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Quasiparticle properties of a simple metal at high electron temperatures
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We compute the real and imaginary parts of the quasiparticle self-energyS due to the electron-electron
interaction for electrons and holes in jellium and crystalline Al at electron temperatures approaching the Fermi
temperatureTF . ReS and ImS are computed using a finite temperature generalization of theGW approxi-
mation. We find a decrease in the electron lifetime and an increase in the valence and conduction bandwidths
asT is increased. Calculation of the spectral functionA(k,E) reveals that the total weight in the quasiparticle
peak is a very weak function ofT, and that the basic peak structure remains forT;few30.1TF . These
predictions suggest that at these electron temperatures, the prominent peak in the absorption spectrum of Al at
;1.5 eV should be washed out due to lifetime broadening, even if the ions remain in their crystalline
positions.
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I. INTRODUCTION

Experimental and theoretical advances over the past
years have made it possible to investigate the propertie
solid-density matter at extreme temperatures. On the exp
mental front, shock experiments,1 and laser and resistiv
heating measurements2 probe the equation of state and rad
tive properties of hot dense materials. On the theoretical s
high-temperature local-density approximation~LDA ! calcu-
lations using the Mermin formulation have been applied
the Hugoniot equation of state of Al, exhibiting excelle
agreement with the shock data.3 In such a theoretical treat
ment, individual single-particle energies and wave functio
appear only through the total electron density and the~suit-
ably weighted! sum over occupied electron energies in t
construction of the free energy. This is in the spirit of t
density-functional prescription, appropriate for the determ
nation of properties involving the thermodynamic grou
state. In contrast, determination of spectroscopic prope
~optical absorption, photoemission, etc.! typically involves
explicit reference to single-particle-like excitations. Comp
tations of the optical conductivity of hot dense Al have r
cently appeared which make use of the single-particle st
of a high-temperature density-functional calculation.4

One of the most useful concepts in understand
condensed-matter spectroscopy is the notion of
quasiparticle.5 This object, consisting of a particle togeth
with its surrounding screening cloud, can be thought of
interacting only weakly with other quasiparticles, there
justifying an effective independent particle picture. A fam
iar use of this concept is in the computation of the opti
absorption spectrum within the random-phase approxima
~RPA!. Here, absorption of a photon by a many-electron s
tem can be thought of as excitation of an individual qua
electron from one quasiparticle state to another. Such a
scription requires that the quasiparticle concept
0163-1829/2002/66~8!/085116~9!/$20.00 66 0851
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meaningful, and in particular that the quasiparticle lifetim
are long. This is always a good assumption for a sim
metal as long as the temperature is low, and the quasipar
energy is close to the Fermi energyEF .5

Unfortunately, the meaningfulness of the quasiparti
concept is not at all guaranteed when the electron temp
tureT is of the order of the Fermi temperatureTF . The large
number of final states available at highT facilitates the rapid
decay of a quasielectron via emission and absorption of p
mons and electron-hole pairs. In addition, even if the qua
particle approximation is justified, we might still expect si
nificant renormalizations of the quasiparticle energies due
the electron-electron interaction, since such self-energy
rections~to bandwidths and band gaps! computed in theGW
approximation are already important atT50.6 It is not clear,
a priori, as to what theT dependence of these correctio
should be.

To this end, we present calculations of the real and ima
nary parts of the electron self-energy operatorS due to
electron-electron interaction and determined with a finiteT
variant of theGW approximation. We first consider electron
and holes in jellium, in an attempt to generalize early wo
on the electron gas7 to high temperatures. For all calcula
tions, we focus on densities comparable to that of solid
(r s52), andT between 0 andTF . By computing ImS(k,E
5\2k2/2m) and ReS(k,E5\2k2/2m), we show that the in-
verse lifetime increases withT as expected,5 as does the qua
siparticle bandwidth. Calculation of the spectral functi
A(k,E) demonstrates that~at least within the single-iteration
GW approximation! the quasiparticle peak is broadened, b
remains well defined and separated from the satellite peak
the temperatures of interest. We then consider crystalline
at high electronT, relevant for the understanding of subs
quent ultrashort pulsed laser pump-probe measureme8

Here we compute ImS(k,E5Ek) and ReS(k,E5Ek)
within the GW approximation, usingab initio pseudopoten-
©2002 The American Physical Society16-1
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tial LDA band energies and wave functions. We show t
these results are remarkably similar to the jellium results
r s52, suggesting that details of the Fermi surface, etc.
not crucial to understanding the qualitative features of
energy-dependent quasiparticle lifetimes and energies of
system. We then argue that at these electron temperat
the inclusion of quasiparticle lifetime effects should wash
a prominent feature in the absorption spectrum arising fr
transitions between parallel bands.

