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Number-of-layer discriminated graphene phonon softening and stiffening
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From the perspective of bond order-length-strength correlation and the local bond averaging
approach, we have formulated the number-of-layer resolved Raman shifts of graphene, with
quantification of the referential origins from which the Raman shifts proceed and clarification of
their origins. It is found that the primary D mode and the secondary 2D mode are dominated by the
interaction between a specific atom and its nearest neighbors while the G mode by the dimer
interaction, and therefore red shift happens to the D/2D phonons and blue shift to the G mode upon
the number-of-layer is reduced. © 2011 American Institute of Physics. [doi:10.1063/1.3656704]

Although the lattice dynamics of graphene and its num-
ber-of-layer (n) dependence of the Raman shift have been
intensively investigated in recent years,''? the n-induced
Raman trends need yet to be formulated and the mechanism
underneath needs to be clarified. However, such an attempt
from the perspective of bond relaxation and vibration is still
lacking. A large graphene sheet manifests two Raman
modes: the G band around ~1580cm ™' was suggested to
arise from the in-plane vibrations of the sp2 carbon networks;
the 2D band around 2680cm ™' was believed as a second-
order process of double resonant Raman feature.’ In the
presence of undercoordinated defect or edge atoms, a defect-
induced D band at frequencies around 1345cm™' can be
resolved with intensity being subject to the edge condi-
tions.”® When the n is reduced, the D and the 2D modes are
softened*®'* while the G mode is stiffened.'®"'? Under the
514.5nm light radiation, the D mode shifts from 1367 to
1344 cm™" and the 2D mode changes from 2720 to 2680 cm'
when the bulk graphite evolves into the monolayer gra-
phene.11 In contrast, the G mode shifts from 1582 to
1587 cm ™" when the n is reduced from 20 to one.'®'" When
the n is increased from a few to multiple, the Raman vibra-
tion modes turn from the dominance of the monolayer com-
ponent to the dominance of the bulk component.'® The
conflicting n-dependent Raman trends indicate that the G
mode and the D/2D modes are governed by different yet
unclear physical mechanisms.

The objective of this contribution is to show that incor-
porating our original bond order-length-strength (BOLS)
correlation mechanism'*™'® and the local bond averaging
(LBA) approach17 to the Raman spectroscopy, we have been
able to formulate, clarify, and quantify the effects of the n on
the Raman shifts of graphene. Agreement of modeling pre-
dictions to the measurements has led to consistent insight
into the mechanism behind the fascinations with quantitative
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information of the referential frequency, w.(1), and the
effective coordination number (CN, or z) for the few-layer
graphene.

The BOLS correlation'*™'® indicates that the shorter and
stronger bonds between undercoordinated atoms cause local
densification and quantum entrapment of bonding electrons
and binding energy, which modulate the local atomic cohe-
sive energy, the binding energy density, the Hamiltonian of
the entire specimen and the relevant properties such as me-
chanical strength, thermal stability, lattice dynamics, pho-
tonic, magnetic and dielectric properties associated with
atomic undercoordination.'”> The LBA approach suggests
that any detectable quantity of a specimen be dependent
functionally on the order, length, energy of the representative
bond of entire specimen and their responses to the applied
stimuli. The BOLS correlation is expressed as'>

d,/dy=C.=2/{1+exp[(12—2z)/8z]} (bondcontraction)
E./E,=C" (bond strengthening)

ey

The subscripts z and b denote an atom with z coordination
neighbors and in the bulk as a standard, respectively. The
bond contraction coefficient C, varies only with the effective
z of the atom of concern regardless of the nature of the bond
or the solid dimension. The index m =2.56 is the bond na-
ture indicator of carbon.'> With the known C-C bond length
of 0.154nm in diamond and 0.142nm in graphite, one can
readily derive the effective CN for the bulk graphite as
z,=15.335, according to Eq. (1). The effective CN of a C
atom in diamond is 12 instead of 4 because the diamond
structure is an interlock of two fcc unit cells.

Theoretical reproduction of the elastic modulus
enhancement,'>'? melting point depression of the single-
walled carbon nanotube,'>° the C 1s binding energy shift
of graphene edge, graphene, graphite, and diamond,*"** the
width dependence of the band gap expansion of graphene
ribbon,”® and the Dirac-Fermi polarons generation and
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hydrogenation14 have confirmed consistently that C—C bond
between the 3-coordinated atoms contracts by 18.5% to
0.125nm with a 68% increase of bond energy.'>'*** The
BOLS predicted bond contraction and bond strength gain has
been evidenced by the observations of the elastic modulus
(oc E/d®) enhancement of Au at the atomic scale’® and the
shell-resolved Au-Au bond contraction in a radial way at the
outermost two atomic layers of Au nanocrystals.”® From the
fact that the modulus for the single attached Au atom is twice
that of the bulk,25 we can estimate that the Au—Au bond con-
traction by 16% (Y/Yp2=C % m=1).

