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We perform a theoretical investigation of tjfephase and the high-pressure spinel-likphase of GgN,.
The electronic structure is found to yield direct band gaps in the optical region for both phases. The vibration
modes and their pressure dependencg-&e;N, 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 siler, mode of theB phase P65;/m) is found to become soft under high pressure to
yield a reduced symmetr;P(g) B-phase derivative. Thg structure changes further to a reduced symmegy
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 forthey phase-transition pressure.
The vibration modes of the phase are determined theoretically and compared to Raman measurements.

. INTRODUCTION with commercial GgN, samples, which contains a mixture
of a- and B-Ge;N,4, as well as a small amount of elemental
Group-IV(B) nitrides are an interesting and important Ge. The sample is purified t8-Ge;N,, and subsequently
class of materials. Silicon nitride (shi,) is a familiar ce- |opaded into a diamond-anvil celDAC) and pressured up to
ramic material with numerous applications because of its90 GPa. The3— y phase transition occurs near 12—15 GPa.
high strength, its resistance to wear, and its desirable highHeating is necessary for the phase transition, which suggests
temperature propertiés; and it has been well studi€d®  there exists a relatively high-energy barrier inhibiting con-
SisN, is also used for applications in the microelectronicsversion. At room temperature, the diffraction patterns remain
industry because of its insulating dielectric properties,sharp until 15 GPa, and broadens above 19 GPa. A subset of
strength, and as a diffusion mask for impurities. The crystalthe original (3-phase diffraction peaks can be followed
line form of carbon nitride (GN,) still remains even up to about 40 GPa. However, with high temperature
hypothetical®~*®but is predicted to be super hard if success-and high pressure thg phase appears, which is recoverable
fully synthesized in the isostructure @tSi;sN,. This mate- to ambient conditions. Rietveld refinement reveals that

rial has stimulated intensive research efforts in recent yearsy-Ge;N, is the cubic spinel structuré=@3m). The synthesis
and the investigation remains ongoing. of GgN, spinel by Serghiowet all* proceeded in the DAC

Germanium nitride (Gg\,) is far less studied than its with laser heating using powdered Ge in ap &imosphere,
silicon counterpart. The ground-state structure of germaniurwhere N acted as the pressure medium and nitrogen source.
nitride is isostructural to that of hexagonatSisN,.2 An-  Heating occurred for several minutes, and temperatures were
other phase, trigonat, is also known to exist both for il, in excess of 2000 K. In the phase, germanium is in both
and GgN,, and its structure is similar to that gfbut with a  tetrahedral and octahedral coordinations surrounded by nitro-
cell doubling and a reduction of symmetry. The phase 9en, and this is a nitride with six-coordinated germanium.
transforms into the3 phase upon heating, yet th&—a  The critical phase transition pressurg y) is not yet ac-
phase transition is never observed. The corresponding enegtrately determined. Leinenweber and co-workers reported
getics of GN, is still topic of theoretical investigatiolt™**  that pressures greater than 12 GPa are needed at tempera-

The B phase of SN, or GeN, consists of corner con- tures above 1000°C. _ _ _
nected SiN or GeN, tetrahedra, respectively. This is not  In this paper, we report a theoretical study(fthe high-
unlike silicon and germanium oxides which contain $#bd ~ Pressure properties g8-Ge;N,, and (ii) the high pressure
GeQ, linked tetrahedra. The existence of a variety of poly-Phasey-GeN,. We investigate the pressure dependence of
morphs of silicon and germanium oxides hints that othetthe structural and vibrational modes BtGe;N,4, and com-
low-energy phases of GH, or SiN, might exist. Recently, Pare our results with x-ray and Raman-scattering experi-
experimental high-pressure studies of,8ghave been per- ments. Our calculations clearly indicate that the near planar
formed by two groups, and a different crystalline phaseG&N units within the 3-Ge;N, structure pucker above a
(y-GesN,) with a cubic unit cell has been successfully calculated pressure of 20 GPa, and the symmetry is lowered
synthesized?~1® This phase introduces interesting bondingfrom hexagonaP6;/m to hexagonaP6. Upon further ap-
and produces Ge that is octahedrally coordinated. An earligplication of pressure, a second instability occurs near 28 GPa
study produced a similar structure for;Sj.’ in the calculation, where a second class of N@Gits, which

The experiments of Leinenweber and co-worket8start  initially were exactly planar pucker along tleeaxis, and the
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TABLE I. Structures, symmetries, and internal coordinateg dfiexagonaland y (fcc spine) phases of
Ge;N,. Four possible space groups are considere@fsiructure(see discussion in the texiVe have added

% to zin P6 to emphasize the similarity with the othgrderivative structures.

Phase Space group  Wyckoff site  Site symmetry Fractional coordinates
B P6:/m(C) 2¢ 6...(Can) 124 (213
(hexagong| 6h m...(Cy (Y. 3), (VXY 5), (X+Y.X,3)

(Y. 2, (Y x+Y, 9, (X+y.x,5)

P6 (Can) le 6 (3.3.7)
1f 6 5.3
3] m (Y 8), (Vx+y.3), (XFyx )
3K m (.3, (yx+y.9), (x+yx.3)
P63 (CQ) 2b 3...(Cy (3.3.2), 5,3,z2+3)
6¢c 1(Cy) (%,Y,2), (Y,X+VY,2), (X+Y,X,2)
(Y,2+3), (VXY 2+3), (x+y. X2+ 3)
P3 (C3) 1b 3...(Cy) 124
1c 3...(Ca) 214
3d 1(Cy) (%,Y,2), (Y,X+VY,2), (X+Y,X,2)
Y Fd3m (O)) 8a 43m(Ty) 0,00, 3,23
(cubig 16d 0.3m(D3q) (.89, 358, .53, 5.3.9
32 0.3m(Cs,) (X,%,X), (X,X+3,X+3),
(X+3.X+3.%), (X+3.XX+3)
(X+ 3 x+3.x+3), (X+5.X+5.x+7),

