym-
metric. The inversion center, situated in the interlayer space, relates
the two N (or B) atoms of the unit cell.

TUTORIAL pubs.aip.org/aip/jap
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FIG. 1. Sketch of the most relevant structures referred to in this manuscript. (a)
[001] view of h-BN. (b) [010] projection of h-BN, 5-GaS, and £-GaSe, the high
pressure phase of GaS and y-InSe. The parallelograms represent the hexago-
nal unit cell.

Most layered III-VI compounds share the honeycomb layer
as structural motif. In this family, however, cations are fourfold
coordinated and, as a consequence, the honeycomb is buckled
[Fig. 1(b)]. In addition, each layer is doubled, giving rise to a
sequence of anion-cation-cation-anion hexagonal planes. The
cation-cation distance corresponds to a covalent bond. The stack-
ing of layers results in different polytypes. They can be described
using the nomenclature employed in compact structures. We

denote by Latin A, B, and C characters the three available positions
in an anionic hexagonal layer and with Greek «, B, and y characters

the cationic positions. We begin by considering structures involving
two layers. The first layer is symbolized by ASBA. There are several
possibilities for the second layer. If we choose BaaB, we obtain the
B polytype, as in the 8-Ga$ structure.”” If, instead, we choose the
ByyB sequence, we form the & polytype’* (see £-GaSe in Fig. 1).
The remaining possibility, CBAC, has been found™ as a high pres-
sure phase of GaS. Let now consider a stacking period of three
layers. Even if in principle the possibilities increase, only the so
called ¥ polytype is observed, exemplified here by y-InSe. The
stacking sequence is ASBAByyBCaaCApBBA.... In fact, y-InSe is
rhombohedral*® and the primitive unit cell contains only the
four atoms defining the layer. Other stacking possibilities involving
more layers exist,”* but we are not going to deal with them in this
work. Finally, the GaTe structure’’ is more complex, with mono-
clinic symmetry and one-third of the cation-cation bonds lying
nearly parallel to the layers.

Changes in the stacking sequence of the different polytypes
imply different elements of symmetry in the resulting structure. In
B-GaS and e-GaSe the environment of each layer is symmetric and
there is a mirror plane that relates the two opposed anion-cation
planes in a single layer. In B-GaS, anions from one layer face
cations from the adjacent layer. As in h-BN, there is an inversion
center between the layers that relates atoms from different layers.
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There is only one Ga and one S atom in the asymmetric unit,
which occupy the 4(f) Wyckoff positions in the P6;/mmc spatial
group. In £-GaSe, there is no inversion center and the two layers
forming the unit cell are not related by symmetry. The asymmetric
unit contains one pair of GaSe atoms from one layer and other pair
from the adjacent layer. In y-InSe, the layer environment is not
symmetric and there is no mirror plane relating the semi-layers.
The asymmetric unit is formed by the two cations and two anions
defining a single layer. The rhombohedral primitive unit cell con-
tains only one layer.

The energy difference between polytypes is small, and the
structure found experimentally depends on the particular
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compound and growing method. GaS, the most ionic compound of
the ITI-VI layered family, is only found under ambient conditions
as #-GaS. On the opposite, GaSe has not been found in the 8 poly-
type.”**® Bridgman grown GaSe usually adopts the & polytype, but
it also can be obtained in the y and & polytypes.”* InSe crystals
grown by the Bridgman or vapor methods adopt’>*® the y poly-
type, but the crystals are extremely prone to stacking faults, twin-
ning, and the presence of other polytypes in small regions.”

h-BN is also very sensitive to stacking faults, which for
graphite-like structures are referred to as turbostratic faults. The
perfection of the crystalline structure is quantified using a parame-
ter P3, which is defined as the quotient of layers with the proper

b ey
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FIG. 2. (a) Image plates from a h-BN single crystal. (110) and (112) reflections evidence a twin. (b) Cutting the y-InSe single crystal to load the cell results in defect crea-
tion and loose in quality of reflections. (c) Photograph of a -GaS single crystal inside the cell, near the ruby employed to measure pressure. The as grown hexagonal
prism had the suitable dimensions to perform the experiment. (d) Digital superposition of two image plates corresponding to the load shown in (c) at two different pres-
sures. The quality of the diffraction spots is maintained. Label D refers to diamond reflections.
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FIG. 3. Lattice parameters of h-BN under high pressure. Red stars correspond
to measurements with a single crystal sample, as described in the text.
Continuous lines correspond to fits. Hollow squares have been extracted from
Ref. 40. Hollow diamonds are reported in Ref. 42. Full symbols correspond to
graphite.””
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arrangement respect to the total number of layers. In h-BN the ¢
lattice parameter has been found to depend on P;.”” There is also
evidence pointing that as the sample has more defects (P; decreases),
the finer the powders obtained, the smaller the fragments of the BN
substructure.

B. High pressure

First, we would like to underline the importance of the sample
quality and nature, which in high pressure experiments with
layered materials becomes crucial. We begin describing the results
found on XRD under pressure in h-BN. Up to very recently, h-BN
was prepared only in the powder form. The equation of state found
by different authors*’™*’ was not consistent (see, for example,
Fig. 1 in Ref. 40 or Fig. 1 in Ref. 41). To explain the origin of the
discrepancy, emphasis has been given to either turbostratic faults*'
or to stresses and preferred orientation.”* In Ref. 42, it is under-
lined the possible response of a layered structure to shear stress and
not to hydrostatic pressure. The availability of single crystals®
induced us to perform high pressure XRD experiments. We
employed a diamond anvil cell (DAC) to generate high pressure, a
16:3:1 methanol:ethanol:water (MEW) as pressure transmitting
medium and a ruby as a pressure sensor. The single crystal had
approximate dimensions of 150 x 150 x 30um®. XRD was per-
formed with a Bruker D8 Advance diffractometer with a Mo
anode. We show in Fig. 2(a) the reflections corresponding to the
single crystal for a given orientation of the DAC. (110) and (112)
reflections evidence a twin, which was probably created when
cutting the single crystal with a blade. The detector sample distance
was calibrated with CeO, powder. The indexation was carried out
using =50 reflections (6 symmetry independent). Lattice parame-
ters under ambient conditions are a = 2.50(1) A and ¢ = 6.69(3) A.

