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Theoretical study of b-Ge3N4 and its high-pressure spinelg phase
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We perform a theoretical investigation of theb phase and the high-pressure spinel-likeg phase of Ge3N4.
The electronic structure is found to yield direct band gaps in the optical region for both phases. The vibration
modes and their pressure dependence ofb-Ge3N4 are determined theoretically, and are compared with experi-
mental Raman spectra. All Raman-active modes are identified and agreement of theory with experiment is
excellent. A Raman silentBu mode of theb phase (P63 /m) is found to become soft under high pressure to

yield a reduced symmetry (P6̄) b-phase derivative. Theb structure changes further to a reduced symmetryP3
space group at higher pressure. Theory is used to determine the optimized structural parameters and equations
of state~EOS! for all phases, and the EOS yields a theoretical value for theb→g phase-transition pressure.
The vibration modes of theg phase are determined theoretically and compared to Raman measurements.
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I. INTRODUCTION

Group-IV(B) nitrides are an interesting and importa
class of materials. Silicon nitride (Si3N4) is a familiar ce-
ramic material with numerous applications because of
high strength, its resistance to wear, and its desirable h
temperature properties,1,2 and it has been well studied.3–9

Si3N4 is also used for applications in the microelectron
industry because of its insulating dielectric properti
strength, and as a diffusion mask for impurities. The crys
line form of carbon nitride (C3N4) still remains
hypothetical,10–13but is predicted to be super hard if succe
fully synthesized in the isostructure ofb-Si3N4. This mate-
rial has stimulated intensive research efforts in recent ye
and the investigation remains ongoing.

Germanium nitride (Ge3N4) is far less studied than it
silicon counterpart. The ground-state structure of german
nitride is isostructural to that of hexagonalb-Si3N4.3 An-
other phase, trigonala, is also known to exist both for Si3N4

and Ge3N4, and its structure is similar to that ofb but with a
cell doubling and a reduction of symmetry. Thea phase
transforms into theb phase upon heating, yet theb→a
phase transition is never observed. The corresponding e
getics of C3N4 is still topic of theoretical investigation.11–13

The b phase of Si3N4 or Ge3N4 consists of corner con
nected SiN4 or GeN4 tetrahedra, respectively. This is n
unlike silicon and germanium oxides which contain SiO4 and
GeO4 linked tetrahedra. The existence of a variety of po
morphs of silicon and germanium oxides hints that ot
low-energy phases of Ge3N4 or Si3N4 might exist. Recently,
experimental high-pressure studies of Ge3N4 have been per-
formed by two groups, and a different crystalline pha
(g-Ge3N4) with a cubic unit cell has been successfu
synthesized.14–16 This phase introduces interesting bondi
and produces Ge that is octahedrally coordinated. An ea
study produced a similar structure for Si3N4.17

The experiments of Leinenweber and co-workers15,16start
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with commercial Ge3N4 samples, which contains a mixtur
of a- andb-Ge3N4, as well as a small amount of element
Ge. The sample is purified tob-Ge3N4, and subsequently
loaded into a diamond-anvil cell~DAC! and pressured up to
40 GPa. Theb→g phase transition occurs near 12–15 GP
Heating is necessary for the phase transition, which sugg
there exists a relatively high-energy barrier inhibiting co
version. At room temperature, the diffraction patterns rem
sharp until 15 GPa, and broadens above 19 GPa. A subs
the original (b-phase! diffraction peaks can be followed
even up to about 40 GPa. However, with high temperat
and high pressure theg phase appears, which is recoverab
to ambient conditions. Rietveld refinement reveals t
g-Ge3N4 is the cubic spinel structure (Fd3̄m). The synthesis
of Ge3N4 spinel by Serghiouet al.14 proceeded in the DAC
with laser heating using powdered Ge in an N2 atmosphere,
where N2 acted as the pressure medium and nitrogen sou
Heating occurred for several minutes, and temperatures w
in excess of 2000 K. In theg phase, germanium is in bot
tetrahedral and octahedral coordinations surrounded by n
gen, and this is a nitride with six-coordinated germaniu
The critical phase transition pressure (b→g) is not yet ac-
curately determined. Leinenweber and co-workers repo
that pressures greater than 12 GPa are needed at tem
tures above 1000 °C.

In this paper, we report a theoretical study of~i! the high-
pressure properties ofb-Ge3N4, and ~ii ! the high pressure
phaseg-Ge3N4. We investigate the pressure dependence
the structural and vibrational modes ofb-Ge3N4, and com-
pare our results with x-ray and Raman-scattering exp
ments. Our calculations clearly indicate that the near pla
Ge3N units within the b-Ge3N4 structure pucker above
calculated pressure of 20 GPa, and the symmetry is lowe
from hexagonalP63 /m to hexagonalP6̄. Upon further ap-
plication of pressure, a second instability occurs near 28 G
in the calculation, where a second class of NGe3 units, which
initially were exactly planar pucker along thec axis, and the
11 979 ©2000 The American Physical Society
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TABLE I. Structures, symmetries, and internal coordinates ofb ~hexagonal! andg ~fcc spinel! phases of
Ge3N4. Four possible space groups are considered forb structure~see discussion in the text!. We have added
1
4 to z in P6̄ to emphasize the similarity with the otherb derivative structures.

Phase Space group Wyckoff site Site symmetry Fractional coordinates

b P63 /m (C6h
2 ) 2c 6̄ . . . (C3h) ( 1

3 , 2
3 , 1

4 ), ( 2
3 , 1

3 , 3
4 )

~hexagonal! 6h m . . . (Cs) (x,y, 1
4 ), (ȳ,x1 ȳ, 1

4 ), (x̄1y,x̄, 1
4 )

( x̄,ȳ, 3
4 ), (y,x̄1y, 3

4 ), (x1 ȳ,x, 3
4 )

P6̄ (C3h) 1c 6̄ ( 1
3 , 2

3 , 1
4 )

1 f 6̄ ( 2
3 , 1

3 , 3
4 )

3 j m (x,y, 1
4 ), (ȳ,x1 ȳ, 1

4 ), (x̄1y,x̄, 1
4 )

3k m (x,y, 3
4 ), (ȳ,x1 ȳ, 3

4 ), (x̄1y,x̄, 3
4 )

P63 (C6
6) 2b 3 . . . (C3) ( 1

3 , 2
3 ,z), ( 2

3 , 1
3 ,z1

1
2 )

6c 1(C1) (x,y,z), (ȳ,x1 ȳ,z), (x̄1y,x̄,z)

( x̄,ȳ,z1
1
2 ), (y,x̄1y,z1

1
2 ), (x1 ȳ,x,z1

1
2 )

