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The geometrical structures of the crystalline polyethylene under several different external pressures
up to 10 GPa are optimized by a pseudopotential plane wave density functional method. Both local
density(LDA) and generalized gradie(@GA) approximations for exchange-correlation energy and
potential are used. It is found that LDA heavily underestimate the geometry parameters under
ambient pressure but GGA successfully correct them and get results in good agreements with the
experimental geometry. The calculated GGA volume is about i Aomparison with the x-ray
scattering value of about 92%%and the neutron scattering value of 88. Ahe bulk and Young’s
modulus are calculated by means of several different methods. The Young’s modulus along the
chain ranges from about 350 to about 400 GPa which is in good agreement with the experimental
results. But the bulk modulus is several times larger than those of experiments, indicating a different
description of the interchain interactions by both LDA and GGA. The band structures are also
calculated and their changes with the external pressure are discuss@®0lCAmerican Institute

of Physics. [DOI: 10.1063/1.1420404

I. INTRODUCTION pseudopotential plane wave method and its electronic struc-

The role of polyethylene in polymer science is perhapsture was obtained by a fullzgpotential linearized augmented
comparable with the role of silicon in solid state physics and?'@ne wave method. APW).™ Recently, the geometry and
the role of hydrogen in atomic physics. Due to its structuralthe electronic structures of crystalline polyethylene under the
simplicity and its technological importanéemany probes ambient pressure were studied by Montaretrial. using
have been applied to polyethylene together with many conpseudopotential plane wave methods with both the LDA and
current theoretical studies. generalized gradient approximatiotGGA) exchange-

Previous theoretical studies on polyethylene as well asorrelation energ§ They concluded that the LDA overesti-
the other polymers were mostly done for a single chain bymates the binding energies between the chains and the GGA
utilizing the one-dimensional periodicity of the systéth. calculations lead to no interchain binding at all. Using the
The methods ranged from semiempirfcal to first  similar method but only with LDA exchange-correlation po-
principles'~** and in some cases including correlation ef- tential, Hagemat al. studied the elastic modulus as well as
fects from many body perturbation thedfy” In recent  the pand structure of crystalline polyethyléig®
years, density functiondDFT) method were also applied to In this paper, the geometrical structure as well as the

. . . . — 0
single cham polymler system mcludmg polyethyléfie® In . elastic modulus of crystalline polyethylene under several dif-
our previous work! the conformational and the electronic . .
ferent pressures are studied by a pseudopotential plane wave

structure of a single chain polyethylene were calculated at . .
ten different dihedral angles using both Gaspar—Kohn—Sha ethod with both LDA and GGA exchange-correlation con-

exchange and Perdew—Zunger correlation energy and potembmion' The details of the electronic structure calculations
tials. and the structural optimization as well as the dimensions

Several DFT studies have been done on crystalline polytS€d will be described in Sec. II. Section Il presents the
mer systems. Voget al?? reported a local density approxi- OPtimized geometry under ambient pressure. The Young's
mation(LDA) calculation of crystallingrans-polyacetylene. modulus is calculated from elastic constants in Sec. IV. Sec-
The geometry of the crystalline state of another well studiedion V present the geometries under high pressure. The equa-
conducting polymer polyparaphenylene were optimized by dion of state and bulk modulus are also obtained. The elec-
tronic structure and its changes with the external pressure

dPresent address: Department of Physics, Case Western Reserve Univers)(’{/',II be p_resented 'r‘ Sec. VI'_ And finally, the results will be
Cleveland, Ohio 44106-7079. summarized and discussed in Sec. VII.
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II. METHODS AND THE CALCULATIONAL Ill. GEOMETRIES UNDER ZERO PRESSURE
PROCEDURE
Polyethylene crystallizes in an orthorhombic structure

The structural optimization in this article is based on a, space groufPnam (Ref. 1 (see Fig. 1 In each unit
modified variable-cell-shapgVCS) (Ref. 27 dynamics I th f ) . o |
which considers changes in both the positions of the ions an((:Je , there are four (CH) groups situated in two polymer

the components of the metrithe dot products between the c?alns._ TIh(ZILD,?hang Gfﬁ or;::mlztﬁd geo(rjnetrlclal parzrr:r-]
lattice vectors of the simulation cgllA conjugated gradient € er_s, Inciuding the on_ engins, the bon _ang es an N
method, Davidon algorithm, is used to relax the positions ofetting angle of the chain as well as the lattice vectors are