Their high pressure evolution is shown in Figs. 3(a) and 3(b) as ¢

stars. Note the different scale of both subgraphs. Our data are fully
compatible with previous measurements, shown as hollow symbols,
in particular, if data for the a axis from Ref. 42 (hollow diamonds)
are renormalized. The linear compressibility under ambient condi-
tions is

10X

By = “Xop S (1)

where X represents a linear length and results in
By = 6.5(9)10~* GPa™! for the a-axis and B, = 3.9(1)1072 GPa™!
for the c-axis. We compare the compressibility in h-BN with those

TABLE |. Linear compressibility [Eq. (1)] of lattice parameters and bulk modulus in h-BN and related compounds, including cubic BN and carbon related phases. The compressibility

is given in GPa~" and the bulk modulus in GPa.

h-BN c—BN” Graphite™ Diamond
Bao 6.5(9)107* 8.42(4)107* 8.00(6)10™* 7.51(2)107*% Ref. 53
Beo 3.9(1)1072 2.8(2)1072
By 25.7(7) 396(2) 34(3) 444.5, Ref. 54
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FIG. 4. High pressure evolution of the lattice parameters in y-InSe. Hollow
symbols represent data from an experiment performed with the sample in
powder form.*® Filled symbols correspond to the single crystal employed in
Fig. 2(b), as reported in Ref. 56.

of other compounds in Table I. XRD experiments in graphite suffer
the same kinds of problems as those explained with h-BN. From
the large bibliography available, we have chosen data from Refs. 46
and 47 guided by their mutual agreement and also because the ¢
compressibility matches the one measured with a single crystal.**
The compressibility of the c-axis in h-BN is two orders of magni-
tude larger than that of the a-axis, evidencing the stronger covalent
bond of the hexagonal layers compared to the van der Waals inter-
action between layers. The a compressibility is similar to that of
cubic BN and also to the a compressibility in graphite. The c-axis
compressibility is, however, smaller in graphite than in h-BN (see
also Fig. 3). This fact is related to the different stacking patterns in
h-BN and graphite. Whereas in h-BN both N and B atoms from
different layers face each other,” in graphite only half of carbon
atoms face atoms of adjacent layers, the other half being above or
below the centers of the hexagons.”” Table I also includes the bulk
modulus. It is readily observed that in h-BN and graphite, the bulk
modulus is dictated by the intralayer compression (By = 1/8,).
h-BN and graphite polymorphs are stable up to 10.5 and
14 GPa, respectively.">"”?" Tt is interesting to note that the inter-
layer distance at the phase transition pressure is the same for both
compounds, giving an approximate distance between atoms of
adjacent layers of 2.8 A, which is the same critical distance than the
one found in the high pressure amorphization of benzene.”'
Powder XRD with III-VI layered materials encounters similar
problems as those just described in h-BN. In GaSe, powdering seri-
ously affects the ordering.”® £-GaSe powder XRD under high pres-
sure is reported in Refs. 57 and 58. Stacking disorder induces the
widening of reflections mixing h and k (or 1) Miller indexes, in par-
ticular, the (103) reflection. InSe is softer than GaSe, and it is even
more difficult to prepare a good powder. y-InSe powder XRD

TUTORIAL pubs.aip.org/aip/jap
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FIG. 5. High pressure evolution of Ga$S lattice parameters.®® Data correspond
to the experiment of Figs. 2(c) and 2(d). Inset: changes observed near the poly-
type phase transition taking place at 2.7 + 0.3 GPa.

under high pressure has been described in Ref. 55. The evolution of
lattice parameters is presented in Fig. 4. We performed XRD under
high pressure in y-InSe single crystals grown by the Brigman
method.” Cutting the crystal induces irreversible deformations.”
Figure 2(b) displays the image plate of angle dispersive XRD per-
formed with synchrotron radiation.”® Even if the diffraction spots

become blurred, the quality of the derived equation of state |
improves with respect to powder XRD, as the comparison per- :

formed in Fig. 4 clearly shows. It is interesting to point out that not
only the dispersion of the experimental data is reduced when using
a single crystal, but also the compressibility of the c-axis near
ambient conditions is found to be larger. We only include in Fig. 4
data from the low pressure y-InSe phase. A phase transition to a
rock salt polymorph was found in the powder experiment at 10.3
(5) GPa. In the single crystal experiment, the quality of the spectra
diminished from 7.6 + 0.5GPa onward, concurrent with the
appearance of peaks from the high pressure phase. A variety of
techniques have shown the existence of precursor effects at lower
pressures, depending on the sensitivity of the technique.”*’

The quality of the diffraction data further improves if an
as-grown single crystal is used. Figure 2(c) shows a f-GaS single
crystal inside the pressure chamber of a diamond anvil cell. The
hexagonal needle, prepared by vapor phase transport, had the right
dimensions to be used directly in the high pressure experiment.
Figure 2(d) is a digital composition displaying simultaneously two
image plates measured”® under ambient conditions (blue reflections)
and at 21.3 GPa (red ones). The quality of the reflections is main-
tained at the largest pressures, with the diffraction spots shifting to
the outer positions of the image, ie., to smaller distances, as pres-
sure increases. The precision of the data allows observing the effect
of a polytype phase transition on the cell parameters (Fig. 5). At
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FIG. 6. Comparison between the high pressure evolution of lattice parameters
in GaSe for the ¥ (filled symbols) and & (hollow symbols) polytypes.

2.7 + 0.3 GPa, a sudden decrease (1.5%) in the c parameter is
observed. The a axis remains almost constant. The volume decrease
in the phase transition is only 0.8%. As described in the structural
section, S-Ga-Ga-S layers are unaltered through the phase transi-
tion, but the stacking sequence is modified. HP-GaS is stable up to
the largest pressure achieved, 35 GPa. This enlarged stability range
on the one hand allows demonstrating the nonlinear compressibility
of the a axis and, on the other, shows a similar compressibility of
both axes is at the largest pressures, when the van der Waals interac-
tion among layers becomes comparable to the intralayer interaction.

We would also like to compare the behavior from two differ-
ent polytypes of the same semiconductor, y-GaSe and £-GaSe. We
characterized a vapor phase grown single crystal of y-GaSe. The
experimental conditions of the XRD experiment are those of
B-GasS, reported in Ref. 56. The pressure transmitting medium was
argon. We compare in Fig. 6 the pressure evolution of the lattice
parameters of y-GaSe with that obtained in the powder experiment
described in Ref. 58. We observe that there is no significant dis-
crepancy between both sets of data, apart from the slight increased
dispersion of powder data. The compressibility of both polytypes is
identical. Recently, state of the art calculations’’ have tried to dis-
tinguish between the energy/volume curve of the different poly-
types. They have found no difference between the & and y
polytypes. The most noticeable difference would take place between
the £/y and B polytypes. This result is interpreted as being related
to the interaction of anions and cations from adjacent layers.
Whereas in the B polytype, the ABSBA BoaB stacking sequence
involve two pairs of cation-anion interactions, in the £ (ABBA
ByyB) and y (ABBA ByyB CaaC) polytypes, there is only one
interaction (see Fig. 1).

We discuss now the compressibility of III-VI layered com-
pounds. Although they are lamellar compounds and, therefore,

TUTORIAL pubs.aip.org/aip/jap

TABLE II. Linear compressibility [Eq. (1)] of lattice parameters and bulk modulus in
-Vl layered compounds. The compressibility is given in GPa~" and the bulk
modulus in GPa.

y-InSe B-GaS y-GaSe £-GaSe
Bao 70(4)10™* 43(3)107* 43(5)107* 43(5)107*
Beo 22(1)1072 1.6(4)1072 1.4(2)1072 1.9(5)1072
By 28(1) 37(4) 44(4) 40(10)

highly anisotropic, the layers are not strictly two-dimensional as
are those of graphite and h-BN. As a result, the compressibility of
the a axis of III-VI layered compounds is one order of magnitude
larger than that of graphite and h-BN, whereas the compressibility
of the c-axis is slightly smaller (compare Tables I and II. Focusing
our analysis on Table II, we observe that f,, depends on the cation,
being equal in B-GaS y-GaSe and £-GaSe and clearly larger in
y-InSe. For its part, B, does not show any variation between the
different compounds under the experimental error, in spite of
having the interlayer space defined by S atoms in Ga$ and larger Se
atoms in GaSe. We also do not observe any clear variation in S,
on the polytype.