P3 (C3
1) 1b 3 . . . (C3) ( 1

3 , 2
3 ,z)

1c 3 . . . (C3) ( 2
3 , 1

3 ,z)
3d 1(C1) (x,y,z), (ȳ,x1 ȳ,z), (x̄1y,x̄,z)

g Fd3̄m (Oh
7) 8a 4̄3m(Td) ~0,0,0!, ( 3

4 , 1
4 , 3

4 )
~cubic! 16d 0.3̄m(D3d) ( 5

8 , 5
8 , 5

8 ), ( 3
8 , 7

8 , 1
8 ), ( 7

8 , 1
8 , 3

8 ), ( 1
8 , 3

8 , 7
8 )

32e 0.3m(C3v) (x,x,x), (x̄,x̄1
1
2 ,x̄1

1
2 ),

( x̄1
1
2 ,x1

1
2 ,x̄), (x1

1
2 ,x̄,x̄1

1
2 )

(x1
3
4 ,x1

1
4 ,x̄1

3
4 ), (x̄1

1
4 ,x̄1

1
4 ,x̄1

1
4 ),

(x1
1
4 ,x̄1

3
4 ,x1

3
4 ), (x̄1

3
4 ,x1

3
4 ,x1

1
4

e
,
ffi

m

in
n

w

ith

n

e

me
space group changes toP3. These distorted phases are d
rivatives of theb phase but in theP6̄ or P3 space groups
and only exist at high pressure if the temperature is insu
cient to enableb→g transformation.

We also report the electronic band structure of the ger
nium nitride phases and find that bothb- andg-Ge3N4 are
wide, direct-gapsemiconductors at zero pressure, which
dicates germanium nitride may be promising optoelectro
materials, possibly competitive with group-III(B) nitrides
~GaN/InN/AlN!.

The calculations in this study are performed using
first-principles total-energy method. The implementation
adopt18 uses density-functional theory~DFT! with a
plane-wave basis set and an ultrasoft pseudopotential.19 The
exchange-correlation functional is approximated w
-

-

a-

-
ic

a
e

the local-density approximation~LDA ! Ceperley-Alder
function,20 or with a generalized gradient approximatio
~GGA!.21

II. GEOMETRICAL STRUCTURES, ELECTRONIC
STRUCTURE, AND ENERGETICS

A. Optimized structures and equations of state

The two ambient pressure crystalline structures of Ge3N4
are the trigonala structure and the hexagonalb structure.
The high-pressure spinel phase of Ge3N4 is theg phase. In
this paper we will focus on theb andg phases. The spac
groups, symmetries, and internal coordinates forb and g
phases are listed in Tables I and II. In this study, we assu
TABLE II. The optimized lattice parameters and internal coordinates ofb- andg-Ge3N4 calculated with
LDA methods. The experimental data are from Refs. 3, 15, and 16.

Phase Lattice Const Internal Coordinates
Theory Expt Theory Expt

b a57.987 8.028 Ge1 at 6h: ~0.1696,0.7628,1/4! ~0.1712,0.7658,1/4!
P63 /m c53.054 3.077 N6h at 6h: ~0.3304,0.0257,1/4! ~0.3335,0.0295,1/4!

N2c at 2c: ~1/3,2/3,1/4!

g a58.1676 8.2133 Ge1 at 8a (GeIV): ~0,0,0!

Fd3̄m Ge2 at 16d (GeVI): ~5/8,5/8,5/8!

N at 32e: ~0.1330,0.1330,0.1330! ~0.1327,0.1327,0.1327!
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b-Ge3N4 is isostructural tob-Si3N4 and that this phase is th
ground state of germanium nitride.

The x-ray-diffraction data ofb-Ge3N4 at ambient condi-
tion fit very well with the centrosymmetricP63 /m space
group.3,15 Within this symmetry, all germanium atoms a
four-coordinated at the center of a distorted tetrahedron
rounded by nitrogen, and all nitrogen atoms are three co
dinated. The structure is that of phenacite (Be2SiO4), and the
hexagonal unit cell contains two formula units~14 atoms!.
Figure 1~a! shows a ball-stick model ofb-Ge3N4, with its
structure being characterized by open 8-atom and 12-a
rings. Unless specifically noted, we will always use t
P63 /m space group for theb-Ge3N4 phase. All Ge atoms
are equivalent (6h sites!, but there are two inequivalent n
trogen sites: N2c at 2c sites and N6h at 6h sites. The N2c

atoms are in a planar geometry with their three Ge nea
neighbors, while the N6h atoms are in slightly puckered site
surrounded by three Ge atoms. There are three less sym
ric structures easily derived from theP63 /m structure—
these structures have space groupsP6̄, P63, andP3 ~Tables
I and II!. Our calculations show~see below! that theP6̄ and
P3 structures occur at high pressure for material not tra
formed to theg phase.

The local bonding environment ina- and b-Ge3N4 are
very similar. Thea-Ge3N4 is less symmetric thanb phase
and has the~trigonal! P31c space group. Since trigonal un
cells have equivalent hexagonal cells, we can viewa-Ge3N4

FIG. 1. ~a! A ball-stick model ofb phase of Ge3N4. The dark,
light, and open circles represent Ge atoms at 2c sites, Ge atoms a
6h sites, and N atoms, respectively, of space groupP63 /m. ~b! A
unit cell of b-Ge3N4 showing the linking of the GeN4 tetrahedra.
r-
r-

m

st

et-

s-

as consisting of alternate basal layers ofb-Ge3N4 and its
mirror image. Itsc axis is approximately twice that of theb
phase, and there are four formula units per hexagonal
cell. Important differences betweena andb phases is that in
a all N atoms lie out of the plane of its three Ge neighbo
and open rings disappear in thea structure.

The g-Ge3N4 has the spinel structure~Tables I and II!.
Natural spinel is the mineral MgAl2O4, which written with
formal charges is Mg12Al2

13O4
22. The Bravais lattice is face

centered-cubic~fcc! in the space groupFd3̄m with eight
MgAl2O4 units in the conventional cubic cell, and two fo
mula units in the primitive unit cell. The Mg atom is fou
coordinated and is at the center of an oxygen tetrahed
and the Al is six coordinated and is at the center of a d
torted oxygen octahedron. For Ge3N4 in the spinel structure,
two Ge (GeIV, 8a site! resides at the nominal Mg site and
tetrahedrally coordinated to nitrogen. The remaining four
atoms in the formula unit (GeVI, 16d site! reside at the nomi-
nal Al sites and are octahedrally coordinated to nitrogen. T
nitrogen atoms are all equivalent (32e site! and have four Ge
neighbors, with one being GeIV and three being GeVI. The
space group for the spinel GeIVGe2

VIN4 structure is given in
Table I, and a model of the spinel Ge3N4 structure is shown
in Fig. 2.

