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Spectral properties of quasiparticles in a semiconductor
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The one-electron excitation spectrum of the prototype semiconductor Si has been obtained from a first-
principles calculation of the spectral-weight functié(ﬁ,w) of theinteractingone-electron Green’s function.
The Dyson equation has been solved with the self-energy operator obtained@Wttagproximation, where
the bare propagatde and thew-dependent screening matn, without (random-phase approximatipand
with (time-dependent local density approximaliorertex corrections, have been computed within Kohn-
Sham-—Ilocal-density-approximation theory. Positions of quasiparticle geeksthe “band structure}; their
lifetimes, and satellite (plasmaroh spectral structures are extracted in a broad energy range.
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weight functionA(qg, w) for single-electron excitations is, at | E— ﬁ_vext(r)_VH(r)

least ideally, what is measured by a direct or inverse angular-

resolved photoemission experiment in solids: assuming the

final states of the emitted photoelectrons are plane wées - f d’r 'Exc(r,r';E)) G(r,r';E)=4a(r—r’). (1)
assumption controlled by the energy of the applied photon

neglecting the electron-phonon coupling and extracting from

experimental results extrinsic effectenergy losses of the This equation has a form similar to the Kohn-Sham equa-
electron on its way to and through the surfattee remaining  tions of the density-functional theofyprovided the self-
primary photoemission spectrum could be directly inter-energy %,. is replaced by the Kohn-Sham exchange-

preted in terms of the spectral functiaﬁ(ﬁ, ) for single- correlation potentiQIVXC. However, in con_trast with the
electron excitations. Th& dispersion of well-defined al- Kohn-Sham potentiaVc, the self-energik, is a nonlocal,

S L complex, and energy-dependent operator. Due to the compli-
thOUQh broadenedvia lifetime (_affects) qu_a_3|part|cle pez_aks cated self-consistent dependence3gf on G, solving Eq.
gives theband structureof a solid. In addition, the function

N (1) is a difficult task even for the simplest model systems,
A(q,w) contains other peaks dlsually smaller spectral e g., jellium. The self-consistency is provided by a closed set
weight than the quasiparticle peaks, called the satellitessf coupled equationésee, e.g., Ref.)2which in the simplest
These structures are also seen in photoemisgieB) approximation that includes dynamical polarization pro-
experiments. cessegRPA), are decoupled by neglecting the vertex correc-
In this paper we present first-principles results for thetions. In this cas&,,. can be written
spectral-weight function obtained within the lowest-order ap-
proximation in the expansion of the self-enerly, in the gy ] iws , ,
screened Coulomb potent)l, i.e., theG W approximatior?, 1B = 5 f dwe™*"G(r.r", E-0)W(r.r',0),
for the prototypical semiconductor Si. The motivation comes 2
both from experiment and theory: on the one hand, the fea-

sibility of such calculations should have an impact on pho_whereW(r,r @) 1S the dynamically screened Coulomb po-

. . — 71 . 71 . . _
toemission experiments, motivating the angular-resolved de:ﬁ)r:t'?rlr’";ﬁ;vt\:]e Eso-l():;ilgvdgr\]/vea t:]oexilg\;?ir(fr? screening ma
termination of line shapes and detailed structufiéstimes, ) pp ’

. L Application of the GW approach in the framework of
stelliteg of the quasiparticle spectrum. On the other hand1‘irst-principles calculations for real solids still remains a

firsF-principIes cal'culations of_various pr)ysical quarjtitiesz forcomputationally extremely demanding task. Despite the fact
which themteractmgone-parycle Green's fqnc'ugn IS an in- -+ theGW method was applied many times to obtain band
put, such as precise extraction of two-particetical, €t gtrctures of various materidls’ the main goal of most
excitations, require the knowledge of both real and imagithese calculations has been to explain the observed differ-
nary parts of the self-energy and, therefore Ad, ). ences between the energies of experimental PE peaks and the
The dynamics ofN—N=*1 excitations, wherdN is the ~ Kohn-Sham eigenvalues. With a few exceptidfi§ the en-
number of electrons in a solid, is described by the oneergy dependence of the dynamically screened Coulomb po-
electron Green'’s functio®(r,r’;E), which can be obtained tential W has been modeled by one of the plasmon-pole
from the solution of the Dyson equatién: schemes proposed in the literatuemd only the real part of