The behavior of 3,y in III-VI compounds, both when com-
pared to graphite or h-BN, as well as when considering members
of the III-VI family, points to relevant changes in the internal layer
arrangement. To access this structural information, it is necessary
to measure reliable intensities in a XRD experiment. This is far
more difficult than obtaining the lattice parameters. As described
above, it is very challenging to obtain a good powder. What is
more, the layered character of the compounds inevitably introduces
preferential orientations in high pressure experiments. Up to our

knowledge, no Rietveld refinement under high pressure has been ¢

made. There is only one single crystal XRD experiment, performed
in B-Ga$S up to 6.5 GPa.”” Another complementary approach based
on single crystal x-ray absorption, however, has already been
undertaken.’'~** In this technique, the x-ray energy is chosen close
to one absorption edge of a given atom of the sample. X rays ionize
the absorbing atom. The spherical wave representing the outgoing
electron is backscattered by the atoms surrounding the absorbing
atom. The superposition of the outgoing and backscattered wave
originates interferences in the post-edge region of the absorption
spectrum. From the frequency of the oscillations, it is possible to
deduce information about distances between the absorber and
backscatterer atoms.”” We present in Fig. 7 the evolution under
high pressure of the cation-anion bondlength in y-InSe,’’ 5-Ga$S
and e-GaSe.”” Data from S-GaS have been obtained in the same
experiment as the one described in Ref. 62, using a DAC and
silicon oil as the pressure transmitting medium. X-ray Absorption
Fine Structure (XAFS) was measured at the Ga K-edge. The
Extended X-ray Absorption Fine Structure (EXAFS) oscillations
were fit using experimental phases and amplitudes extracted from
the ambient pressure spectrum. The fit was carried out in the dis-
tance space after performing a Fourier transform of the EXAFS
signal in the [2.8, 8.2] A~! wavelength range, using a Bessel (r = 4)
apodization window. The compressibility of the cation-anion
bondlength is similar in the three compounds (Table III) and
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FIG. 7. Evolution of the anion—cation bonding distance under high Pressure
measured by x-ray absorption in lll-VI layered semiconductors.”"%* The
bonding distances have been normalized according to their ambient pressure
values.

smaller than that of the a axis. To reconcile §,, and S, the angle
¢ between the bond and the hexagonal anion planes (Fig. 1) must
increase. Geometrically, they are related by

g = d.cos(p)cos(30). )

In order to completely describe the high pressure behavior of
the layer, we would need the cation-cation bondlength. In the
experiments described, the x-ray polarization was perpendicular to
the cation—cation bond and then this distance was not accessible.
However, in Ref. 33 it was shown than in 8-GaS the Ga-Ga and
Ga-S compressibility was very similar. Assuming that this behavior
can be extrapolated to y-InSe and e-GaSe (and extended in pres-
sure in S-GaS), we can calculate the thickness of the intra- and
interlayer space along the c axis,

dintm = dcc + 2dcaSin(QD):

dinter =

(©)

ﬁ - dintm)

where d,. and d,, are the cation-cation and cation-anion distances

TABLE |ll. Linear compressibility [Eq. (1)] of cation-anion bonding distance Byca0,
intra- and inter-layer spacing. The compressibility is given in GPa™".

y-InSe”’ B-Ga$S £-GaSe®”
Bicao 22(4)107° 3.1(3)107° 2.6(4)1073
Buintrao —3.2(6)1072 3.0(3)107° 1.3(2)1073
Buintero 34(6)1072 36(9)107° 44(7)1073
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FIG. 8. Evolution of the intra- and interlayer distances under high pressure in
II-VI layered semiconductors.’* Data have been normalized according to
their ambient pressure values. Squares, triangles, and circles refer to -GasS,
£-GaSe and y-InSe respectively.

and n is the number of layers in the hexagonal unit cell (n = 3 in
y-InSe and n = 2 in $-GaS and &£-GaSe). The results are presented
in Fig. 8 and Table III. We observe a large decrease in the interlayer
space, which is of the same order of magnitude as that of the c-axis
and approximately the same for the three compounds. The intra-

layer distance decreases in S-GaS and e-GaSe, with a compressibil- §
ity of the same order of magnitude than the a axis, 107> GPa™". In :

y-InSe, however, the intralayer thickness slightly increases under
high pressure. This surprising result has been found in other
systems where there is a mixture of covalent as van der Waals
interactions, like liquid iodine® or crystalline and amorphous sele-
nium.””* In fact, the singularity of y-InSe is already manifested in
having at the same time the largest 3, and the smallest 3,.,, com-
pressibilities, which necessarily implies the largest ¢ increment.
Notwithstanding that, the evaluation of the intralayer thickness
relies on the hypothesis of the cation-cation compressibility. Two
ab initio calculations reporting””’’ the detailed structural evolution
of y-InSe under high pressure have been published. Both suggest a
more pronounced decrease in the cation—cation distance than in
the cation-anion bondlength, and a decrease in the intralayer dis-
tance. A definite conclusion can only be given by new experimental
data providing access to the cation-cation bondlength.

lll. LATTICE VIBRATIONS

We begin this section with h-BN. The primitive unit cell con-
tains four atoms, originating 12 modes. The point group symmetry
is 6/mmm. The sixfold axis classifies vibrations according to move-
ments along the hexagonal axis (A or B) or in the layer plane (E).
The inversion point, situated between the layers, allows grouping
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FIG. 9. Phonon patterns of h-BN modes polarized along the layers. Light (gray)
arrows represent the movement of B atoms, whereas the movement of nitrogen
atoms is represented in a darker (blue) tone.

the modes as odd (subindex u) or even (subindex g). In odd vibra-
tions, the atoms belonging to contiguous layers must vibrate in
phase. In even modes, they vibrate in phase opposition.

The in-plane modes are sketched in Fig. 9. The odd mode
where the atoms in a layer vibrate in phase is the acoustic mode,
Ef.. If N and B atoms vibrate in phase opposition, they originate
an infrared active mode, E;,. With respect to even modes, if N and
B atoms vibrate in phase, the phonon pattern is close to a rigid
layer mode (the amplitude of B and N may differ), with a low
wavenumber given that the added mass of both atoms takes part in
the movement and that the interlayer interaction is weak. This is
the low Ep, mode, labeled Eé . In the other even mode, where B
and N atoms in a layer vibrate in phase opposition, the associated
wavenumber is larger. We refer to this mode as the high E;, mode,
E;‘g. These even modes are Raman active.