We first determine the optimized~minimum energy!
structures of theb- andg-crystalline phases of Ge3N4. We
begin by fixing the volume of the unit cell, and then relax t
lattice parameters~consistent with that volume! and the in-
ternal coordinates. This optimization is performed with t

FIG. 2. ~a! A ball-stick model ofg phase of Ge3N4. The large
light spheres are the tetrahedral Ge atoms.~b! A unit cell of
g-Ge3N4 showing the linking of the GeN4 tetrahedra and GeN6
octahedra.
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constraint of maintaining the corresponding space-gr
symmetry. This procedure is repeated for several differ
unit-cell volumes, and the calculated data are fit to a Bir
Murnaghan energy vs volume equation of state~EOS!. There
are four parameters in a Birch-Murnaghan EOS; the bind
energyE0, the equilibrium~minimum energy! volume V0,
the bulk modulusK, and the pressure derivativeK8 of the
bulk modulus (K85dK/dP).

The calculated EOS is plotted in Fig. 3, and their para
eters are listed in Table III, along with available experime
tal data.3,15 For completeness we include thea phase as well.
First let us discuss the LDA results. The total-energy diff

FIG. 3. The calculated equations of state~energy vs volume
curves! based on the LDA. The parameters are provided in Table
where they are compared with the GGA. The energy differe
betweena andb phases is very small~near numerical errors!. The
g phase~spinel! is a high-pressure phase of Ge3N4, and the energy
difference between theg phase andb phase is 50 meV/atom within
LDA ~100 meV within GGA!. Another high pressure phase is o
vine, which lies higher in energy than the spinel phase.
p
nt
-

g

-
-

-

ence betweena andb phase of Ge3N4 is found to be negli-
gibly small at low pressure. Thus either of these two pha
can exist at ambient conditions. Theg spinel structure is a
higher energy phase that is achievable by the applicatio
pressure. Despite the dramatically different chemical bo
ing within theb andg phases, the energy difference betwe
these two phases is only about 50 meV/atom~equivalent to
600 K in temperature units!, which is surprisingly small. We
have repeated these calculations using the GGA method
find that the major effect of this correction is a fairly rigi
shift of 0.9 eV upwards in the total energies. The ene
difference between theb and g phases, however, increase
to 100 meV/atom. Since the energy differences found h
between these phases is small, the differences should be
sidered qualitative. In Fig. 3, we also plot the total energy
the olivine structure of Ge3N4. This structure is less symme
ric than that of spinel, and we find it to be considerab
higher in energy than the spinel phase. In isoelectronic
ides, such as Mg2SiO4, the olivine structure is the stabl
phase at room temperature, and transform into spinel at h
pressures. This is obviously not the case for nitrides.

Comparing equilibrium volumes with experiment,3,15,16

the LDA underestimates the equilibrium volume by 1.3, 2
and 1.6% fora, b, andg phases, respectively, while GGA
overestimates the volume by 3.1 and 3.7% forb and g
phases, respectively. The consistency is satisfactory, and
percentage errors are typical ofab initio DFT methods. LDA
and GGA methods underestimate the bulk modulus
b-Ge3N4 by about 15 and 24%, respectively, which is
larger error than expected. Both LDA and GGA agree t
g-Ge3N4 spinel is stiffer thanb-Ge3N4 by at least 25%~i.e.,
the bulk moduli of these two phases differ by over 25%!.
This increase in stiffness fromb to g is expected based o
densification.

The lattice and fractional internal parameters of the eq
librium Ge3N4 structures are listed in Table II. The calcu
lated parameters are in good agreement with those of exp
ment. From these we obtain the bond lengths and b
angles ofb and g phases in Table IV. Inb-Ge3N4, the

II
e

n
he
es
TABLE III. The experimental and theoretical~LDA and GGA! parameters of the Birch-Murnagha
equations of state of thea, b, and g phases of Ge3N4. The a phase is included for completeness. T
theoretical data is obtained from a fit of the LDA~GGA! energy vs volume curve. The internal coordinat
and lattice parameters were optimized at each volume. The parameterE0 is the binding energy~minimum
energy!, V0 is the optimized~minimum energy! structure volume,K is the bulk modulus, andK8 the volume
derivative of the bulk modulus. The experimental structural parameters ofb andg ~spinel! phases are from
Refs. 15 and 16, and those ofa phase are from Ref. 3.

Phase E0 (eV/atom) V0 (Å 3/atom) K (GPa) K8

a Experiment~Ref 3! 12.321
Theory-LDA 27.626 12.165 178 2.1

b Experiment~Ref. 15! 12.308 218 4.0
(P63 /m) Theory-LDA 27.627 12.053 185 3.7

Theory-GGA 26.771 12.685 166 3.7

g Experiment~Ref. 15! 9.891 296 4.0
Theory-LDA 27.577 9.730 240 4.5
Theory-GGA 26.661 10.259 208 4.4
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TABLE IV. Bond lengths and bond angles ofb-phase andg-phase Ge3N4.

Phase Atom Bond length (Å) Bond angle (°)

b Ge 1.818(31,Ge-N2c) 104.1(31,N2c-Ge-N2c)
1.823(32,Ge-N6h) 108.4(32,N6h-Ge-N6h)
1.834(31,Ge-N6h) 113.8(31,N6h-Ge-N6h)

110.8(32,N2c-Ge-N6h)

N2c 1.818(33,N2c-Ge) 120.0(33,Ge-N2c-Ge)

N6h 1.823(32,N6h-Ge) 113.8(31,Ge-N6h-Ge)
1.834(31,N6h-Ge) 123.0(32,Ge-N6h-Ge)

g GeIV 1.881(34,GeIV-N) 109.5(36,N-GeIV-N)

GeVI 1.979(36,GeVI-N) 86.2(36,N-GeIV-N)
93.8(36,N-GeIV-N)
179.9(33,N-GeIV-N)

N 1.881(31,N-GeIV) 112.6(33,GeIV-N-GeVI)
1.979(33,N-GeIV) 93.7(33,GeVI-N-GeVI)
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tetrahedron is slightly irregular with N-Ge-N bond angles
104–111° ~ideal 109.5°), and Ge-N bond lengths
1.181–1.834 Å. The N2cGe3 is planar, and its three Ge-N-G
bond angles~intertetrahedron angles! are 120°. However,
N6hGe3 is slightly asymmetric and puckered, with tw
uGe2N2Ge angles of 123.0° and one at 113.8°. In the hig
pressureg phase, the GeIV atom is perfectly tetrahedral with
bond lengths increased from those ofb phase (1.81–1.83 Å)
to 1.881 Å. The GeVI atoms are at the center of a slight
distorted GeN6 octahedron, with much longer Ge-N bon
lengths of 1.979 Å. All the N atoms are four coordinated, b
the NGe4 ‘‘tetrahedron’’ is quite irregular.

