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Raman scattering and infrared studies are reported for the layer compound GaSe under hydro

static pressures up to 4 GPa. The rigid-layer mode shifts towards higher frequencies with an initial

pressure coefficient of 0.234 GPa"1. The overall behavior is explained in terms of the volume

anharmonicity characteristic of the van der Waals bonding. The internal bond-bending mode

softens and the Born effective charge decreases linearly. By adopting the single-layer compressibili

ty /c/~0.015 GPa"1 we obtain a Gruneisen parameter of —1.9 for the bond-bending mode and

—0.55±0.05 for the effective charge, comparable to those of a tetrahedral semiconductor. Coex

istence of such molecular and covalent characters leads to a nonlinear shift of the energy, Eg, of the

Penn-Phillips oscillator. This behavior is shown to be described well by AEg=Da{Aa/a0)

+ Dc(Ac/c0) with the deformation potentials Da = —7.6± 1.0 eV for the a axis and Dc = 1.06±0.16

eV for the c axis. These deformation potentials reflect the dimensionality of bonding network as

well as the nature of the electronic structure.

I. INTRODUCTION

The dependence of the phonon spectrum on hydrostatic

pressure has been studied for many semiconductors since

Mitra et al. reported the pressure dependence of the first-

order Raman spectra in ZnO, ZnS, ZnSe, ZnTe, CdS,

GaP, and SiC.1'2 Their works demonstrate that (1) the
TO and LO modes shift towards higher frequency with

pressure, (2) the magnitude of the LO-TO splitting de

creases with pressure, the rate being higher with higher

ionicity, and (3) in wurtzite-type materials such as CdS

and ZnO, the E2 mode which corresponds to the TA

mode at the L point of the Brillouin zone of the zinc-

blende-type materials shifts towards lower frequency.

Hochheimer et al. have obtained similar results for the

behavior of LO and TO modes in CuCl, CuBr, and Cul.3

Cardona and his co-workers have paid attention to the

Born effective charge in GaAs, InP, GaSb, InAs, and

InSb.4"6 The Born effective charge decreases with pres
sure in a fairly general way, indicating that the polarity

and thus the ionicity decreases upon contraction of the

tetrahedral bonding.

Subsequently, the second-order Raman spectrum has

been measured in Si, Ge, 3C-SiC, GaP, ZnS, ZnSe, and

ZnTe.7"10 In these cubic materials, the TA mode at the
zone boundary softens remarkably under pressure. This

phenomenon is consistent with the observation by Mitra

et al for the TAL-like mode in CdS and ZnO. The

softening of short-wavelength TA phonons is reminiscent

of the decrease in the bending force of a tetrahedral bond.

Weinstein has conceived it as the driving mechanism of

the transformation into a metallic phase which takes place

in a tetrahedral semiconductor at a high pressure.9

The bond charge is principally responsible for the

screening of the potential between constituent atoms. The

role of the bond charge on the behavior of phonons under

pressure has been theoretically studied by means of vari

ous approaches based on pseudopotentials.11 13 It has
been clarified throughout these works that delocalization,

deformation, and displacement of the bond charge cause a

change in the strength of the screening so as to increase

the central force and to decrease the noncentral force.14
In particular, the noncentral force which determines the

frequency of the zone-boundary TA mode has been ar

gued to be very short range. These theoretical results

agree well with experimental findings mentioned above as

well as the phenomenological bond charge model

developed by Weber to describe a peculiar dispersion of

the TA phonon in tetrahedral semiconductors.15

According to Weinstein et al. the photoelastic parame

ter r defined by16

r=-
31n(6-l)

8 lnH
(1)

serves as an indicator of the dimensionality of the bonding

network of a solid, where e is the infrared dielectric con

stant and Cl the volume per molecule; the network dimen

sionality means the number of dimensions in which the

covalently bonded molecular unit is macroscopically ex

tended. In amorphous and molecular chalcogenide ma

terials, the compression mainly increases the broadening

of electronic bands through the enhancement of the cou

pling between molecules. This effect leads to the change

in the dielectric response to give X'>1. On the other

hand, the change in the dielectric response of a semicon

ductor with the three-dimensional network of tetrahedral

bonding (hereafter abbreviated as 3D semiconductor) is

determined by the increase in the bonding-antibonding en

ergy gap to give X' < 0.

A layered semiconductor consists of two types of chem

ical bonding, depending on the crystallographic orienta

tion. The layer itself can be regarded as a molecule,

whereas the bonding within the layer is covalent or par

tially ionic. In this sense, a layered material is expected to
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be two-dimensional. We find it of interest to see how

such a dual character in the electronic state of a layered

material varies with contraction of its volume. Weinstein

et aLxl have deduced #'=1.6 for layered GeS2. Polian

et al. have measured the Raman scattering and photoelas-

tic properties of GaS under hydrostatic pressure.18'19
Their data show that X'~l and a zone-boundary TA

mode softens with a rate of -1.0X10"2 GPa""1. No sys
tematic study, however, has been made, and consequently

no correlation of X' with the network dimensionality has

yet been established for layered materials.

