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Correlated Prediction of the Photoelectron Spectrum of Polyethylene: Explanation of XPS
and UPS Measurements
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The correlated quasiparticle energies for valence bands of polyethylene have been calculated,
ab initio, employing many-body perturbation theory. Electron correlation effects for the bands vary
from 1.5 to 5.4 eV. The MBPT(2) band energies accurately explain the measured photoelectron
spectra (XPS, UPS) of polyethylene and resolve long-standing disagreements among these experiments.
Density functional theory fails to provide agreement with experiment. This example demonstrates the
critical role of correlatedab initio theory in obtaining accurate band structures for extended systems.
[S0031-9007(96)01419-6]

PACS numbers: 79.60.Fr

X-ray (XPS) [1-4] and ultraviolet photoelectron spec- In this Letter, we report the initial MBPT(2) quasipar-
troscopy (UPS) [5—8] provide rich information about theticle valence band energies for polyethylene. We will
valence bands of extended systems. The further develoghow that unlike DFT, thab initio MBPT(2) description
ment of angle-resolved UPS (ARUPS) can even be useith a polarized 6-31G** basis [18], properly converged
to directly observe the band structures. In the last twawith lattice summations and integration over reciprocal
decades, these two methods have been frequently usedace [17], accurately explains the XPS and UPS spectra.
to elucidate the valence electron structures of synthetitVe will also show that the disagreements among the
organic polymers. Among them, polyethylene is wellexperiments can be resolved by considering the width of
studied [2—4,6-8]. the x-ray and UV radiation.

Various semiempirical methods [8] and Hartree-Fock Polyethylene is considered in its athns conformation
(HF) calculations [9—11] have been used to attempt to inwhich has a screw axi$, along the chain direction. The
terpret polyethylene’s measured UPS and XPS spectra. énit cell is CH. Unlike polyacetylene, there are only
few semiempirical methods, among many, provided somslight differences among the geometries determined either
agreement with experiment in selected energy ranges, bl experiment or by theory. In our calculation, we will use
failed in others [8]. HF offered a better description of the x-ray structurercc = 2.89 bohr, rcy = 2.02 bohr,
the general features [9—-11], but, in the absence of elecx HCH = 107.0 deg, andZ.CCC = 112 deg [10,19].
tron correlation, which is crucial in a first principle de- The quasiparticle band energies are defined as the elec-
scription for both finite molecules and extended systemsron ionization potentials for valence bands beyond the HF
[12-15], the HF band structure would require a 2 eV shiftapproximation, of which the MBPT(2) expression is
and an 80% contraction in scale to compare with experi- (Mepr(2)]
ment [7]. However, there are discrepancies in the ex£P
periments that require resolution. The experimental XPS_ _ur Sy 2|(P1||AB)I* — Re(PI|AB)(BA|PI)]

1 AB

data [3] finds a peak at 12.6 eV that is not seen in either €p HE L eHF _ (lIF _ HF

the other XPS work [4] or ARUPS experiments [8] and

misses a peak at 15.4 eV, seen in the other experiments N Z Z 2(PA| 11> — R(PA|LT){JI|PA)]
IJ A

[4,8]. The ARUPS result misses the 9.6 eV XPS peak elF 1 ellF — (P _ HF - @
[8]. Predictive correlated theory can help to resolve these
questions. wheree}" is the HF band energy?, I, J, andA, B denote
Many-body perturbation theory (MBPT) and its infinite- the occupied and unoccupied Bloch orbitals, respectively.
order coupled cluster (CC) generalizations provide a sysMore explicit formulas are presented elsewhere [17,20].
tematic way to obtain the essential effects of electron Our MBPT(2) program for extended systems for the
correlation in finite systems [14,15]. A few efforts have total energy and band structure is combined with HF
been made to formulate and apply such tools for exsolutions from PLH93 [17,21]. In our calculations, we
tended systems, usually focusing on band gaps [16,17&mploy 34 unit cell{CH,) in the lattice summations and
The MBPT(2) band gaps are larger than the experimentall points in the first Brillouin zone for integration over
results primarily because of the unphysical HF conducthe reciprocal space to ensure that the numerical results
tion bands, although MBPT(2) provides great improve-are converged. This is critical for MBPT(2) calculations
ment compared to HF band gaps [17]. Photoelectroiin extended systems [17].
spectra, however, depend upon the valence bands, mak-Figure 1 shows the HF, two density functional theory
ing MBPT(2) an even better approximation. (DFT) variants (LDA and gradient corrected BLYP) [22],
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FIG. 1. The HF, LDA, BLYP, and MBPT(2) valence bands of 02|
all-trans polyethylene with basis set 6-31G as a functiorkof
0.0

