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First-principles calculation of hot-electron scattering in metals
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We analyze hot-electron scatterings in metals within a first-principles approach based on density-functional-
theory band-structure calculations and on Green-function calculations withi@\thapproximation. Results
for hot-electron lifetimes and the differential cross section of the underlying scattering process are presented
for Al, Cu, Au, and Pd, and analyzed with emphasis on the differences and similarities with respect to the
predictions of the homogeneous electron-gas model. The electron-gas results can nicely explain the scattering
characteristics in aluminium, whereas in copper and gold a strong enhancement of the hot-electron lifetimes is
found and attributed td-band screening. Finally, in palladiudiband scatterings are responsible for a drastic
modification of the scattering characteristics, which no longer can be explained by the homogeneous electron-

gas results.
DOI: 10.1103/PhysRevB.70.235125 PACS nung®er71.10.Ca, 72.15.Lh, 72.10d, 71.15.Mb
[. INTRODUCTION extract7 from experiment. All available techniques, such as,

Over many decades the understanding of metals as prot&:9- transport; pho'_[oe_mlssmn, inverse photoemls_s?én,
typical many-particle systems has led to numerous theoretfVO-Photon phz(gtoemlssmﬁ and ballistic electron emission
cal efforts. Only many-body perturbation theory, which wasSPECIroscopt/ 2> only provide indirect information ofr,
originally deveioped in the field of quantum electrodynam-"hich then has to be extracted by support of a sufficiently
ics, finally allowed one to describe the basic characteristicSOPhisticated theory. Each technique has its own advantages
of electron dynamics in metals within the normal stafe: and d|s%o£\é§12rgtages. _For instance,  Flores and
while electrons with excess energies slightly above the Fernfi0-workers?25°2% theoretically analyzed the role of hot-
level can be approximately treated as independent par'[icle@eCtron scatterings in ballistic electron emission spectros-
with almost infinite lifetimes, states at higher energies be<OPY and demonstrated the sensitivity of this technique for

. ..~ ~the extraction of accuratevalues in metals. In Ref. 20 hot-

come short lived because of Coulomb renormallzatlonsélectron lifetimes of gold and palladium were obtained from
which can be effectively described by electron-electron scat;

) ; ~“experimental dat&d»3° and shown to be in excellent agree-
terings. Although the basic features of such hot-electron lifer,ant with the results of first-principles calculations. An as-

times can be already grasped from the solutions of the hasymption implicitly made in this work is that the hot electron
mogeneous electron-gas modelfor real metals the more |gses in electron-electron scatterings a substantial fraction of
complex band structure is expected to have a decisive infllits excess energy. Also in the analysis of other experimental
ence. The advent ofb-initio techniques, e.g., density- techniques, such as two-photon photoemis%«?’ome final
functional theory, brought a new facet to modern solid-statestate of the hot electron as well as that of the scattering
research, as they allowed to calculate such decisive materiphrtner has a decisive impact on the deconvolution procedure
properties within a true first-principles manner. Echeniqueto extract7. Quite generally, such details of the scattering
and co-workers1?were the first to derive within a combined process require a careful analysis of both, the hot-electron
first-principles band-structure and many-body perturbatiorifetimes and of the differential cross section of the scatter-
theory framework the hot-electron lifetimes for real metals,ing.
and to demonstrate the importance of band-structure effects. It is the purpose of this paper to analyze within a first-
Their work, based on the Green function formalism within principles approach based on density-functional-theory band-
the GW approximationt>-1® revealed a substantial enhance- structure calculations and on many-body perturbation theory
ment of hot-electron lifetimes in noble metals attributed tothe lifetimes of hot electrons in metals and the differential
d-band screening, and lifetime anisotropies attributed to theross sections of the underlying electron-electron scatterings.
genuine solid-state band structure. These findings were supo our best knowledge, no corresponding analysis has hith-
ported by other work6-2° which addressed in more detail erto been reported in the literature. In our theoretical ap-
effects associated to, e.g., energy or quasiparticle renormgbroach we extend the framework presented in Ref. 20, where
izations. we obtained hot-electron lifetimes fromG@W approximation