Section II contains the derivation of our finite-T GW ex-
pressions using the Matsubara Green’s-function techniq
and a discussion of the computational details for jellium a
crystalline Al calculations. Sec. III presents the results alo
with a discussion of our findings. We conclude in Section

II. THEORY AND COMPUTATION

A. Formalism for the calculation of ReS and Im S

We consider a spatially inhomogeneous many-elect
system9 at temperatureT with an electron-electron interac
tion v(r ,r 8). The homogeneous~jellium! system is consid-
ered later as a special case. The expression for the quas
ticle self-energy in theGW approximation is

S~r ,r 8; inn!52
1

b (
ivm

G~r ,r 8; inn2 ivm!W~r ,r 8; ivm!,

~1!

whereG is the one-electron Green’s function,W (5e21v)
is the screened interaction,nn and vm are Matsubara fre-
quencies equal to (2n11)p/b and 2mp/b, respectively,
andb51/(kBT). Writing G andW in their spectral represen
tations, we have

G~r ,r 8; inn!5
1

pE2`

`

dE
Im G~r ,r 8;E!

inn2E
, ~2!

W~r ,r 8; ivm!5v~r ,r 8!1
1

pE0

`

dE
2EIm W~r ,r 8;E!

vm
2 1E2

. ~3!

If we plug these expressions into Eq.~1!, evaluate the sums
over ivm ,10 and perform the Wick rotationinn→E1 id, we
obtain an expression for the retardedS(E),

S~r ,r 8;E!52
1

pE2`

`

dE8Im G~r ,r 8;E8!nF~E8!v~r ,r 8!

2
1

pE2`

`

dE8Im G~r ,r 8;E8!

3
1

pE0

`

dE9Im W~r ,r 8;E9!

3FnF~E8!2nB~E9!21

E82E1E91 id
1

nF~E8!1nB~E9!

E1E92E82 id
G ,

~4!
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where nF(E)51/$exp@b(E2m)#11% and nB(E)
51/@exp(bE)21# are the usual statistical factors for a sy
tem of fermions~with T-dependent chemical potentialm)
and a system of bosons, respectively. Finally, we repl
v(r ,r 8) in the above expression byW(r ,r 8;E82E) using
Eq. ~3! ~with ivm→E82E1 id), and collect terms to get11

S~r ,r 8;E!52
1

pE2`

`

dE8Im G~r ,r 8;E8!

3W~r ,r 8;E82E!nF~E8!

2
1

pE2`

`

dE8Im G~r ,r 8;E8!

3
1

pE0

`

dE9Im W~r ,r 8;E9!

3F 11nB~E9!

E2E82E92 id
1

nB~E9!

E2E81E92 id
G .

~5!

We evaluate the above expression in a first-order appr
mation by assuming that the spectral weight inG is entirely
taken up in quasiparticle peaks. In other words, we takeG to
be thenoninteractingGreen’s function, with

Im G~r ,r 8;E!5pA~r ,r 8;E!

5p(
n,k

fn,k~r !fn,k* ~r 8!d~E2En,k!, ~6!

wherefn,k(r ) and En,k are wave functions and energies
single-particle states from, say, an LDA calculation for
crystalline system. Using Eqs.~5! and ~6!, together with the
periodic translational invariance of the crystal, we can wr
down expressions for the matrix elements of theS operator
between two Bloch states. The matrix element of ReS is11

^n,kuReS~r ,r 8;E!un8,k&

52(
n1

(
q,G,G8

Mn,n1

G ~k,q!@Mn8,n1

G8 ~k,q!#* v~q1G8!

3
1

p
PE

2`

`

dE8Im eG,G8
21

~q,E8!

3F 11nB~E8!

E2En1 ,k2q2E8
2nF~En1 ,k2q!G . ~7!

The matrix element of ImS is
6-2
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^n,kuIm S~r ,r 8;E!un8,k&

5(
n1

(
q,G,G8

Mn,n1

G ~k,q!@Mn8,n1

G8 ~k,q!#* v~q1G8!

3Im eG,G8
21

~q,E2En1 ,k2q!