In the present paper, we report Raman scattering stud

ies of 2Jf(e)-GaSe under hydrostatic pressure up to 3.4

GPa. Contrary to the 2H(p) polytype of GaS, the 2H(e)

polytype of GaSe has no inversion symmetry, and thereby

the TO and LO modes are Raman active in addition to

other nonpolar optical modes. One may evaluate the Born

effective charge from the LO-TO splitting. The pressure

dependence of the Raman spectrum of nonpolar modes

gives information on the variation of the interlayer force

and the intralayer bond-bending force. We have also mea

sured the pressure dependence of the infrared dielectric

constant by observing the interference fringe spectrum. It

manifests the pressure dependence of the photoelastic pa

rameter and the average gap, which reflect the nature of

the electronic structure. The present paper deals with

properties of the chemical bonding of GaSe on the basis

of these experimental results.

II. EXPERIMENTAL

The single crystal has been grown by the Bridgman

method. The crystal is cleaved into the thickness of

0.01—0.1 mm, and cut into the typical area of

0.3X0.3 mm2. It is immersed in the 4:1 mixture of

methanol and ethanol in the pressure cell of a metal-

gasketed diamond-anvil apparatus. The thickness of the

gasket is 0.25 mm and the diameter of the hole is 0.4 mm.

The pressure is calibrated by measuring the wavelength

shift of the R x luminescence line of a chip of ruby crystal

irradiated by a Kr laser or a He-Ne laser.

The Raman scattering spectrum is measured in the

backscattering geometry from the basal plane of the crys

tal. The 647.1- and 676.4-nm lines of a Kr laser are em

ployed as light sources. The laser beam is focused into a

diameter of 0.1—0.2 mm on the sample surface. The

spectrometer consists of a Nalumi 1000D-WN double

monochromator equipped with holographic gratings, a

Hamamatsu R943 photomultiplier, and a conventional

photon-counting system.

The refractive index is measured for the electric field E

of radiation normal to the c axis by observing the in

terference fringe spectrum in the wavelength range of

0.6—1.3 /xm. The spectrum is observed by the lock-in

method with a Nikon G250 monochromator, a halogen

lamp, and a Hamamatsu P397 PbS detector. All measure

ments are performed at room temperature. __

The 2#(£)-GaSe crystal belongs to the D\h(P6m2)
space group and has the following normal modes:20

where one A\ and one E' are acoustic modes. The

A\, E\ and E" optical modes are Raman active. A\

modes have the symmetry property of xx +yy and zz\ E',

of xy and xx-yy; and E", of zx and yz. Because of these

symmetry properties, nonpolar A \ and E' modes may be

observed in the present experimental geometry as shown

by the path A in Fig. 1. Figure 2 shows the pressure

dependence of the spectrum measured by the use of the

676.4-nm line of a Kr laser. The spectrum which has

been measured in the atmosphere with a wide and 0.2-

mm-thick crystal is also shown for comparison in Fig. 2.

Observed Raman lines are assigned with reference to the

literature.21
Among them, the E'CLO) mode should be observed

only in the forward scattering geometry because it propa

gates along the basal plane, and thereby has a vanishing

momentum along the c axis. However, the radiation scat

tered by the E'(LO) mode may be reflected backwards at

the sample surface as shown by the path B in Fig. 1. This

reflection allows us to observe the E'CLO) mode in the

backscattering geometry.

According to the symmetry properties mentioned

above, E" modes are active in zx and yz polarizations of

incident and scattered radiations. In practice, two E"

modes are observable in these polarizations as can be seen

in Fig. 2. The radiation scattered by an E" mode is polar

ized parallel to the c axis and propagates within the basal

plane in the present experimental geometry. Therefore,

the Raman intensity is very weak if measured with a large

crystal in the usual way. However, if the sample is

mounted in the diamond-anvil cell, the scattered radiation

may be emitted out of the cell through a reflection at the

wall of the gasket as shown by path C in Fig. 1, so that

the E" lines become intense. These E" lines are attenuat

ed abruptly at a certain pressure depending on the wave

length of the laser beams. Figure 3 shows the pressure

dependence of the intensity of the E" mode at ~60 cm"1
relative to the E' mode at 20 cm"1. The threshold is 0.4
GPa for the 647.1-nm laser beam and 1.1 GPa for the

676.4-nm beam.

r=4A\+4A'2+4E'+4E" , (2)

Laser Beam

FIG. 1. Various paths of the Raman scattered radiation

which is emitted backwards out of the diamond-anvil cell.
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GaSe 294K

676.4 nm Z(X$)Z

300 200 100

Stokes Shift (cm"1)

FIG. 2. Pressure dependence of the unRplarized Raman spec

trum of GaSe measured in the backscattering geometry with the

676.4-nm beam of a Kr ion laser at 294 K.