An accurate knowledge of hot-electron lifetimes in metalscalculation of the quasiparticle lifetimes based on band-
is of paramount importance for the understanding of a varistructure results obtained within the local-density approxi-
ety of important physical and chemical phenomena, rangingnation and with a linearized-augmented-plane-wave
from surface chemistry to the design of devices based o(LAPW) basis®! Our paper has been organized as follows. In
metal-semiconductor junctions. However, the experimentabec. Il we briefly describe our theoretical approach, and pro-
knowledge of hot-electron lifetimes due to electron- vide evidence that th&W self-energy can be interpreted in
electron scatterings is still far from being complete. Thisterms of a scattering process. Section Il provides details of
somewhat surprising situation stems from the difficulties toour computational scheme, and we present results for the
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hot-electron scatterings in aluminium, copper, gold, and paltially the system is in the staljda>=ciT|O> with |0) the metal
ladium. More specifically, we investigate differences andground state. What we shall do next is to introduce the pro-
similarities of our first-principles calculations with respect to jection operator$=|i)i| and()=1-P which project on state
the predictions of the homogeneous electron-gas model, aricand on the remainder, respectively, and to separate the Cou-
elucidate the role ofi-band screening in copper and gold andlomb couplings intoH;=(PH,Q+QH,P)+QH,Q=H"+H",
of d-band scatterings in palladium. Finally, in Sec. IV we whereH’ accounts for the Coulomb couplings between the
draw some conclusions. hot electron and the other electrons, ahtf for the remain-

der. We have dropped the self-interaction tdri; > which

is already included irHy. With this at hand, we can now

Il. THEORY approximately describe the scattering process by introducing

Band structure calculations based on density-functionaf®” intéraction representation accordingHg+H” and treat-
theory provide us with the eigenenergis and functions "9 the scattering within lowest order perturbation theory of
&,(r) characterizing the solid-state ground sttélthough ' -6, in the so-called Born approximation. We denote the
not strictly justified, they are conveniently also interpreted asdens!ty operator of th_e sy_stem With whose time evolut|cén
excited-state properties. For instance, one additional hd? 9"’_9” , by the L|<_)UV|IIe vor_1-|_\l_eumann_ . equ_aﬁﬁ
electron injected above the Fermi energy into a metal has th’é('_[)___'ﬂ_.| (t), p(t)] subject to the initial conditiopo=|i)il.
approximate energ¥; and wave functiong;(r). The most Within this scheme,
obvious shortcoming of this interpretation is the lack of scat- t
terings: becausk; is entirely real, an electron placed in this p(t) = —f dt'[H’(t),[H" ("), pol] (2
state will stay there forever. On general physical grounds we fo
expect that the hot electron will suffer scatterings with thegescribes the approximate time evolution of the density
electrons of the metal and hereby lose energy. Many-bodyperato? The term on the right-hand side has the intriguing
perturbation theory is a convenient tool for the description ofstrcture that at time¢' the hot electron and the metal elec-
such scattering® Within the framework of the celebrated {ons become correlated througt(t'), the correlated sys-
GW approact**>to the lowest order of approximation the (o, propagates for a whilgote thatH'(t) is given in the
hot-electron lifetimes can be Comp“te‘;' fg‘gg“ the imaginaryeraction representation according kg and H”], and fi-
part of theGW self-energy according fo°*¢ nally a back-action on the hot electron occurs at timBe-

