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Using the density-functional perturbation theory, the vibrational and dielectric properties are calculated for
five C;N, crystalline phases. The vibrational frequencies are found to differ significantly from one phase to
another, thus giving a strong support to the use of Raman scattering and infrared absorption spectroscopy to
identify the crystalline phase synthesized experimentally among the various polymorphs predicted theoreti-
cally. On the one hand, our findings raise serious doubts about the identification@{e, phase in several
experimental studies. On the other hand, our results will help to determine the atomic bonding configuration in
amorphous carbon nitride.
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Fifteen years ago, Coh&mproposed carbon nitridéCN) The characterizations conductéd®so far have relied on
as a superhard matefidbased on the expected short C-N a simple qualitative approal’fhto estimate the vibrational
bond length. Using first-principles calculations, hypotheticalfrequencies of N4 phases through Hooke'’s law based on
crystalline phases were successively propoge@sN,,3 de-  those of the equivalent phases ofI$j. But a reliable theo-
fect zinc-blende cubic-§N,,* @-C5N,,° and cubic-GN,.® retical prediction for all GN, crystalline polymorphs is still

Their structural parameters were calculated and their bulll(aCkIng and therefore requested by the experimental

moduli B were predicted to be 427, 425, 425, and 496 Gpacommu_nity?g ) — .
P ’ ' ’ ' In this work, we use first-principles calculations to com-

respectively. A graphitic-N, phase was also investigatéd. pute the phonon frequencies at the center of the Brillouin
It was found to be the most energetically-favorable structurezone for five GN, crystalline polymorphs. Our calculations
but its bulk modulus was predicted to be very IoB ( demonstrate that the vibrational frequencies differ signifi-
=51 GPa). Another theoretical study was dedicated to careantly from one phase to another, allowing for a clear iden-
bon nitride compoundSsuggesting the use of nuclear mag- tification through Raman scattering and IR absorption spec-
netic resonance for sample characterizations. troscopy. The phonon spectra 8fSizN, is also determined
Following the pioneering work of Ref. 1, considerable from first-principles in excellent agreement with experimen-
experimental efforts have been dedicated to the synthesis at@ data. The comparison of the Raman peaks calculated for
the characterization of CR:%® Nanometer to micrometer- A-CsNa and those fop-SisN, clearly proves that the simple

sized crystals were foutd?2usually embedded in an amor- Mode! suggested in Ref. 10 does not hold, raising serious
o . suspicions about the claims of several experimental studies.
phous carbon nitridea-CN,) matrix.

: ) ) _ For all our GN, crystalline models, we present the Born
Besides its predicted hardness, carbon nitri@®en  ftective charge tensors, and the dielectric permittivity ten-
a-CN, with a N/C ratio smaller than for {lN,) exhibit very  gors that are also calculatedh initio.

interesting properties such as low friction coefficient, chemi- \we consider the five most relevanIg, crystalline poly-
cal inertness, and controllable electrical conductivity and opmorphs: a-C3N,, B-CsN,, defect zinc-blende cubicSl,,
tical band gap(by tuning its composition®* Consequently,  cubic-GN,, and graphitic-GN,. The atomic coordinates
CN is also considered to be very promising in the fields ofand the cell parameters of all structures are fully relaxed
tribological and wear-resistant coating, optical and electronigvithin the local-density approximation to density-functional
engineering. theory, as implemented in thesiNnIT packagé’. The

Due to the small size of the crystallites obtained in experi-exchange-correlation energy is evaluated using Perdew-
ments, a complete structural determination requires the comWang's parametrizatidfi of Ceperley-Alder electron-gas
bination of various experimental techniques. Among thesegata?® Only valence electrons are explicitly considered, and
Raman scattering and infrar¢tR) absorption spectroscopy norm-conserving nonlocal pseudopotentials are used to ac-
are considered be very powerful tools. These methods areount for the core-valence interactiofisThe wave functions
sensitive to slight variation in the lattice symmetry, and canare expanded in plane waves up to a kinetic energy cutoff of
be focused on a microscopic region. They have been widelg0 Ha and thek-point sampling for the various phases is
used to characterize both the crystalltié® and chosen sufficiently high to insure convergence of all the cal-
amorphou&—?°phases of CN. However, in order to identify culated properties.
the different crystalline phases, their vibrational properties The space groups of the five crystals are indicated in
must be knowra priori. Similarly, for the amorphous phases, Table |, as well as the calculated equilibrium structural pa-
it is not always straightforward to assign the vibrational fre-rameters. The agreement with previous theoretical
guencies to a given atomic bonding configuration. calculationd=®is very good.
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TABLE |. Space groups, equilibrium

structural parameters, dielectric constants, and Born effective charge tensors calculated;¥or diystélline polymorphs.