At ambient conditions, the indirect edge of the funda

mental optical absorption lies at some 1.95 eV,22 which is

barely higher than the photon energy, 1.916 eV, of the

647.1-nm. radiation. This indirect gap is between the

valence-band maximum at the T point and the

conduction-band minimum at the M point.23 According
to Besson et ah the indirect absorption edge shifts

0 I 2

Pressure (GPa)

FIG. 3. Pressure dependences of the relative intensity of the

E" mode at —60 cm"1 to the E' mode at —20 cm"1 for 676.4-

and 647.1-nm laser beams.

towards lower energy with a rate of —0.11 eVGPa""1.22

Similar to the anisotropy of absorption at the direct

edge,24 the indirect absorption would be much stronger for
E||c than for Elc. The radiation scattered by an E"

mode is polarized with E||c. It* is to be selectively ab

sorbed if the pressure is high enough to let the indirect

edge approach its photon energy. The radiation can hard

ly be emitted out of the sample if the absorption coeffi

cient amounts to the order of 100 cm"1. This effect
causes an abrupt decrease in the intensity of the E" mode

at a certain pressure. The threshold pressure is higher by

0.7 GPa for the 676.4-nm beam than for the 647.1-nm

beam. The pressure coefficient of the indirect edge as es

timated from this observation is —0.12 eVGPa"1, being

in good agreement with the previous absorption experi

ment.22 '

Figure 4 shows the pressure dependence of the Stokes

shifts of the Raman lines. Most lines shift towards higher

frequency as the pressure increases. The initial frequency

and the pressure coefficient of each line are tabulated in

Table I. The results of a previous measurement under

pressure up to 0.85 GPa are also tabulated for compar

ison.25 One may note that the pressure coefficient of the
E'(LO) mode is smaller than the Ef(TO) mode: The

magnitude of the LO-TO splitting decreases with a pres

sure coefficient of —6.0X10"2 GPa""1. The E" mode
observed at 59 cm"1 at atmospheric pressure shifts initial
ly to 60 cm"1, but remains at almost the same frequency
under high pressures.

Figures 5 and 6 show the pressure dependence of the in

terference fringe spectrum near and ~ 1 eV below the fun

damental absorption edge, respectively. The interference

fringes shift remarkably towards shorter wavelength with

pressure. This behavior indicates that the product nc de

creases with pressure, where n and c are refractive index

and the lattice constant of the c axis, respectively. The

experimental values of the fractional change, A{nc)/noco,

are plotted as a function of pressure in Fig. 7. The varia

tion is rather nonlinear and independent of the wavelength

of radiation.

I 2 3

Pressure (GPa)

I 2 3

Pressure (GPa)

FIG. 4. Pressure dependence of the Stokes shift of the Ra

man lines in GaSe.
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TABLE I. Wave number, v,o, of phonons in GaSe and GaAs at the atmospheric pressure and pres-

sure coefficient of the Raman active phonons in GaSe.

Mode

GaSe

A\

E'(LO)

A 2'(LO)

A 2 (TO)

2?'(TO)

E"

A\

E"

E"

E'

GaAs

LOr

LOL/2

TOL/2

TOr

LAL/2

TAL/2

V/0

GaSe

307.1 ±1

251.5±1

247b

236b

213.3±1

208.7±l

134.0±l

59.0±l

55.4±1

19.7±1

(cm"1)

GaAs

292a

269a

265a

269a

130a

53a

dvi/viOdP in GaSe (10

Present work

1.30

1.19

1.76

2.06

3.73

2.83 (P<0.6 GPa)

0.16 (P>1 GPa)

23.4 (P<1 GPa)>

12.6 (P>1 GPa)

r2 GPa-1)

Ref. 25

1.4

1.2

2.1

4.3

1.7

23.2

Reference 30.

Reference 21.

III. DISCUSSION

A. Dispersion of phonons

Before we proceed to the discussion of the present ex

perimental results, we briefly mention the nature of the

GaSe crystal which is revealed in the phonon dispersion.