The momentum- and frequency-dependent spectral( V2
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the self-energys, in the energy region close to the Fermi , .
level has been calculated. Some work has included specific >c(": ?E):% Pen(T) Picn(T")
forms of the vertex functiof? such as excitonic
corrections' or calculated in a simplified manner the second- X[O(E—&xn)— O0(eg—&xn)]
order terms in the expansion Bf,. in W.° 1 (e £l
In this paper, we present new results for the prototypical S j w—San—z \TV(r,r’;iw) ’
and most studied semiconductor, silicon. We calculate not ™ (E-en) ™t o
only the quasipatrticle shifts, but rather the full energy depen- (4
dence of the quasiparticle spectral-weight function ) ) — _
A(r,r'":w), which is defined by the equation whereeg is the Fermi energy anW=W-—v., with v the
Coulomb interaction. We have evaluated expressinin
the space spanned by the Bloch functions of the correspond-
ing LDA Kohn-Sham Hamiltonian using the exchange-
= AT o) correlation potential of Ceperley and AldérThe interaction
G(r’r,;“’)zf '—’,dw’, ©) with the ionic cores was replaced by the non-local pseudo-
e 0T potential as in Ref. 15. A plane-wave basis set was used to
solve for the LDA Bloch functions. The applied cutoff of 18
, ) ) ) , ) Ry corresponds te- 340 plane waves and describes well the
where G(r,r’; ) is the interacting Green's function. The  occypied and the unoccupied states in the excited-energy
spectral-weight functiom(w) contains experimentally ac- range relevant for Eq4). The w-dependent inverse dielec-
cessible informations through the energy position and widthric matrix ¢ 2, necessary to build up the/ operator, was

of the main quasiparticle peak. The additional struct@es 50 1ated at the uniform mesh bfoints in the BZ from the
elites also belong to the experimentally observed| pa pandsl® No plasmon-pole approximation was applied.
spectrunt. _ o _ Instead, the screening matrix was calculated at the discrete
General properties of quasiparticle spectral-weight funcmesh of energies ranging from 0 to 100 eV with a step of 0.5
tions in silicon and diamond have been recently studied in @&y. An interpolation between energy-mesh points to the ac-
model calculation by Bechstedt al* Also recentl_y, quas, tual energy argument,,—E was applied for each matrix
Godby, and Need$ proposed a ‘“real-space/imaginary- element of the operatV. The integral over energies on the
time” scheme of calculating the self-energy in solids. Fromyight-hand side of Eq(4), where the screening operator is
the self-energy obtained at thmaginary-energy axishey  taken along the imaginary-energy axis, was performed by a
derive the spectral-weight function of silicon at theal-  Gaussian quadrature. We note in passing atonverges
energy axisvia an extrapolation procedure. Here we do notrather slowly with the number of bandsin Eq. (4). Here we
use this method, but instead calculate the self-energy directlyse 100(conduction bands and find that taking only 50
on the realw axis and project the screened Coulomb inter-bands results in an upwards shift 0.2 eV in the energy
action W into reciprocal space. The self-energy operator igposition of the topmost occupied state gt 0. This is an
obtained in theGW approximation, with the bare propagator important point, as the energy position of the topmost occu-
G and the dynamically screened Coulomb potentialwith- pied state determines various physical observables, such as
out[in random-phase approximatiéRPA)] and with vertex  the ionization potential, work function at the surface of the
correctiongin time-dependent LDATDLDA)], being com-  solid, or the band offset at the interface. Interestingly, the
puted within Kohn-Sham theory in the local-density approxi-value we obtain for the energy position of the topmost occu-
mation(LDA). The self-energy and the functigk(k,w) are  Pied quasiparticle peak at thiepoint is about 0.2 eV lower
calculated for a number of vectors across the Brillouin than ".:1” preV|ous!y published results known to us. We think
Zone (BZ). In this way, a plot of the “band structure” in this discrepancy is caused by the above mentioned slow con-

