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Interpretation of Raman spectra of disordered and amorphous carbon
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The model and theoretical understanding of the Raman spectra in disordered and amorphous carbon are
given. The nature of th& andD vibration modes in graphite is analyzed in terms of the resonant excitation of
7 states and the long-range polarizability @fbonding. Visible Raman data on disordered, amorphous, and
diamondlike carbon are classified in a three-stage model to show the factors that control the position, intensity,
and widths of theG andD peaks. It is shown that the visible Raman spectra depend formally on the configu-
ration of thesp? sites insp?-bonded clusters. In cases where 8y clustering is controlled by thep®
fraction, such as in as-deposited tetrahedral amorphous cdt@@@) or hydrogenated amorphous carbon
(a-C:H) films, the visible Raman parameters can be used to deriveghéraction.

I. INTRODUCTION its higher photon energy of 5.1 eV, excites both thend
the o states and so is able to probe both #1@ and sp®
The great versatility of carbon materials arises from thesites, allowing a direct probe of thep® bonding®®*® Never-
strong dependence of their physical properties on the ratio aheless, visible Raman spectroscopy is widely used on
sp? (graphitelikg to sp® (diamondlike bonds: There are  DLC’s, and it would be very useful to have a framework in
many forms ofsp*-bonded carbons with various degrees ofwhich at least indirectly derive thep® fraction of DLC's.
graphitic ordering, ranging from microcrystalline graphite to  The aim of this paper is to describe in detail the Raman
glassy carbor;. In general, an amfrphous carbon can have apyocess in disordered carbons. It is shown that the visible
mixture of sp’, sp?, and evensp' sites, with the possible Raman spectrum depends fundamentally on the ordering of
presence of up to 60 at. % hydrogen. The compositions arg. gjtes and only indirectly on the fraction ep® sites. We
conven!ently_ shown_on the ternary phase diagram, Fig. 1give a restricted range of conditions under which it is pos-
We define diamondlike carbof®LC) as amorphous carbon sible to use visible Raman spectroscopy to derive sh
with a significant fraction ofp> bonds. The hydrogenated content. To do this, we first describe the atomic and elec-

amorphous carbong-C:H) have a rather small C-Gp® .
b . 3 tronic structure of amorphous carbon and then the nature of
content. DLC’s with highesp® content are termed tetrahe- L .
Raman scattering in disordered carbons, both of which show

dral amorphous carbofta-C) and its hydrogenated analog . .
ta-C:H. Another crucial parameter is the degree of clusterin nique features. We then present a three-stage model relating
he visible Raman parameters to thp? nanostructure and

of the sp? phase, which should be added as a fourth dimen- ) g .
sion in the ternary phase diagrdmmorphous carbons with content of disordered carbons. This is sufficiently general to

the samesp® and H content show different optical, elec- hold for all amorphous carbons, both hydrogenated and
tronic, and mechanical properties according to the clusterin§ydrogen-free. This paper focuses on tBeand D peaks,
of the sp? phase. neglecting other features that are sometimes present, such as

Raman spectroscopy is a standard nondestructive tool for
the characterization of crystalline, nanocrystalline, and amor-
phous carbon&:*The Raman spectrum of diamond consists SP " Diamond-like
of the Ty 1332-cm ! zone center modéThe Raman spec-
tra of disordered graphite show two quite sharp modesGthe
peak around 1580—1600 crhand theD peak around 1350 .
cm %, usually assigned to zone center phonong& gf sym- ta-C A ta-C:H
metry and K-point phonons of A;; symmetry, .
respectively’"® The unusual fact is that and D peaks, of
varying intensity, position, and width, continue to dominate
the Raman spectra of nanocrystalline and amorphous car- SPuttered a-C
bons, even those without widespread graphitic ordering.

The key property of interest in DLC is thep® content! graphitic C
This is usually measured by nuclear magnetic resonance
(NMR) or electron-energy-loss spectroscolyELS), but
these are time-consuming and destructive methods. Raman 3p2
scattering is sometimes used to probegp&'sp® fraction in
DLC’s. However, visible Raman spectroscopy is 50—230 FIG. 1. Ternary phase diagram of amorphous carbons. The three
times® more sensitive ts p? sites, as visible photons pref- corners correspond to diamond, graphite, and hydrocarbons,
erentially excite theirr states. uv Raman spectroscopy, with respectively.

HC polymers

no films
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Il. ATOMIC AND ELECTRONIC STRUCTURE OF [l

those at 1100-1200 and 1400—1500 ¢mwhich will be
discussed elsewhere.

DISORDERED CARBONS 1000
Disordered carbons hawp® andsp? sites. Thesp® sites F'E 80
have onlyo states while thesp? sites also possess states. o 60
3

It is often possible to treat and 7 states separately. and 7
bonds have a significantly different behavier.bonds are
two-center bond orbitals between adjacent atoms. In the
bond-orbital approximatiol’:'® any property of occupied
states such as the total energy, charge density, or polarizabil-
ity can then be expressed as simply the sum of independent
short-range terms for each bond. There are no long-range
forces in this approximation, and the electron structure de-
pends only on short-range order.

7 states are different, becauserarbital usually interacts
with 7 states on more than one atom to form a conjugated
system such as benzene. Then, one can no longer defin
unique bond orbitals. Conjugated bonds cannot now be ex-
pressed as the sum of independent, two-center bonds. Eacl
bond contains contributions from adjacent bonds, and this
gives rise to longer-range forces and long-range
polarizabilities*®

The medium-range order due tebonding distinguishes
disordered carbons from thebonded disordered semicon-
ductors likea-Si. 7 bonding is maximized if ther states
form pairs of aligneds state-_s, or S'Xfo.ld aromau_c fings or structure(Ref. 17 of a single graphite layer. Similar phonon dis-
graph't'_c C|USterS, of aromat'c r'néé'Th'S OC,CurS In micro- persion of graphite is found in thab initio calculations of Kresse,
CryStal,“ne graphite and in anr_]eaIEd DLC’s. However' 8STyrthmuller, and HafnefRef. 22. The bold lines fromI' and K
deposited DLC’s are more disordered than this “clusternark the mapping of thE,, andA,4-like eigenvectors of aromatic

Energy (eV)

Wave Vector

FIG. 2. (a) Phonon dispersiofRef. 21) and(b) electronic band

model.” %0

clusters on those of graphite, according to Mapetlal. (Ref. 21).