This crystal has the structure as shQwn in Fig. 8. A layer

consists of four sublayers: two Ga sublayers are

sandwiched between a pair of Se sublayers. They are

bound to each other by the threefold Se-Ga and the one

fold Ga-Ga bondings. Each Se atom is coordinated by

three Ga atoms and lone pair electrons directed towards

outside of the layer.26'27 A layer is bound to adjacent

layers by weak electrostatic forces. In short, the in-

tralayer chemical bondings may be regarded as quasi-

tetrahedral. The sequence of sublayers may be represent

ed as

6-GaSe thickness 9/xm

6200 6300 6400 6500

Wavelength (A)

6600 6700

FIG. 5. Pressure dependence of the interference fringe spec

trum near the fundamental absorption edge of a GaSe crystal

with thickness of 9 fim.

• • X—M—M—X • • X—M—M—X - ,

where X and M denote the anion and the cation sublayers,

respectively; the dotted and solid lines denote interlayer

and intralayer bondings, respectively.

Figure 9 schematically shows the dispersion along the

[001] direction derived on the basis of the Raman data at

the atmospheric pressure. Like the T—A dispersion in a

c-GaSe thickness 9 /xm

1.15 1.20 1.25 1.30

Wavelength (/xm)

FIG. 6. Pressure dependence of the interference fringe spec

trum in the near-infrared transparent region of GaSe for the

same sample as in Fig. 5.
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I 2 3

Pressure (GPa)

FIG. 7. Fractional variation of the product nc with pressure.

wurtzite-type compound, the phonon dispersion along the

[001] direction in GaSe may be analogous with that along

the [111] direction in the zinc-blende-type compounds.

There is, however, a striking difference in the arrange

ment of the X-M pair from a 3D semiconductor in which

X and M sublayers are arranged as

FIG. 8. Projection of the crystal structure of GaSe on the

(1120) plane. Open and solid circles represent Se and Ga atoms,

respectively. Arrows are dislacement vectors of the E"(tax)

mode.

300

3 200

E
3

C

§

100

wurtzite—-
-GaSe —

E'

0 1/4 1/2 I

Reduced Wave vector q/qL

FIG. 9. Correspondence in energy and mode of the phonon

dispersion in GaSe with that in a 3D semiconductor. Solid lines

show the dispersion along the [001] direction in the 2H(e) poly

type of GaSe, Dashed lines are dispersion curves expected for a

polytype with a one-layer periodicity of stacking sequence.

Dashed-dotted lines show dispersions along [001] and [111]

directions in hypothetical wurtzite- and zinc-blende-type struc

tures, respectively.

—X—M—X—M—X—

along the [111] direction: The arrangement of the X-M

pair is reversed by every two pairs in GaSe. This differ

ence gives rise to a splitting of every phonon branch at the

midpoint of the T-L line of the zone scheme of the zinc-

blende structure. Adjacent M sublayers vibrate out of

phase and X sublayers vibrate in phase in one of the

split-off branches, whereas M sublayers vibrate in phase

and X sublayers vibrate out of phase in the other branch.

A similar splitting takes place in a semiconductor super-

lattice.28 These split-off modes are denoted as tabta2 and

so on in Fig. 9. The subscripts 1 and 2 refer to the modes

in which cations and anions vibrate out of phase, respec

tively. In the 2H(z) polytype, these modes are folded to

the T point because of the two-layer periodicity of the

stacking of layers.

The splitting is very large in comparison with a semi

conductor superlattice because the X • • • X bonding is
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very weak. Besides, the dispersion of every branch along

the [001] direction becomes very small. Because of the

relative phase of atomic displacements,29 ta2, la2, toj, and

lo! modes ar,e expected to have frequencies comparable to

those of TA, LA, TO, and LO modes, respectively, at

the T point of a zinc-blende—type semiconductor, if the

X—M and M—M bondings are covalent or partially ion

ic. Similarly, tab la!, to2, and lo2 should have frequencies

comparable to those of corresponding modes at the mid

point of the T—L line of a zinc-blende—type material.

Because of the proximity of atomic masses of anion and

cation, GaAs is the most appropriate material to test the

validity of these correspondence relationships. We refer

to the neutron scattering data by Waugh and Dolling for

the phonon dispersion in GaAs.30 Table I shows a com

parison of phonon frequencies between GaSe and GaAs.

A good correspondence is found to exist between the two

materials.

As for 2£'(ta2) and A'{(la2) modes, entire layers vibrate

almost rigidly.29 Frequencies of these external modes are
determined by either the shear or the compressional com

ponent of the interlayer restoring force, particularly due

to the X • • - X bond. The £'(ta2) mode is Raman active.

Its frequency serves as a probe for the character of the

X - - - X bond. It is discussed quantitatively in the follow

ing subsection.

B. The pressure dependence of th$ interlayer bonding

The frequency, cou of the £'(ta2) mode is given in the

rigid layer approximation by

1/2

(3)

where Ws is the force constant for the shear vibration,

and mx and mM are atomic masses of anion and cation,

respectively. Figure 10 shows the variation of Ws with

pressure. The initial value of the pressure coefficient

d\nWs/dP is found to be 0.54 GPa""1, which is an order
of magnitude larger than the coefficients of intralayer

force constants estimated from the variation of E'(TO)

and A \ modes.