(X+3.X+3.X+3), (X+3x+5x+7

space group changes RB. These distorted phases are de-the local-density approximation(LDA) Ceperley-Alder
rivatives of theB phase but in thé>6 or P3 space groups, function?® or with a generalized gradient approximation
and only exist at high pressure if the temperature is insuffi{GGA).**
cient to enablg8— vy transformation.
We also report the electronic band structure of the germa-
nium nitride phases and find that both and y-Ge;N, are Il. GEOMETRICAL STRUCTURES, ELECTRONIC
wide, direct-gapsemiconductors at zero pressure, which in- STRUCTURE, AND ENERGETICS
dicates germanium nitride may be promising optoelectronic
materials, possibly competitive with group-IB] nitrides
(GaN/InN/AIN). The two ambient pressure crystalline structures ofNze
The calculations in this study are performed using aare the trigonalx structure and the hexagongl structure.
first-principles total-energy method. The implementation weThe high-pressure spinel phase of;8g is the y phase. In
adopt® uses density-functional theoryDFT) with a this paper we will focus on th@ and y phases. The space
plane-wave basis set and an ultrasoft pseudopotéfifidie  groups, symmetries, and internal coordinates foand y
exchange-correlation functional is approximated withphases are listed in Tables | and Il. In this study, we assume

A. Optimized structures and equations of state

TABLE II. The optimized lattice parameters and internal coordinate8-aind y-Ge;N, calculated with
LDA methods. The experimental data are from Refs. 3, 15, and 16.

Phase Lattice Const Internal Coordinates
Theory Expt Theory Expt
B a=7.987 8.028 Gkat 6h: (0.1696,0.7628,1}4 (0.1712,0.7658,144
P65/m c=3.054 3.077 K} at 6h: (0.3304,0.0257,14 (0.3335,0.0295,14
N2¢ at 2c: (1/3,2/3,1/4
v a=8.1676  8.2133 Geat 8a (G€V): (0,0,0
Fd3m Gé& at 16 (Ge”'): (5/8,5/8,5/8

N at 32: (0.1330,0.1330,0.1330 (0.1327,0.1327,0.1327




PRB 61 THEORETICAL STUDY OF-Gg;N, AND ITS HIGH- . .. 11981

(a) Ball-stick model of B-Ge;N, (a) Ball-stick model of y-Ge,N,

O Ge © N (6h) ® N (2¢)

(b) Polyhedron model of B-Ge,N,

FIG. 2. (a) A ball-stick model ofy phase of GgN,. The large
light spheres are the tetrahedral Ge atorfiy. A unit cell of
v-Ge;N, showing the linking of the GeNtetrahedra and GeN
octahedra.

FIG. 1. () A ball-stick model of 38 phase of GgN,. The dark,
light, and open circles represent Ge atoms @sRes, Ge atoms at

6h sites, and N atoms, respectively, of space grBég/m. (b) A

unit cell of B-Ge;N, showing the linking of the GeNtetrahedra. ~ @S consisting of alternate basal layers®Ge;N, and its
mirror image. Itsc axis is approximately twice that of the

B-Ge;N, is isostructural tg3-SisN, and that this phase is the phase, and there are four formula units per hexagonal unit
ground state of germanium nitride. cell. Important differences betweenand 8 phases is that in
The x-ray-diffraction data of3-Ge;N, at ambient condi- « all N atoms lie out of the plane of its three Ge neighbors,
tion fit very well with the centrosymmetri®65/m space and open rings disappear in thaestructure.
group®®® Within this symmetry, all germanium atoms are  The y-GesN, has the spinel structurérables 1 and ).
four-coordinated at the center of a distorted tetrahedron suNatural spinel is the mineral MgAD,, which written with
rounded by nitrogen, and all nitrogen atoms are three coofformal charges is Mt]ZAIfO;Z. The Bravais lattice is face-
dinated. The structure is that of phenacite;{Bié_D4), and the centered-cubidfcc) in the space groude?m with eight
hexagonal unit cell contains two formula units4 atoms. 11,0, units in the conventional cubic cell, and two for-
Figure Xa) shows a ball-stick model 0B-GesNy, with its 115 “units in the primitive unit cell. The Mg atom is four
structure being characterized by open 8-atom and 12-atoyqginated and is at the center of an oxygen tetrahedron,
rings. Unless specifically noted, we will always use thegng the Al is six coordinated and is at the center of a dis-
P63/m space group for th@-Ge;N, phase. All Ge atoms 446 oxygen octahedron. For £, in the spinel structure,
are equn_/alent (B S|te3,_but there gre two mequwalent Ni- two Ge (G&’, 8a site) resides at the nominal Mg site and is
trogen sites: K at 2c sites and K" at 6h sites. The R° tetrahedrally coordinated to nitrogen. The remaining four Ge
atoms are in a planar geometry with their three Ge neareglioms in the formula unit (3%, 16d site) reside at the nomi-
neighbors, while the {¥ atoms are in slightly puckered sites ) | sites and are octahedrally coordinated to nitrogen. The
surrounded by three Ge atoms. There are three less Symmefirogen atoms are all equivalent (8gite) and have four Ge
ric structures easily derived from_thlé63/m structure— neighbors, with one being ®eand three being & The
these structures have space groBps P63, andP3 (Tables  space group for the spinel §&e)'N, structure is given in
I and I). Our calculations showsee belowthat theP6 and  Table I, and a model of the spinel g+, structure is shown
P3 structures occur at high pressure for material not transin Fig. 2.
formed to they phase. We first determine the optimizedminimum energy
The local bonding environment in- and 8-Ge;N, are  structures of thes- and y-crystalline phases of GHN,. We
very similar. Thea-Gg;N, is less symmetric thap phase begin by fixing the volume of the unit cell, and then relax the
and has thétrigonal) P31c space group. Since trigonal unit lattice parametergéconsistent with that volumeand the in-
cells have equivalent hexagonal cells, we can viesde;N,  ternal coordinates. This optimization is performed with the
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Equations of State (EoS) of Ge,N,

T

ence betweem and 3 phase of GgN, is found to be negli-
- | /Y

gibly small at low pressure. Thus either of these two phases
can exist at ambient conditions. Thespinel structure is a
higher energy phase that is achievable by the application of
pressure. Despite the dramatically different chemical bond-
ing within the 8 andy phases, the energy difference between
.y 2 these two phases is only about 50 meV/at@quivalent to

A 4 600 K in temperature unitswhich is surprisingly small. We

/ have repeated these calculations using the GGA method and
. . 4 find that the major effect of this correction is a fairly rigid

- aphasse—-" \ ' shift of 0.9 eV upwards in the total energies. The energy
76 | — pophase difference between thg and y phases, however, increases

Binding Energy ( eV/atom )
4
[3)]