. . . 5
the atoms and to determine the lattice vectors. Instead of tHisted in Table | together with the experimental restilts

total energyE, the enthalpyH =E + PV is minimized at dif- and the other theoretical predictidhd’?124for both the
ferent external pressures of 0, 2, 4, 6, 8, and 10 GPa. Th@ingle chain and the crystalline system. For reasons of nu-
total energy is obtained by self-consistently solving themerical stability that will be discussed below, the GGA ge-
Kohn—-Sham equation for the electron state with aometry is actually obtained at a pressure of 0.1 GPa which is
Ceperley—Alde?® correlation potential as parameterized by sufficiently small in comparison with the pressure steps of 2
Perdew—Zungé? or with a Perdew—Burke—Ermnzerhof GPa used in this article. According to the results in next two
GGA* The interaction of the valence electrons with thesections concerning with the pressure dependence of the pa-
core electrons are described byaminitio norm-conserving  rameters, the changes of intrachain geometries caused by this
pseudopotentiat: The electronic wave functions are ex- imposed pressure is negligible and the changes of the inter-
panded in terms of a plane-wave basis set. The core radius @fain parameters is about 0.5%. A simulated single chain
carbon pseudopotential is chosen to be 1.30 a.u. and the fLﬂE\Iculation is performed by setting the chains in a simple

Coulomb potential is used for hydrogen. A cutoff energy Oforthorhombic lattice with very large lattice constants using

80 Ryis used FO obtam convergence .Of the total energy WlttEhe same plane wave method. The GGA geometry for this
respect to basis set size, corresponding to about 8000 plane : - . .
waves. The Brillouin zone integrations are done with 3 Spe_S|mulated single chain is also listed in Table I. In that table
cial k-points for LDA and 8 for GGA we verify that LDA grossly underestimates the interchain

In a general procedure of optimization, the symmetry Ofdistances and the lattice constants, but that GGA corrects

the molecular crystal may not be preserved because of accipost of the LDA deficiencies f_;lnd predicts interchain param-
mulation of numerical inaccuracies. In our case, we impos&ters and the cell volume in good agreement with the
the condition that the initial symmetry is preserved. OtherX-ray*>>* and neutro?® scattering results. Both GGA and
wise we perform an unconstrained minimization of the enLDA give good results for intrachain geometry, the errors
thalpy with respect to all the variables that are independeniteing smaller than a few percent. The fact that LDA under-
by symmetry.(See Ref. 32 for the details. estimates the intermolecular distances, but gives good in-
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TABLE I. The optimized geometrical parameters in comparison with the x-ray and neutrons scattering experimental and the previous Hafti€e-aRdck
density functionalDFT) calculational resultsd is the shortest distances between the hydrogen atoms and between the carbowatioensetting angle, is

the angle between the PE chain plane andathelane. All the bond lengths, the atom distances, and the lattice vectors are in A and all the angles are in deg.
The results in the first two columns are from this work with GGA and LDA exchange-correlation potential and the results in the third column aredor isolat
chain simulated by using very large lattice constants.

LDA GGA Neutrons Neutrons DF DFT
GGA (CA) (chain X ray? X ray? (4 K)° (90 K)° HF? HF® (chain®  (crysta)?
Bond length
le_c 1.53 1.50 1.54 1.53 1.527 1.5B3 1.5745) 1.536 1.541 1.515 1.512
lcon 1.11 1.12 1.11 1.091 1.061) 1.0711) 1.083 1.087 1.10 1.111
Bond angles
CCC 113.53 113.50 114.16 112 110.8 107.75) 108.15) 112.7 112.5 113.0 114.3
HCH 106.06 105.43 105.94 e e 109.401) 110.01) 106.8 107.2 109.7 105.2
Setting angle
& 44.14 44.44 e 48.8 45 411) 41(1) e e o 41.3
Distances
dec.c 4.13 3.66 4.13 4.59 3.67
dy..n 2.64 2.08
Lattice constants
a 7.304 6.549 7.40 7.388 7.121 7.161 6.73
b 5.017 4.446 B 4.93 4.929 4.851) 4.8662) e e e 4.53
c 2.565 2.515 oo 2.543 2.539 2.548) 2.5441) ‘e e ‘e 2.52
Volume
\% 93.97 73.24 92.77 92.46 88.02 88.72
@ Reference 33. € Reference 37.
b Reference 34. f Reference 21.
¢ Reference 35. 9 Reference 24.