Figure 2b) shows the band structure of a single graphitethe pold line fromK to M corresponds to phonons selected by the

layer!’ The o and 7 states act separately. Thestates lie
well away from the Fermi level and have gap of 6 e¥v.

k=q “quasi selection rule,” as shown by the dashed vertical line.
The phonons on the right &, from K to I, are also selected by the

states and emptyr* states form bands that touch at the k=q “quasi selection rule,” but do not correspond to modes with

Brillouin zone K. The 7 band energies along’KM in

high modulation of polarizability.

nearest-neighbor tight-binding approximation are

The long-range effects in conjugated systems can be for-
malized by defining a mobile bond ord€,, between two

()
. . . . . . orbitals® u, v:
wherey is the ppr interaction,a is the lattice spacing, and v

k is the wave vector. In graphitic clusters, thestates have
minimum band energies of roughly

E=+y|1+2 cogka)|,

PUUZZE CuCy (4
occ
E ~_,_27 P @
9 M2 La)’ and a bond-bond polarizabiliti, ., between bondav and

. L . WX
whereM is the number of aromatic rings in the cluster and
L, is the cluster diameter or in-plane correlation length.

We consider aromatic clusters as parts of a graphite su-
perlattice. Hence, from Eq¢l) and(2), the energy states of

°E

L 5
IYuwd Ywx ©®

HUU,WX:

the clusters can be mapped onto those of graphite by

a
1+2 cogka)=——

C €

or sinAka)~a/(v3L,) for small Ak, whereAk is thek dis-

tance away fronK, andK =(3%,%)x/a. Smaller clusters cor-
respond tdK's further away fromK.

for wave functionsy=2>c,¢,, where the sums are over
occupied state¥ E is the sum of energies of occupied states
and vy, is the nearest-neighbor interaction along band
The difference between and 7 states is that fowr states
P.,=~0 if orbitalsu andv are on different bonds, while in
conjugatedw systems,P,,#0, and it decreases gradually
with the separation ofi andv.
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LI A L A The vibrational modes of covalent solids are often mod-
| eled as a valence force field of bond-stretching and bond-
bending forces. These forces are usually short-ranged for
o-bonded systent® On the other hand, a valence force field
for graphite typically uses forces up to fifth-nearest
neighbors’’?8 Recently Mapelliet al?* were able for the
first time to provide a common force field for aromatic mol-
ecules and graphite by using forces proportional to the bond
ordersP,, and bond-bond polarizabilitieH,, ,,x, Eqs.(4)
and (5). As II is directly related to the electronic structure
and tight-binding parametey, this method provides a formal
relationship between longer-range forces, so they are not just
L L L adjustable parameters.

= Graphene 4

Intensity

Diamond . 1 IV. RAMAN SCATTERING IN DISORDERED CARBON

Raman modes in single crystals obey the fundamental se-
lection ruleqg~0, whereq is the wave vector of the scattered
_ phonon. In a finite-size domain, the selection rule is relaxed
to allow the participation of phonons nedi, with Aq
~2ml/d, whered is the dimension of the crystalline domain.
1 Nemanich, Solin, and Martfi (NSM) showed that the Ra-
man scattering intensity of a finite crystal is given by

1 N SN ISR N R | |

0 I 200 400 600 800 1000 1200 1400 1600 n(w)+1
1 l(w)=——2 C@(@)IF(q)
Frequency (cm™) &)
FIG. 3. Phonon density of states of a single graphite layer X FIZWZ  —, (6)
(grapheng (Ref. 21 and of diamondRef. 23. [w_wj(Q)] +I'</4

where C(q,;(q)) is the Raman coupling coefficient for a
phonon of wave vectoq and branchj, and |[F(q)|? is the
Figure 3 shows the vibrational density of state$00S)  wave-vector uncertainty of the phonons involved in the light
of graphite and diamontt2® The VDOS of diamond ex- Scatteringn(w)+1 is the boson occupation factor, ahids
tends beyond its Raman frequency, 1332 ¢nto ~1360  the phonon lifetime broadening. In amorphous materials, the
cm L. Figure 2a) also shows the phonon dispersion curveswave-vector uncertainty idq~1/a, wherea is the bond
of a graphite layef! The graphite VDOS extends beyond its length, and now all phonon modes can participate in the
I'-point Raman frequency up to a band limite1620 cm %, Raman spectrum. The intensity is now given by the matrix-
due to the upwards phonon dispersion away fionGraph-  element-weighted vibrational density of states according to
ite has a higher VDOS band limit than diamond because théhe Shuker-Gammon formufa
sp? sites have stronger, slightly shorter bonds thah sites.
The DOS of alloys can be of two types. If the coupling N(w)+1
between sites is small, the alloys are in the atomic limit, so I(w)= TC(“’)G(“’)' ™
the alloy DOS resembles a compositionally weighted mix-
ture of the DOS of each component. If the coupling is strongHere, G(w) is the VDOS of the disordered network. Equa-
then the alloy DOS and the band limits interpolate smoothlytion (7) describes quite well the Raman spectraae®i and
between the two components. The Raman spectra suggesGe, which aresp® bonded only, by using a broadened
that the VDOS of DLC’s are in the atomic limit, in that version of the crystalline VDOS &5 (w).?®
specific features, such as t@emode ofsp? sites, remain at The visible Raman spectra of disordered carbons are in
all sp? contents. Thus, the band limit does not change lin-marked contrast. The VDOS of disordered carbon with vari-
early with sp® content from 1600 to 1360 cm. This is  oussp® contents consists of smooth, broad featdteS.in
partly becausesp? sites tend to cluster in ap® matrix in  contrast, the Raman spectra of all disordered carbons are
DLC’s.}” A consequence is that the vibrations ©if* sites  dominated by the relatively sha® and D features of the
remain around 1600 cnt and lie above the band limit of the sp? sites. This could be ascribed to the much greater cross
sp® matrix. This causes these modes to be localized on thsection of ther states”® Nevertheless, the prevalence®f
sp? sites and above the extended modes ofstiematrix?*  and D-like features, even in amorphous carbons with little
The band limit thus cannot be used as a way to gesiite  graphitic ordering, requires explanation.
fraction, as sometimes suggestédVe therefore need a dif- The G mode of graphite at 1581 cm hasE,q symmetry.
ferent approach in which the changes in the visible Ramaitts eigenvector shown in Fig.(d involves the in-plane
spectra are related primarily to the changes ofghephase bond-stretching motion of pairs of € atoms. This mode
and only weakly to thesp® phase. doesnot require the presence of sixfold ringand so it oc-