The electrostatic potential 4>* associated with the kth

Se * • • Se bond may be expressed in terms of the Born

repulsion and the van der Waals attraction as follows:

where rk is the Se • • • Se bond length, p is the hardness

parameter, and B and C are the coefficients of respective

potential terms to be determined. The stretching force

constant, Fk, of this bond is given by

(5)

<£>* is anharmonic so that Fk depends strongly on rk. The

Se • • • Se bonding is threefold. If the interlayer interac

tions of a Se atom with second and more distant neigh

bors are neglected for simplicity, the force constant IVs

relates to Fk as

Pressure (GPa)

FIG. 10. Pressure dependence of the force constant associat

ed with the interlayer Se • • • Se bond. Circles are experimental

values and solid lines are theoretical curves, (a) and (b) refer to

the case a and the case b, respectively, with respect to the value

of G'Ot adopted in evaluating the c parameter from Eq. (8).

Ws=2Fksin2d , (6)

where 0 is the angle between a Se • • • Se bond and the c

axis. The hardness parameter p is known to be 0.34 A for

monovalent halogen ions without regard to the species.31

We have rk=3.88 A at atmospheric pressure.32 The

radiuse1.94 A of the Se atom is close to Pauling's radius

1.96 A of a Br~ ion. This fact allows us to adopt

p=0.34A. We also have sin0=0.822 and

W*=1.7OxlO3 dyncm"1 at the atmospheric pressure.
Then, with the aid of the equilibrium condition

=o, (7)

we obtain 5=7.08xl0"9 erg and C=5.O8xlO"58
erg cm6. The value of B agrees well with 9.04X 10"9 erg
which can be evaluated from the Huggins-Mayer parame

ters for a pair of Br~ ions.31 The value of C is compar
able to 2.0X10"58 erg cm6 for Br" ions in alkali halide
crystals,31 2.13Xl0"58ergcm6 for* Kr atoms, and
5.09xl0"58ergcm6 for Xe atoms.33 Katahama et al.
have obtained C=7X 1O~58 erg cm6 for iodines in
4#-CdI2 from an experimental study similar to the

present one.34
Experimental data of the pressure dependence of lattice

parameters are necessary to evaluate /•* and 6 under pres

sure. However, only the low-pressure compressibilities

K||0=0.026 GPa"1 for the c axis and fci0=0.005 GPa"1
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for the a axis are available to date for GaSe.35'36 The c
axis of InSe is known to obey a modified Murnaghan

equation of state

1+

-\A3G'O)

(8)

with Go= l/(3fC||O) and Gq = 10.8,37 where P is the pres
sure and Gq is the pressure derivative of Go. Polian

et al. have reported experimental values of c/c0 and

a/a0 in GaS.19 We find that their data of c/c0 is well

reproduced by Eq. (8) with Go=7.5. Their data also

show that a/a0 varies almost linearly as

(9)

under pressure up to 20 GPa. The x-ray diffraction study

of GaS by d'Amour et al. has shown that, though a poly-

type transition takes place at some 2 GPa, the thickness of

the layer has a compressibility of 0.005 GPa"1.38 This
value is close to Ki0. With reference to this experimental

information on InSe and GaS, we will employ the c pa

rameter calculated from Eq. (8) with Gq=7.5 (case a) and

10.8 (case b) in the following discussion, and assume that

the compressibility of the a axis is independent of pres

sure in the present experimental range and the thickness

of the layer has the same compressibility as the a axis.

The value of Ws calculated from Eq. (6) with these lat

tice parameters are compared with experimental values in

Fig. 10. Both calculated curves rate somewhat larger than

experimental results, but reproduce well the overall

behavior of Ws: Our calculation neglects second neighbor

and more distant interactions. Those terms might yield a

smaller variation of W*. It is worthwhile to mention that

low-frequency external modes in molecular chalcogenide

solids also have large pressure coefficients. For instance,

the initial value of 9 \nco/dP is reported to be 0.20 GPa"1

in As4S4,39 and 0.28 GPa"1 in P4S3,40 which are in good
accordance with 0.234 GPa"1 for the 2£'(ta2) mode in
GaSe.