3@11nB~E2En1 ,k2q!2nF~En1 ,k2q!#. ~8!

In Eqs.~7! and ~8!, q is a wave vector in the first Brillouin
zone~BZ!, G and G8 are reciprocal-lattice vectors, (n, n8,
n1) are band indices, andMn,n1

G (k,q)5^n,kuei (q1G)•run1 ,k

2q&. The dielectric function appearing in the above expr
sions,e, is related to the polarizabilityx through the relation
e(r ,r 8;E)5d(r2r 8)2*dr 9v(r 9,r 8)x(r ,r 9;E). We compute
the polarizability in the RPA,

x~r ,r 8; ivm!52
1

b (
inn

G~r ,r 8; ivm2 inn!G~r ,r 8; inn!.

~9!

Fourier transformation, summation overinn , and analytic
continuation to real energy yields the expression fore at
nonzero-T:

eG,G8~q,v!5dG,G82
4pe2

uq1Gu2
(

n,n8,k
Mn,n8

G
~k,q!

3@Mn,n8
G8 ~k,q!#*

nF~En8,k2q!2nF~En,k!

En8,k2q2En,k1\v1 id
.

~10!

B. Computational details

Renormalized quasiparticle wave functions, energies,
lifetimes can be determined fromS through the quasiparticle
equation

FH01SS r ,r 8;En,k2 i
tn,k

21

2 D Gcn,k~r !

5S En,k2 i
tn,k

21

2 Dcn,k~r !,

whereH0 is the LDA ~or other mean-field! Hamiltonian con-
taining kinetic, electron-ion, and Hartree terms, but exclu
ing the exchange-correlation term. In principle, this equat
should be solved to self-consistency to obtain the quasip
cle wave functions,cn,k , quasiparticle energiesEn,k , and
quasiparticle lifetimestn,k . We assume, as in previou
work,6 that the quasiparticle wave functions are close to
unrenormalized wave functions and compute quasipart
energies by first-order perturbation inS,

En,k5En,k
LDA1Zn,k^n,ku@ReS~r ,r 8;En,k

LDA!2vxc~r !#un,k&.
~11!

Zn,k5@12]ReS(v)/]vuE
n,k
LDA#21 is the renormalization fac

tor, un,k& is the unrenormalized~e.g. LDA! state,En,k
LDA is the
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unrenormalized energy, andvxc(r ) is the mean-field
exchange-correlation potential. We compute the quasipar
lifetimes tn,k from the equation12

1

tn,k
522Zn,k^n,kuIm S~r ,r 8;En,k!un,k&. ~12!

The matrix elements,̂n,kuReSun,k& and ^n,kuIm Sun,k&,
are calculated with Eqs.~7! and ~8!. For the jellium case,
vxc(r ) is a constant, so we do not include it in the determ
nation of the band energies. It should be noted that the qu
tity Zn,k is equal to the amount of spectral weight under t
quasiparticle peak of the electron spectral function. This w
be discussed further in the next section.

Because we are considering the many-electron system
high T, H0 should beT dependent. Self-consistent calcul
tions with T-dependent Hartree and electron-ion terms s
gest that the unrenormalized energies and wave functions
only weakly dependent onT for crystalline Al at the tem-
peratures of interest to us13 ~while for jellium, this is simply
not an issue!. Thus, we takeH0 to be theT50 mean-field
Hamiltonian, and include all T-dependent correction
through the self-energy.

We now describe some of the calculational details for o
evaluation of Eqs.~7!,~8!, and,~10! for the cases of jellium
and crystalline Al. In jellium, all two-point functions depen
only onur2r 8u rather than onr andr 8 separately. So the only
nonzero elements in reciprocal space correspond toG5G8
50. Furthermore, the single-particle eigenstates arise fro
single band and are of the form̂r uk&5(1/AV)eik•r. This
eliminates the sum over bands, and all nonzero matrix
ments,Mn,n1

G (k,q), are equal to unity. The expression fore

in Eq. ~10! reverts to the nonzero-T Lindhard formula.
Though this is easily evaluated directly for infinitesim
broadening,d→0 ~the imaginary parte2 can be written
down analytically in this case!, the resulting poles ine21 are
infinitesimally narrow ifT is much less thanTF . This makes
the sums overq in Eqs.~7! and~8! very difficult to evaluate
whenq is small. We choose to introduce a nonzero broad
ing which in turn enables us to perform this sum with
reasonable number ofq points. This is acceptable as long a
the final results are independent of the broadening cho
We computee2 from the expression

e2~q,v!5
V

2pE0

` p2dp

eb(Ep2m)11
E

21

1

dg

3FLS Eq1
\pqg

m
2\v;d D

2LS Eq1
\pqg

m
1\v;d D G , ~13!

whereL(x;d)5(d/p)/(x21d2) is a Lorentzian of widthd,
Ep5\2p2/2m, andEq5\2q2/2m. After this integral is per-
6-3
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formed numerically, e1(q,v) is obtained by numerica
Kramers-Kronig transform. Ree21 and Ime21 are then com-
puted frome1 ande2.

