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Interchain electron states in polyethylene

S. Serra
International School for Advanced Studies (SISSA), Via Beirut 4, 1-34014 Trieste, Italy
and Istituto Nazionale per la Fisica della Materia (INFM), Uni@SSA, Trieste, Italy

E. Tosatti
International School for Advanced Studies (SISSA), Via Beirut 4, 1-34014 Trieste, ltaly;
Istituto Nazionale per la Fisica della Materia (INFM), UnitaISSA, Trieste, Italy;
and International Centre for Theoretical Physics (ICTP), P.O. BOX 586, 1-34014 Trieste, Italy

S. larlori
Pirelli Cavi e Sistemi, V. le Sarca 222, 1-20126 Milano, Italy

S. Scandolo and G. Santoro
International School for Advanced Studies (SISSA), Via Beirut 4, 1-34014 Trieste, Italy
and Istituto Nazionale per la Fisica della Materia (INFM), Uni@ISSA, Trieste, Italy
(Received 30 November 1999

We present a theoretical study of the nature of the lowest empty conduction-band states in crystalline
polyethylene(PE), conducted through density-functional electronic structure calculations. Results reveal that
the wave function of the conduction-band edge isntérchain character, as opposed to timerachain char-
acter of all the filled valence-band states. Thus, while a hole added to neutral PE will mainly belong to the PE
chain backbone bonds, an added electron in PE will mostly reside between the chains, and far from the existing
bonds. Moreover, the added electron state charge centroid is predicted to move further out from the chain
backbone towards the low-density interstitial region, if and when the chains are pried apart. This suggests that
injected electrons will naturally flow to low-density regions inside real PE, and that the experimentally estab-
lished propensity of PE to expel electrons out of the bulk, should be directly related to the interchain nature of
the conduction states.

[. INTRODUCTION henceforth refer to this kind of behavior of electronic states
asintrachain By comparison, the conduction states, in spite
Understanding the nature of the electronic states corresf their obviously larger importance for transport, seem to
sponding to the valence-band tdpole stateg and to the have received much less attention; and their nature is pres-
conduction-band bottorfelectron statess of paramount im-  ently unclear. The purpose of this work is to fill this impor-
portance in all semiconductors and insulators. Key propertant gap.
ties, including in the first place the conduction process in There are, to be sure, certain technical reasons that make
transport, but also impurity trapping, self-trapping, anda study of the empty conduction states of polymers more
charge-induced degradation processes, depend intimately dfifficult than that of valence states. Thus, in PE for example,
that nature. In particular, in insulating polymers—materialslow-energy electron transmission and secondary electron
of choice for high voltage applications—it is necessary toemission data have long been availableyt k resolved in-
understand conduction states, since electrons are most oftgrerse photoemission data have not. On the theory side also, it
the relevant carrier underlying both transport and electricals generally difficult to calculate proper quasiparticle states.
breakdown behavior. The usual default empty states found in electronic structure
Strikingly, however, there appears to be very little specificcalculations do not enjoy the same variational quality and
work dealing with insulating polymers and aimed preciselysignificance as the filled ones. Most calculation methods suf-
at understanding the nature obnductionstates. Even in fer from a “gap problem:” the calculated insulating band
polyethyleng(PE), chemically the simplest, and certainly the gaps are systematically inaccurate, either too |dagen the
most popular insulating polymer for high voltage ac and dccase of Hartree-Fock, or linear combination of atomic
applications, only theralenceband states have been reason-orbitals/tight-binding methodsor too small[as in the case
ably well characterized. Experimentally, that was achievedf density functional theory in the local-density approxima-
by means of k-resolved photoemissioh; theoretically, tion (LDA)]. A wrong energy gap will, in turn, lead, at least
through various types of electronic structure calculatforts. in all cases where valence and conduction states are of simi-
From these studies, the valence bands can be seen to be maaienature, to an error in the form of the wave function at
up of both C-C and C-H bonding states, which propagate antand edges. In a LDA calculation, the problem will generally
disperse relatively strongly along each chain, but do thabe worse for conduction states, which are in a sense unphysi-
very poorly, if hardly at all, between the chains. We shallcal, for unlike valence states they do not directly determine
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top view side view tions of PE, using state-of-the-art density-functional meth-
ods, based on plane-wave expansions and pseudopotentials.
The choice of a large plane wave basis set in our calculations
was particularly important, in order to capture the best pos-
sible real nature of conduction states. Restricted local basis
sets, very effective for describing localized valence states,
should be considered here with suspicion, as they may fail to
properly describe the more extended, higher energy conduc-
tion states.