The analysis of modes vibrating along the c-axis is analogous.
Odd modes include the acoustic and infrared ones, both with A,,
symmetry. Even modes, By, are silent in this case. The ABAB...
stacking sequence, as well as the even character of the modes,
makes the polarizability tensor a;; be even with respect to the gen-
eralized coordinate Q of the Bj; mode, so Jay;/ 8Q| ,=0 and the
mode is not Raman active.”’ The final decomposition of normal
modes in irreducible representations at the I" point is

' =24, + 2Big + 2E5; + 2E1u. (4)

The wavenumbers corresponding to the optical modes have
been compiled in Table IV. The lowest mode is, as expected, the
nearly rigid layer mode E;g [52.6(5) cm™']. The B;z(ZA) mode
[121ecm™!] is also a nearly rigid layer mode, but with a larger
restoring force associated with a variation in the interlayer distance,
as opposed to the shearing movement of layers in the Eég mode.
The modes with the largest wavenumbers are those involving the
stretching of the B-N bond, as in the Eé‘g and E;,(TO) modes
[1368(1) and 1365(3) cm™!, respectively]. Under ambient condi-
tions, the interlayer contribution to the restoring force is negligible,
and both modes show similar wavenumbers. If the phonon pattern
is along the c-axis, the stretching is not so effective, and the wave-
number decreases to 767(3) cm™! in the A,,(TO) mode and to
810cm™! in B14(ZO). 1t is interesting to note that the B,,(ZO)
mode, where B and N atoms of neighbor layers vibrate in phase,
has a larger wavenumber than the A,,(TO), where these same
atoms vibrate in phase opposition and there is a bonding

TUTORIAL pubs.aip.org/aip/jap

TABLE IV, h-BN vibration modes. Wavenumbers are expressed in cm™" and pressure
coefficients in cm™~"/GPa.

[O5) 0w0/6P|0
E;g“ 52.6(5) 8.0(2)
Egg“ 1368(1) 4.8(4)
E,(TO)" 1365(3) 3.4(4)
E,(LO)® 1623(3) 4.0(4)
A, (TO)® 767(3) —8.3(8)
Ay (LO)° 825(3) 0.9(1)
B, (ZA) 121
B, (ZO)* 810
“Exp., Ref. 50.
“Exp., Ref. 72.

“Theo., Ref. 73.

interaction between B and N which, as we are going to show, plays
an important role under high pressure.

The high pressure evolution of the modes, as measured by
Raman™ and infrared”” spectroscopies, is presented in Fig. 10. The
behavior of the A,, modes stands out as it is the only mode with a
negative pressure coefficient. Ab initio calculations under high pres-
sure’* have shown that modes involving dynamical buckling of the
hexagonal layers have negative pressure coefficients. Even if the
modes do not destabilize the structure (wavenumbers remain posi-
tive), it has been proposed”* that the interlayer interaction associ-

ated with buckling, enhanced by the polar character of the lattice,
eases the hexagonal to wurtzite phase transition.
The Eég mode is the E mode with the largest pressure coeffi-
cient. In relative terms, the variation is even more drastic, and it
1425 —
E "
1375 M ]
PR , E, (TO)
& 1325
< 775 '
) A (TO
2 725 210
g
2
o 675
§ 125
E o g—BE"
750 B o=
-
25
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Pressure (GPa)

FIG. 10. Pressure evolution of Raman® and infrared’* active modes in h-BN.
Lines correspond to fits.
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doubles from ambient conditions to 10 GPa. Eé'g and E;,(TO) show
similar trends, but careful inspection shows that the frequency sep-

aration between both modes increases with pressure.

Application of external pressure to a lattice held together by
perfect springs would compress the crystal volume but leave all
phonon frequencies unaltered. In the harmonic approximation,
force constants do not depend on volume. To describe the depen-
dence of frequency with pressure, it is useful to define a Griineisen

parameter y,

y:

_81na)
v

>

(©)

which is equivalent to assume that the frequency is proportional to
V7. In layered materials as h-BN, the strong anisotropic behavior
suggests to modify the usual definition and follow an analysis

based on the pseudo-Griineisen parameters ¥ defined by

w = a)o(X/Xo)_Wx,

46,75

(6)

where X is a lattice parameter, either a or c. Considering this equa-
tion, Fig. 11 shows the logarithmic relationship between the wave-

number and the lattice parameter X. We include data

76

from cubic

BN for comparison [y = 1.4(1)]. The Eég modes shows a clear
linear behavior if X = ¢ [y, = 1.3(1)], and non-linear if X = g, in
agreement with the rigid layer character of the mode, where the
restoring force is determined by the interlayer interaction. The
behavior of Eé‘g is slightly sub-linear if X =a [y, =2.0(1)] and
manifestly nonlinear if X = c. In this case, the phonon pattern
involves the stretching of the B-N bond along the layer plane,
whose length is defined by the a-axis. In the case of the E;,(TO)
mode, the sublinearity in the dependence with the a-axis is more
pronounced [y, = 2.2(1)]. It has to be taken into account that,
whereas the opposed B and N atoms from contiguous layers vibrate
in phase in Eé‘g, they vibrate in phase opposition in E;,(TO). The
interlayer interaction associated with the opposed movement of B
and N in the phonon pattern of E;,(TO) comes into play at high
pressures. As a final conclusion, we observe that when the right
scaling parameter is considered, the Griineisen parameter has
values near 1, even in polymorphs as different as h-BN and c-BN.
We focus now in III-VI layered semiconductors. Their layers
are not strictly bidimensional, and the description of the vibrations
is more involved. We will describe the results obtained in two dif-
ferent polytypes of GaSe. Readers interested in InSe are referred to
the bibliography.”*~** We begin with the simplest polytype, -GaSe.
Even if y-GaSe is usually represented using the hexagonal unit cell
to easy comparison with other polytypes (as in Fig. 1), its rhombo-
hedral unit cell includes only the four atoms defining a single layer.
Taking into account the 3m point group symmetry, any vibration
at the " point can be decomposed as

4A, + 4E.

)

As in h-BN, A modes vibrate along the c-axis and E modes
represent vibrations along the layer plane. All optic modes are both

infrared and Raman active.
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FIG. 11. Analysis of the logarithmic dependence of phonon wavenumbers in
h-BN as a function of lattice parameters. For comparison, we include also data
from zincblende BN. The scale for the Egg (blue circles), E1,(TO) (blue trian-
gles), and zincblende (blue stars) modes is the one on the left (blue). The red
right scale is associated with the Egg (red squares) phonon. Dashed lines corre-

spond to fits to Eq. (6).

The more common &-GaSe polytype contains two layers in
the unit cell (Fig. 1). There are thus eight atoms in the unit cell,
originating 24 normal modes. Point group 6m2 classifies the vibra-
tions at zone center in terms of the following irreducible represen-

tations:

4A| + 44, +4E +4E.