The expressions of Eqs.~7! and ~8! are of the form
^kuS(E)uk&5*d3qv(q)F(k,E,q). For an isotropic system
like jellium, we are free to choosek5kẑ. Then the inte-
grandsF can be shown to depend onq only through its
magnitude,q, andk•q5kqn. Thus we can write

^kuS~E!uk&52pE
0

`

q2dqv~q!E
21

1

dnF~k,E,n,q!,

so we reduce the three-dimensional integral to two suc
sive one-dimensional integrals. An added feature is that
q2 factor in the volume element cancels the 1/q2 in v(q),
making it unnecessary for us to consider the lon
wavelength limit separately, as is often done inGW calcula-
tions performed on a three-dimensional mesh ofq points.
The g integration of Eq.~13! is performed analytically. For
the p integral, we use 2000 points, and integrate up to
maximump of 10kF . The inverse dielectric function is tabu
lated for 2000q points ~from 0 to 10kF) and 400v points
~from 0 to 4EF). In the determination of the self-energy m
trix elements, we use 200n integration points, and 2000q
points, and integrate up to aqmax of 10kF . The expression for
^kuReSuk& involves an integral over energy@E8 in Eq. ~7!#.
We use 400 integration points and take the upper limit
integration to be 4EF . There are two positive infinitesimal
used in the calculation. We use 0.2 eV for the Lorentz
broadening in Eq.~13!, and a very small broadening of 0.00
eV is used to take the principal part of the integrals involv
in the Kramers-Kronig transform ofe2, as well as the prin-
cipal part of the integral in Eq.~7!. These choices produc
converged results for the densities (r s;2) and temperature
(T between 0 andTF) of interest to us.

For crystalline Al, we use Eqs.~7!, ~8!, and ~10! exactly
as written, and take single-particle wave functionsfn,k(r )
and energiesEn,k from ab initio pseudopotential LDA calcu
lations performed at the experimental lattice constant. T
cutoff in G space with which the wave functions are e
panded is taken to be 6 Ry. We use 60 valence plus con
tion bands and discrete meshes ofq points (63636 and 8
3838) in the first BZ in the sums of Eqs.~7!, ~8!, and
~10!.14 We use 333E8 points and an upper limit of 100 eV in
the integration of Eq.~7!. The broadening in Eq.~10! is
chosen to be 0.3 eV, consistent with the size of ourk point
mesh, and adequate for evaluating the sums overq in Eqs.
~7! and~8!. As mentioned above, our use of a discrete m
in q space forces us to treat theq→0 case separately, a
discussed by Hybertsen and Louie6 for T50. TheT.0 case
we consider here poses no extra difficulties in this rega
Finally, we find it necessary to eliminate the divergence
nB(E) asE→0 in order to obtain converged results at highT
for both Al and jellium calculations. We handle this by se
ting nB5nBmax if nB.nBmax. As long asnBmax is chosen to
be between 102 and 105, our results are independent of th
precise choice.
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III. RESULTS AND DISCUSSION

A. Jellium

We estimate the temperature dependence of the quas
ticle lifetimes by computing ImS(k,E5\2k2/2m) from the
procedures outlined above. Figure 1 showsuIm Su as a func-
tion of E2EF for the r s52.0 electron gas atT50, 0.2EF ,
0.4EF , and 0.6EF , whereEF5 12.5 eV is the Fermi energy
at T50. Our T50 result is essentially identical to that o
B.I. Lunqvist.7 In particular, at the Fermi energy, ImS50
~so the lifetime is infinite atT50), and uIm Su increases
quadratically away fromEF . At nonzeroT, there is no en-
ergy for which the quasielectron lifetime is infinite, and th
minimum value ofuIm Su increases withT. Note, however,
that the approximate quadratic behavior away from the m
mum is retained.

