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The characterization of carbon nitride films with stoichiometgNgis heavily restricted by the problem of
getting pure crystalline samples with the right C/N ratio. However, thin films with lower nitrogen concentration
(5—259% have been found relatively easier to deposit, for example, with reactive magnetron sputtering. It is
also in this range of nitrogen content that the recently discovered “graphitielikéullerenelike” phase
transition has been suggested to take place. Therefore, in order to add more information to the above experi-
mental evidence, it is important to use theoretical methods to obtain further characterization of carbon nitride
models with a high C/N ratio such as that of;8,. It is relevant to propose a cross checking on the role played
by the nitrogen concentration in determining the stability, hardness, and electronic propertieg obrGN
pounds with different stoichiometries. For the sake of simplicity we have here comparegNha@ G;N,
systems, which are isoelectronic to each other. For this purpose ), @hases, namelyy and B, are
presented and investigated with density-functional-theory methods within the local density approximation.
These phases contain less thaB0% of nitrogen than the well-known,®, and are formally derived from the
so-called pseudocubic;8,. Cohesive properties, heats of formation, bulk and elastic moduli have been
calculated and a full detailed analysis of the density-of-states and energy-loss-near-edge-structure spectra is
presented. We propose that the lowering of the nitrogen concentration does not prevent the finding of new
ultrahard materials and indeed brings a significant increase in the cohesive energy of carbon nitrides. However,
the computed enthalpies of formation have shown values that are positive and generally larger than the analog
carbon-deficient phases.
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I. INTRODUCTION recently, a wide variety of techniqgues such as ion
implantation®® rf sputtering of carbon targets in a nitrogen
Networks made of covalently bonded carbon nitride areatmospheré? plasma deposition of various hydrocarbdhs,
expected to show remarkable physical properties such astrogen-ion implantation with simultaneous carbon-vapor
high hardness, wide band gap, and high thermal conductivitydeposition:® dc magnetron sputtering of a graphite target in
They can be used as a protective coating on hard discs ardnitrogen ambient’ shock-wave compression of carbon ni-
recorder heads and are being tested for several other tribtride  precursot® plasma-enhanced chemical vapor
logical applications. Other utilization areas can be found fordepositiont® ion-assisted dynamic mixin,and laser abla-
example, in the flat-panel display industry. The possibility totion of a carbon target in a stream of atomic nitrotfeémave
synthesize nanotubelikand nanofiberlik& * CN, structures  been investigated. From these attempts we know that many
in a solid film may open the possibility of using such films compositions of carbon nitrides exist and more than a few
for field-emission-electron sourc@s® Carbon nitrides have are stable to at least 800 °C. Therefore, many, PNases
also been tested for the development of ossointegrated jointith different stoichiometries have similar stabilities and
arthroplasty. The major problem with these implants is theconsequently mixed-phase deposits are quite often obtained.
wear-debris generation, which provokes adverse tissue reaés a matter of fact, despite many efforts, the synthesis of
tions. Carbon nitride has been identified as an interestingarbon nitride films with stoichiometry §8l, (57.14% of ni-
coating for use on human implart8ecause of these great trogen concentrationis still restricted to the production of
expectations they have rapidly become the focus of a greamorphous samples with unclear crystallographic data. From
attention and nowadays they are widely investigated bothhe deposition of CN films, with 0<x=<0.35, by reactive
experimentally and theoretically as potential candidates fomagnetron sputtering in Ar/Ndischarges we know that the
new ultrahard materiaf€. The starting interest on carbon ni- maximum nitrogen concentration obtainable in the film is
trides dates back to Liu and Cohen’s theoretical Wbdé  strongly dependent on the formation of stable molecules,
1989 where the properties of th@C;N, phase were pro- such as N and GN,, that can with high probability desorb
posed to be similar or even superior to those of diamondand leave the growth surface at even low substrate
From this finding many researchers were positively stimutemperature$?~2*Even though the nitrogen concentration in
lated to find an adequate way to synthesize pure crystallinthe film is not a very meaningful parameter, since amorphous
C3;N, materials. The first attempt to make carbon nitridefilms have been synthesized using different techniques with
films was by Cuomeet al. in 19792 who grew paracyano- concentrations as high as 809> we do believe that it is
genlike thin films with N/C ratios equal to 1. Much more important to make clear, at least at the theoretical level, how
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many different CN stoichiometries such as that of the,8,  integration. For carbon and nitrogen atom types the same

could be in competition or even favored with respect to themuffin-tin radius (R;r=1.35 A) was used and maintained

formation of GN, and what would be the changes in the fixed for all the investigated structures. Only for the graphitic

mechanical and electronic properties if a pure crystallineC1iNs model a relative small gy value of 1.24 A was used.

C,:N, material would be found. For diamond, graphite, and thelg, phases, the values &f
The transition at~200°C from a graphitic phase to a points and cutoff parameters are in accordance with our pre-

“fullerenelike” phase, recently presented by N. Hellgren vious calculations?

et al,?? could be imagined to take place from a graphitic

form with a stoichiometry close to that of,(N,. Indeed this A. General account to the hardness of various C)phases

transition is observed when the nitrogen concentration in- _ ) )
creases from 5% to 15% and the fullerenelike structure is Hardness is commonly defined as the resistance of a ma-

found to be stable when the nitrogen amount is between 109¢"1@! to deformations. This property strongly depends on
and 25%. These concentrations are much closer to ffe,C M@ny parameters like pressure, temperature, porosity, impu-

stoichiometry than the well-known 48,. Moreover, the ritie_s, dislocations,_ and other_defe_:cts_ an_d_ it is co_rrelate_d to
carbon-nitrogen ratio in CNfilms (0.2<x=<0.35) observed various other phyS|caI_pr0pert|es like ionicity, melting point,
by Sjostrom et al?® for buckled turbostatic microstructures baqd gap, and cohesive energy. The bulk modulus, usually
formed at high temperatures is again close to the composfjef'nfad ass, measures the r_eS|s'Fance to the vc_>|ume change
tion of Cy;N,. Such carbon-nitrogen systems have beer]" solids and provides an estimation of the elastic response of
found to be both hard and elastic from nanoindentatio he material to a hydrostatic pressure. Using the correlatlon
experimentg228 etween_ the bulk modulus ar_ld the hardness, many theoretl-
Hence, it becomes important to use theoretical method al predictions on hard materials have been made during the