A ! . o _vergence inx..
silicon in terms of the dispersion of the spectral-weight func In Fig. 1 the dispersion of the spectral-weight function

tion is obtained. In addition, we extract the energy depen- . L i .
dence of many-body shifts and quasiparticle inverse lifetime$\(k, @) for k alongL-I'-X directions is shown. The quantity
for states ranging up to 70 eV above the Fermi level. Oudisplayed is TrA(k,»), where the trace is taken in the sub-
results indicate that the simple model of a constant shift opace of Bloch functions with fixed wave vectarThe zero
quasiparticle bands with respect to the Kohn-Sham bandgoint of the energy is at the energy of the topmost occupied
(the scissor operatorbecomes inadequate beyond a few eVIL.DA-Kohn-Sham eigenvalue. There is an energy region
range from the Fermi level and that beyond this energyaround the absolute gap for which the quasiparticle peaks in
range, the behavior of the quasiparticle self-energy shifts anghe GW approximation become a renormalizédfunction
of the inverse lifetime resembles qualitative features of thez, §(w—E,), with Z,=(1—d3/dw) 1. The imaginary part
behavior of these quantities in the jellium mode?. of the self-energy is then strictly zero due to the absence of
Using in Eq.(2) the noninteracting Green’s function, ex- electron-hole excitations, which can absorb the energy of a
pressed in terms of Kohn-Sham—LDA orbitatg, and ener-  decaying quasiparticle. The size of this region is given by the
giesey, (the subscripts K” and “ n” denote the wave vec- smallest possible excitation energy contained W{E),
tor k and the band index, respectively, one has the which is equal to the absolute gép our case the LDA gap
following expression for the correlation part Bf. (the re- if one assumes the RPA in screening, i.e., no excitonic
maining part is the pure exchange self-engrgy effects? Since the LDA gap is much smaller than the

\7V(r,r’;skn—E)
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FIG. 2. The shift of quasiparticle energigg,— E, pa as a func-
tion of the corresponding Kohn-Sham—LDA enefypa - Egp is
the energy position of the quasiparticle peak. Full circles are the
result of the standar@RPA) GW calculation[Eg. (2)], the empty
circles have the TDLDA vertex function included. The shifts were
calculated along the-T"-X lines.

Energy (eV)