®)

Modes denoted with a single quote remain invariant when the
mirror plane connecting the two hemi-layers is applied. Those
modes with double quotes change sign. One A, and one E mode
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FIG. 12. Phonon patterns of those modes of e-GaSe, which have been mea-
sured under high pressure.”” We include also the frequencies and pressure
coefficients under ambient conditions.

are the acoustic modes. The other three A, vibrations are infrared
active only. Modes with A}, E', and E symmetry are Raman active.
E’ modes are simultaneously Raman and infrared active. In contrast
to h-BN, there is no inversion center relating the movement of the
two layers as a whole. Their movement is, however, related by
translation symmetry. The stacking of two layers doubles the
dimensions of the c-axis in £-GaSe with respect to y-GaSe, induc-
ing a folding of the Brillouin zone along the (00&) direction.”’ The
transversal acoustic mode of y-GaSe at the border zone (special
point labeled A) implies a movement in phase opposition of two
contiguous layers belonging to two different units cells. The folding
in £-GaSe originates the rigid layer mode E? shown in Fig. 12.
Analogous arguments can be applied to optical modes. Given the
large difference between intra- and interlayer interactions, their dis-
persion along T'A is small** and the folding of optical branches in
y-GaSe originates nearly degenerate modes in &£-GaSe, called
Davydov pairs. Phonon patterns in Davydov pairs imply either
in-phase or out of phase movement of Se atoms defining the inter-
layer space, so the interlayer electronic density changes very differ-
ently in each mode of the pair, implying that their Raman intensity
is markedly different. Being close in wavenumber, and with very
different intensities, they are very difficult to characterize experi-
mentally.”>* High pressure studies’*>*’ have characterized six
Raman active modes: the E? mode originated from the acoustic
branch and the most intense components of five Davydov doublets.

Figure 12 represents a sketch of the selected modes in £-GaSe.
Their pressure evolution is shown in Fig. 13 by full symbols,
together with the pressure evolution of modes in y-GaSe (hollow
symbols). Red shift of the optical gap precludes obtaining reliable
data at pressures larger than 6 GPa.”’ It is clear that modes in y and
£-GaSe representing the same intralayer movement have the same
wavenumbers, even at high pressure. We recall that lattice parame-
ters change in exactly the same way in both polytypes (Fig. 6). It
appears that even when the interlayer interaction becomes relevant,
the differences in the stacking patters associated with the y and &
polytypes do not affect the lattice dynamics, except for the symme-
try driven apparition in £-GaSe of the rigid layer mode, E.
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FIG. 13. Pressure dependence of measured’’ Raman active modes in £-GaSe
(full symbols) and y-GaSe (hollow symbols). The £ mode in e-GaSe corre-
sponds to the rigid layer mode and has no equivalent in y-GaSe.

The rigid layer mode E'? has the smallest wavelength, as expected
given the large mass of the layer. It is the only mode where a sublinear
dependence with pressure is observed. This fact can be interpreted in
terms of its dependence on interlayer interactions, which increase very
fast in the first compression stages but then tend to saturate.

The second lowest mode in £-GaSe is the E'> mode. It is the
lowest in y-GaSe where, as described above, the phonon pattern
includes only one layer and the irreducible representation is E*. In
this mode, two half-layers vibrate in phase opposition, giving rise
to a shearing movement (Fig. 12). Their pressure coefficient is the
smallest of all the measurable modes. This fact has been inter-
preted””*® as being the result of compensation between the
decrease in the Ga-Ga bond length, which tends to increase the
frequency under pressure, and charge transfer from the intramolec-
ular space to the intermolecular region. The analogous mode is
observed®®® in y-InSe at 40.3 cm™! and in B-GaS$ at 74 cm™! with
similar pressure coefficients, 0.68 and 0.74 cm ™' /GPa, respectively.

All modes, except the E"? mode, have pressure coefficients
near 5cm~"'/GPa. As the wavelength of the E? is so small, its rela-
tive pressure variation is the largest one. E™* and E” involve the
stretching of the Ga-Se bond based on shifts along the layer plane.
They have very similar wavenumbers, 209 and 213 cm™". In the A??
mode, it is the Ga-Ga bond the one that stretches. This mode has a
slightly larger pressure coefficient, 5.8 cm™!/GPa, probably due to
the fact that both Ga and Se in a half-layer are moving in phase
toward the interlayer space. In the A'* mode, both the Ga-Ga and
Ga-Se bonds are stretched, and this mode results as the one with
the largest wavenumber, 308 cm™!.

A similar pressure behavior of the phonon wavenumbers has
been obtained” in £-GaSe thin films (please note the incorrect
symmetry assignment,”’ probably based on that of the 3 polytype).
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IV. ELECTRONIC STRUCTURE

The electronic structure of h-BN has been the subject of
numerous theoretical””™'** and experimental studies.””””'%'~'> We
present in blue in Fig. 14(a) the electronic structure of a BN single
layer, as calculated in Ref. 98. The orbital character of the bands,
derived” from symmetry considerations, is stated at high symme-
try points of the Brillouin zone with blue labels. The assigned char-
acter is in agreement with the calculated density of states presented
in Refs. 94 and 98. The eight valence electrons of the B and N
atoms forming the unit cell are accommodated in the four lowest
bands. The bands with s and p,, orbital character are called o
bands. They are involved in the sp? hybridization that originates
the hexagonal arrangement. The other band, with p, orbital charac-
ter, is named 7z band due to the z-type overlapping between

I K M I

FIG. 14. (a) Ambient pressure electronic structure of a BN single layer (blue
points) and bulk h-BN (black points), extracted from Ref. 98. The character of
the bands in the case of the 2D compound is assigned in Ref. 92. (b) Bulk
h-BN electronic structure under ambient conditions (black points) and at
2.5GPa, as read from Ref. 106. Please note the usual inconsistency of the
bandgap calculated in the two references.
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neighbors. o (7) bands are even (odd) respect to the symmetry
plane coincident with the layer. The existence of the mirror plane
avoids the interaction of ¢ and z bands at general points of the
Brillouin zone.

The band structure of the three-dimensional h-BN com-
pound” is presented also in Fig. 14(a) as black lines. The unit cell,
and, thus, the number of bands, doubles. However, as the overlap
between o orbitals at consecutive layers is not relevant, the new o
orbitals become degenerate. On the opposite, 7 orbitals split. At T,
K and M point symmetry avoids interaction between Bloch func-
tion derived from p, orbitals with those derived from s, p,, and p,
orbitals.”> At a generic point of the Brillouin zone, the interaction
is expected to be small.

Optical properties are dominated by top valence and bottom
conduction bands along KM. Their dispersion has been modeled
with a tight-binding model'””'"® built on p,y and p,p orbitals.
Near K, the valence (conduction) band is dominated by N (B). The
conduction band is described by

(H|7(ki)| + 2tHcos(k”c))2

Ecg=A
CB + oA

&)

Here, A~ 3.62¢eV is the on site correction to the atomic
energy. t; ~ —2.33eV represents the coupling term between first
B-N neighbors in the plane and ¢ ~ 0.5eV the coupling integral
between first B and N atoms facing each other in different layers.
Numerical values are obtained fitting the band structure obtained
by ab initio methods. k; and k stand for the wavevector in the
plane and perpendicular to it, respectively. y = S % takes
into account the phase of wave functions corresponding to the first
three neighbors in the plane, described with vector positions 7;.

Let us consider for a moment a single layer of BN (¢ = 0). In

this model, if only the first neighbor B-N interactions (f,) are
taking into account, valence and conduction bands would be sym-
metrical, Eyp = —Ecp. Figure 14, however, shows a flatter conduc-
tion band (blue lines). Differences in dispersion are reproduced
taking into account the second neighbor N-N and B-B interactions
(t2. = —0.4eV) in the plane (Fig. 4 in Ref. 108).