4 Reference 36.

tramolecular distances, while GGA gives reasonable valuessing the partial core corrections for the carbon pseudopo-
for both intra and intermolecular distances is the usual trendential, but did not find a change in behavior. Montanari and
for first row molecular crystals. Jone$* used a method similar to ours, except for the use of

We also optimized the geometry parameters with othethe Becke—Perdet¥*® GGA instead of the PBERef. 30
parametrizations of the exchange-correlation energies an@GA so the difference in behavior should be traced to the
potentials, including the Hedin—LundqvigiL), and Wigner use of a different GGA prescription. The interactions that
(WI). The three different LDA exchange-correlation func- bind the chains include the dispersion forces and also a small
tionals, CA, HL, and WI, predict very similar geometries for attractive electrostatic interactions. Notice that both LDA
polyethylene crystals under zero pressure. Their optimizednd GGA neglect the dispersion force that dominate the
volumes are 73.23 A 73.24 B, and 76.67 A& respectively, bonding between the chains at large distances. One should
and the differences between the C—C bond length are withinot expect accurate results for weakly bonded systems, that
0.01 A. We find the usual result that the differences betweeseems to be the case of polyethylene.
CA and HL are minute, and that WI gives slightly larger To avoid the uncertainties related to a very flat energy
lattice constants. In our previous DFT calculations on thesurface, we decided to use a pressure of 0.1 GPa for the
single chain polyethyleféwhere we found that the Gaspar— lowest pressure GGA calculations. At that pressure the lattice
Kohn—Shan{GKS) and the Perdew—Zunger optimized C—C constants are almost identical to the values obtained at 0
bond lengths are different from each other for about 0.02 AGPa. The most significant changes are for the setting ahgle

It was found previousl¥? that LDA predicts a well de- and the H—H distance. And they are all less then 1%. Using
fined minimum of the total energy as a function of volume,the experimental bulk moduli, such a pressure should change
whereas a GGA calculation shows no minimum. With LDA the lattice constants by around 1%, which is within the ex-
we obtain a large binding energy of 0.44 eV per unit cell, inpected accuracy of DFT.
good agreement with the value for LDA reported
previously>* However for the case of GGA, we find a much |V. YOUNG’S MODULUS
flatter energy surface. At the experimental interchain distance

we find a very small repulsive energy of 0.01 eV, whereas in Since the polyethylene crystal is formed by the polymer

that previous calculation a repulsive energy of about 0.2 e\fhams, it is highly anisotropic. To determine its mechanical

can be read from the figures. Furthermore our automatic géaropertles under high pressure, we must calculate several

ometry optimization did converge to a geometry close to thee!as'[IC moduli, Su‘?h as the Young's moduli along and perpen-
dicular to the chain.

experimental value, suggesting a local minima, or at least a . L

. . . For an orthorhombic system, there are nine independent
region with a very flat energy surface. We performed a Sene%lastic constants. namel
of tests for both the crystal polyethylene and isolated chains; ' Y

using larger cutoff§120 Ry), more k points (8—16, tried C11,C5,C33,C15,C13,C53,Cy4,Cs5,Cog,
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in which only the first six are needed for calculating the TABLE Il. The calculated elastic constants and Young's modulus. All the
Young’s modulus and bulk modulus. The relation betweerfesults are in GPa. The numbers in the parentheses denote the first and the

. . second way to calculate the elastic constants from a manually deformed
the external diagonal stress and the diagonal components gﬁucture

the strain tensor can be expressed as the following matrix

equation: Ciu Gz Cyi Cip Ciz Cyiz Yy Yy Yz
Cll ClZ C13 ” = LDA(l) 41.18 47.14 405.78 11.25 3.19 6.50 38.49 43.99 404.81
1 1 LDA(Il) 48.06 44.22 375.19 12.21 1.43 6.20 44.69 41.03 374.32
ClZ C22 C23 72| =| P2 (1) GGA(l) 39.2 32.86 347.85 2.46 4.67 2.35 38.96 32.69 347.16
C C C 73 Pj GGA(ll) 32.05 30.95 389.27 18.74 5.89 5.21 20.68 19.98 388.03
13 23 33

in which #;(i=1,2,3) is the diagonal components of the

strain tensor andP; is those of the stress tensor. To obtain . _ ) )
Young's modulus along the chain, one needs to sojvet tic constants since the off-diagonal ones are very small in
the condition ofP,=P,=0 GPa andPs=1 GPa. The solu- comparison. The modulug, is the Young's modulus along

tion is easy to get by solving the above linear algebra equa’® Polymer chain. For comparison, our calculated 'Zl??_’/;\;"‘”d
- GGA Young's modulus with the previous theoretf®®

tion, . ) .
and experiment&f > results are listed in Table Ill. Gener-
Cu Cpp Cys ally, the theoretical modulus are 10%—20% larger than the
Ci» Cy Cys experimental modulus. Both GGA and the LDA give
Young's modulus along the polymer chains in good agree-
Y,=— = ment with the experimental results and the previous single
73 P,=P,=0P5=1 Cu Cp chain and the crystalline calculations. In general GGA gives