,40-44 i )
and models to obtain further characterization and trends ofSt feW decades. However, n .1977 Gefk has al
the bonding configurations in GNstructures. In the follow- ready showed that for different materials such as fcc metals,

ing sections we present a theoretical investigation of the stzﬁ'aCI 'tstzjuctufri:r,] a”;]a“ halld(;esl, anéi ﬁther C.Ubl')C ttSOI'dS' the
bility and hardness for two different stoichiometries;Ng m?q{nldut eﬂ(]) € shear T(? hu u;, N 'rt‘éﬁ‘;l‘ss he er cor-
and G;N,. The analyzed systems are isoelectronic to eacht'ated to the experimental hardness uch more re-

6 . .
other and to diamond, although the nitrogen concentration Oﬁently Tetef® found the same general conclusions for a wide

the second phase, 26.67%, is much lower than the formet rlet;ty ?fhm::\jtenals, thg.s tcon_?;‘mlng thgt sc:\éaordmod}élus as
one(57.14%. We have here restricted our investigation to a € best hardness predictor. The magnitu escribes

novel class of compounds electronically analogous to diafEhe resistance (.jf a materla_l upon shape _chang_e and plays an
portant role in the elastic theory of dislocations. Hence,

mond for which the same four averaged number of valenc . .

electrons per atom is kept-2?All the substances that satisfy ¢ hardness of a crystalline material should be closely cor-

this rule should possess similar properties to diamond, whicﬁeu”‘ted to how readily a large number of d|slocat|qns_ are
generated and are able to move throughout the solid in re-

is nowadays the hardest known material. X .

sponse to the shear stresses. In our calculations, instead of

the anisotropic shear modulus associated with the various

Il. METHODS AND COMPUTATIONAL DETAILS slip systems of dislocation motiorisee Ref. 4¥, we will

|_consider only the average shear modulus. For sake of com-
pleteness we also present the valuesBofo estimate the
material resistance upon an isotropic compression. As shown
below, G can be expressed by means of elastic constants. The
latter are usually measured by using ultrasonic techniques
and Brillouin spectroscopy.

Calculations of the optimized geometries, relative stabi
ity, and elastic constants were perfornedainitio within the
local-density approximatioflLDA) to the density-functional
theory’® (DFT) using the Ceperley-Aldét exchange corre-
lation functional as parametrized by Perdew and Zuifger
and the ultrasoft pseudopotenti@lS-PP method® (vasp
codé?). The calculations were performed by using an energy
cutoff of 434.8 eV for the plane-wave basis set and con-
verged with respect to thk-point integration. The tetrahe- In what follows we elucidate how the complete set of
dron method with Blohl correction®® was applied for both  elastic constants can be deduced for a certain crystalline ma-
geometry relaxation and total-energy calculations. Brillouin-terial. The elastic constants determine the response of the
zone integrals were approximated using the spdcipbint  crystal to an externally applied strafstiffness and provide
sampling of Monkhorst and PadR.Investigations of the information about the bonding characteristics between adja-
density-of-states and  electron-energy-loss-spectroscoment atomic planes, anisotropic character of the bonding, and
(EELS) spectra were carried out with the density-functional-structural stability. The main problem in estimating elastic
theory full-potential linearized augmented plane-wd#®-  constants from first principles is not only the requirement of
LAPW) program packageviensz.®” The local-spin-density accurate methods for evaluating the total energy but also the
approximation according to Perdew and Wang washeavy computations involved in their calculation. For in-
employed® The plane-wave cutoff was adjusted so that ap-stance, if the symmetry of the system is reduced, the number
proximately 145 plane waves per atom were used for phasesf independent moduli increases and hence a larger number
with Cy;N, stoichiometry. The differences in total energies of distortions is required to calculate the full set of elastic
are converged to below 0.001 eV with respectktpoint  constants. The elastic behavior of a completely asymmetric

1. Calculations of the elastic moduli
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TABLE |. Strains and elastic moduli for the orthorhombic phases.

Strain Parameter@nlisted 5;; =0) Energy
1 611= 6 AE=3V,c1,6°
2 020= 6 AE=3V,Cp0d?
3 533: 13 AE= %VOC3352
1 o
S S Y —— =fp=——— — AE=2V,Cys8°
4 511 522 533 (1_ 52) 13 523 532 (1_ 52)1/3 1 0C445
1 )
= 8y= Sggm —————— — = pm—— AE=2VCs56°
° 011= 620= 033 (1= 1, 6136 (1= 1 oCs50
¢ - 2
6 O11= 0p0= 533=m -1, 0= 521=m -1 AE=2V,Cge0
1+6 1-6 1 1 - )
7 511:(1_—52)1,3— , 522:(1_—52)1,3— ; 533:(1_—52)1,3—1 AE=3Vo(Cr1tCp—2C19) 8
1+6 1 1-6 1 3 5
8 11:(1_ 52)1/3_ ' 522:(1_ 52)1/3_ ' 533:(1_ 52)1/3_1 AE=2Vo(Curt Ca=2C19)
1 1+6 1-6 1 3 5
9 5ll=m—l 522=(1+—52)1/3—1 533:(1_—52)1/3_ 1 AE=35V(Copt C33—2Cy3)

material is specified by 21 independent elastic constantstants of the unstrained crystal in the Voigt notation. In Eq.
while for an isotropic material, the number is two. In be- (3), the distortion components are defined accordingto
tween these limits the necessary number is determined by the §;; for k=1, 2, 3 and§=24;; for k=4, 5, and 6. We
the crystal symmetr§f evaluate the energ¥(V,8) by using the first-principles
Orthorhombic, tetragonal, and cubic systemSor an theory for different strains of the system. The Taylor expan-
orthorhombic material there are nine independent elastision, limited to second-order, is here used to fit the numerical
constants referred to asi, C»», C33, Cas, Cs5, Cgg, C12, data. The elastic constant¥, and E,=E(V,,0) are the
C13, and c,3.*° They can be deduced by applying small fitting parameters. The independent elastic constants for an
strains to the equilibrium lattice and determining the result-orthorhombic material are found by considering nine differ-
ing change in the total energy. The entire set of the elastient matricess to which correspond nine different expres-
constants were determined by straining the lattice vectorsions of the total energigee Table)l. The components of the
according to the rule distortion matrix[Eq. (2)] that do not appear in the table are
set equal to zero. For each applied strain, the total energy of
the system has been calculated for seven different small dis-
~ tortions (6= =0.0h,n=0-3).
whereR andR are the matrices that contain the components Relaxation of the internal degrees of freedom was carried
of the distorted and undistorted lattice vectors, 1 is the idengyt for all the applied deformations. The elastic constants

tity matrix, and o the symmetric-distortion matrix were found by fitting the energies against the distortion pa-
rameter. A similar procedure has been used to deduce the six

R=R(1+9), 1)

611 O12 O3 distinct, nonvanishing elastic constafit&c;;, €1, C13, Ca3,
S=| 0o Oy O3] . 2 C44 @andcgg) for a tetragonal solid and the three independent
53 O3 O modulP! (cy;, €10, andc,y) for a cubic crystal system. A

complete list of all the applied strains is shown in Tables I

The internal energy of a distorted crys&(V, ) can be and 1l for the tetragonal and the cubic systems, respectively.