~~ y-phase (spinel) to 100 meV/atom. Since the energy differences found here
- olivine structure between these phases is small, the differences should be con-
sidered qualitative. In Fig. 3, we also plot the total energy of
-7.7 : ‘ ' ‘ ' : the olivine structure of G#,. This structure is less symmet-
8 9 10 1 12 13 14 15 : . > :
Volume/Atom (&) ric than that of spinel, and we find it to be considerably

higher in energy than the spinel phase. In isoelectronic ox-
FIG. 3. The calculated equations of stdnergy vs volume ides, such as MgIQ,, the olivine structure is the stable

curves based on the LDA. The parameters are provided in Table lllphase at room temperature, and transform into spinel at high
where they are compared with the GGA. The energy differencepressures. This is obviously not the case for nitrides.
betweena and 8 phases is very smalhear numerical errojsThe Comparing equilibrium volumes with experimert:16
y phase(spine) is a high-pressure phase of Bh, and the energy the LDA underestimates the equilibrium volume by 1.3, 2.1,
difference between the phase angs phase is 50 meV/atom within  and 1.6% fora, 8, andy phases, respectively, while GGA
LDA (100 meV within GGA. Another high pressure phase is oli- gyerestimates the volume by 3.1 and 3.7% frand y
vine, which lies higher in energy than the spinel phase. phases, respectively. The consistency is satisfactory, and the
percentage errors are typicala initio DFT methods. LDA
constraint of maintaining the corresponding space-grougnd GGA methods underestimate the bulk modulus of
symmetry. This procedure is repeated for several differenB-Ge;N, by about 15 and 24%, respectively, which is a
unit-cell volumes, and the calculated data are fit to a Birchiarger error than expected. Both LDA and GGA agree that
Murnaghan energy vs volume equation of s{i@®9. There  y-Ge;N, spinel is stiffer thanB-Ge;N, by at least 25%i.e.,
are four parameters in a Birch-Murnaghan EOS; the bindinghe bulk moduli of these two phases differ by over 25%
energyEq, the equilibrium(minimum energy volume Vy,  This increase in stiffness fromd to y is expected based on
the bulk modulusK, and the pressure derivative’ of the  densification.

bulk modulus K'=dK/dP). The lattice and fractional internal parameters of the equi-

The calculated EOS is plotted in Fig. 3, and their param{ibrium Ge;N, structures are listed in Table Il. The calcu-
eters are listed in Table Ill, along with available experimen-lated parameters are in good agreement with those of experi-
tal data>® For completeness we include thephase as well. ment. From these we obtain the bond lengths and bond
First let us discuss the LDA results. The total-energy differ-angles of 8 and y phases in Table IV. In3-Ge;Ny,, the

TABLE IIl. The experimental and theoreticdL DA and GGA) parameters of the Birch-Murnaghan
equations of state of the, B, and y phases of GfN,. The « phase is included for completeness. The
theoretical data is obtained from a fit of the LO&GA) energy vs volume curve. The internal coordinates
and lattice parameters were optimized at each volume. The paramgterthe binding energyminimum
energy, V; is the optimizedminimum energy structure volumeK is the bulk modulus, an’ the volume

derivative of the bulk modulus. The experimental structural parametggsaoid y (spine) phases are from
Refs. 15 and 16, and those efphase are from Ref. 3.

Phase E, (eV/atom) V, (A%/atom) K (GPa) K’
o Experiment(Ref 3 12.321
Theory-LDA —7.626 12.165 178 2.1
B Experiment(Ref. 19 12.308 218 4.0
(P635/m) Theory-LDA —7.627 12.053 185 3.7
Theory-GGA —-6.771 12.685 166 3.7
y Experiment(Ref. 15 9.891 296 4.0
Theory-LDA —7.577 9.730 240 4.5

Theory-GGA —6.661 10.259 208 4.4
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TABLE IV. Bond lengths and bond angles gfphase andy-phase GgN,.

Phase Atom Bond length (A) Bond angle (°)
B Ge 1.818 1,Ge-N°) 104.1(x 1,N?°-Ge-N©)
1.823(x 2,Ge-N") 108.4(x 2,N°"-Ge-N°M)
1.834(x 1,Ge-N") 113.8(x 1,N°M-Ge-N°M)
110.8(X 2,N**-Ge-N°")
Noe 1.818(x 3,N*°-Ge) 120.0K 3,Ge-N°-Ge)
Nen 1.823(x 2,N6"-Ge) 113.8( 1,Ge-N"-Ge)
1.834(x 1,N°"-Ge) 123.0( 2,Ge-N"-Ge)
v GceV 1.881(x 4,G€V-N) 109.5(x 6,N-G&V-N)
Ge”! 1.979(x 6,G€/'-N) 86.2(x 6,N-GeV-N)

93.8(x 6,N-GeV-N)
179.9(x 3,N-G&V-N)

N 1.881(x 1,N-Ge&V) 112.6(x 3,GeV-N-Ge"")
1.979(x 3,N-G&V) 93.7(x 3,Ge¢/'-N-Ge"")

tetrahedron is slightly irregular with N-Ge-N bond angles of quite similar to that of3-SizN, (not shown, except for one
104-111° (ideal 109.5°), and Ge-N bond lengths of significant difference. The top of valence bandsgiSisN,
1.181-1.834 A. The RiGe; is planar, and its three Ge-N-Ge s along thel-A line with the maximum value about 0.3 eV
bond angles(intertetrahedron anglgsare 120°. However, pigher than that of thd point. Thus8-SisN, is indirect,
N6"Ge, is slightly asymmetric and puckered, with two while 8-Ge;N, is direct.

Oce_N-ge angles of 123.0° and one at 113.8°. In the high-
pressurey phase, the G¥ atom is perfectly tetrahedral with
bond lengths increalsed from those@phase (1.81-1.83A)
:jci)stléirgtizl'&éewig;éh;dt?gf \?vriteh ar;ltj:; ?32;: 0&;,\?“82% point. This produces a direct band gap with a band gap of

lengths of 1.979 A. All the N atoms are four coordinated, but2'.17 ev. It. IS spmewha_t surprising _that th|s_ materle_tl, even
“ o o with Ge being six coordinated, remains semiconducting, and
the NGg “tetrahedron” is quite irregular.

appears to have a large band gap.
_ The valence band structure of thephase is broader than
B. Electronic structure in the B phase by approximately 0.5 eV overall. This overall