B. Electronic structure

The LDA electronic band structure of the~hexagonal! b
and~cubic spinel! g phases of Ge3N4 is shown in Figs. 4~a!
and 4~b!, respectively. The top of the valence band is defin
to be at zero energy. The bands are generated using pse
potentials which include the 2s and 2p valence electrons o
nitrogen and the 4s and 4p valence electrons of germanium
The LDA is known to have significant errors in calculatin
band gaps; after we discuss the LDA results, we desc
approximate corrections using a generalized dens
functional theory~GDFT! and obtain corrected estimates
the band gaps.

For the hexagonalb phase@Fig. 4~a!#, we see a direct
band gap between valence and conduction bands of 2.4
at theG point (kW5000). The valence bands are segrega
into two regions, with 24 states in the upper set of bands
8 states in the lower energy set. The minimum energy se
ration in energy between these two sets is 3.55 eV.
lower energy valence set is 4.1 eV wide, and are deri
mainly from the eight nitrogens states. We can compare th
band structure to that ofb-Si3N4, which has been more ex
tensively studied both theoretically7,8 and experi-
mentally.22,23 We find that the band structure ofb-Ge3N4 is
f

-

t

d
do-

e
-

eV
d
d
a-
e
d

quite similar to that ofb-Si3N4 ~not shown!, except for one
significant difference. The top of valence bands inb-Si3N4

is along theG-A line with the maximum value about 0.3 eV
higher than that of theG point. Thusb-Si3N4 is indirect,
while b-Ge3N4 is direct.

The band structure of theg phase ~spinel! Ge3N4 is
shown in Fig. 4~b!. The minimum of the conduction and th
maximum of the valence band is found to occur at theG
point. This produces a direct band gap with a band gap
2.17 eV. It is somewhat surprising that this material, ev
with Ge being six coordinated, remains semiconducting,
appears to have a large band gap.

The valence band structure of theg phase is broader tha
in theb phase by approximately 0.5 eV overall. This over
broadening and the broadening of the individual set of ba
is consistent with an increase in coordination of the atom
The site-projected partial density of states~DOS! is shown in
Figs. 5~a!–~c!, which gives an orbitals, p, andd decompo-
sition of the DOS. There is no unique way to perform th
decomposition, and the results should be interpreted as q
tative. Clearlys states from nitrogen@Fig. 5~c!# dominates in
the low-energy set of bands from218.3 to 212.7 eV, al-
though there is substantials-state mixing from the
octahedral-site GeVI @Fig. 5~b!# and the tetrahedral-site GeIV

@Fig. 5~a!#. The upper set of bands from211 to 0 eV is
dominated by nitrogenp states, but hybridization occurs wit
Ge s and p. At the valence band top, we also see a sh
d-character region mainly from the octahedral-site Ge.

The local-density approximation of DFT is well known t
have difficulty predicting band gaps quantitatively. The LD
gives band gaps of 2.45 and 2.17 eV forb and g phases,
respectively. The experimental gap of theb phase remains
somewhat uncertain but has been reported to be near
eV.24 Theg-phase band gap has not yet been experiment
determined. The approximate 2-eVb-phase band-gap erro
is about twice that found for Si3N4 where we find a 4.26-eV
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~LDA ! gap, while experiments find the band gap to lie in t
range of 4.6–5.3 eV.23 We have tested the GGA for theb
phase and find a band gap of 2.48 eV. This result is alm
identical to the LDA result of 2.45 eV.

To obtain an improved estimate of the band gap, we h
used a generalized density-functional theory~GDFT! to cor-
rect the band gaps of theb andg phases. This theory, whic
has been developed by Fritsche and co-workers,25,26 has dif-
ferent levels of approximation, and these levels of appro
mation have different levels of difficulty. We choose the fi
level of approximation which gives a band-gap correct
of25

FIG. 4. The LDA electronic band structure of~a! b-Ge3N4, ~b!
g-Ge3N4. A direct wide band gap at theG point is found in both
phases. For the hexagonalb-Ge3N4 ~a!, thek points correspond to
A5(0,0,a/2c), L5(1/A3,0,a/2c), M5(1/A3,0,0), G5(0,0,0),
H5(1/A3,1/3,a/2c), and K5(1/A3,1/3,0) in units of 2p/a. For
the cubic spinel phase~b!, the k points correspond to:L

5( 1
2 , 1

2 , 1
2 ), G5(0,0,0), X5( 1

2 ,0,0), W5( 1
2 ,1,0), and K

5( 3
4 , 3

4 ,0) in units of 2p/a. The valence band top is defined to ha
energy 0.0 eV.
st

e

i-
t

Dcv5E $2exc@n0~rW !#2mxc@n0~rW !#%

3@ ucc~rW !u22ucv~rW !u2#d3r , ~1!

whereDcv is the correction to be added to the gap separa
the conduction~c! and valence (v) electron states (cc and
cv , respectively!, and exc and mxc are the exchange
correlation energy and potentials, respectively, that are u
in the LDA. The physics of this approximation is that th
total-energy difference between a system with an electr
hole pair and the ground state is not given just by a diff
ence of electron energy eigenvalues, but one must com
the complete total energy which includes the full change
charge densitydn @dn(rW)5ucc(rW)u22ucv(rW)u2#. A further
approximation is involved which is that the electron-electr
correlation functionf (r 8W ,rW) is unaltered in the excited stat
containing the electron and hole. The veracity of this a
proximation is central to the success of Eq.~1!.

Fritsche and Gu25 have evaluated this correction in wid
band-gap rare-gas solids, in diamond C and Si, and in al
halides, while more recently Remediaki and Kaxiras27 have
done a survey of 17 simple zinc-blende~or diamond! semi-
conductor systems. The results of these two studies s
remarkable success. Band-gap errors, which generally w

FIG. 5. The site-projected partial electronic density of states
g-Ge3N4 at ~a! the GeIV site, ~b! the GeVI site, and~c! the N site.
The solid, dotted, and dashed lines represents-orbital,p-orbital, and
d-orbital decompositions, respectively. The valence bands are t
below 0.0 eV.
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50–100% in LDA, are typically reduced to 10–20% or le
in GDFT. These findings, coupled with the fact that t
evaluation of Eq.~1! is not computationally difficult~com-
pared to GW or similar methods!, makes this an attractive
method to correct the gap for the current, more comp
system.