Taylor expanded in powers of the components dofvith
respect to the initial internal energy of the static crystal
E(V,,0) in the following way:

2. Isotropic shear modulus

The general formula of the isotropic shear modulyys,
was first expressed by Reuss as long ago as in 1929.

n
1 \Voigt's approximation the equation takes the following form:
E(V,0)=E(Vo,0+Vo 2>, > 7 Cige iy Oy i

=2 iq- i

)

V and V, denote the volume of the strained and un-
strained crystal andil.“ik denote thekth order elastic con-

1
Giso= 1_5[(011+ Cpot C33) —(Cp3tC31+Cp)
+3(C4qt Csst Cep) |- (4)
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TABLE Il. Strains and elastic moduli for the tetragonal phases.

Strain Parameter@nlisted 5;; =0) Energy
1 811=06,=20 AE=V,(Cq1+Cqp) 62
2 011= 650= 08, O35=————1 AE=V,(Cq1+Cipt 2C33— 4¢3 6
11~ 022 33 (1+52)2 o
3 533= (S A E: %VOC33($2
(1+8)]¥2 -6 >
4 =] = = AE=V,(C11—C1p) &'
511 (1_5) 1! 522 (1+ 511) 0( 11 12)
5 531: 532: 513: 623: %6, 5337 52/4 AE: VOC4462
52\ 112 L
6 819= 81=738, S11= Sp— ( 1+ Z) -1 AE=3VCes6”

Taking into account the proper symmetry relations, thishas been used to adjust the variation of the energy versus the
modulus modifies as follows for an orthorhombic, tetragonalunit-cell volumeV for an isotropic strain. The fitting param-

and cubic system:

1 1
Go= 1—5(011"' Coot C33—C1o—C13—Co3) + 5(044"‘ Cs5t Cep),

)
1
G= 1—5(2011+ C33— C12— 2C131 6C4s+ 3Cep), (6)
1
Gc:E(3Cu_ 3C12+9Cyy). (7)

eters areB, B', V,, andE(V,). The above equation repre-
sents a well-known and tested fitting form able to desddbe

V, T data for a wide class of solids. The main assumption is
that no phase transition occurs during the compression of the
material.

Ill. THE ANALYZED CN , PHASES

In order to investigate the different properties of theNg
and G;N, stoichiometries we present here a cross checking
between two different kinds of CNphases: the stable two-
dimensional graphitic form and the hard three-dimensional
pseudocubic system. First of all the graphitic phase has been

After having accomplished the calculation of the whole chosen because it is representative of a stable layered CN
set of elastic constants, it is possible to estimate the she@tyvork whereas it is pseudocubic for a hard three-

moduli by simply applying the above linear relations. Ac- gimensional system. Second, since many three-dimensional
cording to the finding of Gerk and Teter, the following trend CsN, phases have been proposed in the early witRé%°as

is assumed: the larger the value ®f the harder is the ma-
terial.

3. Equation of state: The bulk modulus

The following Birch equation of stat&:

(E ) 2/3_ 1}2
\%

(E ) 2/3_ 1}3
\Y

TABLE Ill. Strains and elastic moduli for cubic systems. By

calculating the tetragonal shear constant= %(cn— C1o), and the
bulk modulusB= %(cll+ 2cq9), itis possible to extraat;; andc,.

9
~V,B

E(V)=E(Vo)+ g

9
+=—B(B'—4)V,

16 8

Strain Parameter@nlisted 6;; =0) Energy
1 811= 6yy= 5, O3q= -1 AE=6V,C'§
11~ 022 33 (1+6) 0
2
2 b= 0n= 8, S AE=2VC406”

a starting point of our investigation we thought it worthwhile
to focus attention only on certain phases for which the gen-
eration of the analogous;@\, stoichiometry can be easily
figured out, for example, by simply doubling the length of
one of the unit-cell vectors. The pseudocubic system results
as a perfect example of a three-dimensiongNg phase
from which the corresponding N, can be readily gener-
ated without any drastic increase in the number of inequiva-
lent atoms per unit cell. Details are given in the following
sections.

A. The graphitic and pseudocubic GN,4

The graphiticlike structure (gr-@l,) has been theoreti-
cally predicted to be the most stablgNj; form 3°44%4-5%qr
simplicity, the same intralayer geometry as in the hexagonal
structure ABA stacking introduced by Teter and Heml[&y
has been assumed in our graphiticlike model. Inside the layer
each of the C atoms is threefold coordinated as is one of the
four N atoms per cell, while the other three nitrogens show a
two-fold coordination(see Fig. L The whole system was
fully relaxed with the pseudopotential method assuming an
AAA packing sequence between the sheets. Such relaxation
was required in order to adapt the intralayer geometry to the
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Front Front

L. .

FIG. 1. One layer of gr-gN,. Carbon and nitrogen are depicted
in gray and white respectively. This color scheme is kept throughout

FIG. 2. Ball and stick model of the psc;i8, structure. Figure
the paper. PSCsN, g

shows the projection of the atoms along f6@1] plane.

new stacking order. Despite the fact that th&A packing is

not the most energetically stable form, we have explicity(Ref. 39 and has been suggested as a possible hard
chosen to stack the layers directly on top of each other ténaterial®” The configuration with layers in a stacking se-
enable an easier comparison of the results with the analogo@gienceAAA has been fully geometry optimized with the
graphiticlike G;N, form.>’ sameab initio pseudopotential plane-wave prograhiDe-