Ill. VIBRATIONAL MODES
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FIG. 4. Carbon motions in th@) G and(b) D modes. Note that
the G mode is just due to the relative motion ®f? carbon atoms
and can be found in chains as well.

curs at allsp? sites, not only those in rings. It always lies in
the range 1500-1630 cr as it does in aromatic and ole-
finic molecules’

TheD peak around 1355 cnt is a breathing mode Rig
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We now give a more detailed account. In particular, we
propose a physical mechanism to explain Kyeq “quasi
selection rule;” we identify a different branch in the disper-
sion relation as the origin dD peak(in contrast to Refs. 36
and 37. We formally show which real-space motions give
rise to theD peak, and we propose, on the basis of the
“quasi selection rule,” an interpretation to some experimen-
tal findings.

Raman scattering is the inelastic scattering of photons by
phonons due to the change of polarization caused by the
phonon modé® When the photon energy is above the band
gap, electrons of all wave vectors can be excited. However,
in graphite, the band gap lies in the visible range only within
a small part ofk space around th& point, Fig. 2b). All
these bands have character. In this case, photons reso-
nantly excite states only at thevector where the band gap
equals the photon energy. This sets up a polarization density
wave of thisk vector. Its intensity is strong because of the
long-range polarizability ofr states.

The change of bond polarization with bond length is by
far the dominant term in the Raman matrix element for
states’® This term is large for the breathing mode of sixfold
rings. By symmetry, for a breathing mode of a graphite
plane, the contributions from each ring add constructively
because of the long-range polarization. On the other hand, by
symmetry, contributions from rings of other orders within a
graphite plane tend to cancel. Thus, the polarization wave
and Raman coupling have long-range coherence for breath-
ing modes due to ther bonding and the symmetry of the

symmetry involving phonons near tiezone boundary, Fig. graphite sheet. The greatest coupling is when the electron

4(b). This mode is forbidden in perfect graphite and onlyand phonon states are in phase over the range of polarization.
becomes active in the presence of disorder. Dheode is  This leads to the “quasi selection rule,k=gq, for the

dispersive; it varies with photon excitation energy, evenpreathing modes of graphene sheets, Fig. 2. For first-order

when theG peak is not dispersivé.*" We will see that its
intensity is strictly connected to th@esence of sixfold aro-
matic rings Tuinstra and Koenfty(TK) noted that the ratio

of its intensity to that of theG peak varied inversely with
La:
(D) C(\)
TS : tS)
1(G) Lo

whereC(515.5 nm)~44 A 2337 The D peak was first attrib-
uted to aA,4 breathing mode aK, activated by the relax-
ation of theq=0 selection rulé. It was then linked to
maxima in the VDOS of graphite a¥ and K points*?’

However, this does not account for the dispersion of Bhe

position with photon energy, why tH2 peak overtone, seen

scattering, the fundamental selection rule must be relaxed to
allow non-@@=0) phonons to contribute. This means that we
also need disorder to allow the enhancementkefq
phonons.

Turning to graphitic clusters, we noted above that the
electronic states of graphitic clusters of sikg can be
mapped onto the modes of graphite at wave vektoy Eq.

(3). Mapelli et al?* showed that the eigenvectors of the main
Raman modes of aromatic oligomers have the same symme-
try as theE,, andA;4; Raman modes of graphite. They also
showed that the eigenvectors of these oligomers or clusters
can be mapped onto those of graphite phonons along the
direction['KM. In particular, theA,4-type breathing modes

of the aromatic clusters map onto phonons betwi€eand
(K—M)/2, and theE,4-type modes map onto phonons from

I' to (I' = K)/4 (branches shown in bold in Fig).20ur rela-

even where nd peak is present, is dispersive, or why the tionship (3) can be used to map tha, -like modes, thus

I(D)/1(G) ratio (8) is dispersive’* Phonon confinemers)

providing a way to visualize the real-space motion along that

does not explain why thB mode is more intense than others branch. This indicates that aromatic clusters can be consid-

with smallerAq. It also does not explain why tH2 mode is
seen in disordered graphite with~30 nm® when the NSM
formula (6) would limit the participating phonons to a much
narrowerAq range around'.

ered as a part of a graphite superlattice, both electronically
and vibrationally. This simultaneous mapping means that the
behavior and dispersion of the and G peaks in graphite

also holds for aromatic oligomers and clusters in disordered

Figure Za) shows the phonon dispersion of a single layercarbon.

of graphite. Baranoet al.* Pocsiket al,*® and Matthews

Band and phonon dispersions are rather isotropic around

et al®” proposed that th® peak arises as resonant RamankK. As the photon energy rises, tke- g selection rule selects
coupling by a strong enhancement of the Raman cross sea-ring of phonons around th€ point. The symmetric breath-

tion of the phonon of wave vectog when it equals the wave

ing modes have the highest modulation of the polarizability

vectork of the electronic transition excited by the incident and therefore have the highest Raman cross section. This

photon k=q ‘“selection rule”).

suggests that modes betwe€randM give the highest con-
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tribution to theD peak and possibly explains why the inten- 25—y r——r T T T T T
sity of D peak is higher than modes from other branches of ’
the dispersion curves but with the saméNote that previous
works*®37 assigned th® peak to all the modes arourdin a-C
the lower optical branch, which touches the acoustic branch
atK. To select the correct optical branch we cannot just rely 15
on the coincidence between its calculated dispersion and th@
experimental positions dD peak. TheA;y mode is singly 5‘ 1o
degenerate. We thus need a bambly degeneratatK and -
upwards dispersingaway from K. The branch chosen by
Refs. 36 and 37 leads to a doubly degeneEameode atk.?* 05 F
The upper branch in Ref. 37 disperses downwards, butthe
initio calculations of Mapelliet al?* and Kresse, Furth- L
muller, and Hafné? reproduce the symmetry and upwards ~ *%c" s 10 15 20 20 60 100 w0 1s0 220 260 300
dispersion, Fig. 2. LA