We show the GDFT corrected band structures near
band gap in Figs. 6~a! and 6~b! for b- andg-Ge3N4, respec-
tively. In these figures, we correct the conduction-band st
by considering the hole@ ucvu2 in Eq. ~1!# to be located at the
valence-band maximum. We again find direct gaps in b
phases, and the band gaps are approximately 4.0 eV in
~coincidentally! b and g phases. Not unexpectedly, th
GDFT opens the gaps, and the opening is approximately
eV (b) and 1.8 eV (g). A remarkable result, however, i
found for theg phase. When we compare the GDFT ban
@Fig. 6~b!# with the LDA bands@Fig. 4~b!#, we find that there
has been a significant reordering of the conduction lev

FIG. 6. The GDFT corrected near band-gap electronic struc
of ~a! b-Ge3N4, and ~b! g-Ge3N4. The correction is obtained by
assuming a hole at the valence-band maximum. The GDFT op
the gaps compared to the LDA results~Fig. 4!, and theg-phase
conduction states have been reordered compared to the LDA.
,

e

es

h
th

.5

s

s.

The LDA bands had a triply degenerate conduction-ba
minimum (p like!, while the GDFT bands have a singl
degenerate (s like! minimum. Thus in the final GDFT band
structure, the valence/conduction transition is nowp→s.
This band structure predicts a band-gap optical transition
the UV region of the spectrum, similar to the behavior of t
optoelectronic material GaN.

The two approximations, LDA and GDFT, give differen
conclusions concerning the optical properties of this ma
rial. Previous calculations25,27 for simple structures have
shown that the GDFT gives better agreement with exp
ment for the band gap than the LDA. However, for the mo
complex spinel structure there is no guarantee that the
provements offered by the GDFT will continue. Furthe
more, a reordering of levels as observed here is unp
edented. Ultimately, comparison with experiment will be t
final judge as to which approximation offers the best ba
structure. Experiments are in progress to determine the b
gap and optical properties ofg-Ge3N4.28

C. Phase transition and symmetry reduction at high pressure

The energy difference between theb phase andg phase
~spinel! is relatively small ('0.05 eV/atom in the LDA, and
0.10 eV/atom in the GGA!, and hence one would expect th
the application of a relatively small pressure would drive
phase transition. We have computed the enthalpy,H5E
1pV, as a function of pressure for these two phases to
tain an estimate of the equilibrium phase-transition press
This analysis neglects entropy differences~assumed to be
small! between the two phases. The enthalpies of the
phases are equal at a pressure of 3.7 GPa within the L
The phase transition is accompanied by an approxim
2- Å3/atom volume change, or nearly 20%. Similar calcu
tions using the GGA predict a higher phase transition pr
sure of 7.4 GPa. Experimentally, the phase transition is
served to occur in the same pressure range. Comp
transformation to the spinel phase occurs on heating
1000 °C at 12 GPa,15 and partial reaction occurs on a lab
ratory time scale at 10 GPa. However, the transition co
not be observed at 9 GPa.

Our calculations also indicate that a metastable transi
to an olivine structured phase could occur at higher press
~13.4 GPa within the LDA!, if the b→g transition could be
bypassed. This could be achieved by exploiting the slow
netics of the reconstructive transformation at low tempe
ture. An olivine phase of a nitride compound has not y
been observed experimentally. In olivine structured oxid
such as Mg2SiO4 and Ca2GeO4, a transition to spinel occurs
at high pressure. In Ge3N4, the olivine structure lies at highe
energy, and any transition would only occur at large nega
pressure~Fig. 3!.

It is significant that without heating, theb→g phase tran-
sition does not occur. Pressures beyond 20 GPa in the D
are possible with Ge3N4 material remaining in theb phase
as evidenced byin situ x-ray diffraction. This indicates there
exists a large energy barrier for the transformation betw
the two phases. Beyond 20 GPa, the x-ray pattern beco
significantly broadened, and theb-Ge3N4 structure becomes
‘‘softened’’ — the volume vs pressure curve bends dow

re
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11 986 PRB 61DONG, SANKEY, DEB, WOLF, AND McMILLAN
ward ~the negative slope becomes steeper!.29 Beyond about
40 GPa, theb-Ge3N4 samples become amorphouslike.15

We have investigated the metastability ofb-Ge3N4 at
high pressure by examining distortions of the unit cell to le
symmetric forms. We begin with the centrosymmet
P63 /m structure. Two other space groups with relative
lower symmetry,P63 ~Ref. 4! andP3,11 were proposed ear
lier as possible candidates for theb-Si3N4. A mild reduction
of symmetry is to theP6̄ structure which preserves the mi
ror planes. The possible paths of symmetry reduction
illustrated in Fig. 7. Table I shows that the relationsh
amongst these structures is simple. We first investigate st
tures in which the mirror plane is lost. The high symmetry
P63 /m is reduced toP63 by relaxation ofz5 1

4 in the 2c
and 6h sites ofP63 /m, to arbitraryz to form the 2b and 6c
sites, respectively, of theP63 structure. One effect of this is
to relax the constraint that N2c is planar in its three-fold
coordination to Ge. The symmetry ofP63 can be reduced
further to P3 by allowing the 2b(P63)→1b11c(P3) and
6c(P63)→3d13d(P3).

We start with a relaxed structural model of centrosymm
ric b-Ge3N4 (P63 /m), and reduce the symmetry toP63 by
randomizing the appropriate internalz coordinates from1

4 to
1
4 1d. Here d was chosen randomly with an rms displac
ment of about 0.05 Å. The internal coordinates were allow
to respond to their forces to search for a new energy m
mum. The external lattice parameters were held fixed du
the search. Three volumes were considered correspondin
pressures of about 10, 30, and 65 GPa based on the EO
P63 /m structure ofb-Ge3N4. ~These pressures are likely t
be overestimated because of the underestimation of ca
lated bulk modulus.! In all three simulations, the structura
parameters reverted back toP63 /m. Thus we conclude tha
deviations fromP63 /m to P63 are not likely inb-Ge3N4
even at high pressure.