@ B Defect zinc-blende Cubic Graphitic
Sym. P3¢ (159) P65 /m (176) PA3m (215) 1434 (220) P6m2 (187)
a (A) 6.4136 6.3540 3.3988 5.3662 47118
¢ (A) 4.6704 2.3849 6.0957
c, (0.5170, 0.0810, 0.2100) (0.2271, 0.8217, 0.7500) (0.5000, 0.0000, 0.5000) (0.8750, 0.0000, 0.2500) (0.3509, 0.1754, 0.0000)
C, (0.1657, 0.2548, 0.9999) (0.0190, 0.5095, 0.5000)
N, (0.0000, 0.0000, 0.0000) (0.3333, 0.6667, 0.7500) (0.2549, 0.2549, 0.2549) (0.2838, 0.2838, 0.2838) (0.0000, 0.0000, 0.0000)
N, (0.3333, 0.6667, 0.6362) (0.0331, 0.3303, 0.2500) (0.6667, 0.3333, 0.5000)
N, (0.3470, 0.9505, 0.9796) (0.1705, 0.3409, 0.5000)
N, (0.3147, 0.3189, 0.2517) (0.5037, 0.4963, 0.0000)
€ (5.03 5.03 4.91) (5.15 5.15 4.73) 521 5.59 (6.15 6.15 2.84)
€ (7.01 7.01 6.90) (7.81 7.81 6.13) 7.37 8.37 (8.8210.342.92) *

Z& 1.87 032 -0.01 271 000  0.00 276 000  0.00 230 012 0.00 369 1.0l 000
026 234 014 005 213  0.00 000 168  0.00 -012 230  0.00 101 252 000
010 008  2.05 000 000 199 000 000 1.68 000 000 255 000 000 051

[+1.73 +251 +2.02] [+272 +213 +1.99] [+2.76 +1.68 +1.68] [+2.30 +230 +255] [+428 +1.94 +051]
z¥, 223 —022 036 3.61 1.02 000
-019 215  0.03 102 243 000
052 -011 228 000 000 066

[+2.14 +275 +1.78] [+420 +1.84 +066]
Z% -191 017 0.00 -223 025 0.0 -153 012 012 -179 -028 042 -298 000 000
-017 —-191 000 —-025 —223  0.00 012 -153 012 -042 —-179 -028 000 —298 000
000 000 -095 000 000 -—1.11 012 012 —1.53 028 —042 -1.79 000 000 -048

[-191 -191 =-0.95] [-223 —-223 -111] [-1.65 —130 —165] [—-2.14 -214 -1.09] [-298 —298 —048]
VA -1.8 —0.12  0.00 ~1.86 —059  0.00 -291 000 000
012 -1.85 000 —-047 —149  0.00 000 -291 000
000 000 -131 000 000 —1.62 000 000 -—0.62

-1.85 -185 -131] [-224 —-112 -1.62] [-291 -291 -062]
Zi, -1.67 —032 018 —-307 000 000
-032 —147 -0.17 000 —1.09 000
005 -033 -1.72 000 000 —044

-1.81 —1.11 -193] [—3.07 —109 —044]
zE, -148 —0.17 -0.23 -1.59 —-086 000
-025 —-147 011 -0.86 —258 000
-028 026 -187 000 000 -036

-113 —168 —2.01] [-3.08 —110 —036]

aSee Ref. 31.
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TABLE IlI. Calculated phonon frequencies @tC3;N, (in cm™ 1) with their symmetry assignments.