Applying the k=g selection rule to all the phonon o o
branches of graphite, we can account for other features of the FIG- 5. Variation of thel (D)/I(G) ratio with L,. The broad
Raman spectrum. First, considering th8400-crmi L peak as transition between the two regimes is indicated.

an overtone of the lower acoustic branch away fidmwe  pling coefficient, which incorporates various resonances.
can explain its redshift with increasing laser energy due to There is noa priori reason to choose a particular function to
the opposite dispersion of this phonon branch. Second, ft the spectrum. Empirically, the visible Raman spectra of
Stokes shift with lower frequency than the anti-Stokes shiftamorphous carbons show one or two prominent featfihes
was reported for theD peak, and vice versa for the G and D peak$ and some minor modulationgusually
2400-cm * peak® We can now explain the slight difference around 1100-1200 and 1400—1500 ¢ The simplest fit
in the Stokes and anti-Stokes energies due to the slope of tlwnsists of two Lorentzians or two Gaussians. A Lorentzian
phonon and electron dispersion relations away fignFi-  fit is often used for crystals, arising from finite lifetime
nally, in graphite or disordered graphite with a higlaxis  broadening, and it is normally used for disordered graphite.
ordering, the D peak and its second-order peak areA Gaussian line shape is expected for a random distribution
doublets’**3°This was originally attributed to two maxima of phonon lifetimes in disordered materials. A simple two-
in the VDOS atK and M.?” However, we attribute these symmetric-line fit is not always suitable, and one can find a
doublets to the splitting of phonon and electron branches ofnultipeak fit (typically four: D,G+ 2 at ~1100 and~1400
given wave vector by interlayer interactions when threecm™?).
dimensional stacking occuf$® This causes doublets to act ~ The most widely used alternative to a Gaussian fit is a
as signatures of-axis orderind’ Breit-Wigner-FandBWF) line for the G peak and a Lorent-
So far we implicitly assumed graphite to be the referencezian for theD peak?®~*? The BWF line has an asymmetric
to explain the Raman features in micro/nanocrystallindine shape, which should arise from the coupling of a discrete
graphite. The main consequence is that Engpeak arises mode to a continuurft The BWF line shape is given by
from aromatic rings. Starting from graphite, at a fixed )
[(D)/1(G) will increase with increasing disorder, according (@)= To[1+2(w— wo)/QI']
to TK Eq. (8). For more disorder, clusters decrease in num- 1+[2(0—wo)IT]*

ber become smaller and more distorted, until they open “RNhereIO is the peak intensitye, is the peak position]” is
As the G peak is just related to the relative motion ofs@? assumed as the full width at half maximuWHM) and
atoms, the (D) will now decrease with respect 1¢G) and -1 s the BWF coupling coefficient. The Lorentzian line
the TK relationship will no longer hold, as shown in Fig. 5. shape is recovered in the lim@~1—0. We emphasize that
For smallL,, the D-mode strength is proportional to the geyeral points should be considered with E®). First, the
probab[llty of finding a sixfold ring in .the cluster, that is, gy curve tails increasingly to lower frequencies for lower
proportional to the cluster area. Thus, in amorphous carbor@ values. This allows a BWF line to account for residual
the _development of ® peak in_dicates ordering, exactly op- raman intensity at-1100 and 1400 cfit, without two extra
posite from t_he case of gra_ph|te. . . . peaks. The BWHLorentzian line pair is therefore an excel-
We can finally summarize the main factors modifying jent means to fit Raman spectra of all carbons, from graphite
Cle): : to ta-C. A Lorentzian line shape is used for tBepeak as it
(1) sp® sites are resonantly enhanced osgf ones, is from the same family as the BWF line, while the various
(2) within the sp? matrix, =k modes are enhanced over gnhancement mechanisms for Deeak are consistent with

nc-G

Tuinstra Koenig

T
8
—

< 1/L,

(€)

the others, and " a Lorentzian. However, any wide low-frequency tail of the
(3) breathing modes are enhanced withjin k modes. BWF line will push theD peak to lower frequencies as the
disorder increases. This significantly decreasesDhgeak
V. SPECTRUM EITTING size compared to a two-Gaussian fit. In general,Dgeak

position will decrease with increasing disorder with the
A practical point when comparing different fitting param- BWF+ Lorentzian fit, but will increaséup to 1400 cm? or
eters for Raman spectra is to know the fitting proceduresnore for the double-Gaussian fit®*® Note that the fit of
used. The Raman spectrum is a VDOS modified by a couthe D peak and especially its position is the least accurate for
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many amorphous carbons, because it is often only a low- sp’
frequency shoulder of th& peak. Two factors can shift the
D peak. On one hand, smaller aromatic clusters have highe
mode$! and shiftD upwards. On the other hand, a decrease
in number of ordered aromatic rings on passing from nano- ]
crystalline graphite t@-C lowersD and reduces its intensity, clustering
due to softening of the VDOS$'

Another important issue from E¢) is that the maximum
of the BWF line is not atw, but lies at lower frequencies:

Bond disorder Chains

Clustering

r
Omax= @o 7t E , (10) D G

as Q is negative. We define th& position aswy,, rather O S S T T S T

than wg. g is higher than the apparent peak maximum 1000 1100 1200 1300 1400 1500 1600 1700 1800
becausew, is the position of the undamped motfewe Raman Shift (cm™)

attribute no physical meaning to the undamped frequency but

merely view the BWF line as an efficient way to fit the data. FIG. 6. Schematic diagram of influences on the Raman spectra.
The asymmetric BWF line shape is appropriate for e A dotted arrow marks the indirect influence of thp® content on
peak due to the asymmetry of the VDOS of graphite orincreasingG position.

amorphous carbons towards lower wave numBéts. Fano

resonance is present. Whenever reporting data from other (3) a-C—ta-C (—~100%sp’ta-C, defected
papers using BWF fits, we will use,oy, derived by apply- diamond®).