The temperature dependence seen in Fig. 1 can be un
stood by examining Eqs.~8! and~10!. Here, the temperature
dependence is contained entirely in the statistical fact
nF(E) and nB(E). The T→0 limit corresponds to taking
nF(E)→u(m2E) and nB(E)→u(E)21. Although Eq.~8!
presents a compact way of writing ImS, a more physically
intuitive expression can be obtained by decomposing
right-hand side into four terms, representing four distinct d
cay processes~we supress matrix elements,G vectors, and
band indices for simplicity!: electron with emission, hole
with emission, electron with absorption, and hole wih a
sorption,

^kuIm Suk&5^kuIm Seeuk&1^kuIm Sheuk&1^kuIm Seauk&

1^kuIm Shauk&.

^kuIm Seeuk&5(
q

Im e21~q,E2Ek2q!v~q!

3@11nB~E2Ek2q!#@12nF~Ek2q!#u~E

2Ek2q!,

FIG. 1. uIm S(k,E5\2k2/2m)u vs E2EF for jellium at a den-
sity given byr s52.0 andT50, 0.2EF , 0.4EF , and 0.6EF , where
EF512.5 eV (;150 000 K) is the Fermi energy atT50.
6-4
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^kuIm Sheuk&5(
q

Im e21~q,Ek2q2E!v~q!

3@11nB~Ek2q2E!#nF~Ek2q!u~Ek2q2E!,

^kuIm Seauk&5(
q

Im e21~q,Ek2q2E!

3v~q!nB~Ek2q2E!@12nF~Ek2q!#

3u~Ek2q2E!,

^kuIm Shauk&5(
q

Im e21~q,E2Ek2q!

3v~q!nB~E2Ek2q!nF~Ek2q!u~E2Ek2q!.

Each term can be thought of as the transition rate for
electron or hole in stateuk& ~with energyE) to decay into
stateuk2q& by emitting or absorbing a plasmon or electro
hole pair. ImSee and ImShe are the only nonzero terms a
T50, due to the fact that the absorption terms are both p
portional to numbers of plasmons excited prior to dec
which are zero atT50. Note that the electron terms (ImSee
and ImSea) involve an electron in the stateuk& filling a hole
in stateuk2q&, while the hole terms involve an electron
the stateuk2q& filling a hole in stateuk&. Each process con
tributes to the lifetime ofuk&. Note also that ImSee and
Im Sha involve transitions in whichE.Ek2q while ImShe
and ImSea involve transitions withE,Ek2q .

Figure 2~a! shows the two nonzero~emission! terms as a
function of energy forT50 (r s52.0). ImSee is nonzero
only for E.EF , while ImShe is nonzero only forE,EF ,
due to the zero-temperature form ofnF(Ek2q). Figure 2~b!
shows all four nonzero terms forT50.6EF , along with their
sum~which also appears in Fig. 1 as the 90 000-K data!. The
two emission terms are now nonzero at all energies, tho
Im She is exponentially decreasing at high energies. This
because a nonzero ImShe requires that the stateuk2q& be
occupied, and the energiesEk2q which contribute~roughly a
plasmon energy aboveE) are quite high ifE is above the
Fermi energy. The electron with absorption term is app
ciable at this temperature, and is roughly constant in ene
due to the requirement that the stateuk2q& ~with Ek2q
.E) be empty, a condition easily met for all energies,
long as\vp.EF , as is the case forr s52.0. The hole with
absorption term, on the other hand, decreases at high e
gies, because a nonzero ImSha requires that the stateuk
2q& be occupied. Note that both absorption terms are
general, smaller than the emission terms. The relatively sm
number of plasmons present at this temperature ensures
As T increases, both absorption terms become more im
tant, and eventually become comparable to the emis
terms.

So we see that the temperature dependence ofuIm Su in
Fig. 1 is due to:~i! an increase in the plasmon population
T increases, which causes plasmon absorption and emis
rates to increase, and~ii ! increased availability of states int
which electrons and holes can decay, which affects b
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emission and absorption processes. In addition, there is
temperature dependence of the loss function, Ime21(q,v).
Through thenF factors in Eq.~10!, the plasmon peaks a
v(q→0);6A4pne2/m are broadened at highT. This tends
to smooth out the sharp features in the energy dependen
Im S seen atT50 ~see, for example, the disappearance
the kink atE;3EF for T.0 in Fig. 2!. However, this effect
is of secondary importance; if the zero-temperatu
Im e21(q,v) is used in the calculations of Figs. 1 and 2, t
qualitative features remain the same.