The LDA electronic band structure of tifeexagonal 3 broadening and the broadening of the individual set of bands
and (cubic spinel y phases of Gg\, is shown in Figs. )  is consistent with an increase in coordination of the atoms.
and 4b), respectively. The top of the valence band is definedlhe site-projected partial density of sta{@S) is shown in
to be at zero energy. The bands are generated using pseudégs. 5a)—(c), which gives an orbitas, p, andd decompo-
potentials which include the2and 2 valence electrons of sition of the DOS. There is no unique way to perform this
nitrogen and the g¢and 4p valence electrons of germanium. decomposition, and the results should be interpreted as quali-
The LDA is known to have significant errors in calculating tative. Clearlys states from nitrogefFig. 5(c)] dominates in
band gaps; after we discuss the LDA results, we describéhe low-energy set of bands from18.3 to —12.7 eV, al-
approximate corrections using a generalized densitythough there is substantiak-state mixing from the
functional theory(GDFT) and obtain corrected estimates of gctahedral-site Gé [Fig. 5(b)] and the tetrahedral-site e
the band gaps. [Fig. 5@]. The upper set of bands from11 to O eV is

For the hexagonaB phase[Fig. 4@], we see a direct dominated by nitrogep states, but hybridization occurs with
band gap between valence and conduction bands of 2.45 e§e s and p. At the valence band top, we also see a sharp
at theI" point (k=000). The valence bands are segregatedi-character region mainly from the octahedral-site Ge.
into two regions, with 24 states in the upper set of bands and The local-density approximation of DFT is well known to
8 states in the lower energy set. The minimum energy sepdave difficulty predicting band gaps quantitatively. The LDA
ration in energy between these two sets is 3.55 eV. Thgives band gaps of 2.45 and 2.17 eV f@rand y phases,
lower energy valence set is 4.1 eV wide, and are derivedespectively. The experimental gap of tBephase remains
mainly from the eight nitroges states. We can compare this somewhat uncertain but has been reported to be near 4.5
band structure to that g8-SisN,, which has been more ex- eV.2* The y-phase band gap has not yet been experimentally
tensively studied both theoretical§ and experi- determined. The approximate 2-8phase band-gap error
mentally???3We find that the band structure BtGe;N, is  is about twice that found for N, where we find a 4.26-eV

The band structure of thes phase(spine) GeN, is
shown in Fig. 4b). The minimum of the conduction and the
maximum of the valence band is found to occur at the
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(a) Band structure of B—Ge,N, T TrT T ]
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Q
5 -10 FIG. 5. The site-projected partial electronic density of states of
‘8’ v-Ge;N, at (a) the G& site, (b) the G¢' site, and(c) the N site.
w The solid, dotted, and dashed lines represambital, p-orbital, and
-15 ¢ d-orbital decompositions, respectively. The valence bands are those
below 0.0 eV.
-20 X
L r woo K r Ac,,zf{2exc[no(r>]—nxc[no<r>]}
FIG. 4. The LDA electronic band structure @ B-Ge;N,, (b)
y-Ge;N,. A direct wide band gap at thE point is found in both X[ re(1))2= |, (r)|?]d%r, (1)

phases. For the hexagongGe;N, (a), thek points correspond to: . . .
A=(0,0a/2c), L=(1//3,0a/2c), M=(1/y3,0,0), [=(0,0,0), WhereA., is the correction to be added to the gap separating
H=(1/V3,1/3a/2c), and K=(1/y3,1/3,0) in units of 2/a. For  the conduction(c) and valence ) electron states; and
the cubic spinel phasgb), the k points correspond to:L ¢, respectively, and e, and u, are the exchange/
—(:11), T'=(0,00), X=(100), W=(}10), and K _correla‘uon energy and_ potentla_lls, respe(_:tlve_ly, that are used
=(2,2,0) in units of 2r/a. The valence band top is defined to have in the LDA. T_he physics of this apprOX|mat|_0n s that the
on é‘r’g;;/’ 0.0 eV total—engrgy difference betweeq a systgm Wlth an elec_tron—
' ' hole pair and the ground state is not given just by a differ-
ence of electron energy eigenvalues, but one must compute
(LDA) gap, while experiments find the band gap to lie in thethe complete total energy which includes the full change in
range of 4.6—5.3 e¥® We have tested the GGA for the charge densitysn [5H(F)=|¢C(F)|2*|¢U(F)|2]- A further
phase and find a band gap of 2.48 eV. This result is almosipproximation is involved which is that the electron-electron
identical to the LDA result of 2.45 eV. correlation functionf(r’,r) is unaltered in the excited state
To obtain an improved estimate of the band gap, we havggntaining the electron and hole. The veracity of this ap-
used a generalized density-functional the@®DFT) to cor- proximation is central to the success of Eg).
rect the band gaps of the and y phases. This theory, which  Fritsche and G?f have evaluated this correction in wide
has been developed by Fritsche and co-workefS8has dif-  pand-gap rare-gas solids, in diamond C and Si, and in alkali
ferent levels of approximation, and these levels of approxihalides, while more recently Remediaki and Kaxifdsave
mation have different levels of difficulty. We choose the firstdone a survey of 17 simple zinc-blen¢tw diamond semi-
level of approximation which gives a band-gap correctionconductor systems. The results of these two studies show
of?® remarkable success. Band-gap errors, which generally were
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(a) GDFT corrected band structure of f-Ge,N, The LDA bands had a triply degenerate conduction-band
minimum (p like), while the GDFT bands have a singly
degenerateq like) minimum. Thus in the final GDFT band
structure, the valence/conduction transition is npwss.
This band structure predicts a band-gap optical transition in
the UV region of the spectrum, similar to the behavior of the
optoelectronic material GaN.