Experiment and theory agree in assigning a direct bandgap at
the K point.””'**'% In our model, yx = 0, |y,;| = 1 and the con-
duction band has lower energy at K. Neglecting the second neigh-
bors interactions, the electronic gap at K is approximately given by
2A = 7.24eV."""'" The optical bandgap is considerably smaller,"”*
6.1 eV, due to huge excitonic effects.”’-10>108

In the tight-binding model of three-dimensional h-BN the
number of p, orbitals doubles. The splitting is evident in Fig. 14(a),
black lines. The physical origin of the splitting is the formation of
bonding and antibonding combinations of p,y and p.p orbitals of
atoms situated in contiguous layers. This mechanism is not effec-
tive at the K point, where yx = 0 and the band has a single energy
value, Ecp =A+2t2/A. Even if the interlayer interaction is
present, the symmetric distribution of first neighbors neutralizes its
effect in the LCAO (Linear Combination of Atomic Orbitals) wave-
function for this particular wavevector. At the M point of the
Brillouin zone |y,| = 1, and the splitting is maximum, 4ft, /A. In
this approximation, the splitting is the same in both valence and
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conduction bands. The inclusion of the second neighbor interlayer
interactions does not break the degeneracy at the K point but
results in a slightly different splitting for both bands at the M
point.'”® A global consequence of the splitting is the change of
character of the electronic gap, from direct in the monolayer BN to
indirect in bilayer and bulk h-BN.”””'"* The minimum of the con-
duction band is at M, whereas the maximum of the valence band is
near K.'%>'% The indirect bandgap is around 6 eV.”'"* The lowest
direct gap is now at M.'"°

Figure 14(b) compares the band structure of h-BN under
ambient conditions (black) and at 2.5 GPa (red), as calculated in
Ref. 106. The pressure evolution of the bands clearly follows the
trends observed in the transition from single layer BN to & — BN
and can be understood with the aid of the tight-binding model. First
of all, the degeneracy at the K point is maintained under high pres-
sure. The direct gap at K, Egg(K) ~ 2(A + th /A), increases as a con-
sequence of the augmentation of ¢ associateé with pressure increase.
The direct gap at M, Egy(M) ~= 2A + (t. + 2t||)Z /A decreases due
to the larger pressure coefficient of the positive 2t term, which
compensates the negative ¢, term more effectively as the pressure
increases. From the detailed inset of Fig. 4 in Ref. 106, the pres-
sure coefficients of E,y at M and K can be estimated and then
conclude dt)/dP ~ 40meV/GPa and dt,/dP ~ —30meV/GPa.
It should be noticed that not only # =0.5eV is significant
respect to t; = —2.33eV under ambient conditions, but also
their pressure coefficients have the same order of magnitude,
even if dt)/dP is larger. The analysis of the pressure dependence
of the indirect gap requires the description of the maximum of
the valence band along I'K, which is shown in Ref. 108 to criti-
cally depend on the second neighbor interaction in the layer
(tp1). For that reason, the increase in the valence band
maximum with pressure is rather small and the pressure coeffi-
cient of the indirect gap is roughly half of the direct gap at
M. The final pressure behavior of the actual optical gap is, as
stated above, modified by huge excitonic effects. The direct
exciton is formed by transitions around the K (and H) points of
the Brillouin zone. As a consequence, in contrast to the large
reduction of the direct gap, the direct exciton transition is essen-
tially unaffected by hydrostatic pressure.'”” High pressure
enhances the indirect character of h — BN.

There have been two experimental high pressure characteriza-
tions of the optical gap. Sapphire anvils must be used to generate
pressure in order to avoid absorption by the most commonly
employed diamond anvils at energies close to the absorption edge.
In the first experiment,'”’ the absorption coefficient was character-
ized using a ~20 um sample. Given the large absorption coefficient
of h — BN, only the low energy tail of the absorption edge was
characterized. A clear shift to low energies (—36 meV/GPa) was
attributed to the decrease in the direct bandgap. In the second
experiment,'*° reflectivity experiments were mainly performed. In
this case, two features of the reflectance spectrum were associated
with the direct and indirect excitons. Both shift to the red under
high pressure, with coefficients dX,;/dP = —26 +2 and
dX;/dP = —36 + 2meV/GPa. After considering the non-trivial
excitonic effects, the experimental pressure behavior is in good
agreement with the band structure behavior described in the above
paragraphs.

TUTORIAL pubs.aip.org/aip/jap

Let us now discuss the evolution of the electronic structure of
II-VI compounds, beginning with y-InSe. This compound is a
direct semiconductor with an experimentally measured''” bandgap
of 1.27eV. Figure 15(a) shows a relevant fragment of the y-InSe
band structure as was obtained in the first ab initio calculation'"’
performed. The direct gap occurs at the Z point of the Brillouin
zone. The valence band at this point has a predominant antibond-
ing p,s. character. The conduction band at Z is dominated by anti-
bonding sp, orbitals, with some admixture from p,s. antibonding
orbitals.'"” The four bands situated below the valence band
maximum correspond to pys. — pys. bands, grouped in two pairs in
the absence of spin-orbit coupling,''’ and 0.3 eV split considering
relativistic corrections.'''"” T'Z correspond to the direction per-
pendicular to the layers. The large dispersion of the p,s. band and
the extremely low dispersion of pys, — p,s. bands along this direc-
tion evidence that Se p, orbitals play a fundamental role in

106,110

FIG. 15. (a) y-InSe electronic band dispersion along the T'Z direction,
which is perpendicular to the layers. (b) Pressure dependence of the band
structure, according to Ref. 111. Black (red) lines display calculations at 0
(7) GPa. Please note the usual inconsistency of the bandgap calculated in the
two references.
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interlayer interaction, whereas pys. — pys. orbitals are basically con-
fined to the layers. The fundamental transition at the Z point is
allowed for polarization parallel to the c-axis. It would be forbidden
for perpendicular polarization, but the weak hybridization of the
Pse valence band with the underlying pys. — pys. bands induced by
spin-orbit coupling makes this transition allowed with a small
dipole matrix element. Transition from the pys, — pys. levels to the
conduction band minimum is allowed for polarization perpendicu-
lar to the c-axis. The oscillator strength is weak for one of the
spin-orbit split pairs.””''” The two observed optical transitions are
labeled E; and E|.""*'"* In addition, high pressure studies'"” evi-
dence the existence of an indirect contribution to the absorption
edge 0.3 eV above the direct bandgap, which has been assigned to
transitions from I' in the valence band to D in the conduction
band®”'"” (not shown in Fig. 15).

£-GaSe has two layers in the primitive unit cell. Folding the
y-InSe Brillouin zone along I'Z shifts the direct gap to """ It is
observed experimentally at 2eV.””'"*""” The indirect edge’” is
assigned to transitions from T’ to M.””"'®'"” Experimentally, the
indirect gap is found to be situated very close to the direct
gap.””'*" B-Ga$ has a similar band structure than £-GaSe,'*' with
slightly larger dispersion due to stronger orbital hybridization and
some more degenerated bands as a consequence of increased sym-
metry. f-GaS$ is an indirect semiconductor with a bandgap near
2.5eV.'”* The indirect gap is proposed to take place at the same
points of the BZ than in e-GaSe. The first direct gap, at T, is
observed some 0.5 eV above the indirect one.