The pseudocubic structure (psgN;;) shown in Fig. 2 is tails on the geometry and on the electronic properties can be
usually called “defect zinc blende” and exhibits R43m  found in the above-cited papers. It is certain that such a
symmetry and contains seven atoms per unit ¥éf.This ~ Model system is not likely to show low compressibility due
phase has been previously predicted by Liu and Wentzcd® the presence of weak interlayer bonding. Nonetheless, its
vitch by substituting carbon and nitrogen in the pseudocubién@r interests arise from the possibility to represent a low-
a-CdIn,Se,.%® Since the psc-gN, optimized in Ref. 55 has €Nnergy carbon-rich model structure. .
shown some residual forces in our pseudopotential code, we 1he pseudocubic-GN, configuration has been obtained

decided to fully relax again the system for better results. Thérom the analogous pseudocubighG; phase by simply dou-
new optimized geometry is shown in Table IV. bling the unit cell along the lattice vector. In order to reach

the right stoichiometry one carbon has been added in the
middle of the second cell, while the four nitrogen atoms,
constituting the “nitrogen hole,” have been substituted with
The graphitic-G;N, (gr-C;;N,) depicted in Fig. 3 has four carbon$! This phase is here called-C;;N, (Fig. 4).
been theoretically introduced by Snis and co-workers inFollowing the same procedure but performing a different
1999%%6%This phase is isoelectronic with diamond angNg ~ atom substitution, another phase caljgd€C;;N, can be ob-

B. The graphitic-, -, and B-C,;N, phases

TABLE IV. Optimized parameters for pscs, anda-, 8-C;1N,. Cell constants are expressed in unit of angstroms while the aagles
B, andvy are in degrees.

Property psc-6N, B-C11N, a-Cq1Ny
Crystal system Cubic Orthorhombic Tetragonal
Space group P43m (215 P222(16) P42m (111)
Atoms/unit cell 7 15 15
Atom positions &,Y,2) C4(0.5000, 0.5000, 0.0000 C4(0.5000, 0.5000, 0.2559 C,(0.0000, 0.5000, 0.2575
N;(0.2553, 0.2553, 0.2553 C,(0.0000, 0.5000, 0.5000 C,(0.0000, 0.0000, 0.0000
C5(0.0000, 0.0000, 0.2793 C4(0.5000, 0.5000, 0.0000
C,(0.2315, 0.2368, 0.1392 C,4(0.2552, 0.2552, 0.1281
C5(0.0000, 0.5000, 0.0000 C5(0.0000, 0.0000, 0.5000
C(0.0000, 0.0000, 0.0000 N,(0.2355, 0.2355, 0.6254
N,(0.7568, 0.2680, 0.3803
Cell constants a=b=c=3.40865 a=3.4454 a=b=3.4944
b=3.5540
c=7.2394 c=6.9004
a, B,y 90, 90, 90 90, 90, 90 90, 90, 90
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Right

FIG. 5. Projection of the orthorhombi6-C,;N, crystal struc-
ture along thd010] plane.

keep working on isoelectronic models, we have studied here
C,11N4 systems on which the electrostatic contributions are
kept similar to the analogous;N, models. One may notice
that a much more difficult and interesting task would be the
use of isoelectronic model systems where the smothering of
the N-N interactions is provided, for example, by avoiding
. . . . lone pairs pointing directly one to each other. Unfortunately,
tained (F|g. 9. Thg relaxa'no'n of the thr(.ae-dlmensmnalldespﬁe msny eff%rts Weywere not able to provide suchya
phases gives the final optimized geometries as shown if, e ¢ N, phase. Nonetheless, focusing our attention only
Table IV. on the changing of the C/N ratio, we found that the interac-
tions between sphybridized nitrogenge.g., atoms of B
IV. PHASE STABILITY and N, of the 12-center carbon-nitrogen rings of Fig.&8e
not the only effects involved in accounting for the stability of
carbon nitrides. As a matter of fact, the larger cohesive en-
There is no doubt that one of the most important effects irergy, i.e., the energy required to break apart a structure into
determining the stability of carbon nitrides is the role playedisolated atoms, revealed by thg;N, stoichiometry(Table
by the nonbonded N-N repulsions. These unfavorable elecv) is here addressed to the presence of a large number of
trostatic interactions have already been demonstrated to larbon-carbon connectiosee the ratidR in the same Table
relevant in accounting for the stability of some of thgNg V), which have large bonding energy. According to the bond-
phase§2%3 In fact, an interesting tentative to remove suchcounting rule®*~® the more stable structure maximizes the
interactions was made in 1995 by T. Hughbanks and Ynumber of highly energetic bonds. It is well known that
Tian?? who proposed the substitution of one N atom with bonds between elements from the second row of the periodic
one C to attenuate the critical N-N lone-pair repulsion in thetable in which one or both elements possess lone pairs are
B-C3N, system. However, such a procedure imposes in mostveaker than bonds in which neither of the constituents show
of the cases the use of new carbon-rich modelg., GN5) lone pairs. The C-N bond®60-320 kJ/mglare in fact not
for which the departure from the isoelectronic systems beas strong as C-C bonds-@50 kJ/mol)$8%° Therefore, it is
comes inevitable. In order to overcome this problem, andnostly due to the presence of a large number of chains
and/or rings, made of highly energetic C-C bonds, that the
Top C.1N, stoichiometry possesses greater free-energy values
z with respect to the ¢N, composition(see Fig. 6 and Table
f V). More precisely, its graphitic form is energetically well
below, 0.98 eV/atom with the US-PP/LDA method, the cor-
responding gr-gN, as is the three-dimensional phase

FIG. 3. One layer of gr-GN,.

A. Cohesive energies

O
@,
N4

)9O,

9

TABLE V. Cohesive energyin eV/atom with respect to the
spin-polarized atoms and the raRdnumber of C-C bonds over the

[ number of C-N bonds per unit cglfor various GN, and G;N,
. model systems.
O~
o"\
Q US-PP/LDA gr-GN, psc-GN, ar-C;1N, «a-C;1Ns  B-Ci1Ny
@,
Econ. —-7.081 -6.935 -—-8.063 -—8.035 -7.070
FIG. 4. Crystal structure of the tetragonalC,,;N,. Projection R 0:14 0:12 26:12 16:12 16:12

along the[100] plane.
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A ' T ' ' ' : ' induce a transition between them. Estimation of this pressure
4t e from the slope at the common energy/volume intersection
) gives a hydrostatic transition pressure necessary for the
transfer less than-2 GPa(1.7 GPa. Again from the slope

at the common energy intersection we calculate that a pres-
sure of about 82 GPa is needed to go from the graphitic- to

the B-C,4N, phase.