ing Eq.(10) to their data. Moreoverynm,, compares directly  £or simplicity, we will consider the evolution @-peak po-
with data from symmetric curve fitting. sition andI(D)/1(G). Except where differently stated, we

Finally, it is not always clear if the(D)/1(G) ratio  |afer to Raman data at 514 nm.
should be the ratio of the peak heights or peak areas. Gener-

ally, groups using BWH Lorentzian fits report peak height
ratios, while groups using two Gaussians report the area ra-
tio. The difference is not so important for disordered graph- The main effects in the evolution of the Raman spectrum
ite, as the peak widths are similar, but this is not so forin this stage are the following.
amorphous carbons. In that case, the broadening oDthe  (a) The G peak moves from 1581 te-1600 cm ..
peak is correlated to a distribution of clusters with different  (b) The D peak appears aridD)/I(G) increases follow-
orders and dimensions, and thus the information about the ing the TK equation(8).
less distorted aromatic rings is in the intensity maximum and (c) There is no dispersion of th@ mode.
not in the width, which depends on the disorder. Ring orders
other that six tend to decrease the peak height and increase '
its width. Unless differently stated, in this paper we refer to | Graphite I ‘ NC-Graphite ‘ | acC | ‘ ta-C ‘
[(D)/1(G) as the ratio of peak heights. . .

1600 |- B

L
VI. THREE-STAGE MODEL 1580 (w Stage2 | Stage3 ]

The large amount of experimental visible Raman spectra
on amorphous carbons will be interpreted using a phenom-
enological three-stage model. Given a perfect, infinite graph-
ite sheet, we consider the introduction of a series of defects:
bond-angle disorder, bond-length disorder, and hybridiza-
tion. We neglect the possible role of hydrogen, as C-H
modes give no detectable contributions in GandD peaks
(Sec. VIII). The Raman spectrum is considered to depend on

A. Stage 1: From graphite to nanocrystalline graphite

-
0
fo2
o

G Position {cm™)
g
T

1520 -

1500

-

s
T
L

(1) clustering of thesp? phase,

(2) bond disorder,

(3) presence o§p? rings or chains, and
(4) the sp?/sp® ratio.

These factors act as competing forces on the shape of the
Raman spectra, as shown schematically in Fig. 6. We define I ¢ ]
an amorphization trajectoyranging from graphite tda-C 060% s’ ' 0% sp° ' —20% Spa' 85% sp’
(or diamond consisting of three stages, as shown in Fig. 7: Amorphization Trajectory

I(D)YKG)

o

o
T
L

(1) graphite~nanocrystalline graphitenc-G), FIG. 7. Amorphization trajectory, showing a schematic variation
(2) nanocrystalline graphite a-C, and of the G position andl (D)/1(G) ratio.
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These effects, at a fixed wavelength, can be explained bgrdering ofa-C. This is expressed in effe¢b) by the pro-

the VDOS of graphite and phonon confinemghirst, the
shift of G is really the appearance of a second pdak, at
~1620 cm, which merges in th& peak for small grains.
A single line fit toG+ D' feature gives a net increase Gf

portionality of I (D)/I(G) to M, the number of ordered rings.

In fact, [(D)/1(G) is proportional to the number and clus-
tering of rings, but the main disordering effect in stage 2 can
be taken as the decrease of number of ordered rings, since

position. The appearance Bf occurs because the relaxation the dimensions are under 20 A. We propose a new relation
of the g=0 selection rule allows higher-frequency phonons,for stage 2:

as phonons disperse upwards away fignsee Figs. 2 and 3.

The main structural change is passing from a monocrystal-

line to a polycrystalline material; there are virtually sp®

sites. The loss of three-dimensional ordering is indicated b

the disappearance of the doublet in thepeak and in its

second-order pedk.There are many experimental results

showing stage 1,
co-workers>®

We note that there are only few experimental verifications

of the TK equation(8), whereL , is known independently by
X-ray diffraction(XRD),? and the minimundi , for which the
TK equation has been directly verified is20 A. TK as-

sumes that graphite becomes uniformly nanocrystallin
However, for a system with mixed grain sizes, with volume

fractionsX; and dimensiong ,;, the effectivel, is given by

(11)

such as those from Lespade ant?

e

(D)

’ 2
e~ C'MLL

(12

¥mposing continuity between Eqg8) and (12), we find

C’(514 nm)=0.0055. At low excitation energy, the peak
i$ due to large aromatic clusters. Thus, combining Egp.
and(12), 1(D)/1(G) will vary with the optical gap as

(D) C”
IG) ES. (13

We have verified Eq(13) by studying the clustering of p?
sites inta-C deposited at elevated temperatufet.is clear
that this is an ideal situation in which thermal energy favors
the clustering of thsp? phase into ordered rings, and so Eq.
(13) holds. This is not so in general, especially for as-
deposited samples, where the ion-induced disorder is phe
phase invalidates the simple relati(®) between cluster size
and band gap’ In fact, as we will discuss in Sec. VIC, in

We can thus explain why, since XRD weights more the big-going from as-deposite@-C’'s to ta-C we have always

ger crystallites, the TK equation will underestiméatedue to
the dominant effect of small crystallité$.

B. Stage 2: From nanocrystalline graphite toa-C

In this stage, defects are progressively introduced into th
graphite layer, causing its phonon modes to soften, partic%-n

larly the G peak. The Shuker-Gammon formuld applies,

and the VDOS is no longer that of graphite. The end of stag |
2 corresponds to a completely disordered, almost full

sp?-bondeda-C consisting of distorted sixfold rings or rings
of other ordergmaximum 20%sp°). A typical example is
sputtereda-C.*” The main effects in the evolution of the
Raman spectrum are

(a) The G peak decreases from 1600 tdl510 cm ..

(b) The TK equation is no longer valid(D)/I(G)>xM
2,

(o) I(D)/1(G)—0.

(d) Increasing dispersion of th@ peak occurs.

I(D)/1(G)~0, but the gap increases. However, we stress
that for visible Raman spectroscopy, whenevdd peak is
present[1(D)/1(G)=0.1-0.3, a decrease of the gap will
always be reflected in an increasel ¢D)/1(G), even if not
exactly in the form of Eq(13). We will discuss elsewhere

e progressive insensitivity di{D)/I(G) to the gap with
creasing excitation energy.