We include in Fig. 16 the experimental results''™''>'** con-
cerning the most relevant optical transitions in y-InSe (in black),
£-GaSe (red), and B-GaS (orange). The direct gap of y-InSe and
£-GaSe (squares) displays a similar non-linear behavior. At low
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FIG. 16. Pressure evolution of optical transitions as measured''®'">'?* in
y-InSe (in black), -GaSe (red), and 3-GaS (orange). E; and E; stand for the
direct (squares) and indirect (circles) gaps. Ei, Ej, and Eny (triangles) are
defined in Fig. 15.

TUTORIAL pubs.aip.org/aip/jap

pressures, the gap decreases, achieves a minimum, and then
increases. The minimum is attained at ~ 0.5 GPa in y-InSe and at
~1.2GPa in e-GaSe. The indirect gap, also shown in Fig. 16
(circles) displays, opposite to the direct gap, a decreasing nearly
linear behavior. The slope increases in modulus in 3-Gas$ respect to
e-GaSe and in e-GaSe respect to y-InSe. £-GaSe and y-InSe
become indirect semiconductors under high pressure.”””''>'** The
same happens in GaTe,'*" another III-VI layered compound not
included in this work. The direct transitions E; and E| present a
linear pressure dependence with the same positive slope. The origin
and behavior of E,,;, will be discussed later on.

The first attempts to describe the high pressure behavior of
optical transitions and, in particular, the differences between the
decreasing indirect gap and the nonlinear dependence of the direct
gap, were based on models of the band structure where, either the
position of energy levels,'”> or their splitting,””'*° was related to
intra- and interlayer interactions according to the orbital character of
the levels and its contribution to bonding, It became clear’”'*° that
all splittings increase with pressure and that deformation potentials
corresponding to intralayer interaction are one order of magnitude
larger than those of interlayer interactions, as expected from the
strength ratio of covalent to van der Waals interactions. The nonlin-
ear shift of a band was assigned'*” to the nonlinearity of the pressure
dependence of the van der Waals gap between the layers.

Modern ab initio calculations”**”'"* show the necessity of
relaxing the atoms in the layers to their most stable position. They
evidence a complex behavior of the layer compression under high
pressure, being in agreement with the structural evolution described
in Sec. II. They also reproduce the pressure evolution of the gaps
and confirm the guidelines just presented. The pressure behavior of
the different gaps would be explained as follows below.

Beginning with the direct gap, both the valence band

maximum and conduction band minimum shift upward under ¢

high pressure. The position of the valence band maximum, whose
character is basically p.s,, is affected by the band dispersion in the
direction perpendicular to the layers and, thus, by the interlayer
interaction. Even if the deformation potential associated with the
interlayer interaction is smaller than the intralayer one, the large
compressibility of the interlayer space at the initial compression
stages induces an initial reduction in the direct gap. At larger pres-
sures, the compressibility is more isotropic and the upward shift of
the antibonding metal s state related to intralayer compression
dominates, causing an increase in the direct gap. It is interesting to
note that the evolution under high pressure of the direct gap in
InSe has also been studied®’ in near two-dimensional samples with
a reduced number of layers. The pressure at which the minimum is
observed increases as the number of layers is reduced. This fact has
been interpreted”’ on the basis of a progressive increase in the quo-
tient between inter and intralayer deformation potentials,
Dinter/Dintra> as the number of layers is reduced. In samples with a
low number of layers (<15), the upward shift of the antibonding
metal s state associated with intralayer compression is only effective
at higher pressures.

E, and E| are direct transitions with initial (pyys.) and final
(metal s) states related to antibonding states shifting upward under
pressure due to intralayer interaction. Their high pressure behavior
is linear, with positive slope. We conclude that the conduction
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band has a larger deformation potential. This is reasonable as the
bonding contribution of the metal s orbitals takes place deep in the
valence band (not shown in Fig. 15), whereas the split py,s, bands
are located in the upper part of the valence band.

The indirect gap corresponds to transitions between the
valence band maximum at I" and a conduction band minimum sit-
uated at the edge of the Brillouin zone (symmetry point M in
£-GaSe and D in y-InSe). The conduction band minimum shift
downward under high pressure and the indirect gap decreases.

In addition to the general qualitative explanation related to
intra- and interlayer interactions, the pressure behavior of the bands
reveals additional phenomena. Experimentally, an additional indirect
gap, E,, shown in Fig. 16 with downward triangles, is observed in
y-InSe.''"'"” Tts pressure dependence is very similar to that of the
direct gap. The detailed calculations relate the transition to the
formation under high pressure of an upper maximum in the
valence band along ZL [Fig. 15(b)] and ZH directions. A detailed
analysis of the maximum at pressures larger than 4 GPa reveals
that it has quasi-cylindrical symmetry around the c-axis and
mirror symmetry with respect to the ZHL plane, giving rise to
toroidal constant energy surfaces.”>'”” In £-GaSe the valence
band maximum at T flattens under high pressure,”® but the
donut-like feature of the band structure is not developed.'"

The emergence of the toroidal feature in y-InSe under high
pressure has been explained with the aid of the k - p model, which
describes the curvature of the valence band at the Z point in terms

of the following equation for the effective mass myz:

m 2 vZy|P.|cZ)
I: 0:|(k1_):1+_<*|< 1| L| 3>| +
Myz my Ez; —Ez
|(vZo|PLIcZsa)* | [(vZi|PL|cZap)
Eyz1 — Evzaa Evz1 — Evz3s
2|(vZs|PL|cZ))
_ (A—l—Bkzl) (v 3|;|C )l ) (10)
g

The first term in parentheses represents the dipole allowed
(P.) interaction with p,,, conduction bands lying 5-6 eV above
the valence band maximum. The second and third terms are asso-
ciated with transitions, also dipole allowed, from the two pyys.
valence bands. The first term is negative, and the second and third
are positive. If the last term is neglected, the terms in parenthesis
nearly cancel, explaining the large effective mass of y-InSe in the
direction perpendicular to the layers, larger than in the parallel
direction, resulting in the so-called anomalous anisotropy. It is
dubbed anomalous because in general, it is expected a large band
dispersion along the layers and, thus, a smaller effective mass. The
last term is necessary to explain the emergence of the valence band
maximum under high pressure. It is related to transitions to the
minimum of the conduction band. At exactly the Z point, they
would be forbidden by symmetry, but spin-orbit interaction intro-
duces mixing between states from the valence band maximum and
underlying p.,s. bands. Coefficient A takes into account this effect.
The valence band at points other than Z can have a partial pyys.
character, originating the BK* term.
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A careful analysis of Fig. 16 evidences that the energy differ-
ence between the top of the valence band and the pyys bands
decreases in y-InSe under high pressure.'’” The last term in
Eq. (10) eventually dominates under high pressure, compensates
the negative terms, and gives rise to a positive curvature of the
valence band maximum at Z. The positive curvature is reduced as
we get away from Z and k L grows, finally becoming negative and
leading to the emergence of the maximum in the valence band.

