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Based on a recent exchange-correlation kernel developed within time-dependent-density-functional theory
we derive a practical and general expression for the three-point vertex function. We show that excitonic effects
in LiF strongly modifies the low-energy electron linewidths leading to linear scaling with quasiparticle energy.
We also prove that, in contrast to previous results for the electron gas, simple metals, and semiconductors,
vertex corrections in the self-energy and in the screening function do not compensate each other.
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The experimental quasiparticle band structure of bulktions and electronic screeniiidominated by collective exci-
metal and semiconductor systems has been successfully etions, plasmons build from independent electron-hole tran-
plained by theGW self-energy scheme®in its simplest non-  sitions, i.e., excitonic effects in the screened Coulomb
self-consistentGoW, implementation. Similarly, the quasi- potentialW, are neglected The QP lifetimer, can be calcu-
particle linewidths of simple and noble metals have beenated with the Fermi golden rule, using this noninteracting
studied _exten5|yel§/_,but a first-principles description of the v as a scattering potentiat 1=—25 || AAm[Wy(E; - Ey)],
electronic contribution to the electron and/or hole |In6WIdthS\Nhere|i>,|f> are the initial and final states, with, matrix

in semiconductor and insulators is not yet available. The '®33lements();, and energie€; E; such thatE,~E,>0. This
' 1 1 .

; ; ; ; ; ; i
son is that the low-energy quasiparticle dynamics in semi- cattering scheme, also known as the “on-mass shell

conductors tends to be dominated by inelastic phonon scaj- C S . : . ;
tering, the electronic contribution glaying a r?ﬂnor role. pproximation to th&,\W, linewidths, provided valuable in-

However, this scenario changes drastically when the quasF—igh.t into the el_ectron—hole Iinewidths of'metéliherefore,
particle energy is larger than the minimum energy required td" Fig. 1 we estimate the electronic linewidths of Lthoxeg

excite an electron-hole pair. Above this threshetbat is  Within this approximation. ASA, is calculated in terms of
zero in metals and approximatively twice the band gap ifon-interacting electron-hole  pairs7;"=0 when E;
insulators the rapid increase in density of electron-hole pairs™ Er <Egap (Eqap is the DFT gap quasiparticle states with
dominates the quasiparticle damping, resulting in a mainlnergy £ <2Eq,, have zero linewidth(infinite lifetime).
electronic contribution to the lifetime. It is well known that These states are indicated by the dashed area in Fig. 1.
in insulators, at difference with metals, the attractive interacAbove this region a quadratic energy dependence of the line-
tion between electrons and holes can lead to the formation ofidth is recovered, as in metdls.
a bosoniclike excitonic stateExcitons modify remarkably
the optical and energy-loss spectra and, consequently, the
microscopical mechanisms responsible for the quasiparticle 0
damping. This effect is stronger in wide-gap insulators such 5 8
as LiF. %6 \ A — T
In this paper we tackle the problem of evaluating the im- P ‘2“ ey 5/ 7
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2
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pact of the excitonic effects on the quasiparti¢i@P) dy- IE
namics of LiF, using a simplified vertex function in the elec- o
tronic self-energy. An efficient approximation for the three- 3
point many-body vertex function is given in terms of the g
two-point exchange—correlation kerngl,® recently devel- =
oped in the framework of time-dependent-density-functional Egp L . ey
theory (TDDFT).2 As a result, we show that the electronic L r X 05 1L.1~5W.§th2[-5V]3 35 4
linewidths of LiF display a linear dependence as function of mewidi e

the QP energy that can be traced back to the incipient exci- FiG. 1. (Color onling Left panel: calculated DFT band structure
tonic effects induced byf,..° Understanding the inelastic of LiF (here Ecgy and Egy, Stand for the DFT conduction-band
mechanism which dominates the phase coherence time isinimum energy and the energy gafight panel: Electron line-
crucial to the field of quantum transport in mesoscopic andvidths calculated “on-mass shell” as a function of the single-
nanostructured materials. Thus this work is the first step toparticle energy. Boxes: RPGW,. Circles: TDDFT-based vertex

ward a full firSt-prinCiples deSCfiption of the quaSipartide correction to the self-energy, i'e’%WFEFlSDFT approach that turns
dynamics of semiconductors and insulators. out to be very close to a simplé,W calculation(see text The