Clear experimental examples of stage 2 are the ion im-
antation of glassy carb8h*! (g-C) and sputterea-C.*%3?
Figure 8 plots data of McCulloch and co-work&r&! on ion
implantation ofg-C at room temperature as a function of ion
dose[Fig. 8a)] and at a fixed dose with increasing implan-
tation temperaturgFig. 8b)]. We show the first and second
stages of amorphization. Trep® content was checked by
EELS and it rose to 15% only at the very end of stage 2. An
NMR determination op® content in sputtered-C with the
G peak at ~1500 cm?! and I(D)/I(G)~0 gave sp’
~7%_47,31

The structure ofa-C at the end of stage 2 consists of
mainly sp? sites in puckered ring-like configuratiorison-

Another effect is the absence of well-defined second-ordeéisting of five-, six-, seven-, and eightfold disordered rings

Raman peaks, but a small modulated bump fre2400 to
~3100 cm %,

and few if anysp® sites?*4°051 j and Lannirt’ showed an
absence of ordered, planar sixfold rinfsonsistent with

Increasing bond-angle and bond-bending disorder and tthD)/l (G)~0] and few chainlike structures.

presence of nonsixfold rings softens the VD#%? The in-

troduction of sp® sites into a structure composed only of

sixfold rings further softens the VDO%:**

Increasing the defects and reducihg below 2 nm, the
number of ordered rings now decreases &) starts to
decrease. Th& peak relates only to bond stretching sy
pairs, soG retains its intensity, and(D)/I(G) decreases
with increasing amorphizatiofFig. 5. The TK equation is
no longer valid. This is the usual situation wihC. Devel-

C. Stage 3: Froma-C to ta-C

In passing froma-C to ta-C, thesp® content rises from
~10-20 % to~85%, while thesp? sites change gradually
from rings to chains. Ther states become increasingly lo-
calized on olefinicsp? chains and, eventuallsp? dimers
embedded in thesp® matrix?4°1-%*15The sp’ modes lie
above thesp® modes and become localiz&HOlefinic G=C

opment of theD peak indicates disordering of graphite but bonds are shorter than aromatic bonds, so they have higher
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FIG. 8. Variation of theG position andl(D)/1(G) ratio with sp
(A) ion dose andB) implant temperature for ion-bombarded glassy o . L
carbon, after McCulloch and co-workef®efs. 40 and 41 FIG. 9. Variation of theG position andl(D)/1(G) ratio with

sp® fraction for as-deposite@-C. Data from Praweet al. (Ref.

. . . . . . 42), this work, and Anders and co-workeiRefs. 56 and
vibration frequencied®® The main effects in the evolution ) . %

of the Raman spectrum are as follows. man spectrd~1570 cm ! compared to~1510 cm'Y). This
(a) The G peak increases from1510 to~1570 cm* (or  dispersion can only be fully explained by contributions of
~1630 cm?! for sp? dimers in ion-implanted olefinic sp? groups, whose higher vibration frequencies lie

diamond?®) above the graphite band linfR.Tallantet al®° suggested to
(b) 1(D)/1(G) is very low or 0. fit the Raman spectra of as-depositaeC using the frequen-
(c) Dispersion of theG peak occurs. cies of embedded ideal five-, six-, and sevenfejd rings.

The main change, i.e., the increase of @peak position Such a model, even if very good fits are obtained for the
with sp® content, is due to the change ®f? configuration 514-nm Raman spectra, cannot explain the dispersion above

71 . . .
from rings to olefinic groups, with their higher vibrational ~1580 ?m seen in the uv Raman spectra and is thllls In-
frequencies lying above the band limit of graphite. This ef-COrrect forta-C. uv Raman spectroscopy gives not only an

. 3 .
fect is larger than the tendency of tkepeak to fall due to exez:y vaei'gmeg p:oge Ofr;inandnsdpz hs't.esz' rkr)]utdalsona{l
mixing with lower-frequencysp® modes. This emphasizes evenly weighted probe o g and ¢ odes, no

. . biased towardssp? configurations of lower band gap. It
the3 Importance .Of the_ Iloc.allzanon (Sfp2 modes apove tshe shows aG peak at 1660 cmt in ta-C, indicating a prepon-
sp> modes, which minimizes the mixing &fp?> with sp

! derance of chain groups.
25
modes. It follows that the model of Richtet al.”> does not Figure 9 shows our 514-nm Raman datateC depos-

hold in practice. _ _ ited by a filtered cathodic vacuum a6CVA), together with

The second major change is the absence Dfeak in @ data of Praweret al*? and Anders and co-workéfs™® on
BWF fit. The G skewness falls to almost 0 at higp>  (t)a-C deposited by FCVA. We only included data witp®
content’” Also, the G-peak width first increases and then content known by EELS. Figure 9 is a clear example of the
falls, as theG modes become localized @y’ dimers or  transition from stage 2 to stage 3 in accordance with the
shorter sp? chains with a sharper length distribution. A above trends. Note the absence of heeak inta-C's. Al-
single-Gaussian fit is poor, although it still gives a fair rep-though!(D)/I(G)~0, typically we have an increase in the
resentation of peak position and FWH®. gap from~0.5 to ~2.5 eV, going froma-C to ta-C. This

It has been argued that the high frequency of@peak  would contradict Eq(13). However, this is expected since
in ta-C is due to its high compressive macroscopic stt&$$. the gap is controlled by ther-electron delocalization, not
We disagree with this, as it is found that tBepeak does not necessarily in well-ordered rings, but on the whalg?
move if the stress is removed by annealfhg’®We verified  phase. An increasingp? content, even if not via an ordered
that annealing up to complete stress release induces minimap? matrix, causes a decrease of the gap reflected in a soft-
structural changes ita-C.°>’ Also, the G peak ofta-C is  ening of theG mode and an increase in its FWHM.
blueshifted in both uv Raman specifa1660 cm ', com- Figure 7 summarized the behavior@fpeak position and
pared to~1590 cm * for sp?-bondeda-C) and 514-nm Ra- 1(D)/1(G) through all the three stages. It shows no unique
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relationship between th&-peak position andsp® content.
G-peak position can either increase or decrease with increas-