Infrared
AL1(TO) 375.7 421.0 477.0 546.4 672.6 797.3 922.0
1000.5 1051.2 1108.1 1159.1 12329 1380.7
A1(LO) 375.9 421.8 548.6 679.2 799.0
1063.4 1225.0 1341.7 1381.0
E(TO) 335.4 396.7 482.1 545.2 587.4 600.9 644.0
690.6 719.0 788.8 830.3 895.0 937.8 1008.6
1029.3 1076.5 1082.1 1097.2 1118.4 1145.9 1153.0
1179.9 1203.8 1245.2 1256.2 1289.4 1372.8
E(LO) 335.5 482.2 587.4 601.4
694.8 721.6 833.3 946.3 1021.4
1033.9 1087.6 1098.5 1118.6 1155.7
1187.0 1227.7 1285.3 1346.2 1394.1
Silent
A2 400.1 523.5 608.5 712.2 739.6 848.9 888.7
934.1 1043.5 1065.2 1157.3 1197.6 1240.1 1295.0

The dynamical and dielectric propertigshonon frequen- Ref. 37 a value of 3.8 has been calculatdis low value is
cies at the zone center, Born effective charge tensors, armutobably due to the fact that local field effects were not in-
dielectric tensorsare then computed as second-order derivacluded. As expected, the biggest value of is reached for
tives of the total energy with respect to an external electriche systems witls p?-bonded C atoméor the in-plane com-
field or to atomic displacements. These second-order derivgonenj. For the systems witep>-bonded C atoms, the high-
tives are obtained within a variational approach to densityest value is reached for cubic;&, which is also the system
functional perturbation theoR;*=** also implemented in  with the highest bulk modulus. Similar conclusions hold for
the ABINIT package. We used the same parameters as for the static dielectric constaret,.
calculation of the structural properties. We also performed The Born effective charge tensafg also present a very
tests which proved the associated numerical accuracy to hgifferent behavior in the case of systems wisp® or
excellent. We report in Table | the dielectric tensors and the p?-bonded C atoms. In the former case, the tensors are quite
Born effective charge tensofshe principal values of their isotropic with average principal values @&=+2.3 and
symmetric is indicated between brackets Z¥=—1.7. In the latter case, the tensors are very anisotropic

The dielectric _properties of CN have not been studiedin bigger in-plane principal value&p to +4 for C and
very much experimentally. We are only aware of the mea-_ 3 for N) and very small principal values perpendicularly to
surement of the dielectric constantaCN, films®in which  the plane. Note also that the N atoms that are threefold co-
a value ofe.=5.5 has been reported far=25%. Our cal-  yrginated N1and N2) present an homogeneous principal
culated values in Table | are in very reasonable agreemenk| e in the plane, while there are two well separated values
with this experiment. For comparison, Corkill and Co?fen for those that are twofold coordinated® andN4). Finally,
proposed a rough estimate of 5.25 #8fCsN,, whereas in e signs of the Born effective charge tensors reflect the dif-

ference in electronegativity between C and N atoms.

TABLE Ill. Calculated phonon frequencies q8-C3N, (in The calculated phonon frequenciémcluding LO-TO
cm™ 1) with their symmetry assignments. splitting) and their symmetry assignments are given for the
five polymorphs in Tables II-V§! In Fig. 1, we present the
Raman calculated IR absorption spectra for the five crystalline
Ag 442.1 637.1 1080.3 1290.3
Elg 411.9 1196.9 TABLE IV. Calculated phonon frequencies of defect zinc-blende
E2g 304.4 718.0 890.7 11489 13775 (,;N, (in cm™Y) with their symmetry assignments.
Infrared
Au(TO) 513.6 1215.4 Raman
Au(LO) 517.6 1372.6 Al 990.5
E1lu(TO) 583.2 947.9 1130.5 1324.7 E 1103.7
E1u(LO) 586.7 1014.0 1204.9 1422.6 Infrared
Silent T2(TO) 738.3 1036.4 1254.5
Bg 429.8 701.3 11108 T2(LO) 752.8 1159.8 1308.0
Bu 199.3 921.1 1024.7 1390.0 Silent
E2u 599.1 1134.0 T1 741.8 828.9
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TABLE V. Calculated phonon frequencies of cubigNg (in

cm™ 1) with their symmetry assignments.
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TABLE VI. Calculated phonon frequencies of graphitigNG
(in cm™1) with their symmetry assignmentRef. 31).