Based on the BOLS theory and the LBA approach, we
have recently]8 formulated the thermally softened and the
mechanically stiffened graphene phonons with confirmation
of the C—C bond length in the single-layer graphene contract-
ing from 0.154 to 0.125 nm and the binding energy increasing
from 0.65 to 1.04eV. Matching theory to the measured tem-
perature- and pressure-dependent Raman shift has derived that
the Debye temperature drops from 2230 to 540K, the atomic
cohesive energy drops from 7.37 to 3.11eV/atom, and the
binding energy density increases from 250 to 320eV/nm’
compared with the respective quantities of bulk diamond.

It is emphasized that the solution to the Hamiltonian of
a vibration system is a Fourier series with multiple terms of
frequencies being folds of that of the primary mode.?” There-
fore, the frequency of the 2D mode is approximately twofold
that of the D mode. This finding may clarify the intrinsic ori-
gin of the 2D mode that is often related to the double reso-
nant Raman process. The fact that the n-reduction induced D
peak shifting from 1367 to 1344 cm™" and the 2D peak shift-
ing from 2720 to 2680 cm ™ is right within this expectation.

Generally, one can measure the Raman resonance fre-
quency as m, = wyy + Aw,(x = D, 2D, G), where m, is the
reference origin from which the Raman shift Aw, proceeds.
By expanding the interatomic potential in a Taylor series
around its equilibrium and considering the effective atomic
z, we can derive the vibration frequency shift of the har-
monic system as a function of Aw,(z,d,, E,, 1). Equaling the
vibration energy to the third term in the Taylor series with
omitting of the higher order contributions, we have
10u(r) »

1
E'LL(ACU)ZXZ = —

zE. 5
2 0r? ,.:dx Ry

X

From the dimensionality analysis, the term Ju(r)/0r?|,_, is
proportional to E./d?. The n-reduction induced opposite
trends of the D, 2D, and the G mode Raman shifts suggest
that the G mode be dominated by interaction between two
neighboring atoms of a dimer while the D and 2D modes
involve all the z neighbors of a specific atom

Aa)x(zadszZnu) = wX(Zv dZ;EZHu) - (/)x(l,db,Eb,,u)

W d*u(r) 1 (E: ]/ZX 1 (Gmode)
I VA O(dz u z (D/2Dmode) "

2

We may rename, conveniently, m,o as w,(1) that is to be
fixed from matching theory to the measurements. The
reduced mass of the dimmer p remains a constant unless
chemical adsorption or isotope is being involved.
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Incorporating Eq (1) into (2) and taking z, for the bulk
graphite as a reference, we have the general form of the rela-
tive Raman shift, the reference w,(1), and the z-dependent
frequency w,(z) for all the possible Raman modes

0.(2) — ou(1) _ =d(z,) <E<z> )” ’
wx(zg) —aw (1) d(z) E(zg)

(c f<m/z+1>x : — Ap(2,2)
B ng 1 :AG(Z,Zg)

oy (2) -y (zg)A,\ (z,zg)
wx(l) B l—C,\.(zA,zg) 3)

y(z) = x(1) + [y (z) — 0x(1)]As(z, ).

e

(D and 2D)
(G mode)

¢

We calculated the z-dependent curves and calibrate them
with the known vibration frequencies for the bulk graphite
and the monolayer graphene. In numerical calculations, the
known bond length d,=0.142nm and z,=5.335 for the
bulk graphite, z=3 for the single-layer graphene, and
m=2.56 for carbon were taken as input parameters. With
the given Raman frequencies of the 2D peak shifting from
2720 to 2680 cm ' and the D peak from 1367 to 1344 cm ™'
when the graphite (z,) turns to be the monolayer (z=3) gra-
phene,”'%*® and the G mode shifting from 1582 to
1587 cmfl,lo’11 we can calibrate the z-dependent relative
shift of the possible modes

0.8147\ *** 30 — 0.7458(D. 2D
Ac(3,z) = (m) X {5.335 ' (D,2D),
: 1 = 1.3260(G)

The reference frequencies and the general expression for the
z-dependency are derived as