In the usual one-shdByW, self-energy scheme, it is as- dashed area denotes the forbidden energy region for quasiparticle
sumed that a basic density-functional-theofDFT)  decay into electron-hole pairs. Error bars represent the theoretical

calculatior provides good approximation for QP wave func- uncertain due to the “zero-broadening” extrapolatief. 11).
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space, time, and spin coordingte¥he screened Coulomb
interacton W is as follows: W(1,2=v(1,2
+[d34v(1,3x(3,4HW(4,2) wherev(1,2) is the bare Cou-

3 LR N T T e lomb interaction and the irreducible polarization function,
8 b T ]

g

e 52(1,2):—iJd34G(1,3)G(4,1)r(3,4;2), ?)

L q=0.25TU R e

Thus, given an approximation fat the self-energy is com-
pletely defined through Eqgél) and(2) plus the Dyson equa-
tion for G. Electron-hole effects are embodied in the vertex

Energyz_E [eV]4 6 functionT that appears in the self-energy directly, in EL),
&P and, through the polarization function, E®). The interplay
FIG. 2. Calculated loss function of LiF for momentum transfer P&fween those two effects has been strongly debated in the

g along the directiod’U. Continuous line: TDDFT calculation with last years, using different approximations fgrand different
an f,. kernel that mimics excitonic effeci®kef. 5. Dashed line:  levels of self-consistency in the solution of Dyson equation.
RPA. However, all the systems analyzed in the past are character-

As the short-ranae screened Coulomb repulsion modifieized by moderate, if not absent, excitonic effects in the po-

drast g€ S A pu farization function. Thus even if the use of two-point
rastically the polarization function in LiF, one is tempted to o T

apply the previous on-mass-shell scheme to analyze the rof@F T-based~** or finite order vertex functiong™® can be
of excitonic effects on the quasiparticle dynamics. Thisiustified in the case of the homogeneous electron gas or
would correspond to replacd/, by the screened Coulomb Simple semiconductors, they will be inadequate in the case of
potential W obtained from the many-body Bethe-Salpeterwide-gap insulatorge.g., LiP, as well as in the case of other
equation(BSE).3910 |n practice, the BSE sums all the pos- strongly correlated systems. Next we derive a TDDFT ap-
sible binaf_yt00|t|i5i0;3 betwet;:nl flectronskafnd tﬁOIES] DYIO\{.idproximation to the vertex functioh following the spirit of
ing a consistent and successful framework for the calculatio ) : . -
of the interacting polarization function. However, the BSE isrhstf'. 5 dto_t;:_aprt?]duce th% glagrartnrrz)atz_c e'z(hpansmn Tof
computationally very demanding and it becomes unpractica? ained within the many-body perturbation theory. |
when the microscopical dielectric matrig(q,») must be In the non-self-consistent scheme the BSE exprebsas
calculated for a large set of transfer momenqtand frequen-  terms of the independent partic¥, [calculated using Eq.
ciesw, as it is the case for the calculation of linewidthso  (2) assumingl'(1,2;3=48(1,28(1,3)] and the bare DFT
bypass this difficulty we computé(q,w) within a TDDFT  Green’s functionG, as
frameVﬁJrk, using arf,. kerneP that mimics well the BSE
results:* This performance is illustrated in Fig. 2 for the loss -
function €1(q, w), which is the relevant quantity to build the F1,2;3=41,241,3
screened Coulomb potenti®. From Ref. 5 we know that ) ~
TDDFT reproduces the experimental loss function, therefore +iW(1,2) f d67Go(1,6)Ge(7,2)1(6,7:3.
comparing the TDDFT and random-phase approximation
(RPA) results of Fig. 2 we see that RPA misses the strong 3
weight of the loss spectra just above the band gap. Conse- -
guently the inclusion of excitonic effects in thi&W calcu-  When this vertex” is inserted in Eq(2), the corresponding
lation translates into a drastic change of the quasiparticlequation fory correctly describes excitonic effects in the

decaying rategred circles in Fig. 1 compared to the RPA  polarization function at the BSE lev&IEven if T is an

results(blue boxeg highly nonlocal, three-point function, it has been recently
This simple scattering approach, though appealing, lackshown that, as long as we are interested in the two-point

of theoretical consistency. Exchange-correlation effects havgolarization functioriy, Eq. (2) can be cast in terms of the