We performed a similar simulation but reducing the sy
metry fromP63 /m to P3, whereP3 is the lowest symmetry
space group considered. At zero pressure the atomic p
tions of the P3 structure returned back to those of t
P63 /m space group. However at higher pressure, theP3
structure or itsP6̄ higher symmetry parent structure r
mained stable and was of lower energy. Figure 8 shows
energy vs volume curves of theP6̄/P3 structures along with
that of theP63 /m structure. The energy minimum ofP63 /m
is near 12 Å3/atom. But at a volume of about 11 Å3, the
symmetry changes slowly toP6̄ symmetry. This would cor-
respond to a second-order phase transition associated w
soft zone-center mode in our calculations. The coordin
~irreducible representation! that would carryP63 /m into P6̄
would have symmetryBu ~within point group C6h). This

FIG. 7. Three possible paths of symmetry reduction

b-Ge3N4 at high pressure. BothP63 and P6̄ are subgroups of

P63 /m, andP3 is subgroup ofP63 andP6̄.
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transformation conserves the mirror plane normal toc axis,
but destroys the inversion center. In theP6̄ b structure, the
nearly planar N atoms pucker while the exactly planar
atoms remain planar. The calculated critical pressure (P* ) of
this phase change is about 20 GPa.

As we increase the pressure, a second phase transiti
found to occur at a volume near 10.5 Å3. This transition
corresponds to the puckering at the originally perfectly p
nar N sites, and the mirror plane is lost. The transformat
coordinate in this case is ofA9 symmetry for theP6̄ (C3h
point group! ~correlated with aBg or Au representation
within the original P63 /m space group!. The calculated
pressure at which this change occurs isP** and is about 28
GPa. Since theP63 /m-P6̄-P3 EOS curve in Fig. 8 ‘‘bends’’
after the second ‘‘puckering’’ occurs~between 10.25 and
10.5 Å3), there exists a common tangent line that links t
structure in theP63 /m space group to the structure in th
P3 structure. In this sense, it is possible that theP6̄ phase is
by-passed and theP63 /m b-Ge3N4 transforms into the P3
phase directly via a first-order transition, and the correspo
ing transition pressureP*** is about 23 GPa~a little bit
higher thanP* , but lower thanP** ). Which path is fol-
lowed depends on the kinetics of the transition. This ph
transition would be associated with a large volume decre
~over 10%!. This has now been observed in x-ra
experiments.29 We note, however, that these calculations a
carried out with the assumption that structural relaxatio
occur at the Brillouin-zone center, which may not be the c
experimentally~see below, and also Ref. 29!.

At the current stage, the sequence of phase change
find for b-Ge3N4 areP63 /m→P6̄→P3. The two structural
changes that occur in the system are illustrated in F

r

FIG. 8. The total energy of theP63 /m, P6̄, andP3 structures
of b-Ge3N4 as a function of volume. The curve for theP63 /m
structure was obtained by enforcing that the structure stay in

symmetry. To calculate theP63 /m-P6̄-P3 curve, we started with a
lowest symmetricP3 structure and allowed the atoms to eith

relax back toP6̄ ~or P63 /m), or remain inP3. There are two
structural transitions at 11 Å3 (P* 520 GPa) and the other nea

10.5 Å3 (P** 528 GPa). The first correspond toP63 /m→P6̄, and

the second toP6̄→P3.
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9~a!–9~c!. Figure 9~a! shows theP63 /m structure at 15 GPa
which is just below the first phase changeP* where the
structure changes fromP63 /m to P6̄. In Fig. 9~b! at 25 GPa,
the structure has changed toP6̄. The most significant struc
tural feature is that there is significant motion of theN6h

atoms which pucker more significantly away from their thr
surrounding Ge atoms. This reflects itself as an irregu
looking 12-atom ring.@Compare the 12-rings of Fig. 9~a!
with Fig. 9~b!.# The N2c atoms ~of P63 /m) are perfectly
planar, and remain so inP6̄ pastP* as in Fig. 9~b!. As we
increase the pressure further passingP** , the atoms rear-
range themselves within the unit cell, and transform fromP6̄

FIG. 9. The structure ofb-Ge3N4 at three pressures.~a! At 15
GPa in theP63 /m structure,~b! at 25 GPa which is past the firs

transition pressureP* and in theP6̄ structure, and~c! at 38 GPa
which is past the second transition atP** to P3.
r

to P3 @as shown in Fig. 9~c!. Here we see significant distor
tions, and the planarN2c ~of P63 /m) pops out from the Ge3
plane~although this aspect is not evident in Fig. 9~c!#. There
occurs a change in bonding with some N6h atoms ~of
P63 /m) forming four bonds. Smaller rings~4 and 6 rings!
replace some of the 8 and 12 rings. The 3 and 4 bon
nitrogen gives an intermediate hybrid structure betweenb
and g phases. This phase may contain fivefold coordina
Ge atoms, which is quite unusual for this type of structur

III. VIBRATIONAL MODES AND RAMAN SPECTRA

In this section, we investigate the vibrational properties
the b and g phases of Ge3N4. We compare the results o
theory with those of Raman experiments for both theb and
g phases at zero pressure, and we examine the pressur
pendence of the modes for theb phase and compare wit
experiment. A spectroscopy inactive~‘‘silent’’ ! Bu is found
to become soft with pressure in theb phase, which we find
leads to a reduction of symmetry from theP63 /m space
group to P6̄, consistent with the analysis of Sec. II. A
slightly higher pressure, a second mode withA9 symmetry

TABLE V. The theoreticalG-point @qW 5(000)# vibrational fre-

quenciesv of the hexagonalb (P63 /m) and g spinel (Fd3̄m)
phases of Ge3N4. Modes are labeledR and IR for Raman and In-
frared active, respectively.

b phase ~hexagonal! g phase ~spinel!
v (cm21) Symmetry v (cm21) Symmetry

0 Au 0 T1u

0 E1u 153 T2u

106 E2g ~R! 224 T1u (IR)
108 Ag ~R! 245 T2g (R)
129 E1g ~R! 245 Eu

137 Bu 406 T1u (IR)
169 E2u 453 T1g

172 Bg 455 A2u

247 Au ~IR! 467 Eg ~R!

254 Bg 475 T1u (IR)
271 E1u ~IR! 535 T2u

275 E2g (R) 576 T2g ~R!

306 Bu 656 T1u (IR)
309 Ag (R) 667 Eu

339 E1u ~IR! 710 T2g (R)
365 Bu 806 A2u

373 E2g (R) 830 A1g ~R!

443 Ag (R)
703 Au ~IR!

721 E1g (R)
735 E2u

739 E1u ~IR!

753 Bg

781 Ag (R)
791 E2g (R)
878 E1u ~IR!

878 E2g (R)
896 Bu
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TABLE VI. Experimental and theoretical Raman shifts ofb-Ge3N4 at zero pressure. All 11 Raman activ
modes (4Ag12E1g15E2g) are found in the experimental spectra.