1276.8 (D)
or(1) =22 1__“;‘ (zé)?"’)(3’2g) ={2562.6 (2D) (em™),
A 1566.7 (G)

wy(z) = (1) + [wx (zg) — a)x(l)]Ax (z,zg)
1276.8 +90.2 x Ap(z,z,) (D)
=1 2562.6+157.4 x Ap(z,z,) (2D) (em™').
1566.7+16.0 x Ag(z,2,)  (G)
4)

Figure 1 shows the modeling reproduction of the z-
dependent Raman frequencies of (a) the D and 2D
modes'®?*3% and (b) the G mode.'™!! Panel (c) is the z-n
correlation derived from (a) and (b). It is seen that when the
n is greater than 6, the z reaches and then maintains almost
the bulk graphite value of 5.335. The consistency between
predictions and the measurements of the z-dependent Raman
shifts and the z-n transformation function for the three modes
evidences the essentiality and appropriateness of the pro-
posed mechanisms for the lattice vibration in graphene.

We have thus formulated, clarified, and quantified the
n-dependent Raman shifts of graphene, as a function depend-
ing on the BOLS correlation in terms of the response of the
length and energy of the representative bond to the bond
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FIG. 1. (Color online) BOLS reproduction of the z dependence of the
Raman shifts of (a) the D and the 2D modes (Refs. 9 and 10) and (b) the G
mode with derivative of the referential vibration frequency for each. Panel
(c) shows the correlation between the atomic CN(z) and the number-of-
layer, n. For n > 6, the z approaches and maintains almost the bulk graphite
value of 5.335.

order loss. Numerical reproduction of the measurements
clarified that the D and 2D phonons involve interaction of a
specific atom with all of its z neighbors while the G phonon
involves only interaction with a dimer. Reproduction of the
measurements has led to quantitative information of the ref-
erential frequencies for each mode from which the Raman
shifts proceed and the effective coordination numbers for the
few-layer graphene, which is of instrumental importance to
the understanding of the unusual behavior of graphene. Find-
ings and understandings demonstrate the essentiality of the
proposed approach that has empowered the Raman spectros-
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copy immensely in gaining quantitative information about
the dynamics of the representative bond of a specimen.

Financial supports from NSF (Grant Nos. 50832001,
11002121, and 11172254) of China are gratefully
acknowledged.

L. M. Malard, M. A. Pimenta, G. Dresselhaus, and M. S. Dresselhaus,
Phys. Rep.—Rev. Sec. Phys. Lett. 473, 51 (2009).

’A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri,
S. Piscanec, D. Jiang, K. S. Novoselov, S. Roth and A. K. Geim, Phys.
Rev. Lett. 97, 187401 (2006).

3. W. Jiang, H. Tang, B. S. Wang, and Z. B. Su, Phys. Rev. B 77, 235421
(2008).

e Calizo, I. Bejenari, M. Rahman, G. Liu, and A. A. Balandin, J. Appl.
Phys. 106, 043509 (2009).

SM. A. Pimenta, G. Dresselhaus, M. S. Dresselhaus, L. G. Cancado, A.
Jorio, and R. Saito, Phys. Chem. Chem. Phys. 9, 1276 (2007).

M. S. Dresselhaus, A. Jorio, and R. Saito, Annu. Rev. Conden. Matter
Phys. 1, 89 (2010).

B. Krauss, P. N. Incze, V. Skakalova, L. P. Biro, K. V. Klitzing, and J. H.
Smet, Nano Lett. 10, 4544 (2010).

8Y. You, Z. Ni, T. Yu, and Z. Shen, Appl. Phys. Lett. 93, 163112 (2008).

°A. K. Gupta, T. J. Russin, H. R. Gutierrez, and P. C. Eklund, ACS Nano 3,
45 (2008).

19D, Graf, F. Molitor, K. Ensslin, C. Stampfer, A. Jungen, C. Hierold, and L.
Wirtz, Nano Lett. 7, 238 (2007).

A, Gupta, G. Chen, P. Joshi, S. Tadigadapa, and P. C. Eklund, Nano Lett.
6, 2667 (2006).

2K, Kisoda, S. Kamoi, N. Hasuike, H. Harima, K. Morita, S. Tanaka, and
A. Hashimoto, Appl. Phys. Lett. 97, 033108 (2010).

13C. Q. Sun, Prog. Solid State Chem. 35, 1 (2007).

“X. Zhang, W. T. Zheng, J.-L. Kuo, and C. Q. Sun, Carbon 49, 3615
(2011).