The two approximations, LDA and GDFT, give different
conclusions concerning the optical properties of this mate-
rial. Previous calculatiod®?’ for simple structures have
shown that the GDFT gives better agreement with experi-
ment for the band gap than the LDA. However, for the more
complex spinel structure there is no guarantee that the im-
provements offered by the GDFT will continue. Further-
more, a reordering of levels as observed here is unprec-
edented. Ultimately, comparison with experiment will be the
final judge as to which approximation offers the best band
structure. Experiments are in progress to determine the band
gap and optical properties gFGe;N,.?8

Electronic Energy (eV)

|
7.0 } ] C. Phase transition and symmetry reduction at high pressure
6.0 i ) The energy difference between tgephase andy phase
S 50t L N (spine) is relatively small &0.05 eV/atom in the LDA, and
2 a0l 0.10 eV/atom in the GGA and hence one would expect that
S the application of a relatively small pressure would drive a
’g 30 F phase transition. We have computed the enthaklpy;E
w0t +pV, as a function of pressure for these two phases to ob-
2 tain an estimate of the equilibrium phase-transition pressure.
g 10} This analysis neglects entropy differendessumed to be
3 00 L smal) between the two phases. The enthalpies of the two
w phases are equal at a pressure of 3.7 GPa within the LDA.
-1.0 ¢ The phase transition is accompanied by an approximate
20k 2- A®%/atom volume change, or nearly 20%. Similar calcula-

tions using the GGA predict a higher phase transition pres-
L r X w K ' sure of 7.4 GPa. Experimentally, the phase transition is ob-

FIG. 6. The GDFT corrected near band-gap electronic sstructurt?erved to oceur in the Same pressure range. Co.mplete
of (8 B-Ge;N,, and (b) y-Ge;N,. The correction is obtained by transformation to the splnel_ phase.occurs on heating to
assuming a hole at the valence-band maximum. The GDFT operk000 °C at 12 GPZ, and partial reaction occurs on a labo-
the gaps compared to the LDA resulSig. 4), and they-phase  ratory time scale at 10 GPa. However, the transition could
conduction states have been reordered compared to the LDA.  not be observed at 9 GPa.

Our calculations also indicate that a metastable transition
50-100% in LDA, are typically reduced to 10—20% or lessto an olivine structured phase could occur at higher pressure
in GDFT. These findings, coupled with the fact that the(13.4 GPa within the LDA if the 8— v transition could be
evaluation of Eq(1) is not computationally difficul{icom-  bypassed. This could be achieved by exploiting the slow ki-
pared to GW or similar methoglsmakes this an attractive netics of the reconstructive transformation at low tempera-
method to correct the gap for the current, more complexture. An olivine phase of a nitride compound has not yet
system. been observed experimentally. In olivine structured oxides

We show the GDFT corrected band structures near theuch as MgSiO, and CaGeQ,, a transition to spinel occurs
band gap in Figs.®) and &b) for 8- and y-Ge;N,, respec-  at high pressure. In GBl,, the olivine structure lies at higher
tively. In these figures, we correct the conduction-band statesnergy, and any transition would only occur at large negative
by considering the hold ¢,|? in Eq. (1)] to be located at the pressurgFig. 3).
valence-band maximum. We again find direct gaps in both It is significant that without heating, th@— y phase tran-
phases, and the band gaps are approximately 4.0 eV in bo#ition does not occur. Pressures beyond 20 GPa in the DAC
(coincidentally B8 and y phases. Not unexpectedly, the are possible with G&, material remaining in thgs phase
GDFT opens the gaps, and the opening is approximately 1.8s evidenced bin situ x-ray diffraction. This indicates there
eV (B) and 1.8 eV ). A remarkable result, however, is exists a large energy barrier for the transformation between
found for they phase. When we compare the GDFT bandsthe two phases. Beyond 20 GPa, the x-ray pattern becomes
[Fig. 6(b)] with the LDA bandqFig. 4(b)], we find that there  significantly broadened, and theGe;N, structure becomes
has been a significant reordering of the conduction levels:softened” — the volume vs pressure curve bends down-
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e P63 -7.25 T
R > P3 A TN ]
P§ S T3¢ 4: ]
=
FIG. 7. Three possible paths of symmetry reduction for £ B ]
B-Ge;N, at high pressure. BotlP6, an(LPg are subgroups of > 745 | 1
P65/m, andP3 is subgroup oP6; and P6. Eé
W -750 g
ward (the negative slope becomes ste¢peBeyond about &
40 GPa, the3-Ge;N, samples become amorphousliRe. 2 s ]
We have investigated the metastability SfGe;N, at @ :
high pressure by examining distortions of the unit cell to less ek 1
symmetric forms. We begin with the centrosymmetric 765 , ) , ) P63/ml r
P65;/m structure. Two other space groups with relatively 9.0 9.5 10.0 105 1.0 1.5 120
lower symmetryP6; (Ref. 4 andP3 ! were proposed ear- Volume / Atom (A')

lier as possible candidates for tjeSisN,. A mild reduction —
FIG. 8. The total energy of thB6;/m, P6, andP3 structures

of symmetry is to theP_G structure which preserves the_ mir- ¢ B-Ge;N, as a function of volume. The curve for tHR6,/m
ror planes. The possible paths of symmetry reduction ar@ycture was obtained by enforcing that the structure stay in this
illustrated in Fig. 7. Table | shows that the relatlonshlpsymmetry_ To calculate the6,/m-P6-P3 curve, we started with a

amongst th_ese struc_tures is simple. We first_investigate SUUGSwest symmetricP3 structure and allowed the atoms to either
tures in which the mirror plane is lost. The high symmetry of

P65/m is reduced toP6; by relaxation ofz=% in the 2
and éh sites ofP63/m, to arbitraryz to form the 2 and &
sites, respectively, of thB65 structure. One effect of this is
to relax the constraint that ¥ is planar in its three-fold
coordination to Ge. The symmetry &65; can be reduced
further to P3 by allowing the d(P63)—1b+1c(P3) and transformation conserves the mirror plane normat txis,
6¢(P63)—3d+3d(P3). but destroys the inversion center. In tRé g3 structure, the

We start with a relaxed structural model of centrosymmetnearly planar N atoms pucker while the exactly planar N
ric B-Ge;N, (P63/m), and reduce the symmetry 863 by  atoms remain planar. The calculated critical pressBie) (of
randomizing the appropriate interrmtoordinates from; to  this phase change is about 20 GPa.
3+ 6. Here 6 was chosen randomly with an rms displace- As we increase the pressure, a second phase transition is
ment of about 0.05 A. The internal coordinates were allowedound to occur at a volume near 10.8AThis transition
to respond to their forces to search for a new energy minicorresponds to the puckering at the originally perfectly pla-
mum. The external lattice parameters were held fixed duringar N sites, and the mirror plane is lost. The transformation
the search. Three volumes were considered corresponding ¢ordinate in this case is &’ symmetry for theP6 (Ca,
pressures of about 10, 30, and 65 GPa based on the EOS ghint group (correlated with aB, or A, representation
P63/m structure of3-Ge;N,. (These pressures are likely to \ithin the original P65/m space group The calculated
be overestimated because of the underestimation of calcyyessure at which this change occur®fé and is about 28
lated bulk modulus.In all three simulations, the structural ~n_ ginee th€6,/m-P6-P3 EOS curve in Fig. 8 “bends”
parameters reverted back R63/m. Thus we conclude that after the second “puckering” occurtbetween 10.25 and