In e-GaSe, on the opposite, the energy difference between the
top of the valence band and the p,,s. bands increases as pressure is
applied. This fact would explain the nonobservance of the toroidal
feature in £-GaSe under high pressure.''" The different behavior of
the energy difference is, in part, due to the larger compressibility of
the In-In bond respect to the Ga-Ga one, which induces a larger
splitting of the p,ys, bands. It is also due to the weaker intensity of
the interlayer interaction, compared to the intralayer one, in y-InSe
respect to £-GaSe so the shift of the valence band maximum is
slower in y-InSe.

Interestingly, the valence band is also predicted'** " to
develop a maximum along I'K in single layers of GaS, GaSe and
InSe under ambient conditions. The resulting band dispersion is
usually refereed to as a Mexican hat. The maximum has already
been observed in GaSe'’»'’* and InSe'” single layers by
angle-resolved photoemission spectroscopy. The model just
described is coherent with the calculations performed in InSe and
GaSe. In bulk y-InSe and &-GaSe E,z; — Evz3a is around
1.0 V.75 At 8 GPa, it is 0.73 eV in y-InSe.(’g In an InSe single
layer under ambient conditions, it is 0.25 and 0.6 eV in a bilayer."*”
Finally, in a GaSe single layer, E,z; — E,z34 is ~0.3 eV.”” 1t
appears that the observation of the maximum is related to values of
Eyz1 — Eyz3a clearly below 1eV. This situation can be achieved
either by high pressure in y-InSe or under ambient conditions by
considering the single layer configuration in InSe or GaSe.

V. CONCLUSIONS

We have seen that in order to understand the behavior of
layered materials under pressure, it is crucial to previously perform
a detailed structural characterization. Given the experimental chal-
lenges found with layered materials, it is best to work with single
crystals. When layers have an internal structure, like in III-VI
semiconductors, x-ray absorption may be very useful in order to
determine the layer compressibility and also to characterize geo-
metrical changes inside the layer.

We can extract some general consequences from our descrip-
tion of the structural evolution. The intralayer compressibility
under ambient conditions, B,, is very similar in graphite and in
h-BN (Table I), in spite of the different chemical compositions.
The interlayer compressibility, B, is two orders of magnitude
larger than the intralayer one. In III-VI layered compounds,
Table II, B, is of the same order of magnitude than that in graphite
and h-BN. We conclude that it is basically determined by the com-
pressibility of the interlayer space, and van der Waals interactions
have similar strengths in all the compounds studied. §,, in III-VI
compounds is one order of magnitude larger than in graphite and
h-BN. The internal structure of the layer can accommodate struc-
tural changes as the a lattice parameter is reduced. As a result,
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is only one order of magnitude larger than 8,,. As the pressure
increases, 3, and B, tend to become more similar, but only in GaS
does the large pressure interval of stability of the high pressure
phase allow close slopes in the pressure behaviour of a/a, and c/c,
to be observed from about 20 GPa (Fig. 5). The different stacking
pattern in graphite and h-BN makes 8, slightly different in both
compounds. The influence of the stacking pattern in III-VI com-
pounds is, however, more complex. On the one hand, GaS experi-
ments a first-order phase transition associated with a polytype
change (Fig. 5), with a small but measurable volume change. On
the other hand, we do not observe any difference in the pressure
evolution of y-GaSe lattice parameters with respect to those of
e-GaSe (Fig. 6). X-ray absorption shows that the pressure evolution
of the cation-anion bond length in GaS, GaSe, and InSe is similar
to that of the a-axis. Notwithstanding this, a detailed analysis
shows that slight variations in the internal geometry of the layers
take place under high pressure. The main result is that the intra-
layer distance hardly decreases under high pressure. New single
crystal x-ray diffraction and/or x-ray absorption would be necessary
to confirm some of the results, in particular, if the intralayer dis-
tance slightly increases in y-InSe under high pressure.

The section related to lattice vibration includes a detailed dis-
cussion of phonon patterns, underlining the relationships between
the atoms’ movement in different layers and also comparing differ-
ent polytypes. The rigid layer mode, either the Eég mode in h-BN
or the E”? mode in £-GaSe, displays the largest relative pressure
increase, as the interlayer restoring forces strengthen fast under
high pressure. In marked contrast, when the shear movement is
associated with opposed hemilayers inside a layer (E"> mode in
&-GaSe, Fig. 12, or equivalent modes in InSe and GaS), the pressure
coefficient is the smallest one. In h-BN, cations are opposed to
anions in contiguous layers. The mode A,,(TO) implies shifts
along the c-axis approaching both ions and turns to be a soft
mode. In III-VI compounds, the interlayer space is in-between Se
atoms, and there is no similar soft mode. Given the simplicity of
the h-BN structure, vibrations can be related either to intralayer
interactions [Eé’g and E;,(TO)] or interlayer ones (Eég). Their high
pressure behavior is nicely described by a pseudo-Griineisen
parameter related to the appropriate lattice parameter, which
happens to have values near 1, as in three-dimensional materials.
Davydov pairs in III-VI compounds are very difficult to character-
ize experimentally, but in h-BN they are readily accessible and dis-
tinguishable, as Eé‘g is Raman active and E;,(TO) is infrared active.
Both are related to B-N stretching and have close wavenumbers
under ambient conditions. Interlayer interaction slightly separates
them under high pressure. Once again, III-VI layered compounds
behave differently at this respect. There is no significant difference
between the pressure behavior of equivalent modes in different pol-
ytypes (Fig. 13).

The description of the electronic structure begins with BN.
We analyze band dispersion with the help of a tight-binding
model. We show that the changes observed when passing from
single layer to three-dimensional BN are qualitatively similar to
those induced by high pressure, Fig. 14. It is remarkable that, in
spite of the larger compressibility of the c-axis, the pressure coeffi-
cients of the first neighbors coupling integrals in the plane and per-
pendicular to it, £, and ¢, are of the same order of magnitude. The
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band structure of III-VI layered compounds is also described. The
experimental characterization of electronic transitions under high
pressure shows a rich behavior, Fig. 16, which can be understood
on the basis of the orbital character of initial and final states. The
nonlinear pressure dependence of the direct gap is particularly
interesting, because it results from a subtle balance between intra-
and interlayer interactions. In this case, deformation potentials cor-
responding to intralayer interaction are one order of magnitude
larger than those of interlayer interactions. The balance between
intra- and interlayer interactions, as manifested in the direct gap
behavior, can be modified either by changing the cation, switching
from InSe to GaSe, or by reducing the number of layers in near
two-dimensional InSe. Finally, the emergence of the toroidal
feature in y-InSe under high pressure is discussed on the basis of a
k- p model. The formation of such a structure is related to the dis-
tance of the upper p.s valence band to underlying p,,s. bands.
Interestingly, high pressure helps us to understand the formation of
the Mexican hat type of valence band in single layers of InSe and
GaSe, but not in three-dimensional compounds under ambient
conditions.
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