Graphite | | NC-Graphite

ing sp® and a high and lovsp® content corresponds to the 1600 |- ‘
sameG position. I(D)/I(G) would discriminate, between / \
high and low content and, except for the first stage, in which - 1580
sp® is constant anyway, it would be a crucial parameter to £ I Avste
quantify thesp® phase. Figure 7 also emphasizes that most ‘E 1560 -
changes of the Raman spectra are not driven bystpe 8
increase, but by the evolution ef? clusters. g 1540
Figure 7 shows how we could relate th&,|(D)/1(G)] ?5 1520
pair tosp® content. However, the situation is more complex "
than described so far, as the clustering of ${p phase has 1500
to be taken directly into account, as we discuss now. a0l ) i
VII. THE HYSTERESIS CYCLE 15+ o
The amorphization trajectory discussed above is derived &
for disordering(e.g., ion implantationin relatively ordered = 10k
carbons or for room-temperature depositions. What happens £
if we follow an ordering trajectoryfrom ta-C to graphite? 05 L
Examples of an ordering trajectory are deposition at high ‘
temperature, annealing after deposition, low-dose ion im-
plantation ofta-C, or unfiltered deposition processes. These 0.0 T P - .
cases favor clustering afp? sites into fairly ordered aro- 0% sp 0%sp  ~20% sp 85% sp
matic rings. Amorphization Trajectory
There are two fundamental processe:sp’ sites con- FIG. 10. Amorphization trajectory, showing the possibility of

vert to sp” sites and(b) sp? cluster size increases and the hysteresis in stages 2 and 3.
sp? phase eventually orders in rings. There are two situa-

tions. During a room-temperature depositiontafC, thes p? VIIl. RELATIONSHIPS BETWEEN VISIBLE RAMAN

andsp® phases are linked together, forcing $ phase to SPECTRA AND THE sp® FRACTION IN a-C:H
evolve continuously with increasingp® content, giving the

trends seen in Fig. 7. On the other hand, other treatments, More generally, if there is a relationship betwespf and
such as annealing or high-temperature deposition, separasg’ phases, e.g., between the optical gap apd fraction,
the two processes so that clusteriy occurs at lower tem- we can derivesp® content from the visible Raman spectra.
peratures than conversiofa).*®°” This causeshysteresis ~We apply this idea to derive a correlation between visible
Visible Raman spectroscopy is much more sensitive to clusRaman spectra arsp® content fora-C:H.

tering than conversion. The effect of the hysteresis is that The main effect of H ira-C:H is to modify its C-C net-
there is no unique relation betwe&fD)/I(G) or theG po-  work compared ta-C of similarsp> content. A highers p®
sition andsp? fraction (Fig. 10. Thus, we need an indepen- content is achieved mainly by H saturating=C bonds as
dent assessment of tlsg® fraction. Fundamentally, optical =CH, groups, rather than by increasing the fraction of
and electrical properties correlate closely with the degree oE—C bonds (Fig. 1). Most sp® sites are bonded to
sp? clustering, and not directly with thep® content. This hydrogen®®®*Thus, highlysp® a-C:H are soft, low-density,
implies thatin general visible Raman spectroscopy is not apolymeric films®3%4In a-C:H thesp? sites can exist as rings
safe way to get spcontent Various examples of hysteresis as well as chains. Increasing H content reduces fi¥eclus-
can be found in the literaturd;*8°"616%ee Fig. 11. ter size and increases the band gap. We have three bonding

We have so far neglected the presencespt bonds, regimes:®® At low H content,sp? bonding dominates and
whose C-C vibrations at 2100—2200 c¢h(Ref. 33 lie out-  the gap is under 1 eV. At intermediate H content, the C-C
side theG andD regions. Even if present in a small amount, sp® bonding is a maximum, the films have the highest den-
this does not change our model. sity and diamondlike character, and the gap is 1-1.8 eV. At

Generally, in an inhomogeneous material we predict thehighest H contents, thep® content is highest, the bonding is
TK equation to underestimate, with respect to XRD, as for more polymeric, and the band gap is over 1.8 &/C:H
Eqg. (11). This gives a hysteresis even in stage 1, in thadiffers in that a highesp® fraction occurs at a fixed, lower H
visible Raman spectroscopy is more sensitive to the smalletontent of 25—30 %Fig. 1). ta-C:H has much more C-€p®
graphitic domains in a material not composed of grains havbonding thana-C:H with similar sp® fraction, giving a
ing a similarL . higher density and higher hardnéss.

Are there conditions for estimatirgp® content by visible In visible Raman spectra, we can neglect all C-H modes.
Raman spectroscopy? Figures 7 and 9 show that a higfihe stretching modes lie above 3000 ¢fi* C-H bending
G-peak position combined with {D)/1(G)~0 is a suffi- modes lie in theD-peak regiorr>®* but we neglect them
cient condition to assess te@® content ofta-C. In this case, because they are not resonantly enhanced. This is supported
thesp® content can be read off from Fig(#. Here, a higher by a similar behavior foD and G peaks with changing ex-

G position correlates with a higher optical gap. citation energy found ina-C:H and a-C.}>*! C-H modes
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I work. The precursor gases are also indicated. Note that a double-
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Gaussian fit was usedRef. 13.
3

sp
. ) , the difference is that im-C:H the CG=C stretching frequen-
FIG. 11. G position and (D)/I(G) ratio data showing the hys-  joq tanq to fall towards the lower values of under 1500

teresis effect. Data on as depositeeC, from Praweret al. (Ref. et seen in polyacetylen?g”SS whereas inta-C the G—C
42)! th'S. work, and Anders and co-workeiefs. 56 and 56 Data stretching frequency tends to rise towards that of the embed-
on irradiateda-C from McCullochet al. (Refs. 61 and 62 onta-C ded G—C di t 1630 cmt. Th .. iths p? d
annealed after deposition from Ferratial. (Ref. 57; and onta-C ? hel lmler a he ka . ecrrl1||_>i(|ng withsp™ moaes
deposited at high temperature from Chhowaitaal. (Ref. 48. aSlgoreapss-dtgpggteerdg-cI—?e?helrr(]aa-is .a.general relationship