Calculations were carried out within the LDA/GGA.
Becke-Perdefv and Becke-Lee-Yang-Parr gradient correc-
tions (GC) (Ref. 9 were used as two alternative choices for
Fhe exchange-correlation term of the total energy functional.
goth these functionals are known to be relatively accurate in

escribing both electronic and structural properties of
carbon-based systems, either solid or molectiaiartins-
Troullier pseudopotentials were used to describe the ion-
. electron interactions for both C and H atoms. Wave func-
the ground-state electron density and thus the total energyions were expanded in plane waves, with a plane-wave
Needless to say, all these potential difficulties hardly dimin-energy cutoff of 40 Ry, checked to ensure a sufficient con-
ish the importance of understanding conduction states of ingergence for our purposel§-point sampling of the Brillouin
sulating polymers, whose study remains mandatory. zone was tried with increasing density of points, and the

The scope of this paper is to present a fresh theoreticalegree of convergence was checked. Results reported here
investigation of the empty electronic states of crystalline PEwere obtained using a >33 k-point mesh in the &,b)
chosen as the prototype insulating polymer for both fundaplane, and 1®& points parallel to the axis, on account of the
mental and technological reasons. Of course, real solid PErger band dispersion along chains. In all calculations, intra-
that one can make in the laboratory is far from crystalline,chain atomic positiongbond lengths and bond anglesere
encompassing both amorphous regions and crystalline lameptimized by relaxing positions to obtain minimal energy, by
las in an extremely complex texture. Technological PEMeans of a standard minimization algorithm. Interchain dis-
moreover, possesses additional complications, includingnces, as discussed elsewhéreannot be obtained in this
those related with cross-linking chemicals. All the same, ithanner because of the lack of van der Waals forces in the
can hardly be overemphasized how a good starting knowlLDA/GGA functional. Instead, the interchain distances were

edge of the electronic properties of the ideal crystalline stat@SSigned parametrically a grid of values starting with the

is of primary importance. The crystalline electronic states€XPerimental distance of true crystalline PE, and increasing

will be related to, and to some extent will determine, those of© 1arger and larger distances, to mimic eventually the limit-

real PE used in applications. Moreover, there is no hope of'9 case of a single isolated PE chain. .

eventually understanding electrons in real PE if we do not Comparison of our calculated PE relaxed structure with

even begin to fathom their nature in the much simpler crysfhat of GeHz4 (Ref. 12—a long alkane which has been ex-

talline state. tensively studied as it is much easier to crystallize than PE,
The method of calculation will be based on the gradientPut whose electronic and structural properties are believed to

corrected LDA(LDA/GGA). Despite the gap problem, there D& Very close to those of PE — is in very good agreement

are, in the case of PE, good reasons to believe that condu="1%). We obtained bond lengthsc¢—1.534 A ey

tion states are, in fact, well described. The reason is that, as 1-11 A, against experimental values'ofcc=153 A,

it will turn out, the nature of the lowest conduction states infcr=1.09 A, and bond anglesfccc=113.3°, fcy

this case is very different from that of valence states, so that 105.3°, against experimental values 6fcc=112.3°,

an error in the calculated gap does not reflect strongly on thércn=109.5°. This proves that we have obtained an excel-

conduction state wave functions, and on their band disperfent description of the chemical bonding, which determines
sion. intrachain properties. We found very little dependence of the

intrachain properties upon the GC scheme chosen. The cal-
culated electronic structure for BLYP is shown in Fig. 2. As
found in previous LDA calculation’?® valence bands are in
good agreement with photoemission dhtéhe calculated
High-density crystalline PE possesses a based-centergdp is 6.4 eV, against an experimental value, well estab-
orthorhombic (bco) unit cell with lattice parametersa lished for the alkane GH-, of 8.8 eV13 As anticipated, this
=7.4 A,b=4.93 A andc=2.534 A, as found from x-ray discrepancy reflects a typical weakness of the LDA, which
diffraction date® The bco unit cell consists of four GHinits ~ systematically underestimates gaps. Whether this is of con-
arranged in two chains whose axes are parallel tacthgis.  sequence or not for the conduction state description will,
Looking down thec axis, the chains form a “herringbone however, depend on their nature relative to that of the va-
structure” (Fig. 1), i.e., they lie on planes alternatively ro- lence states, which we considered next.
tated by a setting angle of abotit42° relative to theb axis. Figure 3 shows the square amplitude of the conduction
We undertook first-principle electronic structure calcula-|£°%9? and valence| 42?2, band-edge wave functions

FIG. 1. Side and top views of the crystal structure of polyethyl-
ene. The structure is base-centered orthorhombic, with lattice p
rametera=7.4 A, b=4.93 A, andc=2.534 A(Ref. 6. The two
independent chains of the orthorhombic unit cell are oriented alon
the ¢ axis and are rotated by-42° with respect to thé axis,
respectively.