deviations fromP6;/m to P6; are not likely in 8-GesN, 10.5 A%), there exists a common tangent line that links the

even at high pressure. . . . structure in theP65/m space group to the structure in the
We performed a similar simulation but reducing the sym- ; . ) — i
P3 structure. In this sense, it is possible that B@&phase is

metry fromP65/m to P3, whereP3 is the lowest symmetry )
space group considered. At zero pressure the atomic pody-Passed and the6;/m B-GeN, transforms into the P3
tions of the P3 structure returned back to those of the Phase directly waaﬂrst;(iide.r transition, and the correspond-
P6,/m space group. However at higher pressure, Btge N9 transition pressur® is about 23 GPa(a I|tt!e bit
structure or itsP6 higher symmetry parent structure re- higher thanP*, but Iowe_r th_anP**). Wh|ch_ _path is fol-
mained stable and was of lower energy. Figure 8 shows thlowec_i_depends on the k|r_1et|cs qf the transition. This phase
- : fransition would be associated with a large volume decrease
energy vs volume curves of th&6/P3 structures along with (over 10%. This has now been observed in x-ray
that of theP63/m structure. The energy minimum 8%63/m  experiment£® We note, however, that these calculations are
is near 12 K/atom. But at a volume of about 1°Athe  carried out with the assumption that structural relaxations
symmetry changes slowly 86 symmetry. This would cor- occur at the Brillouin-zone center, which may not be the case
respond to a second-order phase transition associated witheaperimentally(see below, and also Ref. 29
soft zone-center mode in our calculations. The coordinate At the current stage, the sequence of phase changes we
(irreducible representatignhat would carryP6;/minto P6  find for 8-Ge;N, areP6;/m— P6— P3. The two structural
would have symmetnB,, (within point groupCg,). This  changes that occur in the system are illustrated in Figs.

relax back toP6 (or P63/m), or remain inP3. There are two
structural transitions at 113 (P* =20 GPa) and the other near

10.5 A3 (P** =28 GPa). The first correspond RS /m— P6, and
the second td®6— P3.
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(a) Structure of B-Ge,N,: 15 GPa TABLE V. The theoreticall -point [ g= (000)] vibrational fre-
guenciesw of the hexagonal3 (P6s/m) and vy spinel (Fd3m)
phases of G#N,. Modes are labele® and IR for Raman and In-
frared active, respectively.

B phase (hexagonal v phase (spine)
o (cm™1) Symmetry o (cm™1) Symmetry
0 A, 0 Ti
0 = 153 Tou
106 Ezg (R 224 Ty (IR)
108 Ay (R 245 T (R)

129 Eig (R) 245 E,
137 B, 406 T (IR)
169 Eoy 453 T
172 By 455 A,
247 A, (IR) 467 Es (R
254 By 475 Ty (IR)
271 Eyy (IR) 535 Tou
275 Ezg (R) 576 Tog (R
306 B, 656 T (IR)
309 Ay (R) 667 E,
339 Eq (IR) 710 T (R)
365 B, 806 A,
373 Esg (R) 830 Ay (R)
443 A (R)

703 A, (IR)

721 Exg (R)

735 Eou

739 Eq, (IR)

753 By

781 A, (R)

791 Esg (R)

878 E,, (IR)

878 Esg (R)

896 B,

to P3 [as shown in Fig. @). Here we see significant distor-
tions, and the planax?° (of P65/m) pops out from the Gg
plane(although this aspect is not evident in Figcd. There
occurs a change in bonding with some®"Natoms (of
P65/m) forming four bonds. Smaller ring& and 6 rings

FIG. 9. The structure oB-Ge;N, at three pressure¢a) At 15 replace some of the 8 and 12 rings. The 3 and 4 bonded
GPa in theP65/m structure,(b) at 25 GPa which is past the first nitrogen gives an intermediate hybrid structure betwgen
transition pressur®* and in theP6 structure, andc) at 38 GPa  and y phases. This phase may contain fivefold coordinated
which is past the second transitionRt* to P3. Ge atoms, which is quite unusual for this type of structure.

9(a)—9(c). Figure 9a) shows theP65/m structure at 15 GPa
which is just below the first phase chang§& where the Il VIBRATIONAL MODES AND RAMAN SPECTRA

structure changes frof6;/m to P6. In Fig. 9b) at 25 GPa, In this section, we investigate the vibrational properties of
the structure has changed R®. The most significant struc- the 8 and y phases of G#N,. We compare the results of
tural feature is that there is significant motion of tN&" theory with those of Raman experiments for both ghand
atoms which pucker more significantly away from their threey phases at zero pressure, and we examine the pressure de-
surrounding Ge atoms. This reflects itself as an irregulapendence of the modes for thg phase and compare with
looking 12-atom ring.[ZCompare the 12-rings of Fig.(&  experiment. A spectroscopy inactiyésilent” ) B, is found

with Fig. 9(b).] The N°¢ atoms (of P63/m) are perfectly to become soft with pressure in tiephase, which we find
planar, and remain so iR6 pastP* as in Fig. 9b). As we leads to a reduction of symmetry from th&;/m space

increase the pressure further pass®iy’, the atoms rear- group to P6, consistent with the analysis of Sec. Il. At
range themselves within the unit cell, and transform fi@één  slightly higher pressure, a second mode with symmetry
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TABLE VI. Experimental and theoretical Raman shifts@fGe;N, at zero pressure. All 11 Raman active
modes (Aq+2E4+5E,) are found in the experimental spectra.

