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The thermally softened and the mechanically stiffened graphene phonons have been formulated

from the perspective of bond order-length-strength correlation with confirmation of the C–C bond

length in the single-layer graphene contracting from 0.154 to 0.125 nm and the binding energy

increasing from 0.65 to 1.04 eV. Matching theory to the measured temperature- and

pressure-dependent Raman shift has derived that the Debye temperature drops from 2230 to 540 K,

the atomic cohesive energy drops from 7.37 to 3.11 eV/atom, and the binding energy density

increases from 250 to 320 eV/nm3 compared with the respective quantities of bulk diamond.
VC 2011 American Institute of Physics. [doi:10.1063/1.3645015]

Graphene has attracted tremendous interest in recent

years because of its extraordinary properties including opti-

cal1 and electrical conductivity,2 mechanical strength,3 ther-

mal conductivity,4–7 electron emisibility,8 the unexpected

edge states, and its potential device applications at the

nanoscale.4,9–11 Overwhelming contributions have been

made to explore the lattice dynamics using Raman spectros-

copy under various conditions such as temperature (T),12–20

pressure (P),21 and substrate conditions.22 Generally, the

Raman shifts of graphene are softened by heating and stiff-

ened by high-pressure compression. The empirically quad-

ratic and stimuli-parameter apparent functions23,24 can

reproduce the trends of observations despite the involvement

of freely-adjustable parameters, a comprehensive under-

standing of the phenomena from the perspective of bond

relaxation and vibration is still lacking. In fact, the external

stimuli such as T and P activate a certain set of intrinsic pa-

rameters such as bond length and bond energy that governs

the Raman shift intrinsically.25

The objective of this communication is to show that

matching the predictions of the bond order-length-strength

(BOLS) correlation26,27 and local bond average (LBA)

approach28 to the Raman spectroscopy has enabled us to rec-

oncile the effects of T and P on the Raman 2D phonon shifts

of graphene with consistent insight into the mechanism

behind the fascinations and quantitative information of the

bond length, bond energy Eb, atomic cohesive energy Ecoh,

binding energy density Eden, Debye temperature hD, and

compressibility b.

The BOLS theory indicates that bonds between under-

coordinated (z) atoms become shorter and stronger

dz=db¼Cz¼2= 1þexp 12�zð Þ=8z½ �f g bondcontractionð Þ
Ez=Eb¼C�m

z bondstrengtheningð Þ

�
(1)

The subscripts z and b denote an atom with z coordination

neighbors and in the bulk as a standard, respectively. The

bond contraction coefficient Cz varies only with the effective

z of the atom of concern regardless of the nature of the bond

or the solid dimension. The index m¼ 2.56 is the bond na-

ture indicator of carbon.29 Using the length of 0.154 nm for

the C–C bond in diamond and 0.142 nm in graphite, one can

readily derive the effective CN for the bulk graphite as

zg¼ 5.335, according to the bond contraction coefficient. For

the C atom in the bulk diamond, the effective CN is 12

instead of 4 because the diamond structure is an interlock of

two fcc unit cells. Recent progress25,26,29,30 confirmed con-

sistently that the C–C bond of the three-coordinated atom in

graphene contracts from 0.154 to 0.125 nm. By the relation

of Ez¼Cz
�mEb and the known atom cohesive energy of dia-

mond, 7.37 eV,31 the single C–C bond energy in the diamond

is Eb¼ 7.37/12¼ 0.615 eV and it is E3¼ 1.039 eV in the

monolayer graphene of z¼ 3. The cohesive energy in gra-

phene is 3.11 eV/atom. These findings agree well with the

fact that32 breaking a 2-coordinated C–C bond requires (7.50

eV per bond) 32% more than that (5.67 eV/bond) for break-

ing a 3-coordinated C–C bond in a suspended graphene.

Equaling the energy of a vibronic system to the third

term in the Taylor series of the interatomic potential, one

can derive the phonon frequency shift as a function of the

atomic coordination, bond length, bond energy, and the

reduced mass of the dimer atoms (z, dz, Ez, l) with

l ¼ m1m2=ðm1 þ m2Þ

Dxðz;P; TÞ ¼ xðz;P; TÞ � xð0; T0;P0Þ

/ z

dðz;P; TÞ
Eðz;P; TÞ

l

� �1=2
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being the z-, T-, and P-dependent bond length and bond

energy; T0 and P0 are the references at the ambient condi-

tions. For large graphene, the mass l and z remain constant,

and hence, the Raman shift is proportional to the E1/2/d in

dimension. The unknown xð0Þ is the reference point from

which the Raman shift proceeds. a(t) and b(p) are, respec-

tively, the thermal expansion coefficient and the compressi-

bility. g(t) is the specific heat of the representative bond.

These expressions indicate that the mechanical work harden-

ing by compression will shorten and strengthen but heating

will elongate and weaken the C–C bond. From matching to

the measurements we can quantify the aforementioned coef-

ficients without involving hypothetic parameters.