Il. CALCULATIONS
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FIG. 2. Left panel: Band dispersion of crystalline PE along sym-
metry directions; right panel: same as left panel but for an inter-
chain spacing expanded by a factor 3.5. Notice the effect of the
increased spacing on the conduction bands, which clearly show a
free-electron-like behavigonly partially visible for the conduction
bands at equilibrium distance, left panhel
. o b)
(electron and hole states, respectiyalgrresponding in Fig.

2 to the lowest empty band and the highest filled bank at
=(0,0,0). The valence state amplitude, as expected, is
strictly localized on the chains. The conduction state ampli-
tude on the contrary is dramatically spread out, and has its
maximumbetweerthe chains.

In contrast with the intrachain character of the valence
state, we shall refer to this kind of behavior of the conduc-
tion edge state asiterchain—by analogy with the so-called
interlayer states, found in some layer compoutds.

IIl. INTERCHAIN STATES IN POLYETHYLENE

Quite generally, we may define an interchain state as one
(i) whose wave-function amplitude is maximum away from C)
the chainsjii) whose band-bottom energy tends essentially
towards vacuum zero from above when the chains are moved
apart; andiii) whose band dispersiork dependendeparal-
lel as well as perpendicular to the chains is strong and free-
electron-like, at least as the interchain distance is sufficiently - 5 (Colon) (a) Charge density three-dimensioraD) plot

increased. of |2,|? for crystalline PE. Density increases from red to indigo

If ind_eed, as it_seems to be the case in PE, an i”tefChaim rainbow order. Notice that the density is all intrachdlr). Same
state might constitute the lowest conduction band, then ongs apove for the corresponding conduction stai™

°nd2. Notice
could expect that a conduction electron in its lowest energynhe jarge maximum in the middie of the unit-cell eodges, between
state should naturally be channeledt of the crystal, since pext-nearest-neighbor chains. There is a second maximum close to
the lowest allowed electron energy inside the solid is higherihe central chain, where, however, on#y10% of the wave func-
by virtue of (ii), than the zero of energy in the outside tion is found.(c) Charge density 3D plot of the conduction state,
vacuum. This property corresponds to negative electron af¢°742, for an interchain spacing expanded by a factor(8dre-
finity (NEA), a rare but well characterized property of somesponding to the right panel in Fig.).2Here the large interchain
materials. NEA is found, for example, on hydrogen-saturatedvave-function maximum is clearly observable.
diamond(111) surfaces?® and in hexagonal BN* Because it
involves both the solid and the vacuum, electron affinity, likeproperty that the conduction band bottom energy decreases
work function, is a surface property. Thus, strictly speakingsteadily towards vacuum zero as the chdpiane$ are sepa-
NEA cannot be ascertained with pure bulk calculations of theated, it follows that at any such surface, there will be states
type carried out here; and, in fact, work is now in progress irof zero or possibly even negative eneigyg., image charge
our group to carry out a much more demanding surface cailstate$ which do not penetrate deep inside the crystal, be-
culation aimed at establishing the polymer electron affinity.cause the conduction-band bottom energy is higher. That be-
Still, it can be argued qualitatively that since the lowest bulking so, a bulk conduction electron will be naturally chan-
conduction-state has interchain nature, as defined above, theeled to the surface, and out of the crystal, which signifies
the property of NEA must follow, at least for any surface theprecisely NEA. In Pate’s languad®this would be a case of
does not cut across the chaiffganes. In fact, from the intrinsic NEA.
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Let us return to our calculated conduction-band disper- V. CONSEQUENCES FOR REAL POLYETHYLENE:
sion, shown in Fig. @&). First we may note that the absolute DISCUSSION
b_an(_j—.bottom energy is positive, but this in |ts_elf Is of no The conclusions of this work on the nature of the empty
significance, as all calculated bulk band energies lack refer-

ence to the vacuum zero. We shall return to this point Iaterelectronlc states in PE is rich of potentially important conse-

. . guences for our future understanding of the electrical behav-
however. Low-lying conduction states are dense, and as

. ) . ior of real PE. Particularly relevant are the implications on
whole they appear to disperse approximately parabolicall . . : :
) . -~ the microscopic nature of space-charge regions in PE, and on
and isotropically for momenta both parallel and perpendicu- - . .
electron mobility, which we can briefly address.