and MBPT(2) band structures of polyethylene calculated 5 1
with the 6-31G basis set. The MBPT(2) bands are above a
the HF and below the DFT ones. The correlation shift u
is different at different points in the bands [23], being 3
around 2 eV for the first two bands. For the third band,
the shift is about 5 eV at 0 and 3 eV at/a. 2 1, 11,
Figure 2(a) shows the density of states (DOS) for the 1 1, B
MBPT(2) bands shown in Fig. 1. The peaks in the ’ r w 1.2,
DOS have corresponding maxima in the photoelectron 0 : L
spectra and can be well determined experimentally. The %m0 A5 0 S
calculated values for these peaks using HF and MBPT(2) E(eV)
with 6-31G and 6-31G** bases, the latter containingrig. 2. The MBPT(2) photoelectron spectra for wilns
d functions on C andp functions on H, are compared polyethylene with basis set 6-31G. (a) Density of states,
to experiment in Table I. As polarization functions are(b) photoelectron spectrum with' = 0.2 eV, and (c) photo-
essential to measuring correlation effects, we see shifts Gfectron spectrum with' = 0.75 eV.
0.1t0 0.3 eV.
The XPS and UPS for polyethylene are measured in
the solid phase. However, it is known that the weak The energy distribution of the incident radiation can
van der Waals intermolecular interaction causes only abodie described by a linear combination of Lorentzian and
a 0.1 eV energy-band dispersion [24], which is negligibleGaussian curves with a half width at half maximurn
compared with the large intramolecular dispersion of 5 evThen the relative line intensities are expressed as
The difference between the binding energy of an individual
chain in the gas phase and that in the solid phase is the WO(??E) _ Z 1di(E') {ﬂ r 4 Ve In2
function, a constant determined to be in the range of 4.5 t — m (E — E"? + I'? r\ -
4.8 eV. The experimental values listed in Table | take the o
work function as 4.8 eV [8]. F{—n— g 2}} /
The line intensities of the measured spectra depend on  ex 2 (E = E)|jdE, (2)
both the photoionization cross sections and the frequency
distribution of the incident radiation. The photoionizationwhere ¢; is the ith band’s photoelectron cross section,
cross sections are functions of the angle of incident radiad;(E’) is the band’s DOS, while,; andw, are the weight
tion, the energy of the radiation, and the angle of the emitef the Lorentzian and Gaussian curves, respectively.
ted electrons. Hence, the ARUPS spectra varies with these With I' = 0.2 eV and using equal weight for the two
three parameters [8]. Here we focus only on the peaks dfurves, we obtain the MBPT(2) photoelectron spectrum
the DOS when we compare with the ARUPS spectra. Fodescribed in Fig. 2(b). Because of the strong overlap,
the XPS spectra, we simply use the Gelius model [25] foand I, merge into one peak as do the two peakdlpf
the relative photoionization cross section taking the photo©Other peaks in the DOS have their own corresponding
ionization cross section of thé,, bonding band to be 13 maxima in Fig. 2(b). The first ionization potential (IP)
times larger than that for the other two valence bands. has a small but visible peak.
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TABLE I. Comparison among the peaks in the density of states calculated using HF, BLYP, and MBPT(2) with basis sets 6-31G
and 6-31G**, respectively, and those measured by XPS and ARUPS.

P I, I A I I L 11 78
HF 6-31G 10.51 1231 1252 16.08 1837  21.43  30.21
HF 6-31G** 10.55 1237 1264 15.99 1827 2150  30.03
BLYP 6-31G 5.93 7.39 7.40 1024  11.73 1370  19.92
MBPT(2) 6-31G 8.08 950 10.32  10.75 13.44 1591 1848  25.09
MBPT(2) 6-31G** 8.40 1059  11.06 1354 1599  18.39  24.66
XPS [3] Polyethylene 8.6 9.6 11.2 12.6 13.8 18.0 23.6
XPS [4] Cs6Hoyy 9.8 11.1 13.7 15.4 18.0 23.8
ARUPS [8]  CssHoy 10.5-12.0 14.0 15.5 18.3 24.6

“MBPT(2)/6-31G** calculations have been done only at the peaks.
bDepends on the parameters of ARUPS measurements [8].

