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Ab initio determination of the phonon deformation potentials of graphene
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We calculated withab initio methods the in-plane phonon deformation potentials of a graphite sheet. The
two-dimensional Groeisen parameter is found to he=2.0 and the shear potential (SDP).66. The two
values agree well with experimental results on graphite and on carbon nanotubes.
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The elastic properties of graphene have become of rethe curvature of a tube at zero pressure, should shift at rates
newed interest recently with the focus of research on carbowhich depend on whether their eigenvector points along the
nanotubes. These tubes, being wrapped-up graphite shee#xis or the circumference of the tube. The magnitude of the
have vibrational and elastic properties similar to those ofplitting, however, is not accessible from experiments on
graphite, and many analogies have been made. Experimegraphite, because of its brittleness when a uniaxial stress is
tally, the vibrational in-plane frequencies are similatg., applied in the basal plane. In this report we focus on the
1592 cm* for nanotubesand 1580 cm? for graphit¢), = mode splitting in a graphite sheet and calculate \aithinitio
and for the purposes of calculating many physical propertieghethods the volume and shear phonon deformation poten-
to first order the effect of curvature may be neglectédh  tials. We show that the compariso[] of our results with ex-
the other hand, there have begh initio calculations of the perimental findings on graphitéGruneisen parameter of
vibrational eigenfrequenciésyhich allowed the estimate of graphengand on nanotubeshear potential of graphenes
curvature-induced effects on the frequencies, and of the phdavorable.
non eigenvectors which gave substantial new insight into the The elastic constants of solids determine how they deform
actual vibrations of chiral tubés. under pressure and the deformation potentials give the cor-

Recently, pressure-dependent Raman experiments gav@sponding change in vibrational frequencies. To first order
rise to at first sight surprising results concerning the pressuré strain the frequencies of a hexagonal solid under pressure
derivatives. The low-energy radial-breathing mode aroundhre given by only two independent constakts, and K.

200 cmi ! exhibited a many times larger logarithmic pres- They are expressed in terms of the elements of a tensor with
sure derivative than the high-energy modes. This was undeelementsK;, , which describe the change of thith ele-
stood in terms of a substantial contribution of van der Waalsnent of the force constant matrix with respect to Kleth

forces between neighboring tubes in a-bgr?cfle'lfhe high-  component of the strain tensot,;;1= Kypp= M Kits Kiizo
energy modes near 1600 chalso exhibited unexpected —m Ky, and K p=m (Ky—Kyp)/2, wherem is the re
- 12 1212~ 11 2 ’ -

behavior: In semiconducting tubes under h_ydrostatlc PreSy,ced mass of the vibrating atotfsThe Grineisen param-
sure the pressure slopes of the three identified peaks wer

Ser and shear phonon deformation poter(&P are then
identicaf” to within experimental error 3.7 TPA while - . : . g :
slopes different by 0.26 TP& were found in metallic respectively b — eigenfrequency in equilibrium

tubes® The absence of different pressure slopes in semicon- K+ Koo 1 .
ducting nanotubes has recently been explained by a periodic y=— > and SDP- — (K11—=Kyy). (1)
variation of the eigenvector direction f&r, andE, modes in 4wy 2wg

chiral tubes when going around the circumference of a tube.p general strain in the two-dimensional graphene causes a

This eff_ect is.a property of chiral tubes and not present ”‘frequency shift composed of a hydrostatic«;,) and a shear
armchair or zigzag tubes. term (A wg):&10

The situation in metallic tubes—different slopes for
modes with different eigenvectors—is actually expected for (6,6)
a uniaxial system exposed to hydrostatic pressure. This can _"_" “_
be nicely seen in Fig. 1 where we depicted an armaltaé) W
and a chiral(8,4) nanotube under exaggerated hydrostatic z p
pressure; the original hexagons of the armchair tube deflate ¥
and become more similar to rectangles. This corresponds to ~ &
applying shear strain and hydrostatic strain simultaneously to
a graphene sheet. A similar picture holds for the chiral tube
due to the larger strain in circumferential direction compared FIG. 1. Schematic shear deformation of(&6) and an(8,4)
to the axial directiof. Under these circumstances tB®y;  carbon nanotube under large hydrostatic pressure. The ratio of cir-
modes, which are degenerate in graphite and slightly split bgumferential to axial strain was taken to €. See text for details.
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wheree,, ande,, are the strains ix andy direction, respec-
tively. We determinedy?® and the SDP of graphene accord-
ing to Eqg.(2) by anab initio calculation of the phonon fre-
guencies in strained and unstrained graphene. We compare
our results to hydrostatic pressure experiments on grdphite
which yield the Grmeisen parameter of graphite and to hy-
drostatic pressure measurements on carbon nan&twhésh Uy
allowed an estimate of the shear deformation potential of 0010 0003 0.000
graphene.