Symmetry Eog Ag Eig Eoqg Ag Eog Ag Eig Ag Eog Eog
Theory (cm'1) 106 108 129 275 309 373 443 721 781 791 878
Expt (cm 1) 110 115 131 284 307 377 447 743 798 813 896

(referred to theP6 phas¢ leads to the?3 phase observed at Phases, respectively. A complete description of the experi-
high pressuré® mental measurements is given in Ref. 33. Experimental Ra-
We theoretically determine the vibrational modes by di-man results for the spinel phase are also given by Serghiou
agonalizing the force-constant matrix. The force-constan€t al** But Debet al** note some potential problems with
matrix is calculated from the first-principles electronic struc-these measurements. All the possible Raman modes of the
ture method described earlier, using a direct computationd?hase expected by group theory are detected in the experi-
approach?*? In this approach, one begins with the zero-ments. The overall agreement between theory and experi-
force (minimal energy structure, and aingle atom is dis- Ment in both phases is outstanding, with typical discrepan-
placed by a small, yet finite, distanté,. This calculation cies of 1-3%. The singular major discrepancy between
produces one complete row of the force-constant matrixtheory and experiment is the frequency of the lowess
This row is obtained by dividing the forces on each atom bymode of they spinel phase. Theory predicts it to be at
the finite displacemeritl. Point-group symmetry is used to 245 cm " while the Raman experiment finds 325 ¢t The
relate rows of the force-constant matrix and only “indepen-origin of this one major discrepancy is unclear.
dent” rows are calculated. This theoretical approach pro- The pressure dependence of thepoint phonon modes
duces phonon frequencies and mode displacement patterRgovides information about the dynamic stability of the ma-
which are exact if the system is harmonic. Calculations usinderial. Here we investigate the pressure dependence of the
both +U, and — U, are performed, and the average force-modes for the hexagong@ phase. We show the pressure
constant matrix produces an error that is fourth order in thélependence of three types of modes—Raman active modes
displacements. [Fig. 10@], IR active modegFig. 10b)], and silent modes
The T point[K=(000)] phonon mode frequencies are of [Fig. 10c)]. Figure 10a) also shows the comparison of the
special interest because they are detected in Raman and fessure dependence of the experimentally measured Raman

frared (IR) experiments. The Raman and IR spectra act a equencies and thab initio _frequencies. Theory a.nd gxperi-
ment track each other with pressure extraordinarily well.

“signatures” to identify the phases, and its pressure depen- ! :
dence reveals information on structural stability and phas&@Verall, Figs. 16a)-10(c), show that the general behavior of

transitions. We first present theoretical results for thesd€/B8-GeN, modes can be grouped into three categolies.
modes at zero pressure and compare with the experiment&/"® high-frequency mode@bove 700 cm*) shift upward
Raman spectra for botd and y phases. s_|_gn|f|cantly with pressure at a rate of about 5cnper GPa.
There are 42T-point vibrational modes in3-Ge;N,. (i) AII_l(except threp low-frequency - modes (below
The centrosymmetric space groufPfs/m) is adopted. 500 cn 7) are relatively insensitive to pressure. Ttigpi-

The irreducible representations of thepoint phonon modes  C&lly upward slope of the modes is 1.5 crh per GPa or
are T . =4A, +3B,+2E .+ 5+ 2A,+ 4B, +4E, less. Most remain nearly constant over the 20 GPa pressure
9 9 ¢] g u u u

optic " - range.(iii) Three low-frequency modéhe silentB, mode
iggiu‘?& 1;ag’;’g“gaAr:;rnE1;(':tivl_:rzmljl Gm%%?es(ﬁ%z near 140 cm?, the silentB, mgde near 170 gr‘n{ _and the
4E 9) are gIR active. For reference. if the symmetrv of IR active A, mode near 250 cit) behave quite dllfferently

1u . y Y O tom the others. These modes become soft with pressure.
the B phase were reduced to thB6 or P3 space \ore interestingly, theB, mode reaches zero frequenty
groups, there are 2B-point phonon frequencies which are dynamically unstable lattiggust under 20 GP§Fig. 10c)].
8A'(R)+6A"(IR)+10E'(R,IR)+4E"(R) (in P6), and This B, phonon softening relates to the symmetry reduction
14A(R,IR)+14E(R, IR) (in P3). Here,R and IR represent f pg,/m to P6 found earlier. The critical pressutabout
Raman active and IR active, respectively. _ 20 GPa of this softening is the pressufe* described in

A similar factor group analysis of the phase(spine)  gec. |1, and this pressure may be overestimated in our calcu-
shows  that T'J,c=A1gtTEg+ T1g+3Tog+2A5,+2E, lations.
+4T1,+2Ty, and I') 5= T1u, Where five frequencies  We now analyze this lattice instability in more detail. At-
(A1gt+Eqg+3T,) are Raman active, and theT4, modes  oms in theB-Ge;N, (P65/m) structure are located in mirror
are IR active.

The calculatedl’-point phonon frequencies of- and TABLE VII. Experimental and theoretical Raman shifts of
7-G&N, are listed in Table V. These modes are calculated al, geN, at zero pressure. This structure has five Raman active
the minimum-energy geometry for these structures at zerg,gges (B g+ 1E4+3T,y).
pressure. The frequency range for optic modes irgiphase

is about 100—900 cit, which is about 100 cm* wider than  Symmetry Tog Eq Tog  Tog Ay
that of they phase (150830 crit). Theory (cmi %) 245 467 576 710 830
A comparison of the measured Raman shifts with thosgexpt (cm 2 325 472 593 730 858

calculated are shown in Tables VI and VII f@ and vy
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FIG. 10. Phonon modes &=(000) of (hexagonal Ge;N,. The space group of th@ phase in the calculations is taken to be
centrosymmetrid?65/m. (a) The calculatedlines) and measureddiscrete symbo)spressure dependent Raman shiftsgothexagonal
Ge;N,. The star, square, and circle represent theoretically assigged,,, and E,, modes, respectivelyb) The calculated pressure
dependence of frequencies of IR active modes. No experimental data of the IR spectra is available. The dotted and solid line fepresent
and E;, modes, respectivelyc) The “silent” (neither Raman or IR actiyephonon modes. The solid, dashed, and dash-dotted lines
represenB,, By, andE,, modes, respectively. Silent modes behave similar to Raman or IR active modes, except the lowest figguency
mode, which goes soft when pressure is applied, leading to an unstable structure.

planes, and thd -point phonon modes group into modes this mode displaces atoms in tkg plane. The displacement
with displacements either in they plane or along thez  pattern from the eigenvector of the dynamical matrix shown
direction. TheAy, B, E;,, andE,y modes have displace- in Fig. 11 confirms this. The displacement pattern is seen to
ment patterns in they plane, and thé\,, By, E,,, andE,4 produce a “puckering” of the R' from a nearly planar con-
modes have displacements aland he soft mode i8,, so  figuration, to one that is more pyramidal. As pressure is ap-
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Vibration Eigenvector of ‘‘Softening’” Bu Mode (a) P=0GPa