been included Only in the polarization function, while, in the tWO_point exchange_corre|ation kererJ: of TDDFT (Refs_ 5
spirit of the original work of Hedir,they should be included gng 16

in the self-energy as well. However, we will show below that

the results obtained within a proper treatment of self-energy

and polarization effects do not deviate appreciably from the X(1,2) = x0o(1,2 + J d34xo(1,31d(3,4x(4,2. (4
previousGyW results. We start the derivation from the defi-

nition of the self-energy operat&(1,2), given by Herexo(1,2=-iGo(1,2)Gy(2, 1) gives the DFT polarization
. . ~ function. At this point if we take the exchange-correlation
2(1,2 =i J d34W(1%,3)G(1,41'(4,2;3. (1) potential corresponding th, as a local approximation to the

self-energy, then the vertex function can be easily contracted
Here G(1,2 is the interacting Green's function and into a two-point function:'(6,7;3=1,.(6,3)8(6,7),12-14
I'(1,2;3 the irreducible vertex functiotmumbers stands for with
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-1
floc(laz) = |:5(1,2) _f d3fxc(1l3))(0(3a2):| . (5)

Thus Eq.(1) gives2(1,2) =iW'PPFT(1* 2)Gy(1,2), in terms
of the TDDFT effective potentiaW™®PFT(1,2)=[d3v(1,3)
x{8(3,2) - [d4[v(3,4) +1,(3,8]x0(4,2} L. From this self-
energy the lifetime of a generic conduction stat&ith mo-
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T® (1,2;3 = 8(1,2)8(2,3) +iW,(1,2) f d4G,(1,4)

X Go(4,2T166(4,3). (7)

It is crucial to observe tthT(T%DFT is not a first order vertex,

asf‘mc sums an infinite number of diagrams. Equatiah
can be easily generalized to give higher order approxima-

mentumk is given by tions for T', consistent with the high-order correctionsfig

of Ref. 5. As it is commonly done we neglect dynamical
effects in the BSE? ie., we assume Wy(1,2)
~Wy(r{,r»;0=0) in Eq. (7). This approximation is moti-
vated in the present case, as we are interested in the low-
energy electronic linewidths neglecting self-consistency ef-
fects. We have verified numerically that for LiF, Si, diamond,

with poy (kqG)=(nk|€@*®"|n'k-q), G a reciprocal space and SiQ f%DFT(l,Z;S) is an excellent approximation to the
vector and() the crystal volume. Different expressions for “true” BSE vertex functionl".

T\, based either on the local-field factor of the homoge- NOW We can study the quasielectron lifetime in this ap-
neous electron g& or on time-dependent local-density proximation for the vertex function and for the electronic
approximatiof®* (TDLDA) have shown that the inclusion self-energy. To do so, we use as above the on-mass-shell
of local vertex corrections in both and almost cancel out, aPProximation, i.e., the lifetime is given by the imaginary
ie., T\oe IN S undresses the exchange-correlation effectdart Of 3. =GoWI'{j o1 evaluated at the DFT energies
approximations fof.. produce optical Shectravery Simiarto o=~ IMIEKISEr e + X ielel)]. (@

the RPA, in disagreement with experiments. This importanHere the linewidths are computed as an average of the “left”
drawback of a TDLDAf,. has been recently related to the 44 “right” self-energiesy and 3° in order to restore the

long-range nature of the kernelf,(r,r’";w)~-a(w)/|r properr,r’ symmetry of the self-energy. Using E€7) 7,

—r’| that partially counteracts the repulsive Hartreecan pe simplified by performing the energy integration in the
contribution>1® The stronger the electron-hole effects are, iy ~
complex plane and exploiting the pole structurel“élg

the larger the correction embodied inis. In the case of
wide-gap insulators like LiF, there is a large region of fre-
quencies and transfer momergavheref,. is stronger than
the Hartree terngi.e., a>1). This leads to unphysical line-
widths: for a large energy range (&), and hence™?, has a
wrong sign. This result is visualized by noticing that with 1 o
respect to aGyW, calculation a change of sign af!is  Wherery , corresponds to the standaB3W approximation,
controlled by the sgw+f,.), that is proportional to and