Ab initio calculations of graphene were performed using a
numerical-atomic-orbital density-functional-theory method

implemented in theSIESTAcode? We worked within the . .
. . . - frequency of graphene under hydrostatic pressure and the theoreti-
local-density-approximation as parametrized by Perdew an L 2D i .

cal Grwneisen parametey~~. The experimental points of Hanfland

Zunger'® Core electrons were replaced by nonlocal, norm-

. d i1 th | | et al. (Ref. 11 on graphite were converted using a bulk modulus of
conserving pseudopotentiaiSthe valence electrons were B,=(1580+200) GPa, the horizontal error bars reflecting the error

described by a linear combination of numerical pseudoy, B,.
atomic orbitals. We used a douhde-singly polarized basis

set®with cuto_ff radii for the;andpqrbnals of 5.95 and 7.45 of the degeneraté,, mode frequency under hydrostatic
a.u., respectivelyk-space integration was performed OVET strain of the unit cell, i.e., as a function afa/ay. We find

'?h40|k( pom(;tsk; Ws_ foutr_1d I r;ﬁces;sarysg use i_?lghsr dlensny Mhat the frequency of thE,4 mode increases with pressure at
the kx andk, directions than for graphité. Real Space , yate which compares excellently with the experimental val-
Integrations were performed on a regular grid, the grid SPaCles of Hanflandkt al, which are also shown in the figure.

ing corresponding to a plane wave cutoff around 350 RyWhen comparing with experiment one has to make a choice

Successful results with this method on carbon nanotubegf linear bulk modulus for which somewhat different values
have been reported elsewhérehe reader is referred to Ref. have been reported. The open circles in Fig. 2 were con-

12 for details of the method of calculation. :

) o . verted usingB,= —p/(Aal/ay)=(1580+200) GPa, as ob-
_ 2V\ie680't§\talned an dequmrl;)rlum Iattlc? constant ?‘0 ftained from x-ray measurements of the lattice constant under
—< compared to the x-ray value on graphite Ofp, qrosiatic pressuré. The value is larger than the one given

5.‘#62 A® The dyr;lamical rr;at?x'wash fo:fln?l by aF finite- by Ref. 11[(1250+70) GP4, but the errors irB, are rela-
lfterence approach, 1.e., calculating the Hellman-Feynmany oy |arge. From a full potential calculation Boettgede-

forces for displaced atoms. The phonon deformation pote fived a value of 1270 GPa. The experimental @sisen con-
tials were determined by calculating the vibrational frequen-, .

Aa/a0

FIG. 2. Dependence of the degenerate high-en&gyeigen-

. . ! ; stant was reported to be slightly pressure dependent with a
cles under hydrostatic strain and “T‘der shear strain; a geney ndency to decrease with increasing pressure, a result which
strain can.alway.s be decomposed Into th?se two componen%e do not find in the calculation. Our value for the two-
Hydrgstaﬂc strain was applied by reducing the lattice CONYimensionaky?P=(1/2)d In w/dIna = 2.0 equals the experi-
stant; she_ar strain was introduced by multiplying the Iattlcemental one §20.=2.0+0.3) (Ref. 11 if the latter is assumed
vectors with the traceless tensor i exp ) -
to be linear, or otherwise corresponds to the avenagethe
—e 0 range 0 to 10 GPéFig. 2). The experimental Gneisen pa-
(O NE rameter, of course, is _affected by the choice of bulk modulus
in the same way as Fig. 2.
which to first order in strain leaves the volume of the unit Having shown that our volume deformation potengal
cell constant. The so strained unit cell was relaxed until thé9rees well with experiment we now turn to the shear defor-
remaining forces were below 0.02 eV/A and the eigenfre-mat'on p_o_tentlal. In F|g._3 we show the results for negative
quencies calculated. and positive shear stra[ns.. It can bg seen that the doubly
In equilibrium the two degeneraté,, modes where the degeneratd,; mode splits into two with mutually perpen-
carbon atoms vibrate out of phase in the graphene plane, I@icular eigenvectors. The frequency splitting from Fig. 3
at 1624 cm® and are equal to within 0.4 cr. The third =~ @mounts to
optical mode, am\,4 out-of-plane vibration, has a frequency
of 837 cm * and will not be considered further. THgy, Aws | o8 Syy)’ 3
equilibrium frequencies are about 3% higher than the experi- wg 2
mental valué of 1580 cn! of graphite, a shift which was
also found inab initio calculations of carbon nanotudés where we have ignored a small constant term resulting from
and which is not expected to influence the calculated defornumerical inaccuracies. By comparison with E2). we find
mation potentials noticeably. Figure 2 shows the dependenc@DP=0.66 for the shear phonon deformation potential.
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4 — T T T a combination of volume and shear deformation of a graphite
® calculated sheet. The measurements of Redtlal, together with model
linear fits I in Ref. 8 (based on elastic constahptgelds a deformation
2r ] potential of 0.45, model l(elasticity theory 0.50, and model
I1l, a molecular dynamics calculation results in 0.22 for the
3 shear deformation potential of graphene. Since none of these
s o ] models are preferred priori the experimental value for the
,f] A1f . shear deformation potential of graphene is20042, which
S agrees well with our value of 0.66.
SDP = 0.66 In conclusion, we have calculated the volume and shear
3 . phonon deformation potential of a graphite sheet and com-
. . ! . . pared them to experimental values. Hydrostatic pressure
0.004  -0.002 0000 0002 0004 measurements on graphite are in excellent agreement with
shear strain ¢ our calculation of the Gmeisen constanty¢°=2.0). The
o ] calculated shear deformation potential (SBE®66) was
FIG. 3. Splitting of theE,, eigenmode of graphene under pure o nared to values derived from hydrostatic measurements
shear strain and the shear deformation pote(8ap). on carbon nanotubes and agreed as well. Our approach, cal-
. , oo culating the deformation potentials for graphene and apply-
Exp(_arlmer]tally thg shear deformation potential is usuaIIying them to the phonons of carbon nanotubes thus appears
determined in unaxial stress measuremé‘??n’té._Because valid. In particular, metallic carbon nanotubes show nearly
such measurement is unavailable for graphite in the latergl,e || shear splitting expected fromb initio calculations

direction, a direct comparison with our calculation is notg, E,q modes with eigenvectors pointing along the axis and
possible. Carbon nanotubes, however, in principle, offer S“C(Perpendicular to it.

a possibility. The graphene sheet wrapped up to form a nano-
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