Raman TO LO-x LO-y LO-z
Al 447.2
E 6995 9415  1193.2 Raman
Infrared Al:(l) 1057.2 1028.2 1028.2 1028.2 1028.2
10 si sm1 sms s asep AL 1613 102 1032 02 osaz
T2(LO) 531.4 9235  1247.7  1291.9 ' ' ' ' '
Silent A}’(4) 1391.9  1402.7 1407.3 14029  1402.7
<" o e W ma mes oume ome e
T1 680.8 820.3 956.8 1091.4 1131.9 ’ ’ ' '
E"(2) 258.5 298.5 301.4 298.8 298.5
323.1 323.1 323.1 323.1
polymorph§81 as well as the theoretical positions of the Ra- E'(3) 7024 6%%5': 6%%6'70 7%%650 6%%659
man peaks: ' . ' :
Frc?m Fig. 1, it appears that the five crystalline phases caﬁ”(d') 718.0 708.7 709.9 709.3 708.7
easily be distinguished both by their Raman and IR vibra- 720.9 7210 721.0 720.9
tional frequencies. This gives a strong support to the use dfffrared
Raman scattering and IR absorption spectroscopy to identif{2 (1) 131.5 1336 1337 1337 1336
the GN, crystallites synthesized experimentally among the”A2"(2) 467.9 4659 4659  466.2 4659
various polymorphs of predicted theoretically. The calculated®2"(3) 474.2 4741 4741 4741 4744
frequencies should also help to assign the measured peaksAg@"(4) 800.2 819.5 819.5 819.5 832.0
a-CN, in terms of the underlying atomic bonding configura- A2"(5) 830.1 832.6 833.0 834.0 836.0
tion. E’(1) 54.9 47.3 47.3 47.6 47.5
So far, the Raman peaks forlI, have been estimated 54.8 54.9 54.9 54.8
based on those of N, through a simple qualitative ap- E'(2) 698.4 666.8 667.9 667.5 666.8
proach. It consists in correlating the stretching frequency for 668.2 669.3 668.4 668.2
the C-N bond to the Si-N bond through Hooke’s law: E'(3) 700.6 680.7 680.8 680.7 681.4
684.3 684.4 684.5 684.5
E’'(4) 1098.3 1178.9 1182.5 1180.8 1178.9
_VeN, /BcsN4dCN“Si3N4 ! 1187.3 11983  1189.7  1187.3
p= vain, V Bsin,dsinUcn,’ @ E'(5) 11126  1217.6 12209 12212 1217.7
1224.2 1236.5 1242.1 12245
,,,,,,, e E’(6) 13232  1267.4 12685 12740 12675
[ graphitic ] 1281.0 1281.3 1285.3 1281.3
dondl il N AR E'(7) 1330.5 12939 1339.0 13329 1293.9
w - A A 13415 13427 13453 13425
‘:Ej - ] E’(8) 1540.4 1531.4 1539.7 1533.7 1531.4
. - 1546.6 1556.4 1547.5 1546.6
'(% C cubic ] E’(9) 1560.0 1566.4 1572.7 1572.1 1567.6
—C BT ] 1575.7 1619.3 16459  1578.0
cC) C ] | Silent
'*5_ T detoot sinc-blonde . A2'(1) 436.4 465.4 4655  465.6  465.5
UO'J C ‘ ‘ u 7 A2'(2) 442.8 469.5 469.6 469.5 469.5
foln N n A2'(3) 1329.8 1286.1 1290.1 1292.6 1286.1
g - B - A2'(4) 1341.7 13545 1354.6 1355.8 1356.5
SFE L)
2 C ] whereB is the bulk modulusd is the bond length, and is
= MR IR T I the reduced mass. This method has essentially been used for
n Hﬂ ) 3 the 8 phaset®~??but also for thex phaset®??mostly on the
....... I B Raman modes.