45|

51

-85

6}

Free energy

65

C. Thermodynamic stability

7k

When considering the possibility to synthesize carbon ni-
trides, one has also to account for their thermodynamic sta-
bility with respect to the starting materials. In this section,

. . s s . the phase stability has been theoretically estimated for each
® pomcwme  © : 1 of the studied Cl\lmodel systems by computing the magni-
tude of the molar enthalpy change of formation at 0 K
(AH¢ o). The following reactions energy have been consid-

751 .

s}

-8.5 L L
3 4 5

FIG. 6. Free energiegeV/aton) versus atomic volumes
(A 3/atom) for various gN, and G;N, phasegUS-PP.

ered:
(1.10 eV/atom. In particular, the layered N, phase is 3Cs)t 2Ny (y—C3Ny(s) » (9)
more stable than the comparablgN; model because of the
presence of an extended graphiticlike matrix around the 11Gg)+ 2Ny(g)— C1iNy(s).- (10

carbon-nitrogen ring in the direction of theaxis (Fig. 3.

The introduced carbon system with 13 C-C bonds per layer For simplicity we have assumed the reaction between dia-
is here responsible of an evident lowering of the energy ofnond, which is only slightly less stable than graphite
the system. Such a model phase results also as the mdst0.001 eV/atom within the US-PP/LDA calculational
stable G;N, form not only because of the highest fraction of schemg, and nitrogen to form carbon nitrides.

C-C/C-N bonds but also because of the possibility to delo- In order to have a quantitative insight into the stability of
calize the nitrogen’s lone pailatoms N and N;) into the  carbon nitrides with respect to decomposition of the starting
graphiticlike matrix. Similarly, the same delocalization effect elements, accurate values of their cohesive energigseatte

is present in gr-gN,, where lone pairs can be dispersed intoneeded. Then, by calculating the theoretical values for the
the r-electron circulation of the §Nj rings. It is because of energy required to dissociate the nitrogen molecule and the
this peculiar characteristic that layered phases represent, fiohesive energy of diamond, the enthalpy change for the
both stoichiometries, the low-energy structure mdfdh  reactions(10) and (9) can easily be evaluated. It is well
three-dimensional phases the above possibility is limited bknown that the DFT/LDA approach normally tends to over-
the presence of a uniform framework wisip® bonds. How-  estimate the cohesive energies for structures made of ele-
ever, the introduced diamondlike matrix with 16 strong C-Cments of the second row of the periodic table such as carbon
bonds per unit cel(Table V) limits in the a phase(Fig. 4  and nitroger’™"2The computed cohesive energy of diamond
the propagation of the neighboring carbon-nitrogen holes tds in fact significantly overestimategee Table VI and Ref.
the b axis. Compared to the psc;, analog(Fig. 2), where 84 for further details with respect to the experimental
each of the carbon-nitrogen rings is surrounded by four othvalue!® This general tendency of the LDA to overvalue the
ers (network of pure C-N bondswe have here reached a strength of the C-C and C-N bonds can, in principle, be
mixed C-C/C-N system using the same averaged number ¢educed by using the generalized gradient correctibns.
valence electrons. It is thus on the possibility to fit andHowever, since our goal is here to provide only a general
weight the carbon-nitrogen ring into a more stable threethermodynamic tendency for the two stoichiometries, we
dimensional carbon network that theCy;N, is energeti- have decided to limit our investigation only to the LDA cal-
cally favorable over psc-),. However, in spite of this gen- culations. Furthermore, in order to obtain adequate cancella-
eral finding a very low stability has been predicted for the tion of the typical overbinding energies, the cohesive prop-
phase, where the presence of a “carbon hole” drasticallyerties of N and diamond listed in Table VI were also
destabilizes the three-dimensional,8, arrangement. More calculated at the same LDA level as the right-hand side of
precisely, the poor stability can be here attributed to the preghe formation reactions. All the calculated cohesive energies
ence of carbon atom§.e., G, Cs, and G) with dangling have been obtained by taking the difference between the total
bonds in the carbon cavity. Based on these considerations, fnergy of the solids and the ground-state energies of the

the following sections, we will mostly focus our attention on Spin-polarized atoms. No correction for zero-point motion:
the a model. has been made. The computed US-PP values are shown in

Tables V and VI for the studied GNmodel phases and ref-
B. Phase transitions erences, respectively. _ o _
' It should also be considered that thl initio calculation
Only a modest pressure is needed to overcome the energy the cohesive energies is not the only method able to pre-
barrier separating the graphitic ardC;;N, phase and to dict the enthalpies of carbon nitrides. An elegant investiga-
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TABLE VI. Cohesive energiegeV/aton) for the starting mate- TABLE VII. Calculated enthaplies of formationAH¢ o in kJ/
rials with respect to the spin-polarized atoms: diam@atbon-rich  mol) for different GN, and G;N, compounds.
regime and N, (nitrogen-rich regimg For the calculations of the
nitrogen dimer, a simple cubic celaE7 A) has been employed US-PP/LDA or-GN,  gr-CN,  psc-GN,  «-Cy;4N,
with atoms displaced along the diagonal direction. In this speciaf

case the calculations were performed alongthgoint. f.0 110.8 1731 2094 213.7
biamond N cally unfavorable reaction to form the compound. In the
US-PP —9.003 —11.853 same way we have calculated a larger and positii o of
-9.03 -11.34 209.4 kJ/mol for the psc-@l, form. Therefore, both two-
-8.8F —11.6¢ and three-dimensional systems have shown an endothermic
—8.5C° - formation process AH; >0) which will be the most pre-
—8.43 - dominant contribution to the free energy of formation of the
—759 - C;N, phases. However, this general instability should not be
_737h —9.01 very large to preclude the synthesis ofN; systems since
metastable carbon-based molecules such as acety226e
“Reference 84. kJ/mol) are knowrf® As already pointed by Badding in Ref.
PReference 88. 63, carbon nitrides with §N, stoichiometry could, in prin-
‘Reference 89. ciple, likely be synthesized in high-pressure and high-
YReference 82. temperature conditions with the actual techniques.
*Reference 86. b. C11N,4. The possibility to find a gN, form, such as,
'Reference 83. for example, the graphiticlike phase, thermodynamically fa-
9Reference 85. vorite with respect to the carbon poor systems, can be first
"Reference 87. inspected by plotting the cohesive energies against the vari-
'References 80 and 81. ous stoichiometries. From Fig. 7 it appears evident that a