1 Bif(q+G)Bj(q+G) cause of the finite interaction time the hot electron can ex-

T{1=—22 dgq >, TGP change energy with the metal electrons. In evaluating the
™t Bz Gg la+6 double commutator in Eq2) we describe the Coulomb cou-
- ling in the random-phase approximatiérf
xIm[- e (0, E — Ep)]. v PN phase app
. - . - A’ (A" (r")
Here,q is a wave vector within the first Brillouin zon& H = drdr’ﬁ, 3
r-r

andG’ are reciprocal lattice wave vectofs,is the energy of

the initial state of the hot electron, the sum extends over allyheren'(r) describes those density fluctuations that affect
statesf whose energie&; are above the Fermi energy and pariclei andf(r’) the remaining ones, and assume that the
belowE;, B;; is the hot-electron overlap matrix element for adensity fluctuationsy’ (r) and A"(r') move independently of

?r:veg_vxllavte_ve:cctot:‘_or det?llsl ste(ej Ec{[ﬁ)] ;\nd, flnallly,e 'Z each other. As discussed in more detail in the Appendix, for
€ diefectric function calcuiated Within the usual random-y,. - gistrihytion function ni:<ciTci) we then obtain the

phase approximation. Equati@h) accounts for the fact that It ik i f moti

a single-electron excitation is not a stationary state of thé-30 Zmann-like equation ot motion
combined system hot electron plus electrons of the metal, _ 1 Bi¢(q+G)B(q+G’)
and thus becomes attenuated through inelastic scatterings. It N, = ;22 dq > (— T G2
might betempting to interprdtas the final states of the scat- f g+l
tering. This, however, is not directly backed by tB&V ap-
proach itself which only allows for the calculation of the
complex self-energy, whose imaginary part is closely related Bri(q+ G)B’;i(q +G)
to 7%, but provides no clear answer regarding the meaning of q+ GP

the stated. Yet, the scattering-type interpretation of Ed) q
in terms of initial and final scattering states is sound. To see )

that, we adopt a simple density-matrix descriptiimstead XIm[- g6/ (A, E = EDIng(1 =) |. 4)

of the more complicated framework of nonequilibrium Green

functions. LetHy=3,E,clc, be the Hamiltonian of single- This is the result we were seeking for. The first term in
particle excitations, where, is the fermionic field operator parentheses accounts for out scatterings which lead to a de-
associated to the single-particle excitatikn and H; the  crease of the population,, where the Pauli-blocking term
Hamiltonian of those Coulomb couplings which are not in-(1-ny) asserts that the final state of the scattering is unoccu-
cluded in the band-structure calculation and which will bepied. This loss of population ofy is accompanied by an
treated by means of perturbation theory. Suppose that inincrease of the populatiam, i.e.,in scatteringsdescribed by

BZ  Gg’

XIm[- g (a,E = E)Ini(1 - ny)
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the second term. Thus, E¢4) describes a scattering-type 10
process where population is transferred from the initial state

i to the final statef. Comparison of Eqq.1l) and(4) reveals

that theGW self-energy can indeed be interpreted in terms of
a scattering process. Finally, we introduce the differentials
cross section <

HLA .y

R

I/ﬁ\\L [

Energy

Bii(d+G)Bi(q+G) _5 _
ja+GP — =

3 — Al
-8 _ p

XIm[- eg/ (0, 0)]8(w - E +Ey), (5) 0

8
6
4
2
0
2
4
3

1
Pi(w) = ?2 dg >

BZ GG’

which gives the probability that in the hot-electron scattering Lr X WK 0 02 04 06 08

the energyw is exchanged. Apparently, the total scattering  Fi. 1. (Color onling Band-structurgleft pane) and density-
rate must Ple glven by the sum over all transition probabili-of.states(right pane} plots for aluminium as calculated within the
ties, i.e., 7 =[5 "dwP;(w), as can be easily verified by |apw method.

insertion of Eq.(5).
B. Electron gas

A. Local fields For an electron injected into a homogeneous electron gas
Let us analyze the various contributions to Ed) in ~ With an excess energdl; close to the Fermi energle, the
slightly more detail. The overlap matrix elemeBts account hot-glectrog lifetimes can be approximately computed ac-
for the fact that the electron wavefunctions are not just plan&ording té
waves, but have an additional Bloch pafi(r) with lattice . 5/ > rpe 1
periodicity. It can be readily shown tHef 7 =0.0389E ~Ep)eV - isT, (8)