0 500 1000

o (cm™)

In order to test the quality of this approximation, we also
perform first-principles calculations of the vibrational prop-

erties for 8-SizN,. In Table VII, we present our calculated

FIG. 1. Infrared absorption spectra for the differentNg poly-
morphs(Ref. 3). The Raman frequencidsertical lineg are also
indicated(Ref. 38.
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TABLE VII. Comparison of the calculated Raman spectra of the experimental Raman spectra 8fSi;N, (Ref. 41). In
B-C3N, and B-SisN4 with their scale factop as defined by Eq1).  view of our predictions for the Raman peak positions, we

The frequencies are expressed in'cm have several concerns regarding the interpretation of these
. experiments.
a 'B'S'%N“ ) 'B',C3N4 P First, regarding this low-frequency peak, we would like to

Expt” Theor” This work This work This work confirm the results of Ref. 42. F@-Si;N,, our calculations
Eog(1) 185 183 180.1 304.4 1.69 show that theA; mode is located at 459.9 cmin excellent
Ag(1) 208 201 201.4 442.1 2.20 agreement with the value of 457 crhcalculated in Ref. 42,
E14(1) 230 228 222.8 411.9 1.85 while no A; mode is found in the spectral region near
Ezq(2) 452 444 446.8 718.0 1.61 145 cm 1. Hence forB-C3N,, the experimental peaks mea-
Aq(2) 457 459.9 637.1 1.39 sured around 200 crt should not be correlated with this
Ezq(3) 620 603 614.2 890.7 1.45 peak even if the approximation suggested in Ref. 10 was
Ay(3) 733 715 728.7 1080.3 1.48 working perfectly.
E14(2) 866 836 863.1 1196.9 1.39 Second, in our first-principles calculations, the three low-
Ezq(4) 930 897 926.5 1148.9 1.24 est frequency Raman peaks are found at 305.0, 442.1, and
Ay(4) 940 908 936.1 1290.3 1.38 412.3 cm'! for B-C3N,. These are quite different from the
Exg(5) 1048 1012 1041.6 1377.5 1.32 values of 266, 300, and 327 crh predicted using Eq(1).

Therefore the assignment of the three intense bands that have
been observed experimentally at about the same frequencies
to the B-C3N, phasé®~??should be ruled out. In fact, even
by comparing the whole experimental spectra to our calcu-
lated peaks, it is very difficult to reach a final conclusion
Our calculated phonon frequencies present a rms absolutghout the presence or not BEC;N, in the samples.
deviation of 5.5 cm?, and a rms relative deviation of 1.5% Finally, we also would like to point out a consequence of
with respect to the measurements of Refs. 41 and 40. Fahe decrease of the scale factoat higher frequencimodes
comparison, the corresponding rms absoluétative) devia-  E,q (4) and (5)]. Indeed, the approximation of Ref. 10 has
tions are 23.7 cm* (2.9% for the previous calculatioff ~ lead some authors to assign frequencies as high as
This is an excellent agreement with both experiments and480 cmi* (Ref. 21 or 1539 cm® (Ref. 22 to Raman
theory, and makes us very confident in the predictions for thenodes of3-C3N,. In our calculations, we find that the high-
C;N, phases. est Raman vibrational frequency is at 1377.0 ¢nfior this
In Table VII, we also report the calculated scale fagior Phase. Itis 1381 et for a-CsN,, 1254.5 cm * for defect
between the Raman frequencies®f;N, and 3-Si;N,. In  Zinc-blende cubic ¢N,, and 1250.6 cm’ for cubic GNg.
experimental studie¥?2a value of 1.43—1.47 has been es- All these values are well below those reported in experi-

timated for p by substituting the theoretical values of the MeNts, excluding the attribution of such high-frequency
various parameters in E¢L) as proposed in Ref. 10. From peaks to one of these phases. In contrast, for the graphitic-

; ; C;N,4, the highest Raman mode is calculated to be
our calculations, we confirm that the model of Et). works 3 4 “1 N .
only for the stretching modes\y(2)~(4), E;y(2), and 1560.0 cm . Thls higher frequency can be understood in
E»4(3). For theother modes, the calculated value @fif- termbs m:j’ghe higher st:jengt?ffor ';]he Cr;N b?]nds duito cﬁarbon
fers significantly from 1.43-1.47, especially in the Iow—sz onding compared tep" for the other phases, this eftect

¢ % diff ; h being further increased for the twofold coordinated N atoms
requency rangeup to 50/0_ ifference fog(1)], where by an extra reduction of the C-N bond length. This suggests
bending modes are predominant.