In order to estimate temperature-dependent correction
the noninteracting single-particle energies of a homogene
electron gas, we compute ReS(k,E5\2k2/2m). Figure 3
shows ReS as a function ofE2EF for an electron gas with
r s52.0 at temperatures of 0, 0.2EF , 0.4EF , and 0.6EF .
Again, ourT50 result is identical to that obtained by Lun
dqvist for r s52.0.7 Note that for T50, ReS(E2EF
,15 eV) is roughly constant. This means that if we use E
~11! to predict the quasiparticle energies (ZkF

is also roughly
constant for these energies, see below!, the bottom of the
band is shifted down by the same amount as the states atEF .
The occupied bandwidth is therefore relatively unchang
As T is increased, ReS increases with energy; states at t

FIG. 2. Various terms~see text! contributing to ImS(k,E
5\2k2/2m) vs E/EF for jellium with r s5 2.0 at~a! T50, and~b!
T50.6EF;90 000 K.
6-5
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bottom of the band are shifted down more than the hig
energy states, so the bandwidth is widened. This widenin
however, quite small relative to the total bandwidth. For
stance, forT50.6EF , the band is widened by about 1.5 e
over a 50-eV range. Note that the dip atE;24 eV disappears
asT increases. It should be mentioned that we find the ren
malization factorZkF

to be practically independent ofT for

this density~and for comparable densities!. For r s52.0, our
T50 value is 0.77, in agreement with Lundqvist.7 Though
we findZkF

to increase monotonically withT, we compute it

to be only 0.82 forT5EF .
All of the T-dependent changes to ReS can be interpreted

as changes in the quasielectron effective mass due to
virtual emission and absorption of plasmons and electr

FIG. 3. ReS(k,E5\2k2/2m) vs E2EF for jellium at a density
given by r s52.0 andT50, 0.2EF , 0.4EF , and 0.6EF , whereEF

512.5 eV (;150 000 K) is the Fermi energy atT50.
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hole pairs at highT. In fact, there are four distinct virtua
processes which are the exact analog of the four decay
cesses involved in ImS. For example, one process involve
an electron in stateuk& undergoing a virtual transition to th
intermediate stateuk2q&, and then jumping back touk&. If
Ek2q,E, this second-order process, which renormalizes
energy ofuk&, is the counterpart of what we called ‘‘electro
with emission’’ above. The final state of the ImS process has
become the intermediate state of a corresponding ReS pro-
cess. Thus the decomposition̂kuReSuk&5^kuReSeeuk&
1^kuReSheuk&1^kuReSeauk&1^kuReShauk& is possible.
While we do not write expressions for each term here, th
have been discussed elsewhere in the context of elect
renormalized by phonons.15 The effect of these processes o
ReS can best be understood by noting that ReS(E) and
Im S(E) satisfy the Kramers-Kronig relation. Thus peaks
shoulders in one correspond to inflection points in the oth
To wit, the dip in ReS at E;24 eV for T50 ~see Fig. 3!
can be thought of as arising from the shoulder at that ene
in Im S ~Ref. 7! ~see the kink visible in Fig. 2~a! at E/EF
;2.9). This shoulder comes from strong plasmon emiss
which occurs ifE is slightly larger than\vp . As T is in-
creased, the shoulder broadens due to~i! increased impor-
tance of other proceses such as absorption, and~ii ! broaden-
ing of the plasmon peak in Ime21(q,v). These same effect
therefore cause the disappearence of the dip in ReS.

In order to investigate the extent to which the interacti
Green’s function differs from the noninteracting one given
Eq. ~6!, we compute the electron spectral function, defin
by ImG(r ,r 8;E)5pA(r ,r 8;E). It can be calculated from
ReS and ImS. In thek representation,
A~k,E!5
1