1 . _ wherer, is the usual electron-gas paramétedefined for an

Bi(q+G) = ﬁf dr¢>nik(r)e"(q+G)r¢nfk+q(r), (6)  electron densityr throughn=47r3/3, and the excess energy

Q is supposed to be given in eV. The functional dependence of

where the integral extends over the unit c@ll The initial 7~ On the excess energy can be easily understood from an
electron state is characterized by the band indeand the ~analysis of the differential cross sectiéh(w). For the ho-
wave vectok, and the final one by the band indexand the =~ Mogeneous electron ga;(w) can be obtained in a similar
wave vectork+q. This overlap matrix element describes fashion to Eq(5) from the integrand of Eq(7) for constant
how the hot electron couples to the charge fluctuations of theverlap matrix elements. We next put forward a simple rea-
metal electrons. The propagation of the charge fluctuation is
described by the inverse dielectric function, which, as shown 150 — - - -
in the Appendix, can be expressed through the density- - ; 035
density correlation function. Because the problem under con- I P)
sideration is homogeneous, in the propagation of a density ¢
fluctuation with wave vectog no fluctuations with different
wave vectors can be induced. However, no correspondin
conclusions apply for fluctuations with reciprocal lattice
wave vectorsG and G’ which become coupled. This is a
genuine solid-state effect absent in a homogeneous electro& |
gas, and is known as the crystalline local-field eff@ther ~ sob %':o
local-field effects attributed to the Pauli and Coulomb
hole>#2 exist, which will not be considered in this worklo
estimate the importance of local-field effects, we shall find it
convenient to compare the results obtained from(Egwith
those where local-field effects are neglected by setting 0 ; 1 > 3 p 5
G=G'. Within this approximation, we can invert the dielec- Initial energy (eV)
tric function and obtain

° total
= diagonal
< static

o
L

=
[
S

—
e
N

time (fs)

S
—_
W

Scattering rate (fs_l)

e
=

B.(q+G)2]| FIG. 2. (Color onling Hot electron lifetimes in aluminium as
Fl= iE qu [Bir(q+G)|* Im[e.6(q, )] (7) computed from Eq(1) by including local field effects and dynamic
I Ls f JBz G (@+G)escla, w)|2 ' screening. The inset shows the total scattering 7ateThe symbols

. ] o . ] + and <l report the scattering rates which are obtained by neglect-
with w=E;~E; the inelasticity of the scattering. Occasionally jng Iocal field effects and using a static approximation for the

we shall replace the dielectric function in the denominator byscreening, respectively. The results clearly reveal a minor impor-
the static dielectric functiolg (q,0), and shall refer to this  tance of local-field effects and dynamic screening, and support the
approximation as a static one. electron-gas description of hot-electron scatterings in aluminium.
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Al 0.5 FIG. 5. (Color onling Band-structurgleft pane) and density-
0= s 1 5 5 35 2 55 i of-states(right pane) plot for copper as calculated within the

Initial state energy (eV) LAPW method.

FIG. 3. (Color onling Intensity plot of the averaged differential augmented-plane-wave bagisAPW) by use of thewleN
cross sectiorP;(w) in arbitrary units for the hot electron transitions code3! For this LAPW basis the computation of the overlap
in aluminium. The intensity of each square corresponds to the magmatrix elementsB;; turned out to be the most time-
nitude of the corresponding cross section. The inset reports the irconsuming part. To account for the localizédand states in
tegrated differential cross section as a function of the energy noble metals, within the atomic spheres an expansion of
transferred in the transitions. plane waves into spherical harmonics and spherical Bessel

functions has to be performed by use of the Rayleigh
soning which allows one to grasp the essentials of(Bgon  expansiorf! In our calculations we use an equidistamhesh
qualitative grounds: owing to the small momentum depenwith typically 20X 20X 20 points and expand the dielectric
dence of the screened Coulomb matrix elements, for a givematrix in a plane-wave basis SBtAll pertinent parameters
w<<Ep the scattering rates are completely governed by thef our computational approach were chosen on the basis of
phase space Ir(w)<47E2w of electrons inside the Fermi careful convergence tests.
sea which can act as scattering partners for the hot electron.