[1-a(w)]. A similar result was obtained in Ref. 12 by look- - _

ing at the highg limit of the TDLDA kernel that goes as oo (kaG) =0 P> pc%(kqel)[WO(Q)]Gle

f.c~ 02 The reason for this important failure of a two-point *Glechzvz

vertex function is connected to the imposed reduction of the ch,vz(k - qQGz)pCZUZ(k - QQqG) (e
nonlocality from the original, three-point vertex function. In
physical termd’,. overestimates the intensity of the vertex
correction because two incoming particlesitering in 1 and

2 in the exact vertex functiolt) are supposed to coexist at IS (kaG) =01 X Pos,(kAG D[Wo(Q)]s 6,
the same time-space point. To overcome this difficulty we G1G2Qcov;
decided to release the constrain on the spatial locality and XP;'cz(k - 4QG)p,c,(k - QUG) (ex

define a TDDFT vertex functioﬂFTDDFT(l,Z;C%) such that,
for a givenf,(1,2), I'rpper IS consistent with Eq92)—<4).

To this end we recall that in Ref. 5 we derived a diagram-gq ation(9) constitutes the main basic result of this paper
matic expression fofy. in terms of the screened Coulomb ony can pe easily extended to the quasihole linewidths.

_l~ _1 .
(l)Xo , with Equation(6) must be compared with E9). In the case of

T =207 Y peo(kqG1)p,. (kqG,)

G1,G2q,c’

(6)

TDDFT,
XIMWg ¢, (0, €k ~ €crk-g) ],

DFT

~1_ -1 - TDDFT,
Tok = Tao~ 207 > 2 IM[Wg G, (0. €x ~ €rk—g)]
G1.G2q,c¢’

X RE[TY, (kqGy) + I (kqG )lp.. (kaG2)}, (9)

-1
- Gc/k_q - ECZK_Q + Evzk_q_Q) y (10)

-1
- Ec’k—q - 6U2k—Q + eczk—q—Q) . (11)

potential Wy, that to first order readsfi =y, x

YV the first order expansion of Eq2) in Wy’ From

weakly interacting systems the two equations with a

this fxc we get an approximation for the vertex function tp pa f,_give very similar quasiparticle corrections to the

T(TlgDFT(l,Z;?g impoEing that once plugged in E) it re-
produces Eq4) for y. By inspecting Eqs(2)—«4) we obtain

gap and electron linewidtHg:-14But, as short-range correla-
tions become important Eq6) tends to give nonsensible
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results(negative linewidths because of the wrong sign of den region. This effect can be traced back to the excitonic-
WTPPFT In Eq. (9), instead, the ternil';,, +T's.,) reflects the induced transfer of oscillator strength in the dynamical
spatial nonlocality OT(TlL))DFT' strongly reducing the weight dl_electrlc function belqw the gap. Thl_s re_sult is consistent
of WTPPFT, Consequently the final expression ff is given ~ With the fact that exciton dynamics is dictated by vertex
by 74 o plus a small vertex correction that does not changesorrection to the self-energy, therefore an interpretation of
appreciably the results of a simpl&,W calculation. The the quasiparticle scattering based only on independent-
fundamental practical result of this work corresponds to theparticle processes losses meaning. The results of the present
solution of Eq.(9) for LiF, shown in Fig. 1. The overall work allow for the systematic analysis of the role of excitons
effect of excitons in the linewidths is hug&The linewidths quasiparticle excitations and response functions of ex-

up to 3 eV above the forbidden region display a linear deygnded and low-dimensional systems, where the standard
pendence with energy while the RPA are almost zero becau%OW0 approximation fail@3

of the slow rise of the RPA loss functiofsee Fig. 2 A
similar energy dependence has been observed in highly cor- This work was supported by the European Community
relat_ed m_atenql%.lnstead the pres_ent_llnear dependence oResearch Training Network NANOPHASEHPRN-CT-
the linewidths is due to the combination of an almost Con'2000-00167 and Network of Excellence NANOQUANTA

stant density of states close to the conduction band minimurﬂ\IOE 500198-2 We acknowledge fruitful discussions with

and to a “steplike” energy dependence of loss functsee Lucia Reini d th . d . f
Fig. 2. Furthermore, the quasiparticle linewidths are not ex- ucia Reining and the precious support and suggestions o

actly zero in a small energy window of 0.5 eV in the forbid- Rodolfo Del Sole in deriving EQ(.7).
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