The full width at half maximum of the x ray used radiation, and the emission angle of the electrons. The
in the XPS experiments was about 1.5 eV [26], e.g.maximum corresponding th andl, in the photoelectron
I' =0.75 eV. Using Eqg. (2) with equal weight for the spectra varies betweeh and I, with the three parame-
two curves, we obtain the corresponding line intensitiegers. It could be larger tham, since the DOS at the
described in Fig. 2(c). There is no other peak correspondsutside ofl, is very large. The position of the peak mea-
ing to the first ionization potential in Fig. 2(c) since its sured in the ARUPS experiment, indeed, varies from 10.5
photoelectron cross section is diffuse. This agrees welo 12.0 eV with the experimental parameters [8]. Con-
with both the XPS and UPS spectra, in which no pealsidering our MBPT(2) values faF; and I, with basis set
around the IP in Fig. 2(a) was observed. 6-31G** are 10.59 and 11.06 eV, respectively, the agree-
The measured shoulder in XPS, labeledn Table I, ment between theory and experiment is excellent. Since
was originally erroneously thought [3,10] to be the IP,the three parameters in the XPS experiment are fixed, only
but, instead, is the result of overlap among the I, one peak is observed fdy and I, which occurs at 11.1
and the IP peaks. The enlarged part in Fig. 2(c) clearhand 11.2 eV in the two XPS measurements, respectively,
shows that there is a shoulder in the MBPT(2) spectrunagain in excellent agreement.
whenI is 0.75 eV. The shoulder located at about 9.5 eV The peakl, measured in an earlier XPS experiment
agrees well with the XPS results of 9.6 and 9.8 eV. Thg3] was not observed in the later XPS spectra [4] and
shoulder appears in the photoelectron spectrum only whethie ARUPS measurements [7]. The MBPT(2) ionization
the relative photoelectron cross sections of the two bandspectrum in Fig. 2(c) supports the later experiments,
corresponding taC,, and H;, bonding have a suitable indicating thel, peak to be an artifact.
ratio. Because of this unfavorable ratio, the shoulder For the peakd; and I, the MBPT(2) values agree
could not be seen in most UPS spectra [8]. Howeverclosely with those observed in the three experiments.
if one checks the measured spectra carefully, one caReakl,, as shown in Fig. 2(c), is at the foot of the much
discern the shoulder in the spectra observed at speciatronger peakl;. It is easily suppressed by the tail of
angles and energies. II, if the signal-to-noise ratio is not adequate. This is
Although the IP cannot be accurately measured in eithegprobably why I, was not observed in the earlier XPS
the XPS or UPS experiments, since the radiation width i€xperiment [3] while it was in others [4,8].
not small enough, it can be deduced from the measured The two energetic peakid; andI, come from theC,;
energy gap and the work function. The IP value deterbonding band. I7; has two peaks in the spectrum of the
mined by Delhalleet al. [3] in this way for polyethylene DOS described in Fig. 2(a). The peaks are so close that
was 8.3 eV. The work function used in his determina-only one peak could be observed in the XPS and UPS
tion was 4.5 eV. To match with the other experimentalexperiments, as happened for the two peaks corresponding
data given by Sekét al. [8], the experimental IP, namely to I; and I,. However, since the two peaks df;
8.6 eV, listed in Table | is determined by taking the work belong to the same band, the relative photoelectron cross
function to be 4.8 eV deduced from the ARUPS experi-sections of the two peaks vary in the same pattern with
ments. Our MBPT(2) IP with basis set 6-31G** is 8.4 eV, the two angles and the radiation energy in the ARUPS
which agrees well with the experimental result. measurements. Thus, the position of the peak should not
In both the XPS and UPS spectra, the two peaks corvary much with these experimental parameters. This is
responding td; and I, are too close to be distinguished, why a peak with a stable position fdi; was observed
so only one peak is observed with any given experimentalvhile the peak forl; and I, varied over a range in the
parameters. As mentioned ffyr above, the relative pho- ARUPS measurements [8]. Once again, our MBPT(2)
toelectron cross sections of the two peaks vary differentlyesults agree well with those observed in the XPS and
with the incident angle of the radiation, the energy of theARUPS experiments.

3671



VOLUME 77, NUMBER 17 PHYSICAL REVIEW LETTERS 21 OTOBER 1996

10 ' ' ' [1] D.T. Clark and D. Kilcast, Nature (London33 77
(1971); C.R. Ginnard and W. M. Riggs, Anal. Che#d,
1310 (1972); D.T. Clarket al., J. Polym. Sci.10, 1637
(1972).

[2] M.H. Wood et al., J. Chem. Phys56, 1788 (1972); J. M.
André and J. Delhalle, Chem. Phys. L7, 145 (1972).

[3] J.M. André et al., Chem. Phys. Lett23, 206 (1973);
J. Delhalleet al.,J. Chem. Phys60, 595 (1974).