Thus,
e A. Aluminium
Ti_locf I Fdwwu (E; — Ep)? 9 Be_causg of the free—electrqn_—like dispers'(me I_:ig. 1
0 aluminium is expected to exhibit hot-electron lifetimes and

scattering rates reminiscent of the homogeneous electron
Oélas, with only moderate deviations due to band structure

scattering rates—in accordance to E8) which is derived effects®44-47Figure 2 shows hot-electron lifetimes as com-

within a more detailed approach. In the following we shall : -
explore the influence of band structure effects on the simpl%uted from Eq.(1) for different initial states. One clearly

bserves the energy dependence (E;—Ef)™ of hot-
Pi(w) < w dependence expected from the electron-gas rnOdeelectron lifetimes, as expected on the basic grounds of Eq.

(9) for the homogeneous electron gas. For an electron gas

Ill. RESULTS parameter,=2.07 representative for aluminium and an ex-

In our calculations we start from band structure calcula-
tions based on density functional theory in the local-density

1 0 1g
approximatior?? which are performed with a linearized- < f{} =il 16
i B — Au i
\ -R' Aug 4
1 T T T T T T T 1 K B
~ . 2
—— 0.8eV % ]
3 075 - - of
[ E ~ 4.2
T 05 = e J 4
< T -
- | (T
E < 1
E 025} ™ i
. FT - -8
O L 1 L L L I ] L | L | L | ]
0 05 1 5 2 25 3 35 4 w L T X WK O 1 2 3

Transition energy (eV)
FIG. 6. (Color onling Band-structurgleft pane) and density-
FIG. 4. (Color onling Integrated differential cross section in of-stateg(right pane) plot for gold as calculated within the LAPW
arbitrary units for different initial state energies and for aluminium. method.
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FIG. 7. (Color onling Hot-electron lifetimes for coppe(top) FIG. 8. (Color online Same as Fig. 3 but for coppéop) and
and gold(bottom) as computed from Eq1). For details see figure gold (bottom).
caption 2.

P.(w) of Eq. (9) does not depend on the initial statéwith
exception of the above-mentioned energy cutff E;,—Ep),

this quantity exhibits a simple? dependence. Indeed, such
'%ehavior is clearly seen in Fig. 3 as well as in Fig. 4, which
reports the integrated differential cross section for five se-
lected hot-electron energids, where again all curves lie
(,mmost perfectly on top of each other. In conclusion, our
results demonstrate that the electron-gas model provides an
excellent qualitative explanation of the hot-electron scatter-
ing characteristics in aluminium, and band structure effects
are only responsible for moderate quantitative deviations.

cess energy of 1 eV we obtain from E@) a hot-electron
lifetime of 42.7 fs—to be compared with the value of ap-
proximately 60—70 fs of our LAPW band structure calcula-
tions. This discrepancy has been discussed in the literatu
with some controversy®