FIG. 1. The spectral-weight function for quasiparticles in Si
alongL-I'-X directions calculated within the RPA approximation.
Theﬁ vector is given in units of Z/a, wherea=10.261 a.u. The
energy zero is fixed at the energy of the topmost occupied LDA
state at thd” point. Arrows indicate quasiparticle peaks, which are
renormalizeds functions. GW approximationt” Unfortunately, to the best of our
knowledge, angular-resolved photoemission experiments in
“true,” or * GW" gap, we obtain a nonzero width for qua- the valence-band region of silicon do not extend thus far
siparticle peaks close to the topmost occupied state, whichelow the Fermi energy. We hope to motivate with our re-
should bes-function-like peaks in a fully self-consiste®W  sults new high-resolution experiments focused on the deter-
calculation. For example, the energy shift with respect to thenination of the detailed fine structures of the quasiparticle
LDA value for the topmost occupied state is0.63 eV, spectrum: the plasmon satellites and the line shapes.
which therefore falls below the LDA electron-hole excitation  Full circles in Fig. 2 display the many-body shifts of qua-
threshold (Auger tresholg, which is 0.51 eV. A self- siparticle energies as a function of the corresponding LDA
consistency cycle in the calculation of tl&W self-energy  single-particle energies, calculated for states along the
would restore the&-like shape for this and other states within L-T"-X lines. The shifts were obtained from the positions of
the Auger threshold. One should remember, however, thgteaks in the spectral functions projected onto each Bloch
for states near the Fermi level the width of experimentalstate!® A few important points should be noted. First, it is
peaks must be much larger than B&V theory can predict. seen that beyond a small region of 3—5 eV around the Fermi
One(technical reason is the fact that experiments are alwaydevel the many-body shifts are far from being constant. In
done with a certain instrumental accuracy, which contributegarticular, a clear dip in the value of shifts is visible for
to the width of measured peaks. Anotliphysica) reason is quasiparticle energies between 10 and 30 eV above the
the fact that close to the Fermi level other mechanisms ndEermi level. Such a dip, which has been obtained also for the
included in the purely electronic and perfectly periodic bulkself-energy in jelliunf'3 arises as the result of the enhanced
Hamiltonian, such as scattering on crystal imperfections oprobability of plasmon emission, when the quasiparticle en-
interaction with phonons, could be more efficient in broad-ergy is high enough. At and beyond this energy region
ening the quasiparticle linewidth. We expect, however, thatjuasiparticle-energy shifts grow rapidly. There exists a rather
beyond a few eV above and below the Fermi level, i.e., inlarge scattering of the shift values for quasiparticle states
the energy region where the electron-electron interaction is with similar (LDA) energies. This scattering reflects the spa-
dominant relaxation mechanism, our predictions are quantitial behavior of the self-energy in a real material: a projection
tatively correct. An interesting many-body feature of theof 3,. on different Bloch functions with different spatial and
quasiparticle spectral lines is the presence of plasmon satedymmetry properties gives quite different results.
lites. They are clearly seen in Fig. 1 as broad peaks below the In contrast to previously published results, almost all of
lowest occupied quasiparticle band. In our calculation thehe contribution to the increase of the LDA absolute gap
energy position of the satellite peaks comes out to be abowtems in our calculation from the downwards shift of occu-
1.5 of the plasmon energy below a given quasiparticle peakpied states. While the topmost occupied state is shifted down
This seems to be an overestimation of the binding energielsy 0.63 eV, the lowest unoccupied state moves only up by
of plasmon satellites and a feature of tR&/ approximation. 0.05 eV. Since the position of the topmost occupied state
Experimentally, at least for core spectra and some availablshould be exactly given by th@xac) Kohn-Sham formal-
valence spectra of simple metals, plasmon satellites ansm, the question arises as to whether, for silicon, the LDA
shifted by the plasmon enerdyways of correcting for this approximation used in the Kohn-Sham equations strongly
overestimation have been proposed, which go beyond theverestimategmoves up the energy of the topmost occu-
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TABLE |. The positions of the main quasiparticle peaks in the 6 — , . . : : : :
spectral function in silicon for some states in eV. The energy zero is
put at the topmost occupied LDA—Kohn-Sham enei@yV refers . .
to results obtained with Eq4), GWI" when vertex corrections were i . b ’. "". ..’8’
included according to Ref. 9. 8 . p{.o‘o Josde 0o
4 ] o &0':. goooooo'
LDA GW GW B o go%%o%.é.&?" %’o
3.l o ;@ &0 i
ry, —11.93 —12.20 —-11.78 = S o &°
Tos, 0.00 ~0.63 ~0.06 g & 8 °
Iis 2.55 2.60 3.16 2 Too .
I 3.26 3.33 3.93 f
X1, -7.77 -8.20 7.74 . \ _
Xap —2.83 —3.46 —2.94 ¢
X1e 0.65 0.72 1.28 . _,M, L
L2’u —9.58 —90.08 —953 -10 10 20 30 40 50 60 70
Ly, —6.96 —7.41 —6.94 Brpa (eV)
Lar, —-1.19 —1.83 —1.28 FIG. 3. Diagonal matrix elements of the imaginary part of the
Lic 1.50 1.55 2.12 self-energy between Kohn-Sham—LDA orbitals, calculated at the
Lac 3.33 3.43 3.99 energy of the corresponding quasiparticle peak. The full circles are
Absolute gap 0.51 1.19 1.19  the result of the standartRPA) GW calculation[Eq. (2)], the
Occupied-band width 11.93 11.57 11.72  empty circles have the TDLDA vertex function included. The self-

energy is calculated along theI'-X lines.