Ciyp, Cop smaller elastic constants and the Young’s modulus. The very
) ) large modulus obtained by the semiempirical method and the
— C2s Cis 2 HF method with small basis are reduced evidently by using

8 C,, Cy large Basis and further on by counting the correlation effects
do second order perturbatidivP2). The GGA modulus are

Two different methods to calculate the elastic constant ) .
close to the HF results using the large basis.

from the first principle simulations are used. The linear de
pendent of the stress on strain are assumed for both methods.

In one method, the total energies are calculated for a StruGragLE 111 Comparison of the calculated and the experimental Young's
ture with lattice constants deformed from the stable structurenodulus. The results include our GGA and LDA and a previous LDA modu-
The elastic constants are calculated from the second derivéus for crystalline polyethylene, previous HF, and LDA calculations for

tives of the total energy versus the deformation single chain or cluster polyethylene as well as the experimental measure-
’ ments. For the denotation of GGA and LDA methods, see the caption in

U(#n)+U(n)—2U(0) 1 Table II.
Cij=Co—— ’ v (3)
7; 7]
U is the total energy for the equilibrium and the deformed
lattices. If Hartree is used as the unit for energy Crystalline polyethylene
=4.359784 %« 10°GPaRHartree*. In the second GGA( (this work 347.16
method, the stresses are calculated directly from the dd2GAUD (this work 388.03
. . . LDA(I) (this work) 374.32
formed structure wusing the Nielson—Martin Stress| pa (i) (this work 204.81
0,41 H : : : .
theorent®*! and its generalization to include the stress OfLDA (Hagemaret al. 19982 366

GGA. The exchange-correlation parts of the stress is

Young’s modulus
(GPa

Single chain polyethylene

T o= Oapl Ex(P(1)) =ty p(r))1p(r) (4)  MNDO-CO (Dewaret al. 1979° 4935
HF/STO-3G MO(Brower et al. 1980° 420+30
for LDA and HF/6-31G CO(Suhai, 198F 339
Gap= ul exe (1), ¥ p(1) = e (1) () e S16 s (oot 1006 26
DFT/(7111/411/%) (M. L. Zhan I.1999' 20—
_ ﬁ[P(r)éxc(P(r),VP(r))] (7P(r) (5) HF/I\//I(O clu/ster/s(,g\.(Peeters,ang;Qt ol 1999 :27(()5 ggg
d(dgp(r)) ar, )
Experimental results
for GGA*? X-ray diffraction (Sakuradaet al. 1962" ‘ 235-255
Table Il lists all the calculated GGA and LDA elastic Inelastic neutron scatteringreldkampet al. 1968 239
constants and the corresponding Young’s Modulus using thBaman spectroscopichaufele, 1967 358
above two methods. Generally, the two methods obtain simi'—R vibrational analysigBarham, 197 257340
lar results especially for the diagonal elastic constants. Larg&eference 26. “Reference 47.

. . . b, h,
differences appears for the off-diagonal elastic constants gféference 43. Reference 45,
Reference 44. 'Reference 49.

QGA, which may due tg _numencal noise in the determlna—dReference 16, iReference 50.
tion of those small coefficients. According to formuB, the  ereference 45. kReference 51.
Young’s modulus is mainly determined by the diagonal elas{Reference 46.
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TABLE IV. The LDA geometry parameters vs the external pressure, from OTABLE VI. Bulk modulus obtained by fitting equation of state to a polyno-
GPa to 10 GPa. For the denotations and the units, see the caption of Tablerhial. An experimental and a molecular simulation results are listed together.