In the following we use the interpretation of Ed.) as a
scattering process where the hot electron is scattered from
initial to a final state. The differential cross secti® )
introduced in Eq.(5) gives the probability that in a hot-
electron scattering the energy is exchanged. Figure 3
shows a density plot d?,(w) as obtained by averaging over
all initial statesi of the Brillouin zone with energy; and
over all final statesf with energy E;=E,—w. Because B. Gold and copper
E;—Eg is the largest energy that can be exchanged in a scat- Things become considerably more complicated for the
tering process, the differential cross sect®tw) is nonzero  noble metals copper and gold. The band structure of these
only for o <E;—Eg. We observe that the differential cross two materials depicted in Figs. 5 and 6 has a striking simi-
section has an energy dependence accordii®(to) < w, as larity: a few electron volt below the Fermi energy there is a
expected from the electron-gas req@j. This is seen even huge density-of-states associateddtdbands, and the states
more clearly in the inset of Fig. 3 which reports the inte-above the Fermi energy have strasyggand minord charac-
grated transition probabilitfgdw’P;(»") for all initial states  teristics. Figure 7 shows the hot-electron lifetimes as com-
i. For the electron gas, where the differential cross sectioputed from Eq(1) for copper and gold. Let us first concen-
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FIG. 9. (Color onling Band-structurgleft pane) and density- . Pd |
of-states(right pane) plot for palladium as calculated within the ob j
LAPW method. 0 05 1 15 2 25 3 35 4

Initial state energy (eV)

trate on the excess energi&—Er below approximately _ _ _
4eV. The hot-electron lifetimes show the expected FIG. 11. (Color onling Same as Fig. 3 but for palladium.
(E;—Eg)? behavior. However, as compared to the electron- _ _
gas results for golde.g., 7~ 17 fs for an excess energy of States abové. This would result in an abrupt and strong
1 eV) the hot-electron lifetimes in Fig. 7 are enhanced by adecrease of;. Such behavior is clearly neither seen in Fig. 7,
factor of almost 4, where similar conclusions apply for nor in the differential cross sections shown in Fig. 8 where
coppe®” This strong enhancement of hot-electron lifetimesno substantial enhancementRfw) at the onset of possible
is attributed in accordance to Campili al®’ to d-band  d-band scatterings is present. The reason is that for scatter-
screening, where the highband density of states below the ings where the initial and final state of the scattering partner
Fermi energy results in efficient screening contributionshave different symmetries, i.ed like versussp like, the
However, in contrast to the pseudopotential results presentg@sulting overlap matrix elements are vanishingly small, and
by Campilloet al.® our all-electron results obtained within correspondingly the contributions to the hot-electron life-
an LAPW basis exhibit only a small influence of local-field times become strongly suppressed. As compared to the re-
effects and static screening on the hot-electron lifetimes, asults of aluminium, the integrated differential cross sections
shown in the insets of Fig. 7. reported in the insets of Fig. 8 exhibit a stronger dependence

From the inspection of the band structure and density-ofon the initial state energies, as apparent from the broadening
states plots of Figs. 5 and 6 one might expect that above a@f the curves. This is due to the more complex band structure
excess energy of approximately 2 eV an additional scatteringnd the complicated interplay of the overlap matrix elements
channel opens for the hot electron, where the partner ele@nd the dynamic form factor in Eg5). Finally, in copper
trons are promoted frord bands below the Fermi energy to and gold a second band for initial hot-electron states opens
above approximately 4 eV, i.e., at thepoint shown in Figs.

100rg T T ' T 5 and 6, within which the scattering characteristics is sub-
L 0 0= — 1 stantially different. To summarize, the hot-electron lifetimes
N _oal| - diagonal " in copper and gold exhibit the expecté,—Eg)~? depen-
& Eans « i =, .0 1 ifeti
sor @ e e ET dence, and only the absolute values of hot-electron lifetimes
g g 03 R A 1 are strongly altered with respect to the electron-gas ré8ult
0 o0 ﬁ. _-: _ .
2 60 i . £o2 P N OB | because ofl-band screening.
=S B A 3 e
o z Wt 3. % s
£ T B 0.1} § et > JPURCTRANE I 125
& g e DO
3 40 F w8 0 8 4" < E
8 0 1 2 3 4 5 1+
M Booo o o Initial energy (eV) 7 B
~” 0751
o total 3
PW approx =
o PR, 5 05F
e 0000200000“0 g
0 1 2 3 4 5 A |
Initial energy (eV) 0.25
FIG. 10. (Color onling Hot electron lifetimes in palladium as 00' 05 1 15 2 25 3 35 4
computed from Eq(1). The inset shows the total scattering raté Transition energy (eV)

and the symbolst and < report the scattering rates which are
obtained by neglecting local field effects and using a static approxi- FIG. 12. (Color onling Integrated differential cross section in
mation for the screening, respectively. For details see text. arbitrary units for different initial state energies and for palladium.
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FIG. 13. (a) s-like, (b) p-like, and(c) d-like band characteristics for palladium. The sizes of the circles indicate the degsep, @hd
d-like characteristics for a givek point.