[4] (@) J.J. Pireaux, R. Candano, and J. Verbist, J. Electron
Spectrosc. Relat. Phenom. 267 (1974); (b) J.J. Pireaux
et al., Phys. Rev. Al4, 2133 (1976).

05
[5] C.B. Dukeet al.,Chem. Phys. Lett59, 146 (1978).
[6] M. Fujihira and H. Inokuchi, Chem. Phys. Lett7, 554
(1972).
[7] K. Seki et al., J. Chem. Phys66, 3644 (1977); N. Ueno
et al., Phys. Rev. B41, 1176 (1990).
[8] K. Seki and H. Inokuchi, Chem. Phys. Let89, 268
(1982); K. Sekiet al., Chem. Phys105, 247 (1986), and
references therein.
i [9] J.M. André and G. Leroy, Chem. Phys. L&§t.71 (1970).
_'_/ [10] A. Karpfen, J. Chem. Phy§5, 238 (1981).
0.0 ” _2'0 _1'0 5 [11] H. Teramaeet al., Theoret. Chim. Acta®4, 1 (1983).

[12] P.O. Léwdin, Adv. Chem. Physdl4, 283 (1967);2, 207
FIG. 3. Comparison between the experimental and the  (1959); R.J. Bartlett, Ann. Rev. Phys. CheB2, 359

MBPT(2) XPS for polyethylene. Solid line: experimental (1981).
XPS measured by Pireaust al. [4b]; circles: the MBPT(2) [13] J.J. Ladik, Quantum Theory of Polymers as Solids
photoelectron spectra shown in Fig. 2(c). (Plenum, New York, 1988).

_ [14] R.J. Bartlett, in Modern Electronic Structure Theaqry
For thell, peak, the three experimental values are 23.6,  edited by D.R. Yarkony (World Scientific, River Edge,
23.8, and 24.6 eV, respectively, differing by 1 eV. Our New Jersey, 1995), pp. 1047-1131, and references
MBPT(2)/6-31G** value is 24.66 eV, which is in excel- therein. _ _
lent agreement with that of the ARUPS measurement, bd15] R.J. Bartlett and J.F. Stanton, Reviews in Computa-
lieved to be the most reliable [8]. tional Chemistry edited by K.B. Lipkowitz and D.B.
A direct comparison between the MBPT(2) photoelec-_ Boyd (VCH, New York, 1994), Vol. 5, pp. 65-169.

: : : 16] S.T. Pantelidest al., Phys. Rev. B10, 2602 (1974);
tron spectra shown in Fig. 2(c) and the experimental S. Suhai, Phys. Rev. B7, 3506 (1983).

XPS spectra measured by Pireaetal. [4(b)] is given 115 5 g 0 a0q R 3. Bartlett, J. Chem. Phi@4 8553 (1996).
in F'g: 3, where thal, peak of the two spectra has bee_n 18] W.J. Hehre, L. Radom, R. Schleyer, and J.A. Pople,
superimposed. The two spectra match very well, evenin- ~ ap |nitio Molecular Orbital Theory(Wiley, New York,
cluding the three small peaks that fall betweem0 and 1986).
—16 on Fig. 3. [19] S. Kavesh and J.M. Schultz, J. Polym. Sci.2A 243

In conclusion, we have obtained the quasiparticle band  (1970).
energies for the three valence bands of polyethylen&0] The second double bar in both Egs. (49) and (50) of [17]
using correlated [MBPT(2), 6-31G, 6-31G**%b initio should be a single bar. . . .
theory for extended systems. Unlike HF or DFT (LDA [21] J.M. Andréet al., Quantum Chemistry Aided Design of
and BLYP) calculations, MBPT(2) accurately explains __ ©Organic PolymergWorld Scientific, Singapore, 1991).

. . [22] M.D. Towler, A. Zupan, and M. Causa, Comput. Phys.
the XPS and UPS measurements while also resolvmb2 ] Commun. (to be pubFI)ished) and references thgrein. y

the discrepancies among the experiments. Further W0r[l§3] MBPT(2) reduces the 16.65 eV HF band gap by 3.48 eV.
W,i” fOCL,’S on higher order CC/MBPT and two and three [24] M. Pope and C.E. Swenberdglectronic Processes in
dimensional systems. Organic Crystals(Clarendon Press, Oxford, 1982).

We thank Dr. M. Causa for providing the DFT results. [25] U.J. Gelius, J. Electron Spectrosc. Relat. Pher&n85s
This work is supported by the U.S. Office of Naval (1974).
Research under Grant No. NO0014-92-J-1100. [26] M. Deleuzeet al.,J. Phys. Chemd7, 5115 (1993).

3672