C. Intralayer bond-bending force

The tax mode has the E" symmetry. Displacement vec

tors of this mode are shown in Fig. 8. The sublayers

which are identical under translation of a layer to the ad

jacent one vibrate out of phase against each other. A

strong cancellation of the differential polarizability takes

place in such a mode, so that the Raman cross section is

very small.41 The Davydov conjugate partner corresponds
to the TA mode at the L point of the zone scheme of the

zinc-blende structure as noticed from Fig. 9. This mode

also has the E" symmetry in GaSe. It has a finite cross

section because all sublayers identical under transforma

tion of layers vibrate with the same phase, and is observed

at 59 cm"1 at the atmospheric pressure. The frequency is

dominated by the interlayer force associated with a

Se • • - Se bond as well as the intralayer bond-bending

force. Nevertheless, the experimental frequency varies

very little. This implies that the intralayer bond-bending

force weakens so as to compensate a large increase in the

strength of the interlayer force.

A coupled oscillator model holds well among these

Davydov conjugate E" modes and the E' mode.29'42 Let

the frequencies of the £"(taj) mode and its Davydov

partner be co2 and co3, respectively. Then we have a rela

tion

co2=(co\—co\ (10)

Figure 11 shows the pressure dependence of co2 calculated

from Eq. (10) with experimental values of co3 and cox. The

£"(tai) mode softens linearly with a pressure coefficient

of —2.9X10"2 GPa-1. The Se-Se bonding retains
the van der Waals—type character even under high pres

sures, as argued in Sec. IIIB. In this situation, valence

electrons may hardly transfer between adjacent layers even

if the Ga—Ga bond is bent. The van der Waals interac

tion merely serves as the pressure transmitting medium

upon an isolated layer as far as the i?"(tai) mode is con

cerned. That is, the bond-bending force which determines

the frequency of the ^"(ta^ mode is strictly short range

along the c axis. The compressibility of a layer,

/c/~3#c,o=O.O15 GPa"1, yields the Griineisen parameter
Y=Kf dlnco2/dP of —1.9. The bond-bending force cru

cial to the behavior of a short-wavelength TA mode in a

zinc-blende-type semiconductor is known to be short

range as well. Correspondingly, one may expect that it

has a similar Griineisen parameter. Indeed, we have

7= —1.7 and —1.5 for the TAL mode in GaAs and

ZnSe, respectively.43

D. The Born effective charge and photoelastic parameter

In order to deduce the Born effective charge and the

photoelastic parameter, we evaluate e from our experi

mental data of A(nc)/noco shown in Fig. 7. The results

are shown in Fig. 12 along with calculated curves of

Ac/c0 and Afl/(l0- The fractional decrease in nc is

smaller by a factor of about 2 than that in c. This is be

cause the dielectric constant e=n2 increases with pres

sure in quite a contrast to the case of a 3D semiconductor.

The Born effective charge e? which is given by

]1/2 (11)

2 3

Pressure ( GPa )

FIG. 11. Pressure dependence of the lowest-lying three

modes. Solid and open circles are experimental and calculated

values, respectively.
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FIG. 12. Pressure dependence of the crystal colume (ft), the

c parameter, the Born effective charge (e*), the infrared dielec

tric constant (e), and e— 1. Solid circles are experimental

values. As for (a) and (b), see the caption of Fig. 10.

is a measure of the change in the charge distribution.

fi, coLO, and coTO in Eq. (11) refer to the reduced mass of a

cation-anion pair, the frequency of the LO mode, and the

frequency of the TO mode, respectively. From our Ra

man scattering experiments, we have '

31n(t£)Lo-^To)/3^=-5.7XlO-3 GPa"1

for the polar E' mode. This value yields Ae£ as in Fig.

12. ejy and thus the ionicity, decreases rather linearly

with pressure. The slope yields Kfldlnex/dP=—0.5
(case a) to —0.6 (case b), which agrees well with the

Griineisen parameter of ej in 3D semiconductors, e.g.,

—0.5 in GaAs and —0.8 in ZnSe.43 The linear depen

dence of ej on pressure assures that a rearrangement of

charge distribution takes place within individual layers.

We employ a smoothed curve of A(e— 1 )/(e0— 1)to ob

tain its pressure derivative needed to evaluate X'. Figure

13 shows X' thus obtained. X1 is close to unity at low

pressures and decreases remarkably with pressure as if the

molecular character of the interlayer bonding is continu

ously transformed into a covalent one. X' remains, how

ever, positive even above 4 GPa. In order to understand

such a curious behavior of X\ we go back to the Penn-

Phillips model from which Weinstein's criterion for the

dimensionality of bonding network has evolved. The

basic concept of this model may be expressed by the rela

tion

6=1 + "
AEl

(12)

where Eg, Ep9 and A are the average bonding-antibonding

energy gap, the plasma energy of valence electrons, and a

numerical constant, respectively.44 E% varies as ft"1 with
pressure. Thus the nonlinear behavior of X' comes from

the dependence of Eg on pressure. Figure 14 shows the

variation of Eg deduced from the experimental data of e.