mixture of carbon and gr-, is more stable than gr.@N,.
tion has in fact already been given in 1997 by Baddfhge  More precisely, theAH; o computed for the formation reac-
proposed a simple chemical approach to the thermodynamigon given in Eq.(10) has been estimated with the US-PP
stability of G;N, compounds starting from the use of the method to be positive and sensibly larger than that of the of
bond enthalpies derived from pure molecular systems. The;N, (see Table VII and Fig.)8 From the calculation of the
basic idea behind this approach is that, covalently bondedarious formation enthalpies it can be suggested that a lay-
compounds such as diamond and carbon nitrides can hgred form of G;N, could only be favored over the formation
thought of as giant molecules so that simple bond- of a three-dimensional {l, phase(e.g., psc-GN,). In par-
enthalpy techniques can be employed to estimate their stabificular, when comparing the two graphiticlike forms with
ity. Our results will be confronted in the next paragraph witheach other, a difference of 62.3 kJ/mol in thel; o has been
the earlier values obtained with the aforementioned chemicajomputed in favor of gr-gN,. Similarly, when inspecting
method.

a. C3Ny,. In Eq. (9) it is noteworthy that both diamond T
and molecular nitrogen possess strong bonds-C e Pt . BoN 1
~350 kJ/mol and N-N~956 kJ/mol) while the reaction = -7 Sga N o .
product (GN4) contains only weaker C-N bond260-320 £ }*Cnﬂl G
kJ/mo). It is thus very probable that carbon nitrides will 3 -8 TN T

likely behave as thermodynamically unstable substances ung .
der normal atmospheric pressures. Nevertheless, if a syna -9 o4
thetic process can deposit, materials, a rather large ac-
tivation energy would be needed to break apart the various
C-N bonds constituting the systéthAs a consequence, car-
bon nitrides could result metastable systems at ambient con

sive en
[
)
3
=]
2

-104 4

Cohe

414 4

o . - . N,
ditions, thus opening the possibility of their use as novel hard oL o %‘M
materials. 123 A end-points | -

Employing the calculated US-PP cohesive energies of - - - - - - -
Tables V and VI we obtain the values of the molar enthalpy 00 01 02 03 04 - of (;'6 07 08 09 10
changes of formation as listed in Table VII. The estimated =,

AHi o for Eq. (9) are all largely positive, though their mag- g1 7. The cohesive energigViaton is plotted versus the
nitudes are fairly lower than the enthalpies of formation de'stoichiometry)(=nc/(nc+nn). The values associated with and
rived from Badding's methodi.e., 588-816 kJ/mol for the n_ represent the number of C and N atoms in the unit cell. As end
three-dimensiongB-C;N, system. In particular, for the lay-  points we have used moleculas Bind diamond. Notice the position
ered gr-GN, a positive enthalpy of formation of 110.8 kJ/ of the gr-G;N, above the dot line connecting diamond and
mol has been computed, which points to a thermodynamigr-C;N,,.
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W+——T7T———T T T T T T T T TABLE VIII. Theoretical values of the elastic constants;(in
= o CN, GPa, isotropic shear modulusE in GPg, bulk modulus B in
£ 3004 o CN, T GPa, its pressure derivative B(), atomic volume V¥, in
< A 3/atom), cohesive energyE(, in eV/ator), and atomic densities
§ 9 T (p in glen?) of psc-GN, and a-, B-C1;N,. TheE, values refer to
'é sood T ey -‘---»e--'?*-‘-"-'-”f‘-------»-------_ the cohesive energies calculated with respect to the spherical non-
g AE’ T gan spin-polarized atoms, i.e., without applying the atomic spin-
S 50l 3 2 gt o i polarization corrections. Values in brackets refer to the work of Liu
= g Sk and WentzcovitciRef. 55.
£ sog e I Y e —
- Cij psc-GN, a-Cy3Ny B-C1aNy
07 1 i 842.85(840) 959.44 728.52
0 : : : : : : : : : Cio 217.38(213 151.72 206.93
00 01 02 03 04 05 06 07 08 09 10 Ci3 356.28 205.59
r=n/(n+n) Coo 727.21
. . . .. Ca3 209.07
FIG. 8. Enthalpy of formation{H;  in kJ/mo) against stoichi- Caz 1274.42 616.21
ometry. Cus 454.61(452) 617.83 252.84
Css 347.96
the possibility to synthesize carbon nitrides with an extende@ﬁe 588.95 235.45
sp3-_bonded network_, th_e same trend in_the enthalpy of forg 397.86(397) 520.19 263.94
mation has been highlighted. Calculations suggest an erg 425.87(425) 460.59 367.18
thalpy of formation slightly favored4.3 kJ/mo} for the g, 3.80 5.07 361
C3N, form. A straightforward explanation to this general ten-,, 566 558 5901
dency can be found in the energy balance of @@). From ¢ 79.1162 9 6610 _g 7'033
this equation it appears quite obvious that the energy re-° 3.86 ?;71 '352

quired for the breaking of the strong C-C bonds of the”
carbon-rich regiméi.e., diamond or graphijecan be hardly
compensated with the cohesive energy of the\g stoichi-
ometry (~1.0 eV/atom larger than (I, with the US-PP/ favorable than N, due to the presence of a larger number
LDA scheme. Therefore, from a pure thermodynamic point ©f Strong C-C bonds.
of view the GN, composition should be generally favored
over the synthesis of the isoelectronig,,. V. HARDNESS: ANALYSIS OF THE RESULTS AND