p

uIm S~k,E1m!u

@E1m2Ek
02ReS~k,E1m!#22@ Im S~k,E1m!#2

, ~14!
h

nct
hly

eri-
wherem is theT-dependent chemical potential. Note that th
expression involves the self-energyoff the energy shell, or
EÞEk . Figure 4~a! shows our results forA(k,E) at T50 for
an electron gas withr s52.0.7 The quasiparticle peak is in
finitesimally narrow fork5kF , as it should be~the slight
broadening is due to the smalld in our calculation ofe21).
The satellite structure at roughly a plasmon energy away
either side of the quasiparticle peak corresponds to
coupled electron-plasmon excitations known
‘‘plasmarons.’’7 Figure 4~b! shows A(k,E) for T50.4EF .
The quasiparticle peaks are significantly broadened, but
basic peak structure remains for eachk. Even atT5EF @Fig.
4~c!#, we find that the remnants of quasiparticle and plasm
ron features are clearly present. It is true, however, that s
tral features for a givenk move to higherE asT is increased,
a result of the fact thatm decreases withT. It is interesting to
note that the~approximate! total weight in the quasiparticle
peak atk5kF is roughly independent ofT, a consequence o
n
e

s

he

-
c-

our observation above thatZkF
is roughly independent ofT.

So although the quasiparticle peak is broadened at higT
~resulting in a short lifetime!, the quasiparticle is still a well-
defined excitation in this theory, in the sense that it is disti
from the background and its total spectral weight is roug
constant. We find the near independence ofZkF

on T for

somewhat lower densities as well~e.g.,r s55.0), where elec-
tron correlations are more important andZkF

is farther from
unity.

B. Crystalline Al

A real material, such as Al, at a single temperatureT
describes a state in which the ions are in motion. At theT of
interest to us in this work~i.e., far above melting!, the ions
would be in a fluid state. However, there is a class of exp
ments in which the system is best described byTelectron5T
6-6
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andTion50. These are measurements performed with ul
short pulsed lasers, in which the electrons are excited
tially, and then~roughly a ps later! they exchange energ
with the much heavier ions.8 We performab initio calcula-
tions of the quasiparticle properties of crystalline Al at no
zero electronT in order to investigate the properties of th
laser-excited metalprior to the motion of the ions.

Figure 5 showsuIm S(k,E5Ek
LDA)u vs ELDA2EF for

crystalline Al at electron temperatures of 0, 30 000, 60 0
and 90 000 K~which correspond toT50, 0.23EF , 0.46EF ,
and 0.69EF , whereEF is the Fermi energy atT50). With
the exception of the noise in the curves, which is due prim
rilly to the use of a small discretek-point mesh~but also to
the dependence ofS on the direction ofk), the results are
very similar to ther s52.0 jellium results at the correspond
ing temperatures. See, for example, the selected points
the jellium calculations appearing in Fig. 5. Thus the sa
quasiparticle lifetime found in jellium asT is increased is
also seen for crystalline Al. Figure 6 shows ReS(k,E
5Ek

LDA) vs ELDA2EF for the same set of temperature
Again the results are quite similar to those of jellium,16 as
seen by comparison with Fig. 3~we refrain from including
points from the jellium calculation in this figure, becau
absolute energies are different, and the scatter in the po
from each curve is comparable to the spacing betw

FIG. 4. A(k,E) for k between 0 and 2kF at ~a! T50, ~b! T
50.4EF , and~c! T5EF , for jellium with r s52.0. In this figure,vp

denotes the plasmon energy,\A4pne2/m.
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curves. The similarity with Fig. 3 is, however, readi
apparent!.17 The deviation of the Al electronic structure from
the free-electron picture~anisotropy of constant-energy su
faces ink space, avoided band crossings, complex spa
dependence of the periodic part of Bloch wave functio
etc.! does not seem to play a strong role in determining
T-dependent bandwidth and lifetime in crystalline Al.

Our calculations predict that crystalline Al atT;few
30.1TF will have the following features:~i! a quasiparticle
bandwidth which increases withT, but only by a few per-
cent;~ii ! a quasiparticle inverse lifetime which increases ra
idly with T, equal to several eV forT;10 eV. What might
be the experimental consequences of these predictions
typical pump-probe experiment measures the optical cond
tivity s(v), or alternatively the imaginary part of the diele
tric functione2(v). One way to calculatee2(v) would be to
use Eq.~9!, but with therenormalized Gobtained from our
self-energy calculations. Unfortunately, this suffers from t
problem of neglecting vertex corrections,18 a very serious
problem when computing the response using renormali
propagators. A full, conserving calculation of the respon
including vertex corrections is extremely difficult and, to th
best of our knowledge, has not yet been performed for
electron gas atT50.19 Thus it is beyond the scope of thi

FIG. 5. uIm S(k,E5Ek
LDA)u vs ELDA2EF for crystalline Al at

electronT of 0, 30 000, 60 000, and 90 000 K. Open symbols re
resent selected data from the jellium results at the correspon
temperatures appearing in Fig. 1.