Symmetry E2g Ag E1g E2g Ag E2g Ag E1g Ag E2g E2g

Theory (cm21) 106 108 129 275 309 373 443 721 781 791 87
Expt (cm21) 110 115 131 284 307 377 447 743 798 813 89
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~referred to theP6̄ phase! leads to theP3 phase observed a
high pressure.30

We theoretically determine the vibrational modes by
agonalizing the force-constant matrix. The force-const
matrix is calculated from the first-principles electronic stru
ture method described earlier, using a direct computatio
approach.31,32 In this approach, one begins with the zer
force ~minimal energy! structure, and asingle atom is dis-
placed by a small, yet finite, distanceU0. This calculation
produces one complete row of the force-constant mat
This row is obtained by dividing the forces on each atom
the finite displacementU0. Point-group symmetry is used t
relate rows of the force-constant matrix and only ‘‘indepe
dent’’ rows are calculated. This theoretical approach p
duces phonon frequencies and mode displacement pat
which are exact if the system is harmonic. Calculations us
both 1U0 and 2U0 are performed, and the average forc
constant matrix produces an error that is fourth order in
displacements.

The G point @kW5(000)# phonon mode frequencies are
special interest because they are detected in Raman an
frared ~IR! experiments. The Raman and IR spectra act
‘‘signatures’’ to identify the phases, and its pressure dep
dence reveals information on structural stability and ph
transitions. We first present theoretical results for th
modes at zero pressure and compare with the experime
Raman spectra for bothb andg phases.

There are 42G-point vibrational modes inb-Ge3N4.
The centrosymmetric space group (P63 /m) is adopted.
The irreducible representations of theG-point phonon modes
are Goptic

b 54Ag13Bg12E1g15E2g12Au14Bu14E1u

12E2u and Gacoustic
b 5Au1E1u . Here 11 modes (4Ag

12E1g15E2g) are Raman active, and 6 modes (2Au
14E1u) are IR active. For reference, if the symmetry
the b phase were reduced to theP6̄ or P3 space
groups, there are 28G-point phonon frequencies which ar
8A8(R)16A9(IR)110E8(R,IR)14E9(R) ~in P6̄), and
14A(R,IR)114E(R,IR) ~in P3). Here,R and IR represen
Raman active and IR active, respectively.

A similar factor group analysis of theg phase~spinel!
shows that Goptic

g 5A1g1Eg1T1g13T2g12A2u12Eu

14T1u12T2u and Gacoustic
g 5T1u , where five frequencies

(A1g1E1g13T2g) are Raman active, and the 4T1u modes
are IR active.

The calculatedG-point phonon frequencies ofb- and
g-Ge3N4 are listed in Table V. These modes are calculate
the minimum-energy geometry for these structures at z
pressure. The frequency range for optic modes in theb phase
is about 100–900 cm21, which is about 100 cm21 wider than
that of theg phase (150–830 cm21).

A comparison of the measured Raman shifts with th
calculated are shown in Tables VI and VII forb and g
-
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phases, respectively. A complete description of the exp
mental measurements is given in Ref. 33. Experimental
man results for the spinel phase are also given by Serg
et al.14 But Deb et al.33 note some potential problems wit
these measurements. All the possible Raman modes of tg
phase expected by group theory are detected in the ex
ments. The overall agreement between theory and exp
ment in both phases is outstanding, with typical discrep
cies of 1–3 %. The singular major discrepancy betwe
theory and experiment is the frequency of the lowestT2g
mode of theg spinel phase. Theory predicts it to be
245 cm21 while the Raman experiment finds 325 cm21. The
origin of this one major discrepancy is unclear.

The pressure dependence of theG-point phonon modes
provides information about the dynamic stability of the m
terial. Here we investigate the pressure dependence of
modes for the hexagonalb phase. We show the pressu
dependence of three types of modes—Raman active m
@Fig. 10~a!#, IR active modes@Fig. 10~b!#, and silent modes
@Fig. 10~c!#. Figure 10~a! also shows the comparison of th
pressure dependence of the experimentally measured Ra
frequencies and theab initio frequencies. Theory and exper
ment track each other with pressure extraordinarily w
Overall, Figs. 10~a!–10~c!, show that the general behavior o
theb-Ge3N4 modes can be grouped into three categories~i!
The high-frequency modes~above 700 cm21) shift upward
significantly with pressure at a rate of about 5 cm21 per GPa.
~ii ! All ~except three! low-frequency modes ~below
500 cm21) are relatively insensitive to pressure. The~typi-
cally upward! slope of the modes is 1.5 cm21 per GPa or
less. Most remain nearly constant over the 20 GPa pres
range.~iii ! Three low-frequency mode~the silentBu mode
near 140 cm21, the silentBg mode near 170 cm21, and the
IR activeAu mode near 250 cm21) behave quite differently
from the others. These modes become soft with press
More interestingly, theBu mode reaches zero frequency~a
dynamically unstable lattice! just under 20 GPa@Fig. 10~c!#.
This Bu phonon softening relates to the symmetry reduct
of P63 /m to P6̄ found earlier. The critical pressure~about
20 GPa! of this softening is the pressureP* described in
Sec. II, and this pressure may be overestimated in our ca
lations.

We now analyze this lattice instability in more detail. A
oms in theb-Ge3N4 (P63 /m) structure are located in mirro

TABLE VII. Experimental and theoretical Raman shifts o
g-Ge3N4 at zero pressure. This structure has five Raman ac
modes (1A1g11Eg13T2g).

Symmetry T2g Eg T2g T2g A1g

Theory (cm21) 245 467 576 710 830
Expt (cm21) 325 472 593 730 858
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FIG. 10. Phonon modes atk5(000) of ~hexagonal! Ge3N4. The space group of theb phase in the calculations is taken to b
centrosymmetricP63 /m. ~a! The calculated~lines! and measured~discrete symbols! pressure dependent Raman shifts ofb ~hexagonal!
Ge3N4. The star, square, and circle represent theoretically assignedAg , E1g, and E2g modes, respectively.~b! The calculated pressur
dependence of frequencies of IR active modes. No experimental data of the IR spectra is available. The dotted and solid lines reAu

and E1u modes, respectively.~c! The ‘‘silent’’ ~neither Raman or IR active! phonon modes. The solid, dashed, and dash-dotted l
representBu , Bg, andE2u modes, respectively. Silent modes behave similar to Raman or IR active modes, except the lowest frequBu