c. ConclusionsAt first sight, the above result seems to be DISCUSSION
in contrast with the experience accumulated in depositing
carbon-based compounds with magnetron sputtering, which In the following section we comment the results achieved
is one of the most dominating processes for depositing hardith the US-PP metho(Table VIII) by straining the solids in
materials. However, it is important to specify that such aa volume- and shape-changing way. The calculated bulk
conclusion has been drawn by comparing results comingnodulus for a-C;;N, was found to be 460.59 GPa. This
from a limited number of model systems, which have beervalue is larger than the estimated moduli for psiNg
assumed to be representative for the layered and the thre@25.87 GPa cubic boron nitridg396.60 GPaand close to
dimensional CN forms. Therefore, it canna priori be ex-  those of cubic(463.68 GPaand hexagona(456.03 GPa
cluded that a further spanning of the space of the crystafliamond®” On the contrary, for thg phase, a much lowes
structures might lead to the discovery of other stable phas€867.18 GPahas been calculated. However, its magnitude
with a very different trend in the enthalpy of formation. It is approaches that of cubic boron nitride. As already discussed
also worth noting that the experimental results actually availin the above section, the difference in the bulk moduli be-
able in the literature are mostly relevant to amorphousweena and B can roughly be related to the lower stability
samples with a graphiticlike/fullerenelike form for which the of 8. Adjusting the variation of the energy versus the unit-
analogy with the presented crystalline models is somehowell volume for the layered {N, and G;N, phases we found
arbitrary. Furthermore, a detailed kinetic study should be inthe following B numbers: 47.3 GPa and 46.4 GPa. These
troduced for a complete understanding of the problem. It isnoduli are quite close to each other indicating how the hard-
in fact crucial to note that the synthesis of carbon nitrides imess of layered carbon nitrides remains mostly invariant with
usually performed at high temperatures where kinetic factorsespect to a significant lowering of the nitrogen concentra-
can play an important and predominating role. The stabilitytion.
of gr-C;1N,4, for example, cannot only be inferred by ac- The systematic investigation of the lattice stability was
counting for its thermodynamic stability but also needs aoriginally done by Born and Huar@;"°who showed that by
deep kinetic investigation to understand its real phase stabiexpanding the internal crystal energy as a power series in the
ity. As a matter of fact, N, compounds could be thermo- strain and by imposing the convexity of the energy, it is
dynamically unstable but at the same time kinetically morepossible to obtain stability criteria in terms of a set of con-

075110-9



M. MATTESINI AND S. F. MATAR PHYSICAL REVIEW B 65075110

ditions on the elastic constants. The requirement of mechani 10

cal stability in a cubic crystal leads to the following restric- pecCals
tions on the three elastic constafis: 8
(Cll_ Clz)>0, Cll>0, C44>O, (Cll+ 2012)>0
(11 6
For a tetragonal crystal, which has six independent elastic
constants, these conditions are as folldWs: 41
(€11—C12)>0, (C1y+C33—2C13)>0, § 5l
2]
C11~> 0, C33> 0, Cus~> 0, C56>Oa :% M\
(5]
s 0
(2C11+ C33+ 2C12+ 4C13)>0. (12) é" oGy Ny ——
[72]
C
Finally, for orthorhombic crystals with nine elastic con- 3 s
stants, the mechanical stability leads to the following
restrictions®® .
(C11+Cop—2€19)>0, (Cy1+Ca3—2C13)>0,
4
(CoptC33—2C53) >0,
€11>0, €»>0, C35>0, €4>0, Cs55>0, Cg>0, 2}
(Cll+ 022+ C33+ 2C12+ 2C13+ 2023)>0 (13) 0 ! " " 1

20 15 10 5 0 5 10 15 20
X Energy [eV]

The complete set of zero-pressure elastic constants are
shown in Table VIl together with the related isotropic shear FIG. 9. The calculated total DOS for psgi€, and a-C;;N,
moduli. The first thing to note is that the whole set@f  (FP-LAPW).
satisfies all the above conditions, indicating a certain me-
chanical stability for thew and 8 phases. Therefore, even ization, which takes place after deformation of the solid, has
though they are not the most energetically favored structureesults, unfavorable thus leading to less compliant bonds. It
for the G 1N, stoichiometry, they could be at least metastableis because of this characteristic that diamond will probably
materials. The calculated shear moduli validate the sameemain the hardest known material with high elastic-constant
hardness trend as found with the estimated bulk moduli. Thealues and a large shear moduftig’
isotropic G value for thea phase is about 122 GPa higher
than that of psc-N,, indicating a clear hardening of the
C,1N, stoichiometry over the £§N, analog. As expected, the
calculated moduli was found for the phase well below the A. Density of states of psc-GN,

value of thea structure, thus confirming the destabilizing  The calculated electronic density of statédB09) of
effect of the carbon holes with dangling bonds. ~ psc-GN, (Fig. 9) at the equilibrium structure shows a band
Itis certain that the introduction of arbitrary deformations gap E, of 2.86 eV with the use of LDA approximation. From
of the unit cell followed by the calculation of the total en- the partial components of the DO&ot shown herg it is
ergy, which is many orders of magnitude larger than elasti¢oung that the lower part of the valence baiwB) consists
energy, tends to decrease the accuracy of the calculatqﬁain|y of 2s orbitals from nitrogen and carbon atoms,
moduli. Nonetheless, the extrapolated isotropic shear moduljhereas the middle portion <15 eV<E<-5 eV) is
for diamond and cubic boron nitride have been recentlyyominated by the mixing of the C and Nparbitals. The
shown to be in good agreement with the experimentalery sharp VB edge indicates the presence of highly local-
results:” Consequently, the large and positiog values jzeq N states with @ character. These states can be attrib-
found for the three-dimensional-C,,N, model system can e to the nonbonding electrons belonging the so-called
be taken as a reference in accounting for its large hardness.ul(t,itrogen hole.” Finally, the portion of the conduction band

is worth noting that by augmenting the numbesgf carbon (CB) in between 5 and 15 eV is mostly dominated by the
tetrahedra, the hardness of the material gets closer to that gf5tes of carbon and nitrogem 2

diamond [Ge,,=535 GPa andBg,,=443 GPd' Gy
=558.5 GPa an®.,=463.7 GPaRef. 67]. As a matter
of fact the resistance to deformation is improved in the
phase by the presence of a large numbesspt carbons, The total DOS for thex phase is illustrated in Fig. 9. This
which have difficult access to higher electronic statesgstructure shows a band gap of 2.40 eV, whereas forghe
namely,d states. From this picture, the process of rehybridphase nd4 was found. The total DOS relative todisplays

VI. ELECTRONIC STRUCTURE

B. Density of states ofa- and B-C11N,
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nearly the same [2state mixing as in the isoelectronic crapnite | ' ' ' T —
psc-GN,. The peak located at the top of the VB still consists I o |
of nitrogen states with 2 character. Both the VB and CB are
sharper and indicative of larger electron density. As already
mentioned, the phase does not show any band gap. This is
mainly due to the presence of carbon states located jus
above the Fermi energli. Their existence is assigned to
the highly distorted tetrahedral geometries of the atoms con
stituting the carbon hole.