FIG. 6. ReS(k,E5Ek
LDA) vs ELDA2EF for crystalline Al at

electronT of 0, 30 000, 60 000, and 90 000 K.
6-7
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work. However, we can approximate the effects of this ren
malization one2(v) by performing an RPA@Eq. ~10!# cal-
culation for Al including the shift in the single-particle ene
gies, and an energy broadening@given by d in Eq. ~10!#
equal to the characteristic inverse lifetime. This is equival
to the assumption that quasiparticle states before and af
scattering event are completely uncorrelated.20 While this is
incorrect in principle, the results should provide a reasona
qualitative picture of the response.

Figure 7 shows the results of our LDA calculations
e2

inter(v), the interband contribution toe2(v), for crystalline
Al. The intraband contribution which we do not compute
e2

intra(v), is a smooth function peaked atv50, devoid of
structure~peaks! at high frequency. The dashed line repr
sents the result for~electron temperature! T590 000 K,
while the dotted line is theT50 result. Both were compute
with d50.01 eV, consistent with the procedure for calcul
ing the dielectric function atT50 with a 32332332 mesh
of k points.21 Note that although the 90 000-K spectrum
considerably broader, both curves exhibit a sharp pea
1.55 eV resulting from transitions between a set of nea
parallel Al bands.22 The solid line is the result of the sam
calculation, but withd5 2.0 eV~consistent with the lifetime
results at 90 000 K of Fig. 5!. Renormalizing the band ene
gies according to Fig. 6 produces negligible changes on
scale. Note that the magnitude ofe2

inter(v) is significantly
altered; spectral weight is spread out considerably, a co
quence of the lifetime broadening. Note in particular that
prominent peak at\v; 1.55 eV in theT50 case~and
present even in theT590 000-K casewithout lifetime broad-
ening! is absent in the solid curve. This spectral feature
completely washed out once lifetime effects are includ
Though the inclusion of vertex corrections may change
picture somewhat, we suggest that most or all of the spec
features arising from details in the band structure will
absent in the results of pump-probe experiments reac
such temperatures,even during the short time that the mat
rial remains crystalline.

Spectroscopy performed on liquid Al at high temperatu
and near-solid densities is also of interest. The near equ

FIG. 7. e2
inter(v) for crystalline Al atT50, andT590 000 K.

The 90 000-K results are presented with two energy broadeni
0.01 eV~meant to approximate the zero-broadening case!, and 2.0
eV ~consistent with our prediction ofuIm Su for T590 000 K).
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of jellium and crystalline Al quasiparticle lifetimes present
here suggests that the jellium results should be relevant
liquid Al as well. Measurements and calculations on liqu
Al at temperatures lower than those we consider here h
already been reported.2,4 RPA calculations ofs(v) peformed
by Silvestrelli show that ion disorder and thermal broaden
of electron populations result in an effective Drude me
scattering time of;few310216 s, leading to an energy
broadening of;1 –10 eV for Al at near-solid density andT
between 1000 and 8000 K. This is comparable to the val
that we compute due to electron-electron scattering at m
higher T. While Silvestrelli’s calculations using an infinit
essimal lifetime broadening should be appropriate for
lower temperatures he considers, our results indicate
quasiparticle lifetime effects should contribute a significa
component to the broadening ofs(v) when T; few
30.1TF . However, since the ion disorder already contribu
a significant broadening to the absorption spectrum in a
uid, the effect of quasiparticle lifetime broadening will b
less pronounced than in the crystalline case.

IV. CONCLUSIONS

We have presented calculations of the real and imagin
parts of the electron self-energy operator for jellium (r s
52.0) and crystalline Al~normal solid density! at high elec-
tron temperatures. The self-energy was computed wit
nonzero-T variant of the GW approximation. We found
bandwidths to increase and lifetimes to decrease with
creasing temperature. Crystalline Al results were shown to
remarkably similar to those of jellium at the same density.
addition, we computed the spectral function for jellium a
showed that quasiparticle and satellite peaks remain dis
at T;few30.1TF , even though the quasiparticle peak
substantially broadened. We predict that optical conductiv
experiments performed on solid-density Al reaching elect
temperatures in excess of a few eV will not exhibit sha
features resulting from the band structure, even when
material is crystalline. Changes to the optical properties
sulting from the renormalization of the bandwidth should n
be apparent.
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