- X . that the high-frequency peaks of Refs. 21 and 22 could be
These results raise serious doubts about the conclusions gfiributed to the presence of twofold coordinated N atoms.

some experimental studie¥.*” In the Raman spectrum of |y conclusion, we have presented a first-principles study
B-SisN,,**"*?the three lowest frequency modeB,(, Ay, of the phonon frequencies at the center of the Brillouin zone
andE,q) at 185, 208, and 230 cn are very pronounced, for five C;N, crystalline polymorphs. The calculated vibra-
and can therefore be used as a spectral signature. This obsgenal frequencies differ significantly from one phase to an-
vation has been exploited to identify tlleC3N,, crystalline  other. Consequently, we have demonstrated that Raman scat-
phase in experiments. tering and IR absorption spectroscopy can be used for a
Based on Eq(1), these three peaks have been predicted t@omplete characterization of the CN crystalline samples. By
be at 266, 300, and 327 crh. Experimentally®~?? three  comparing the calculated phonon spectra®f;N, and
intense bands have been observed at about the same frequ@aSisN,, we have shown that they cannot be correlated
cies, leading some of the auth8t$*to claim the identifica- through a simple Hooke’s law approximation, contrarily to
tion of B-C3N,, though the measured spectra differ quitewhat has been suggested previously and widely used in ex-
significantly from one experiment to another. Moreover, aperiments in the absence of reliable theoretical references.
lower frequency Raman peak has also been reported in a felginally, the Born effective charge tensors, and the dielectric
cases: 199 cm' in Ref. 19 or 220 c? in Ref. 21. It has  permittivity tensors have also calculated and compared be-
been correlated with the Apeak at 145 cm® observed in  tween the five GN, crystalline models. We believe that our

8Experimental value$Refs. 40 and 41
PResults of a previous theoretical calculatigref. 42.
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theoretical predictions should be highly valuable for the ex-Project No. 2.4556.99 “Simulations numgues et traite-
perimental community in framework of the characterizationment des donres,” from the Belgian Program on Interuni-

of crystalline and amorphous carbon nitride.

versity Attraction PolegPAI5/1/1) on “Quantum Size Ef-
fects in Nano-structured Materials,” and from the “Action de
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IM. L. Cohen, Phys. Rev. B2, 7988(1985.

2For a review article, see J. Haines, J. Mgee and G. Bocquil-
lon, Annu. Rev. Mater. Resd1, 1 (2001).

SA.Y. Liu and M. L. Cohen, Sciencg45, 841(1989; Phys. Rev.
B 41, 10 727(1990.

4A. Y. Liu and R. M. Wentzcovitch, Phys. Rev. BO, 10 362
(19949.

5Y. Guo and W. A. Goddard, Ill, Chem. Phys. Le287, 72 (1995.

5D. Teter and R. J. Hemley, Scien2@1, 53 (1996.

’Y.-G. Yoon, B. G. Pfrommer, F. Mauri, and S. G. Louie, Phys.

Rev. Lett.80, 3388(1998.
8H. X. Han and B. J. Feldman, Solid State Comm#s, 921
(1988.

vain, Corning Incorporated, and other contributditsttp://
www.ABINIT.org). It relies on an efficient fast fourier transform
algorithm (Ref. 43 for the conversion of wave functions be-
tween real and reciprocal space, on the adaptation to a fixed
potential of the band-by-band conjugate gradient metfief.

44) and on a potential-based conjugate gradient algorithm for
the determination of the self-consistent potentief. 45. Tech-

nical details on the computation of responses to atomic displace-
ments and homogeneous electric fields can be found in Ref. 33
while Ref. 34 presents the subsequent computation of dynamical
matrices, Born effective charge tensors, dielectric permittivity
tensors, and interatomic force constants.

283, P. Perdew and Y. Wang, Phys. Rev4g 13 244(1992.

9T, Sekine, H. Kanda, Y. Bando, M. Yokohama, and K. Hojou, J.?°D. M. Ceperley and B. J. Alder, Phys. Rev. Let§ 566 (1980.

Mater. Sci. Lett.9, 1376(1990.

100M. Wixom, J. Am. Ceram. Soc3, 1973(1990.

111, Maya, D. R. Cole, and E. W. Hagaman, J. Am. Ceram. 34c.
1686(1997).

2D, Marton, K. J. Boyd, A. H. Al-Bayati, S. S. Todorov, and J. W.
Rabalais, Phys. Rev. Leff3, 118(1994).

B3C. Niu, Y. Z. Lu, and C. M. Lieber, Scienc261, 334(1993.