15c, Q. Sun, H. L. Bai, B. K. Tay, S. Li, and E. Y. Jiang, J. Phys. Chem. B
107, 7544 (2003).

'C. Q. Sun, Y. Sun, Y. G. Nie, Y. Wang, J. S. Pan, G. Ouyang, L. K. Pan,
and Z. Sun, J. Chem. Phys. C 113, 16464 (2009).

7C. Q. Sun, Prog. Mater Sci. 54, 179 (2009).

'8X. X. Yang, Appl. Phys. Lett. 99, 133108 (2011).

M. R. Falvo, G. J. Clary, R. M. Taylor, V. Chi, F. P. Brooks, Jr., S. Wash-
burn and R. Superfine, Nature 389, 582 (1997).

20A. Bai, F. Seiji, Y. Kiyoshi, and Y. Masamichi, Jpn. J. Appl. Phys. 37,
3809 (1998).

21T, Balasubramanian, J. N. Andersen, and L. Wallden, Phys. Rev. B 64,
205420 (2001).

22K. Kim, H. Lee, J. H. Choi, Y. S. Youn, J. Choi, H. Lee, T. H. Kang, M.
C. Jung, H. J. Shin, H. J. Lee, S. Kim, and B. Kim, Adv. Mater. 20, 3589
(2008).

23W. T. Zheng and C. Q. Sun, Energy Environ. Sci. 4, 627 (2011).

24E. WL Wong, P. E. Sheehan, and C. M. Lieber, Science 277, 1971 (1997).

5] N. Armstrong, S. Z. Hua, and H. D. Chopra, Phys. Rev. B 83, 235422
(2011).

20w, J. Huang, R. Sun, J. Tao, L. D. Menard, R. G. Nuzzo, and J. M. Zuo,
Nat. Mater. 7, 308 (2008).

?7W. G. Han and C. T. Zhang, J. Phys.: Condens. Matter 3, 27 (1991).

28C. Thomsen and S. Reich, Phys. Rev. Lett. 85, 5214 (2000).

*T. M. G. Mohiuddin, A. Lombardo, R. R. Nair, A. Bonetti, G. Savini, R.
Jalil, N. Bonini, D. M. Basko, C. Galiotis, N. Marzari, K. S. Novoselov, A.
K. Geim, and A. C. Ferrari, Phys. Rev. B 79, 205433 (2009).

*°F. Ding, H. Ji, Y. Chen, A. Herklotz, K. Dorr, Y. Mei, A. Rastelli, and O.
G. Schmidt, Nano Lett. 10, 3453 (2010).

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1103/PhysRevLett.97.187401
http://dx.doi.org/10.1103/PhysRevLett.97.187401
http://dx.doi.org/10.1103/PhysRevB.77.235421
http://dx.doi.org/10.1063/1.3197065
http://dx.doi.org/10.1063/1.3197065
http://dx.doi.org/10.1039/b613962k
http://dx.doi.org/10.1146/annurev-conmatphys-070909-103919
http://dx.doi.org/10.1146/annurev-conmatphys-070909-103919
http://dx.doi.org/10.1021/nl102526s
http://dx.doi.org/10.1063/1.3005599
http://dx.doi.org/10.1021/nn8003636
http://dx.doi.org/10.1021/nl061702a
http://dx.doi.org/10.1021/nl061420a
http://dx.doi.org/10.1063/1.3466150
http://dx.doi.org/10.1016/j.progsolidstchem.2006.03.001
http://dx.doi.org/10.1016/j.carbon.2011.04.064
http://dx.doi.org/10.1021/jp035070h
http://dx.doi.org/10.1021/jp905336j
http://dx.doi.org/10.1016/j.pmatsci.2008.08.001
http://dx.doi.org/10.1063/1.3645015
http://dx.doi.org/10.1038/39282
http://dx.doi.org/10.1143/JJAP.37.3809
http://dx.doi.org/10.1103/PhysRevB.64.205420
http://dx.doi.org/10.1002/adma.200800742
http://dx.doi.org/10.1039/c0ee00434k
http://dx.doi.org/10.1126/science.277.5334.1971
http://dx.doi.org/10.1103/PhysRevB.83.235422
http://dx.doi.org/10.1038/nmat2132
http://dx.doi.org/10.1088/0953-8984/3/1/002
http://dx.doi.org/10.1103/PhysRevLett.85.5214
http://dx.doi.org/10.1103/PhysRevB.79.205433
http://dx.doi.org/10.1021/nl101533x

	d1
	n1
	d2
	d3
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	f1