OGPa 2GPa 4GPa 6GPa 8GPa 10GPa PELDA) PEGGA) PEExpH) PEMSP)
Bond length Y, 73.23 93.90
fe_c 1504 1500 1.496 1.492 1489 1.486 a, —2.2566 -5.233
Moy 1111 1110 1.107 1.106 1.106 1.105 a, 0.33333 0.3414
Bond angles as —0.02712 —0.03232
ccc 11350 113.42 113.26 113.11 113.05 113.05 B, 25.0319 17.93 5.6 11(4tati
HCH 105.43 105.37 105.22 105.12 105.08 105.09 9.8(T=0)
Setting angle By 4.70393 1.338 7.0 7(8tatig
& 4444 4338 4332 43.66 43.65 43.56 7.2(T=0)
Distances Bg 0.97937 1.04
de.c 3.66 3.54 3.46 3.45 3.35 3.31
dyon 208  1.99 193  1.88 1.85 1.81 zReference 52.
Lattice constants Reference 53.
a 6.549 6.339 6.196 6.092 6.007 5.943
b 4446 4313 4224 4152 4092 4.036
c 2515 2506 2498 2491 2485 2479 By fitting the volume to a polynomial of the pressi?e
xo'“me 304 6851 6595 6301 6108 5946 the bulk modulus as well as its pressure derivatives relate to

' ' i ' : ' the fitting coefficients in the following way:
Vo 1+By ®
a=——, a=—=—=V,.
1 BO 2 28(2) 0

V. EQUATION OF STATE AND BULK MODULUS
The bulk modulus can also be obtained by assuming a hy-

The LDA and GGA optimized geometry under different grostatic pressureR;=P,=P;=1) and solving the corre-

pressures are shown in Tables IV and V, respectively. Agponding strain components from Ed) and expressing the
expected, the geometrical parameters between the chaiggik modulus as

such as the C—C distance between neighboring chains and _
the lattice constants changes rapidly with increasing external Bo=(mxtmytm) " @)
pressure in comparison with the bond lengths and the bongthe results for the bulk modulus and its pressure derivative
angles within a polymer chain. As expected, a strong anisoare given in Table VI in comparison with the experimental
tropic effect of the pressure is revealed by the changes of thesults? and the previous theoretical calculatiochisErom
lattice constants along different directions. This coincidesTable VI, it can be seen that the calculated bulk modulus is
with the changes of the inter- and intramolecular distancesabout four times larger than the experimental value and its
For example, the interchain C—C distance decreases for abressure derivative is smaller. This large difference could be
most 10%, whereas the C—C bond length shows almost negaused by the amorphous nature of the experimental material
ligible changes. The deformation along thirection is con-  but we cannot rule out a deficiency of the exchange-
tributed by the changes of the bond length and the bondorrelation potential. Combining with the results on Young’s
angles of the backbone carbon. Both changes are not moffodulus, it can be concluded that despite of the very good
than 1%. results on Young’s modulus alorgaxis concerning with the
interactions within the chain, both GGA and LDA show large
disagreements to experimental results on Bulk modulus
TABLE V. The GGA geometry parameters vs the external pressure, from Qvhich has large components of the interchain interactions. In
GPato 10 GPa. For the denotations and the units, see the caption of Tableéummary GGA gives good geometry but it is difficult to
s GPa 10 gpaduantify it on describing the interchain interactions yet

0GPa 2GPa 4GPa 6 GPa

(Table VII).

Bond length
Fec 1512 1506 1498 1.497 1495  1.493
Moo 1.110 1.101  1.093 1.095 1.092 1.089 VI. BAND STRUCTURE

Bond angles
cce 11353 11311 11403 11350 11332 113.21 Several DFT band structures ef polyethylene have been
HCH 106.06 105.55 105.11 105.43 105.47 105.23 reported previously for both the single chain as well as the
Setting angle crystalline polyethylene. In this article, both LDA and GGA
¢ 4114 4276 4260 4562 4826 46.75 pands are calculated. Figure 2 plots the LDA and GGA bands
E'Stances 413 396 377  ass  a4s 343 [Or crystaliine polyethylene with optimized geometries under

cc . . : . : . L
i 264 235 220 205 197 196 0 GPa_ and 6 GPa external pressures. The band characterl_stlcs
Lattice constants including band gap between the valence and the conduction
a 7.304 7102 6775 6.416 6.194 6.167 bands as well as the valence bandwidths are listed in
b 5017 4727 4534 4346 4251  4.143 Tgple VIII.
f/olume 2.565 2514 2512 2504 2499 2.492 In general, the GGA and LDA valence bands are similar

v 03.97 8439 7716 7011 6579 63.67 (0 each other for both the results of 0 GPa and 6 GPa except
that LDA bands have larger dispersions in both directions
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TABLE VII. Comparisons of the GGA and LDA bulk modulus calculated in The experimental valence band structure of polyethylene
this work and the experimental as well as a molecular simulation results. Fof, 45 been derived from angle-resolved photoemission experi-
the denotation of GGA and LDA methods, see the caption of Table IV. 54.55 .