pied state, or whether th&W approximation to the full the Fermi level(in the case of a hole the empty state means
many-body self-energy strongly underestimatésoves a state occupied by an electjolenergy and momentum re-
down) this energy. The latter possibilty would point to the leased in the transition are absorbed by excitations of the
importance of vertex corrections in the calculation of thesystem present in Irﬁ'(/), which is connected to tHess func-
self-energy. The fact that the work function in silicon is tion. It is interesting to note that the overall shape of both
rather well described within the LDR indicates that the plots in Fig. 2 and Fig. 3 is quite similar to corresponding
inclusion of vertex corrections is required. plots for the case of jelliurh® Apart from the lack of full
Treating vertex corrections systematically, i.e., respectingotational symmetry in a real solid and the effects of the
conservation laws, is extremely difficult even for the sim-crystal potential, which give rise to a certain scattering of
plest homogeneous electron-gas system. As first shown ysults for states close in energy, and apart from the obvious
Hanke and Shaffland later again by Del Sole, Reining, and differences in the behavior of the real and imaginary parts of
Godby; taking into account screening with the induced self-energy in the energy region around the Fermi I&veie
exchange-correlation field within the LDA approximation similarity is rather striking. In particular, as in the case of
(the adiabatic TDLDA approac’) leads to a many-body jellium, the imaginary part of the self-energy reaches a kind
vertex function, which in effect “renormalizes” the screened of a “saturation” region for quasiparticle energies high
Coulomb interaction: W' =[1—x%(vc+fy)] 've, With  enough to decay with the emission of a plasmon. As in Fig.
fe=6Vio" 6n.22 As in Ref. 9, we will call this approach 2, the full circles in Fig. 3 show results obtained with the
the GWI" approach. The physical interpretation of this pic- standard RPA) GW approximation, while empty circles re-
ture is appealing: the bare Coulomb interaction of the “ex-fer to the case in which the vertex function is included within
tra” particle injected into the solid is screened not with thethe TDLDA theory. While inclusion of the vertex corrections
test chargetest chargedielectric function, but with théest  decreases the value of the imaginary part of the self-energy
charge-electrondielectric functior?® although the induced for guasiholes, it increases it for quasielectrons in the energy
exchange-correlation field is described only approximatelyregion up to~30 eV above the Fermi level. This was to be
Empty circles in Fig. 2 show many-body shifts obtained inexpected: within the adiabatic TDLDA approach theal
this case. As already noted in Ref. 9, the quasiparticle an¢hctor f,. in W’ leaves the imaginary part oV’ almost
LDA energy of the topmost occupied state almost coincide irunaffected for small energies, but contributes to the increase
this case. Table | summarizes some results obtained in thisf the real part. As a consequence, the positions of quasipar-
work for quasiparticle energies at various states. ticle peaks are shifted by about 0.6 eV to higher energies, as
Figure 3 gives the energy dependence of the imaginargeen in Fig. 2. This means that they are shifted to the region
part of the self-energy calculated at the quasiparticleof smaller ImS for occupied states and to larger Infor
energy?* The imaginary part oF originates from the first unoccupied states. For quasiparticle energies higher than 30
term in the square bracket in E¢4) [W(r,r";iw) in the eV there is already a pronounced difference in the imaginary
second term in Eq(4) is reall, This term provides a clear part of self-energy whef is included in the screening. The
physical interpretation for the lifetime of a quasiparticle: thenet effect is to increase the quasiparticle lifetime in this en-
presence of the difference of the two-step functions in Eqergy regior?®
(4) allows the quasiparticle to decay to thosmpty states In conclusion, we have presented the “band structure” of
only, whose energy is between the quasiparticle energy ana real solid in terms of the spectral-weight function, with an
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ab initio account of electron-ion and electron-electron inter-very much resemble the jellium results. The often used con-
actions. Plots, as shown in Fig. 1 for silicon, correspond tacept of the “scissor operator” becomes particularly inaccu-
what is usually called th@rimary photoemission spectrum rate there and the quasiparticle shifts have rather strong en-
and should prove useful for the detailed analysis of photo€rgy dependences. Our calculation of the energy dependence
emission measurements. The feasibility of first-principlesOf the lifetime due to electron-electron interactions is, to our

calculations of the spectral-weight functioA¢d, ) should knowledge, the first such calculation with fullgb initio

have an impact on direct and inverse PE experiments antanethods for a re.a.l solitf .Th's resul'g shows that the com-
motivate new, high-resolution measurements focused on th only used empirical optical potential can be replaced by a

determination of detailed spectral features, quasiparticle Iife-UIIy ab initio calculation of the self-energy.

times, and the satellite structures. In accordance with general This work was supported by the Deutsche Forschungsge-
expectations it was demonstrated that, beyond a small regiameinschaft, Project SFB410. We thank Dr. Reinhard Noack
of a few eV around the Fermi level, the energy dependencéor his comments on the manuscript and Gerd Hildebrand for
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