X 0.5 -

0 12 3 4

Pressure (GPa)

FIG. 13. Pressure dependence of the photoelastic parameter.

As for (a) and (b), see the caption of Fig. 10.

Note that Eg increases superlinearly.

It is known that the dependence of an interband energy

gap on hydrostatic pressure in GaSe and InSe may be

described well in terms of anisotropic deformation poten

tials.37 Let us denote the thickness of the layer as t and
the van der Waals gap as w. Then if we apply this ap

proach to Egi its variation under hydrostatic pressure,

AEff=2
aodEg

da

wodEg

dw

Aa

*o

Am

w0

+
iodEg

ot

At

=2da +dt AL
to

+dw
Aw

w0

(13a)

(13b)

2 -

IS

o

LlJ

0 12 3

Pressure (GPa)

FIG. 14. Pressure dependence of the average energy gap of

the Penn-Phillips oscillator. Solid and open circles are values

deduced from experimental values of 6—1 shown in Fig. 12.

Solid lines are theoretical curves obtained from Eq. (14). As for

(a) and (b), see the caption of Fig. 10.
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may be expressed, taking c=2(t+w) into account, as

AEg=Da
La Ac

with

Da=2da+dt-—dw

w0

and

Dc =

(14)

(15a)

(15b)

(16)

Dc does not represent the deformation potential for the

change in the c axis. It is given by

(t+w)dEg

d<= d(t+w) 1 + (17)

The first term of the right-hand side of Eq. (14) gives

rise to a linear variation of Eg, while the second term

gives rise to a nonlinear variation. We have EgO=6.33 eV

in GaSe.26 Then the variation of AEg'/Eg0 may be repro
duced well by Eq. (14) with Da = -6.6 eV and Dc =0.90

eV (case a), and Da = -8.7 eV and Dc = 1.23 eV (case b),

as shown in Fig. 14. Substituting to/wo = 1.50 into Eqs.

(15b) and (16),32 we obtain d/JL = -2.0 eV and ^=0.36
eV (case a), and da = -2.7 eV and dwl=0.49 eV (case b):

The subscript 1 refers to the Elc polarization with which

the dielectric constant is measured.

The sign of Dc is positive. This property is common to

molecular crystals. Though Dc is much smaller in magni

tude than Da, the compressibility of the c axis is very

large at low pressures. The negative value of Dc(Ac/c0)

almost cancels out the increase in Eg due to the compres

sion of the volume of the layer, and renders X'~l at low

pressures. The compressibility of the c axis decreases rap

idly with pressure. Consequently, X' deviates significantly

from unity under high pressures. Roughly speaking,

X'— 1 approaches asymptotically to

present case.

The static dielectric constant is

imaginary part of the dielectric

Kramers-Kronig relation. A variety of interband transi

tions contributes to the dielectric function in GaSe, result

ing in a broad band between 5 and 7 eV with subsidiary

structures on the low-energy side and a sharp peak at 7.7

eV for Elc.45 In brief, the bonding-antibonding energy

gap of the Penn-Phillips model corresponds to the average

over those resonance energies weighted by the oscillator

strength.46
According to Weinstein et al., the average energy gap

in molecular chalcogenide solids originates mainly from

transitions between nonbonding p states and antibonding

states.16 They have argued that the bulk deformation po

tential of this energy gap is 2.7 eV regardless of material.

We find it of interest that dc<Dc~\ eV in GaSe, even

under low pressures where the interlayer contribution to

-2Da/3Eg0 in the

determined by

function via

the

the

dc predominates over the intralayer contribution as can be

seen from Eq. (17). Weinstein et al. ignore the volume

factor which corresponds to t/w in a layered material.

For the ring and the chain structures of S, Se, and Te ex

amined by them, the volume occupied by intramolecular

covalent bonds might be much smaller than the inter-

molecular space. In that case, dwi is more appropriate to

be compared with their result. Besides, dwi is more defi

nite in physical meaning than dc. Anyhow, the interlayer

and thus intermolecular deformation potential for GaSe is

very small. This anomalous result is related to the elec

tronic band structure of GaSe. The imaginary part of the

dielectric function for Elc owes primarily to optical tran

sitions from p^-like valence bands to s- and /?z-like con

duction bands.45 The pXfy-like valence bands consist of

well-defined bonding orbitals between Se and Ga within

layer. Their energies are insensitive to the change in the

van der Waals gap, causing dwi to be essentially small.

The s- and pz-like conduction bands may hybridize to a

considerable extent with other pz and s states, respective

ly, because of the uniaxial symmetry of the crystal struc

ture. The hybridization makes the s-like conduction band

susceptible to the change in the van der Waals gap.

Furthermore it enhances the oscillator strength of the

transition from pXty-like valence bands to the pz-like con

duction band. The finite value of dwL comes mainly from

these hybridizations.