500

400

—~ 300
'
o
FIG. 11. The vibrational pattern of th®, soft mode near but g 200
below 20 GPa inP6;/mpB-Ge;N,. The open circles are Ge atoms By —>
and dark circles are N atonfalso see Fig. ®)]. Bu—>
plied, the bonds between N and Ge shorten, until 20 GPa, 100 |
when the system responds by allowin§"No become pyra-
midal. One also notes that tti&y, displacement pattern has
no zcomponent on the #§ planar atoms. For a finite value of ‘ .
this displacement pattern, the space group changes from oo_o 0.2 0.4 0.8 1.0
P65/m to P6. This reduction in symmetry is entirely con- q: k=nlc (0 0,q)
sistent with the discussion in Sec. Il, but now we have iden-
tified the soft phonon driving the first transition. The second (b) P =17 GPa
transition involves similar atomic displacements, but involv-
ing the second set of N atoms away from the sites related by 500
the mirror plane. In a related experimental paifene have
obtained the Raman spectrum of theGe;N, sample above
20 GPa. The spectrum obtained is closely matched by the 400 -
calculated spectrum of the3 phase, indicating that the sec-
ond transition has taken place by tHexperimental pres-
sure. However, an additional set of weak peaks is observed
in that study, indicating that an incommensurate structure —~ 300
might be present. This indicates that some phonon conden- -~
sation away from the Brillouin-zone center may take pce. g
Here we examine one possibility that has been previously -
suggested in the literature. 5 200 |
Mirgorodsky, Baraton, and Quintaftlhave given an el-
egant analysis of mode softening 8fSi;N,, which is very
similar to the picture presented here BfGe;N,. In their Bo—
work, they were seeking mode softening that might relate to 100
the a< B transition. Their analysis finds that the two silent
modesB and By [these correspond to thB, mode near Bu—
140 cm * and theBg near 170 cm? at zero pressure in our
work, Fig. 10c)] couple fork-dependent phonons along the 00_0 0.2 04 0.6 08 1.0
c axis. Thus their analysis predicts a coupling betwggn q: k=m/c(0,0,q)
motion of the N" and the planar Rf nitrogen. Fork
=(m/c)(0,0q), with g=[0,1], theI'—A compatibility re- FIG. 12. 'I;he phonon dispersion curves for hexaggh@e;N,
lations show theA, modes are a combination &+ By (P63/m) for k= (r/c)(00q) at two pressurega) At zero pressure,

The significance of this analysis is that the softenlng carfind (b) at 17 GPa which is slightly below the pressure where the
possibly first occur at g value not equal to zero, producing d=0 B, mode goes to zero frequency. No clear softening of modes
a phase transition to an incommensurate phase. We notether than a=0 is eviden.
however, that their results were obtained from force con-
stants obtalned by fitting to experiment. At that time, thephonon modes witk= (/c)(0,00). We are searching fag
144-cm A mode was misidentified and is now known to values that might introduce soft modes before g0 (I")
be near 450 cm*.® So their model tends to underestimate point mode. We constructed a supercell of lengthaiong
the low-frequency modes. the z axis, and from this we construct tlgedependent dy-

To check for a softening at @ value other than zero in namical matrix using force constant between planes up to
B-Ge;N,, we have evaluated the pressure dependence of tie5 A apart. The phonon dispersion of the modes at zero
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pressure are shown in Fig. (B2, and at 17 GPa in Fig. 1B).  phases to have gaps (#.45, 2.17 eV within the LDA, and

The 17-GPa results are at a pressure less than 3 GPa aw@y0, 4.0 eV within the generalized density-functional theory
from where theg=0 phonon mode goes to zero. The impor- (GDFT). The gaps are direct &t point, and similar to values
tant band in these figures is the band whbsgoint mode is  for Il nitrides like GaN. The GDFT correction is found to

of B, symmetry. We see that at 17 GPa, tBg mode has reorder of some conduction states, which we believe is the
moved down from its value at zero pressure as expected froffirst example of this kind of behavior using GDFT.

Fig. 10c). This mode moves down with pressure slowly un-  The equations of state and internal coordinates have been
til very near the pressure where it goes to zero. We note thatomputed. We have examined several possible candidate
atq values other than zero, this band shows little tendency tstructures for theg8 phase under pressure, and find two
condense to zero frequency. In addition, there does not exishanges of structure. THe65/m ground-state structure un-

a strong hybridization of the pareB, andBy bands. Spe-  der pressure changes R6, followed at higher pressure to
cifically, nearq= 0.7 where Mirgorodskgt al. predict a soft p3. These transitions assume that the transition to jthe
mode in SiN,, we find no trend to soften. Thus our results phase is suppressed by keeping the sample temperature at
indicate that the phase transition frd?6;/m to P6 (or P3)  ambient.

is driven by thel"-point B, phonon condensation, and it does  The vibrational modes of3 and y phases have been
not appear to give an commensurate structure, at least f@valuated and compared with experiment. All modes are
large g (such as near 0)7 However, the frequency of the identified and assigned to experimental peaks, and there is
mode which af” is B, is fairly flat nearq=0, so we cannot overall consistent agreement. The low&gj mode for they

rule out that some values near zere.g., 0.0—0.2does not phase has an anomalously large error however.

become soft before thgq=0 mode becomes soft. We are  The pressure dependence of the modes foBtpbase are
unable to explore this mode at pressures closer td'tpeint  studied and the Raman modes are compared favorably with
softening pressure, since the finite displacement method prexperiment under 20 GPa. A sileB, mode is found to
duces uncertainty when the linear restoring force approachdsecome soft near 20 GPa, which is the origin of the

Zero. P65;/m— P6 phase transition encountered under metastable
pressurization of3-GeN,. This transition is immediately
IV. CONCLUSIONS followed (or is simultaneous witha further reduction in

We have used LDA density-functional thedi@DFT) to symmetry t?;,g(? P3 phase, which is now observed in

. . : S : experiments’

investigate the electronic and vibrational properties of ger-

manium nitride (GgN,). Both the hexagongB phase and

the cubicy phase(with the spinel structupehave been stud-

ied in detail. TheB— vy phase transition is predicted by  This work was supported by the NSF-ASU MRSEC

theory at about 4—8 GPa, where experimental observed ugbMR-96-32633 on high-pressure materials synthesis. It is

per limit is about 12 GPa. our pleasure to thank Michael O’Keeffe, Kurt Leinenweber,
We find that electronically these are very interesting ma#M. Somayazulu, and Herve Hubert for many insightful dis-

terials with band gaps in the optical region. We fingl, {) cussions that we had in the course of this work.
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