Plain
Diamond Broadened —--—--

C. Calculation of energy loss near edge structure

LNES Intensity (Arbitrary units)

For light elements like carbon, boron, and nitrogen,
electron-energy-loss spectroscopy is a useful technique be"
cause of its ability to differentiate the types of bonding in a
polymorphic material. The characteristic fine structure in the
first few eV beyond the beginning of the core-loss ionization
edgedenergy loss near edge structiENES)] supplies the
so-called coordination fingerprints, which can be used to dis-
tinguish different phases in complex systems. Since in our
case of theoretically predicted Gldhases no such reference
spectra exist, it becomes worth having a theoretical approacl L TR . -
to simulate the ELNES. The calculation of the energy loss Eneray [eV]
near edge structures has been performed W'tr}\S’ﬂENW FIG. 10. Theoretical & ELNES of diamond and graphit&P-
code according to the formalism of Nelhielmlal.™ Here, | apyy).
we present spectra due to the carbon and nitrageshnell
excitation =1, | =0) of various CN compounds. Param-
eter settings were used to simulate polycrystalline sampl
by averaging over all possible incident-beam directi@ns
tegral over 4r). Nonetheless, the neglected anisotropy ef-

e o ol o, [ e, SlcLeSpresence of a pronouncaly’ boning chaacter, The man
o y 9 ISIty P , contribution to this feature is due to the, Mnd N; atoms
positions. The energy of the incident electrons was fixed tq

200 KeV and the energy loss of the first edge to 285 and 4080nst|tut|ng the 12-center carbon-nitrogen rings.
eV for carbon and nitrogen, respectively.
In order to probe our calculational method, diamond and VIl. CONCLUDING REMARKS

graphite have also been investigated. Their relative EL- . L .
NES spectra are depicted in Fig. 10 and the position of the The present investigation reports the study of the stability
most prominent peakdabeled 1-I\) are listed in Table IX. and hardness of two model carbon nitride stoichiometries:

Peak | in the OK edge of graphite corresponds to the elec-CxNa, wherex=3 and 11. In particular, it has been carried
tronic transitions — *. This feature usually identifies out for the theoretical equilibrium structural parameters and

sp-hybridized materials and consequently it does not appediohesive energies of novel,{Bl, phases. We have also
in the diamond spectra. The peaks -V are related o 1 shown how the introduction of an extended carbon system,

— o™ transitions. A reasonable correspondence between OLWhiCh can _be of graphiticlikg or diamondiike type, can rep-
calculations and the experimental results is found in Tapld€Sent an important way to increase the cohesive energy in

IX. Moreover, our relative peak positions match better with
the experimental finding than the multiple-scatterihgS)
-approach calculations.

The calculated plain and broadened spectra for differen
CN, materials are shown in Figs. 11 and 12 for the C and NPhase
K edges, respectively. The spectra for giNG and gr-G;N,

|

L .
20 25 30

opening the possibility to identify these model phases in
in-film samples via the EELS technique.
The particular sharpr* peak found at-0 eV in the N
edge spectra of gr-@N, (plain line of Fig. 12 indicates the

TABLE IX. Positions of peaks I1-V in the spectra in Fig. 10. All
positions are scaled with respect to the mafnpeak Il. Values are
ip units of eV.

Edge I i m v \%

reveal mainly graphitic featurg§ig. 11), whereas the three- Diamond CK this work 0 53 129
dimensional psc-¢éN, and a-C;;N, exhibit a closer simili- MS approach 0 44 12.0
tude to the diamond spectra. However, despite this general expt.? 0 55 12.9
similarity, the shape and the number®f peaks relative to  Graphite  CK thiswork —-6.4 0 4.6 100 14.3
the G 1N, spectra differ quite evidently from those calculated MS approack -49 0 25 6.6 103
for the GN, stoichiometry. Especially in the region between expt.2 68 0 44 112 147

5 and 15 eVin both edgeka different characteristic finger-
print can be assigned to each of the studied systems, thdas compiled in Ref. 79.
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Prain
Broadened -------

Biain

Psc-C5N, Pc-CalNy

ELNES Intensity (arbitrary units)
ELNES Intensity (arbitrary units)

- ° E3 10 15 20 25 20 .= E) s 10 15 20 28 30

Energy [eV] Energy [eV]
FIG. 11. Theoretical &K ELNES of various CN phaseqFP- FIG. 12. Theoretical NK ELNES of various CN phaseqFP-
LAPW). The spectra for the inequivalent atoms positions have beehAPW). As in Fig. 11 inequivalent atoms have been calculated
calculated separately and weighted in the present figure. separately and weighted in the present spectra.

carbon nitrides. However, calculations aH¢ o have sug- recent experimental finding. However, more efforts are
gested that despite the large increment of the cohesive emeeded in this direction in order to get a better understanding
ergy, the layered £€N, system will remain thermodynami- of the CN, compounds.
cally preferable over the analogous;8, composition. In Furthermore, the possibility to have a larger increment in
contrast to the latest experimental finding, our work haghe stability must also be searched in fullerenelike phases. In
shown that the synthesis of GMaterials with higher carbon view of the latest experimental outcomes, nanotubes and
content should generally be less feasible than the wellnanofibers should also be considered as important forms for
known GN, stoichiometry. carbon nitrides. Unfortunately, due to the high cost of com-
However, for a complete understanding of the stabilityputational time needed for such an investigation we reserve
problem it is also very important to consider, beside thethis study for a possible future project.
above thermodynamic factors, the various kinetic aspects A large part of this work has also been directed to the
that could play a dominant role in predicting the products ofcalculation of the independent, nonzero elastic constants
high-temperature reactions. As a matter of fact, starting fronfrom first principles. The analysis of the complete set of
a simple chemical approach it can be imagined that the inelastic moduli for thex phase shows how the; (N, stoichi-
troduction of a large number of C-C connectidns., strong ometry can lead to the formation of hard and elastic materi-
bonds, such as, for instance, in the;{8l, phases, could als. More generally, the increasing of the carbon concentra-
likely be responsible for an increased kinetic stability withtion leads to a significant improvement in the hardness of
respect to all the other substances showing only weaker C-Karbon nitrides, provided that the same isoelectronic struc-
bonds(i.e., GN,). Certainly, this remains at the moment ture is kept in the model system. Furthermore, we have ana-
only an important hypothesis, which could in part explain thelyzed the density of states in order to gain insight into the
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