For the clarity and convenience, here we focus on the 2D

mode that is the secondary term of the solution, in the form of

Fournier series, to the Hamiltonian of the vibronic system.

The 2D frequency is approximately double that of the primary

D term rather than the frequency of two phonons. With the

given Raman frequency of the 2D peak shifting from

x(zg¼ 5.335 for graphite)¼ 2720 to x(z¼ 3 for graphene)

2680 cm�1,33–35 we can determine the x(0) from Eq. (2)

x 3ð Þ�x 0ð Þ
x zgð Þ�x 0ð Þ ¼

3
zg

Cz

Czg

� �� 2:56=2þ1ð Þ
¼ A

x 0ð Þ ¼ x 3ð Þ�x zgð ÞA
1�A ¼ 2562:6 cm�1ð Þ

8><
>:

Using the approximation 1þ x% exp(x) at x << 1, we can

formulate the thermal and pressure effects36

x z;yð Þ�x 0;y0ð Þ
x z;y0ð Þ�x 0;y0ð Þ ffi

1�DTð Þ1=2
exp

Ð T
T0

adt
� �

1þDPð Þ1=2
exp

Ð P
P0

bdp
� �

8<
: y¼ T;Pð Þ

(3)

The thermally and mechanically induced energy perturba-

tions DT and DPfollow the relations28

DT ¼
ðT

T0

g tð Þdt

Ez
¼
ðT

0

CV T=hDð Þ
zEz

dt

¼
ðT

0

4R T=hDð Þ2
Ð hD=T

0
ex � 1ð Þ�1x2dx

Ecoh
dt;

DP ¼ �
ðV

V0

p vð Þdv

Ez
¼ �V0

Ez

ðx

1

p xð Þdx ¼ �
ðx

1

p xð Þdx

Eden

x Pð Þ ¼ V=V0 ¼ 1� bPþ b
0
P2

(4)

The DT is the integral of the specific heat reduced by the

bond energy in two-dimensional Debye approximation.

When the measuring temperature T is higher than hD, the

two-dimensional specific heat Cv approaches a constant of

2R (R is the ideal gas constant). The atomic cohesive energy

Ecoh¼ zEz, and the hD are the uniquely adjustable parameters

in calculating the DT . The DP is calculated based on the inte-

gral of the Birch-Mürnaghan (BM) equation,37,38 or the non-

linear expression x(p). The V0 is the initial volume of a

bond. The variables in DP are the binding energy density

Eden¼Ez/V0 and the compressibility b and b0. Matching the

BM equation to the x(P) curve, one can derive the nonlinear

compressibility b and b0. Substituting the integral (4) into

(3), we can reproduce the P- and T-dependent Raman shift

with derivatives of the hD, a, and Eden, and the compressibil-

ity from the x(P) with the known Ecoh.

Matching to the measured T-dependent Raman shift of

the 2D mode in Fig. 1(a) turns out that hD¼ 540 K, with the

given atomic cohesive energy of 3.11 eV/atom. The hD is

about 1/3 fold of the melting point 1605 K for the single-

wall carbon nanotubes (SWNT).29 At T � hD/3, the Raman

shift turns gradually from the nonlinear to the linear form

when the temperature is increased. The slow decrease of the

Raman shift at very low temperatures arises from the smallÐ T
0

gdt values as the specific heat gðtÞ is proportional to T2

for the two-dimensional system at very low temperatures.

These results imply that the hD determines the width of the

shoulder; the 1/Ecoh and the a determine the slope of the lin-

ear part of the x-T curve. The match to the measured

P-dependent Raman shift in Fig. 1(b) gives rise to the com-

pressibility b¼ 1.145� 10�3 (GPa�1) and b0 ¼ 7.63� 10�5

(GPa�2) and the energy density Eden¼ 320 eV/nm3. As we

considered the relative Raman shift, Eq. (3), the substrate

effect on the phonon frequency22 does not affect the quantifi-

cation and the conclusion. The substrate effect may influence

the value of the reference xxð0; T0;P0Þ in Eq. (1).

FIG. 1. (Color online) BOLS reproduc-

tion of the measured (a) temperature

[Refs. 12 and 18] and (b) pressure [Ref.

21] dependent Raman shift of the 2D

mode of graphene and SWCNT with

derived information as given in Table I.
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Hence, an extension of the BOLS correlation has

enabled us to formulate and quantify the T- and P-dependent

Raman shift of graphene with clarification of the bonding or-

igin. Quantitative information, as summarized in Table I has

been derived regarding the bond length, bond energy, atomic

cohesive energy, binding energy density, Debye temperature,

and compressibility of graphene in comparison to the respec-

tive quantities for bulk diamond. These findings evidence

not only the validity of the BOLS correlation in revealing

the physical origin of the Raman shift but also the enhanced

power of the Raman spectroscopy in quantifying the

information.
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