lar to the chains, suggestive of free-electron-like behavior. B h ‘ fh tv states i talline PE i
The similarity with a free-electron band, indicating an effec- °€CaUs€ the nature ot the emptly states in crystalline Fk 1S

tive mass close to one, is indeed suggestive of an interchaifft€rchains, one can argue that an added electron will prefer
state. The valence band is by contrast remarkably anisg® Move to a low-density region, such as the outer wall of a
tropic, with an effective mass along the chains which iscavity, or a crystalhne—am_orphous mterfacg, where it can
about one-half that of conduction states, but about 100 timeBave a lower energy than in the dense regions. An electron
larger perpendicular to the chains. injected inside real, inhomogeneous PE will be quite natu-

These tentative hints obtained by studying band dispertally channeled towards these low-density regions, and be-
sion are, as noted above, much strengthened after inspectioame spontaneously trapped there. Due to the local inhomo-
of the squared wave-functions amplitudes of Fig. 3. The vageneity in the density of PE, electrons that make up space
lence state is clearly intrachain, since the wave function vaneharges, for example, will be nonuniformly distributed at the
ishes everywhere except for the vicinity of C-C and of C-Hmicroscopic level. Counter-intuitively, they will tend to ac-
bonds on the chain, but the conduction state behaves diffeeumulate where the local PE density is lowest, not highest.
ently, with maxima well removed from the chains. From Fig. In particular, we predict that crystalline regions, such as the
3(b) it is also evident that maxima are located in betweeninterior of lamellas, should be essentially empty of space-
two neighboring equivalent chains, as in pajij. In order charge electrons.
to obtain further confirmation of this fact, we examined the External physical actions such as pressure, which act to
evolution of this state in a series of successive calculationsncrease density, should reduce the size and number of low-
realized by expanding artificially and progressively the inter-density pockets, and therefore also their ability to trap elec-
chain distances. We expanded th@ndb axis magnitudes trons. This may be related to the improved electrical behav-
by a factora, while keeping thec-axis length, which con-  jor known for PE under pressuté.
trols intrachain properties, unchanged. As the expansion fac- The interchain character of the conduction state implies a
tor a increased from 1 to 3.5, the valence states hardlstrong electromechanical effect. An added electron in PE
changed, whereas the first conduction state gradually exwill tend to mechanically push away the neighboring chains,
panded outwards from the chains, eventually stabilizing to &o as to create for itself a lower density region where it can
well developed maximum located very fa~5 A, Fig.  have lower energy. Hence the added electron will, in prin-
3(c)] outside the chains. Moreover we found that the energyiple, act as a local negative pressure, and disfavor compact-
of this state extrapolates from above ter to an energy ness in its neighborhood.
E.. which is very close to zero, in fact slightly negative  An electron in PE cannot be expected to be able to move
(E.=—0.14 eV). We note here that, once the interchainfreely, as in a true conduction-band. The conduction-band
distances are being so expanded, the bulk calculation coniottom energy being high, trapping will be favored. Trap-
prises an increasing portion of vacuum. There is an accumyping will not only occur at chemical defects, but also
lation of empty states towards the energy of true vacuunat a variety of physical defects, including low-density
zero, which as a result is in this limit becomes well defined.pockets, interfaces, etc., which can act as traps in virtue
Returning to the conduction-band edge state, we can corof the interchain nature of conduction states. The exceed-
clude, when its characters are compared with our definitionghgly low electron mobilities observed in PE u(
(i)—(iii), that the lowest conduction state of PE definitely is~10"7-10"%? cn? Vs ) are compatible with this pic-
of interchain character. ture (though, of course, they do not prove. it

Moreover, the small negativE., and the related large Moreover, the temperature dependence of the mobility is
stabilization distance of-5 A indicates that the binding generally activated® with activation energies of the order of
of an additional electron to a single PE chain will not be0.7-1.1 eV. One can interpret this activation energy as a
strong and chemical, but weak and physical. Once chaingapping energy of the relevant electron below the free bulk
are assembled together to form bulk RPEhose spacing, conduction band. Considering that the experimental magni-
4.44 A is much less than-10 A) this electron state be- tude of NEA and the energy of the conduction-band mini-
comes confined, literally squeezed, between the chains. Thaum about vacuum zero are about 0.4-0.5°gkis range of
additional kinetic energy due to the confinement must raisactivation energies imply traps located at an energy of 0.1—
the band-bottom energy to a positive value relative t00.6 eV below vacuum zero. This is precisely the energy
vacuum zero. The slightly negatie, , found on separating range suggested, above, e.g., for surface and interface states.
chains, in turn foreshadows the presence of surface statd$seems, therefore, entirely possible that the physical defects
most likely image charge states, physically bound with arcould represent an important class of traps which limit mo-
energy of perhaps 0.5-1 e¢ince a single chain binds with bility in PE.
at least 0.14 eYto the basal plane of the semi-infinite PE  In conclusion, we have found that interchain electron
crystal. states exist in polyethylene, where they should constitute the
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