14K, M. Yu, M. L. Cohen, E. E. Haller, W. L. Hansen, A. Y. Liu, and
I. C. Wu, Phys. Rev. B19, 5034(1994).

3ON. Troullier and J. L. Martins, Phys. Rev. &3, 1993(1997).
31The graphitic-GN, phase presents some unstable vibrational

modes ~300 cm™ 1) in agreement with Ref. 39. Therefore
the calculated frequencies, the IR absorption spectra, the Raman
peak positions, and the static dielectric constant presented here
correspond to a pseudographitic phase. This model structure is
obtained by reducing the originﬂgmz to P1 and fully relax-

ing the structural parameters and the atomic positions. The other
properties in Table | are for the original phase.

15J. P. Riviee, D. Texier, J. Delafond, M. Jaouen, E. L. Mathe, and 3?X. Gonze, D. C. Allan, and M. P. Teter, Phys. Rev. L68, 3603

J. Chaumont, Mater. Let22, 115(1995.
167, M. Ren, Y. C. Du, Y. Qiu, J. D. Wu, Z. F. Ying, X. X. Xiong,
and F. M. Li, Phys. Rev. B51, 5274(1995.

(1992.

33X. Gonze, Phys. Rev. B5, 10 337(1997.
34%. Gonze and C. Lee, Phys. Rev.35, 10 355(1997.

L. P. Guo, Y. Chen, E. G. Wang, L. Li, and Z. X. Zhao, Chem. 35F Barreca, A. M. Mezzasalma, G. Mondio, F. Neri, S. Trusso, and

Phys. Lett.268 26 (1997).

C. Vasi, Phys. Rev. B2, 16 893(2000.

183, Martin-Gil, F. J. Martin-Gil, M. Sarikaya, M. Qian, M. Jese %6J. L. Corkill and M. L. Cohen, Phys. Rev. 88, 17 622(1993.

Yacama, and A. Rubio, J. Appl. Phy®&1, 2555(1997).

37H. Yao and W. Y. Ching, Phys. Rev. 80, 11 231(1994).

19| C. Chen, D. M. Bhusari, C. Y. Yang, K. H. Chen, T. J. Chuang, *®The calculated Raman frequenciegC;N, change by less than

M. C. Lin, C. K. Chen, and Y. F. Huang, Thin Solid Filn393
66 (1997.

20T.Y. Yen and C.-P. Chou, Appl. Phys. Le®7, 2801 (1995;
Solid State CommurB5, 281 (1995.

6% when a pressure aof 15 GPa is applied to the crystal struc-
ture (resulting in a volume variation of-4%). This gives an
insight on the effect of the possible presence of residual strain in
the synthesized samples.

21p_N. Wang, Z. Guo, X.-T. Ying, J.-H. Chen, X.-M. Xu, and F.-M. 3°Y. Miyamoto, M. L. Cohen, and S. G. Louie, Solid State Com-

Li, Phys. Rev. B59, 13 347(1999.

22y, Zhang and Y. Gu, Philos. Mag. Le®1, 505 (2007).

233, H. Kaufman, S. Metin, and D. D. Saperstein, Phys. Re89B
13 053(1989.

24A. Bousetta, M. Lu, A. Bensaoula, and A. Schultz, Appl. Phys.

Lett. 65, 696 (1994).

mun. 102 605 (1997).

4ON. Wada, S. A. Solin, J. Wong, and S. Prochazka, J. Non-Cryst.

Solids43, 7 (1981).

41K. Honda, S. Yokoyama, and S. Tanaka, J. Appl. Pi8{s.7380

(1999.

423. Dong and O. F. Sankey, J. Appl. Phg3, 958 (2000.

Y. F. Lu, Z. M. Ren, W. D. Song, D. S. H. Chan, T. S. Low, K. “3S. Goedecker, SIAM J. Sci. ComptUSA) 18, 1605(1997).

Gamani, G. Chen, and K. Li, J. Appl. Phy&4, 2909(1998.
26Y. Aoi, K. Ono, and E. Kamijo, J. Appl. Phy&6, 2318(1999.
27 ABINIT is & common project of the Universi@atholique de Lou-

205416-6

4M. C. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D.

Joannopoulos, Rev. Mod. Phy&4, 1045(1992.

45X. Gonze, Phys. Rev. B4, 4383(1996.