could become detectable at much higher photon energy, sudtetweensp® content and optical gajf;see Fig. 13. The line
as that in uv Raman spectroscopy. A typical signature ofn Fig. 13 is a fit to the experimental data. Applying the
hydrogenated samples is the increasing photoluminescenéiging line to the data of Fig. 12, we obtain the relationship
background with increasing H content. This backgroundbetweensp® content and Raman parameters shown in Fig.
overshadows the Raman signalae€:H with H content over ~ 14. The crosses in Fig. 14 are for samples whgsecontent
~40-45 at. %° The ratio between the slope of the fitted ~was directly measuredRef. 68 by NMR or EELS (this
linear background and the intensity of tBepeak,m/I1(G),  work). They agree with thep® content derived by Raman
could be used as a measure of the bonded H cofftent. spectroscopy. Thus Raman spectroscopy is a valuable
We derive and explain the relation between visible Ramamethod to obtairsp® content for as-depositea-C:H. Fig-
parameters andp® content fora-C:H deposited by plasma- ures 12—14 will be improved by a further systematic study.
enhanced chemical vapor depositit#ECVD). From Tamor Figure 14 also shows Raman asg® data forta-C:H
and Vasséf we obtain a general relation between 514-nmfilms deposited by an electron cyclotron wave resonance
Raman parameters and the optical gap for as-depositezburce from GH,.®> The G peak ofta-C:H is seen to lie
a-C:H (Fig. 12. I(D)/I(G) is now an area ratio of a two- above that o&-C:H of similarsp® content(gap. These data
Gaussian fifthus givingl (D)/1(G) up to ~4, in contrast to  show how the transition between the second and third stage
~2 obtained with the intensity ratio in a BWH.orentzian  also occurs ire-C:H, indicating how the three-stage model
fit]. Figure 12a) shows that thes peak falls with increasing applies to both unhydrogenated and hydrogenated carbons.
gap fora-C:H, differently fromta-C, although the gap in- It is important to note that th& peak ina-C:H and
creases witlsp® content in both materials. The reasons for (t)a-C shows dispersion with photon energy, in both cases
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FIG. 13. Optical Tauc gap vsp® content for as-deposited . X
a-C:H. Data from Tamor and co-worke(®) (Refs. 13 and 68 Q 2 1
Kleber et al. (A) (Ref. 69, Jarmanet al. (V) (Ref. 70, Li and = %
Lannin(4) (Refs. 31 and 47 and this work(l). An ideal point at = " a
5 eV is set to correspond to 10084° (). The line is a quadratic fit 1L -
to the data. Xup
3 L] : 'OX.
increasing for higher photon energi®s?1%Thus, the re- N Y S
lations between th& position and gap osp® fraction of 00 01 02 03 04 05 06 07 08 09 10
Figs. 9, 12, and 14 apply for 514-nm excitation. The in- sp°

creasedG position with increased excitation arises from the

resonant selection of wider-band gap states fromsp? FIG. 14. G position andl(D)/I(G) ratio vs sp® fraction for
groups with higher vibration frequency. This leads to a loweras-deposited-C:H. The data are obtained applying the fit of Fig.
sensitivity of theG position andi(D)/1(G) to optical gaps 13 to data in Fig. 12. Thex symbols indicate samples for which
with higher excitation energ}f, since the optical gap is due sp® was directly measured by NMBRef. 6§ or EELS(this work).

to the more delocalizedr-bonded structure¥. This would  Theta-C:H data poin( ¢ ) is shown for comparison; itsp® content
suggest that red Raman spectroscopy is preferable to the traas directly measured.

ditional green or blue spectroscopy to better exploit the abil- S
ity of visible Raman spectra to follow the fine variations of the resonant enhancement of their vibrations. We are able to

optical gap orsp? order. classify all the available visible Raman data by considering
The width of theG peak is proportional to the bond-angle the effect of a three-stage introduction of disorder into graph-

disorder atsp? sites. Figure 15 plots th& width (AG) ite on its Raman spectrum. We showed how this description

against the optical gap for as-deposi@€:H.*® It is seen applies both to hydrogen-free and hydrogenated amorphous

that AG passes through a maximum at around 1.5 eV folcarbons.

a-C:H, which corresponds to films of maximum Csp® or

“diamondlike” content. I . ' I e CH,
As the skeletal structure @C:H depends strongly on its sor . * CH,
H content, we expect a strict relation between the H content . A v CH,
and C-C structure during annealing ®C:H. We therefore n ) v A CH,, this work
expect only a small hysteresis of the Raman parameters dur [ A‘ .
ing annealing of-C:H compared to the case &-C. Thus, . | .
relations in Figs. 12 and 14 are valid for both as-deposited’'s
and annealed-C:H films. However, we expect hysteresis for 8 o . ]
ta-C:H. < L] -
L J
oe v
IX. CONCLUSIONS or . .
We have reviewed and critically assessed the origin anc *
the meaning of th® and G peaks in the Raman spectra of 40~ » Ty T e T

graphite and amorphous carbons. We pointed out thaGthe
peak is due to the relative motion f? carbon atoms, while
the D peak is linked to breathing modes of rings. We showed FiG. 15. AG vs the optical Tauc gap for as deposit@€:H.
how the electronic and vibration statessqf aromatic clus-  pata from Tamor and VasséRef. 13 and this work. Note thaAG
ters can be mapped onto those of graphite. The Raman speg-the width of the Gaussian, not its FWH{®Ref. 13. The precur-
tra depend formally on the ordering of tisg? sites, due to  sor gases are also indicated.

Tauc Gap (eV)
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The ability to deduce p® content from the visible Raman be derived from the 514-nm Raman spectra. A relationship
spectra depends on the linkage s3* and sp® phases. In  was given between th8-peak position| (D)/1(G), andsp®
H-free (t)a-C, the clustering osp? only depends orsp®  content.
content as-deposited, but generally not in films annealed, de-
posited at higher temperatures, or ion implanted. Thus, the
sp® content can be deduced from their Raman spectra only
for as-depositeda-C. The C-C network of-C:H depends The authors are grateful to C. Mapelli and C. Castiglioni
strongly on its hydrogen content, which links te@? and  for useful discussions. A. C. F. would like to thank the Eu-
sp® phases together. This allows thp® content ofa-C:Hto  ropean Union Marie Curie TMR for financial support.
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