ments on alkanes, GKCH,);,CH;.>*> So it is worthy to

B, (GPa) compare the DFT valence bands with this experimental re-
sults. The overall forms of GGA and LDA valence bands are

GGA(l) 18.39 o X .
GGA(Il) 245 both similar to the experimental form and the previous band
LDA(I) 27.52 structure calculation®?1?4Both GGA and LDA total va-
LDA(II) 26.37 lence band widths are in reasonable agreements with experi-
fg:g::;‘:g)) ;;gg mental and previous theoretical results. GGA gives better
MS(StaﬂoS 11 low-lying band width and the gap between two groups of
MS(T =300 K)? 7.0 valence bands, whereas LDA overestimates the former and
ExptP? 5.6 underestimates the latter values.

LDA results show larger coupling of the bands of the
neighboring chains if"'—Z and U—-X directions and larger
dispersions il"-Y, which coincides the larger binding en-
ergy of the neighboring chains for LDA. The GGA band
parallel to and perpendicular to the chain direction. Largedispersion for the occupied state of most H character is 0.77
differences are found for the conduction bands, indicating?V, corresponding to a nearest neighboring interaction of
the deficiency of the Kohn—Sham exited states which doe8.39 eV. The LDA dispersion is 1.73 eV, corresponding the
not have any clear physical meaning by its definition. Theinterchain interaction of 0.87 eV. A dispersion of 1.24 eV
valence bands form two groups. The lowest-lying bands arwas obtained by Hagemast al*®
typically associated to carborns2r bonding between back- For studying the pressure effects on the band structure,
bone carbons whereas the upper bands associated withe GGA and the LDA band structures are calculated for
carbon-hydrogernr bands. For the symmetry of the bands, crystalline polyethylene under 6 GPa external pressure. As
see Ref. 21. expected, the coupling of the bandslirZ andU—-X direc-

The calculated band gaps are 6.2 eV for GGA and 6.7 eVtions and the dispersions alodg-Y and X-S directions
for LDA under 0 GPa. The corresponding values were obincrease evidently, indicating the increasing of the interchain
tained to be 5.7 eV and 6.0 eV by Montanatial?* In a  coupling. The effects of the pressure for the gaps between the
recent stud$ on single chain polyethylene using Gaussianfilled and the unfilled bands are different for different points
basis sets, we obtained a 8.0 eV band ¢2f). In compari- in the Brillouin zone. The gaps &, U, andS change little
son with the HF gaf}*21*%he DFT gaps are much smaller, with the increasing pressure. Both gap¥XatndY points are
which agrees with the usual trend. Although the DFT gapsnlarged evidently at high pressure by a rate of 0.174 eV/
for both single chain and crystalline polyethylene are close t@&sPa atX and of 0.191 eV/GPa at for GGA. The corre-
the optical gap of 8.8 eV, it can not be concluded that DFTsponding values for LDA are 0.093 eV/GPa and 0.106 eV/
gap values are better because the optical gap is reduced BPa. Different results are obtainedlapoint for GGA and
the exciton effects. LDA. Both gaps are enlarged by pressure, but with a rate of

aReference 53.
bReference 52.

Energy (eV)
Energy (eV)

FIG. 2. LDA and GGA band structures
of the polyethylene crystal for both 0
GPa and 6 GPa external pressui®.
LDA, 0 GPa; (b) GGA, 0 GPa;(c)
LDA, 6 GPa, andd) GGA, 6 GPa.

Energy (eV)
Energy (eV)

(b) GGA 0 GPa (d) GGA 6 GPa
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TABLE VIII. Band characteristics of crystalline polyethylene under 0 GPa and 6 GPa external pressure,
calculated by both LDA and GGA exchange-correlation potential. For comparison, a single chain LDA, a HF
and the experimental results are listed together. Each value is in eV.

GGA LDA GGA LDA LDA
(OGPa (0GPa (6GPa (6GPa (single chai® HF®  Expt.
Gap 6.2 6.7 6.7 6.5 8.0 13.8 8.8
Total valence bandwidth 13.7 14.2 14.2 14.6 14.0 19.3 16.2
Low lying bandwidth 7.1 8.1 7.7 8.1 6.1 7.2
Gap 1.9 1.5 1.7 14 2.2 2.0
Upper two 4.7 4.6 4.8 5.1 53 6.7

%Reference 21.
bReference 12.
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