mode, which goes soft when pressure is applied, leading to an unstable structure.
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planes, and theG-point phonon modes group into mode
with displacements either in thex,y plane or along thez
direction. TheAg , Bu , E1u , andE2g modes have displace
ment patterns in thex,y plane, and theAu , Bg , E2u , andE1g
modes have displacements alongz. The soft mode isBu , so
this mode displaces atoms in thex,y plane. The displacemen
pattern from the eigenvector of the dynamical matrix sho
in Fig. 11 confirms this. The displacement pattern is seen
produce a ‘‘puckering’’ of the N6h from a nearly planar con-
figuration, to one that is more pyramidal. As pressure is
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11 990 PRB 61DONG, SANKEY, DEB, WOLF, AND McMILLAN
plied, the bonds between N and Ge shorten, until 20 G
when the system responds by allowing N6h to become pyra-
midal. One also notes that theB1u displacement pattern ha
no z component on the N2c planar atoms. For a finite value o
this displacement pattern, the space group changes
P63 /m to P6̄. This reduction in symmetry is entirely con
sistent with the discussion in Sec. II, but now we have id
tified the soft phonon driving the first transition. The seco
transition involves similar atomic displacements, but invo
ing the second set of N atoms away from the sites related
the mirror plane. In a related experimental paper,30 we have
obtained the Raman spectrum of theb-Ge3N4 sample above
20 GPa. The spectrum obtained is closely matched by
calculated spectrum of theP3 phase, indicating that the se
ond transition has taken place by this~experimental! pres-
sure. However, an additional set of weak peaks is obse
in that study, indicating that an incommensurate struct
might be present. This indicates that some phonon cond
sation away from the Brillouin-zone center may take place29

Here we examine one possibility that has been previou
suggested in the literature.

Mirgorodsky, Baraton, and Quintard34 have given an el-
egant analysis of mode softening ofb-Si3N4, which is very
similar to the picture presented here forb-Ge3N4. In their
work, they were seeking mode softening that might relate
the a⇔b transition. Their analysis finds that the two sile
modesBu and Bg @these correspond to theBu mode near
140 cm21 and theB9 near 170 cm21 at zero pressure in ou
work, Fig. 10~c!# couple forkW -dependent phonons along th
c axis. Thus their analysis predicts a coupling betweenx,y
motion of the N6h and the planar N2c nitrogen. For kW
5(p/c)(0,0,q), with q5@0,1#, the G→D compatibility re-
lations show theD2 modes are a combination ofBu1Bg .
The significance of this analysis is that the softening c
possibly first occur at aq value not equal to zero, producin
a phase transition to an incommensurate phase. We n
however, that their results were obtained from force c
stants obtained by fitting to experiment. At that time, t
144-cm21 Ag mode was misidentified and is now known
be near 450 cm21.9 So their model tends to underestima
the low-frequency modes.

To check for a softening at aq value other than zero in
b-Ge3N4, we have evaluated the pressure dependence o

FIG. 11. The vibrational pattern of theBu soft mode near but
below 20 GPa inP63 /mb-Ge3N4. The open circles are Ge atom
and dark circles are N atoms@also see Fig. 1~a!#.
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phonon modes withkW5(p/c)(0,0,q). We are searching forq
values that might introduce soft modes before theq50 (G)
point mode. We constructed a supercell of length 5c along
the z axis, and from this we construct theq-dependent dy-
namical matrix using force constant between planes up
7.5 Å apart. The phonon dispersion of the modes at z

FIG. 12. The phonon dispersion curves for hexagonalb-Ge3N4

(P63 /m) for kW5(p/c)(00q) at two pressures.~a! At zero pressure,
and ~b! at 17 GPa which is slightly below the pressure where
q50 Bu mode goes to zero frequency. No clear softening of mo
other than atq50 is evident.
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pressure are shown in Fig. 12~a!, and at 17 GPa in Fig. 12~b!.
The 17-GPa results are at a pressure less than 3 GPa
from where theq50 phonon mode goes to zero. The impo
tant band in these figures is the band whoseG-point mode is
of Bu symmetry. We see that at 17 GPa, theBu mode has
moved down from its value at zero pressure as expected f
Fig. 10~c!. This mode moves down with pressure slowly u
til very near the pressure where it goes to zero. We note
at q values other than zero, this band shows little tendenc
condense to zero frequency. In addition, there does not e
a strong hybridization of the parentBu and Bg bands. Spe-
cifically, nearq50.7 where Mirgorodskyet al.predict a soft
mode in Si3N4, we find no trend to soften. Thus our resu
indicate that the phase transition fromP63 /m to P6̄ ~or P3)
is driven by theG-point Bu phonon condensation, and it doe
not appear to give an commensurate structure, at leas
large q ~such as near 0.7!. However, the frequency of th
mode which atG is Bu is fairly flat nearq50, so we cannot
rule out that someq values near zero~e.g., 0.0–0.2! does not
become soft before theq50 mode becomes soft. We ar
unable to explore this mode at pressures closer to theG-point
softening pressure, since the finite displacement method
duces uncertainty when the linear restoring force approac
zero.

IV. CONCLUSIONS

We have used LDA density-functional theory~GDFT! to
investigate the electronic and vibrational properties of g
manium nitride (Ge3N4). Both the hexagonalb phase and
the cubicg phase~with the spinel structure! have been stud
ied in detail. Theb→g phase transition is predicted b
theory at about 4–8 GPa, where experimental observed
per limit is about 12 GPa.

We find that electronically these are very interesting m
terials with band gaps in the optical region. We find (b,g)
t.

ys

r,
ay

m
-
at
to
ist

for

o-
es

r-

p-

-

phases to have gaps of~2.45, 2.17 eV! within the LDA, and
~4.0, 4.0 eV! within the generalized density-functional theo
~GDFT!. The gaps are direct atG point, and similar to values
for III nitrides like GaN. The GDFT correction is found t
reorder of some conduction states, which we believe is
first example of this kind of behavior using GDFT.

The equations of state and internal coordinates have b
computed. We have examined several possible candi
structures for theb phase under pressure, and find tw
changes of structure. TheP63 /m ground-state structure un
der pressure changes toP6̄, followed at higher pressure to
P3. These transitions assume that the transition to thg
phase is suppressed by keeping the sample temperatu
ambient.

The vibrational modes ofb and g phases have bee
evaluated and compared with experiment. All modes
identified and assigned to experimental peaks, and ther
overall consistent agreement. The lowestT2g mode for theg
phase has an anomalously large error however.

The pressure dependence of the modes for theb phase are
studied and the Raman modes are compared favorably
experiment under 20 GPa. A silentBu mode is found to
become soft near 20 GPa, which is the origin of t
P63 /m→P6̄ phase transition encountered under metasta
pressurization ofb-Ge3N4. This transition is immediately
followed ~or is simultaneous with! a further reduction in
symmetry to a P3 phase, which is now observed i
experiments.29,30
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