The energy gap between the /?XjJ,-like valence band and

the lowest conduction band is minimum at the T point

and gives rise to the optical absorption edge (A edge) for

Elc. The highest valence band consists mainly of the Se

pz state and is raised 1—2 eV above the /?XJ)-like valence

band by the crystalline field anisotropy. This band also

has the minimum direct gap (B edge) at the F point

against the lowest conduction band. The dipole transition

at the B edge is allowed for both Elc and E||c polariza

tions. However, the oscillator strength for Elc is 2 or

ders of magnitude smaller than E||c because the nonvan-

ishing component of the matrix element for Elc comes

from an admixture of the pXty states with the pz-hke

valence band through the spin-orbit interaction.47
Authors have deduced deformation potentials for these

direct edges in GaSe and InSe.37 The results are tabulated
in Table II along with the present results. One may note

that dwi is very close to d^A. This fact suggests that the
energy of the lowest conduction band is rather insensitive

to the change in the van der Waals gap with no regard of

the position in the Brillouin zone.

On the other hand, the highest valence band is expected

to have a nonbonding character like that in a molecular

crystal because the Se pz state takes dominant part in the

lone pair orbit. This is justified by djjf of 2.3 eV in InSe
and 3.1 eV in GaSe, which agree well with 2.7 eV in

molecular chalcogenide solids. One may expect that dw^

of the average energy gap is as large as 2.7 eV because the

transition from the Se pz-like valence band to the conduc

tion band is responsible for the infrared dielectric constant

in the E| |c polarization.

According to Weinstein et al, Eg in 3D semiconduc

tors has deformation potential of values ~—3.8 eV for an

average over a number of materials.16 Values of dlL in
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TABLE II. Interlayer and intralayer deformation potential

(in eV) for fundamental energy gaps and the average energy gap

in GaSe and InSe. Superscripts cB and cA refer to fundamental

energy gaps at the B and A edges, respectively.

GaSe InSe

dw
jcA
dw

dwi

d*

3.1

0.43±0.07

-4.9

-2.4±0.4

2.30

0.52

-9.3

-4.4

GaSe and dfA in InSe are comparable to this value. It is
confirmed from this result that the intralayer bonding in

GaSe is quite similar to the tetrahedral bonding in 3D

semiconductors.

IV. SUMMARY AND CONCLUSION

The Raman scattering and the infrared dielectric con

stant have been measured in the layered semiconductor

GaSe under hydrostatic pressure up to 4 GPa. The results

enable us to carry out a systematic study of the effect of

pressure on the chemical bonding.

The pressure dependence of the frequency of an exter

nal mode has been interpreted in tehns of the volume

anharmonicity. The electrostatic potential involving the

Born repulsion and the van der Waals attraction associat

ed with the interlayer Se • •: Se bonding explains quantita

tively the experimental results. It turns out that the char-

acterof the van der Waals bonding is retained even under

high pressures.

An internal bond-bending mode corresponds in the dis

placement vectors to the TA mode at the midpoint of the

T-L dispersion of a zinc-blende-type semiconductor. This

mode softens remarkably with pressure. The LO-TO

splitting of the polar E' mode and the infrared dielectric

constant give the Born effective charge. Though the

dielectric constant varies quite nonlinearly, the Born ef

fective charge decreases almost linearly. These results in

dicate that the quasitetrahedral bonding within the layer

tends to be destabilized by the delocalization and defor

mation of bond charges. It has been confirmed from the

variation of the Raman intensity of the TAL-like E"

mode that the lowest indirect energy gap decreases rapidly

with pressure. This phenomenon could be closely related

to the delocalization of the bond charge. The above re

sults lead us to conclude that the chemical bonding in

GaSe is similar to that in a tetrahedral semiconductor,

while keeping an inherent molecular character of indi

vidual layers even under high pressures.

The dielectric constant yields the average energy gap

between the bonding and the antibonding states. Our re

sult shows that the energy gap increases superlinearly

with pressure. The deformation potential approach allows

us to describe this behavior in terms of individual contri

butions from the van der Waals and the intralayer bond

ings. It appears that the van der Waals bonding has a

positive deformation potential reflecting the molecular

character of the layer, whereas the intralayer bonding has

a negative deformation potential characteristic of a par

tially ionic covalent bond. The coexistence of such molec

ular and covalent bondings causes the photoelastic param

eter to be strongly dependent on pressure. One must take

this effect into account in investigating the network

dimensionality of an anisotropic solids. The present study

demonstrates that the deformation potential for the

bonding-antibonding energy gap, instead of the photoelas

tic parameter, leaves no ambiguity in the network dimen

sionality and, hence, gives a well-defined measure for

characterizing the electronic structure.
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