C. Palladium lifetime characteristics, which no longer can be explained

The band structure of palladium depicted in Fig. 9 is simi-within the electron-gas model. Figure 10 reports the hot-
lar to those of copper and gold, with the important differenceelectron lifetimes as computed from E4) for different ini-
that thed bands cross the Fermi energy. As we shall discus$al energies. One clearly observes thatloes not follow at

in the following, this opens the possibility for efficient all the (E;—Eg)~? dependence predicted by the electron-gas

d-band scatterings and results in a strong alteration of thenodel (with the exception of states very close to the Fermi
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level where the quadratic energy dependence of the self ene the carrier density-of-stategE’) of partner electrons, the
ergy remains valig total cross section is a quite direct measure-gi(2E-—E;),
Details of the scattering process are depicted in Fig. 1lnd thus explains the strong correlation betwegnand the
which reports the differential cross sectiBiiw) for different  carrier density-of-states belo&t. We finally emphasize the
initial energiesE;. Pi(w) is strongly enhanced for the largest |arge influence of local-field effects and dynamic screening
transition energies»=E;~E; where the hot electron is scat- on the hot-electron lifetimes, as depicted in the inset of Fig.
tered to a finald-band state above. Indeed, the width of 10 Thijs clearly shows that an accurate band structure de-

the region whereP;(w) is substantially enhanced directly gcription is indispensable for the calculation of hot-electron
corresponds to the narrow energy windowdband states |ifetimes.

aboveEg depicted in Fig. 9. To understand the details of the
underlying scattering process, in Fig. 13 we plot $hp, and
d character of the band structure. While hot-electron states
slightly aboveEr have a dominansp character, those at
lower energies have a dominaththaracter. Quite generally, | lusi h vzed hot-el .
such different characteristics of initial and final states results_ "' conclusion, we have analyzed hot-electron scatterings
in very small transition probabilities because of the small" me_tals within a first-principles approach based on density-
overlap matrix elements;, as previously seen at the ex- funct!onal—theory' band structure calculathns a_md on Green
amples of copper and gold. However, since all hot-electrofunction calculations within th&sW appro>.<|mat|on. It.has
states have a smatl admixture there exists a small, but been shown that the self-energy can be interpreted in terms
nonvanishing transition probability to the finallike states. ©Of @ scattering process, where the hot electron is scattered
Because of the extremely high-band density-of-states from an initial to a final state. For aluminium the homoge-
aroundEg, this gives rise to an additional scattering channelneous electron-gas model provides a good description of
with a significant impact on the hot-electron lifetimes. A both the lifetimes and the differential cross section. In copper
quantitative estimate can be obtained from Fig. 12 whichand gold, the large-band density of states below the Fermi
reports the integrated differential cross section for four seenergyEg is responsible for a strong enhancement of hot-
lected initial states. Within the narrow energy window of electron lifetimes. Finally, for palladium thétbands around
d-band states abov&g, the integratedP;(w) is approxi- Eg lead to a drastic modification of the lifetimes and the
mately doubled. Thus, scatterings within tep bands and ~Scattering characteristics in comparison to the predictions of
scatterings from an initiasp- to a finald-band state are of the homogeneous electron-gas model. Our results provide
equal importance. further support for theaGW approximation scheme that has
There exist other interesting effects associated-tmnd ~ recently proven particularly successful in the first-principles
transitions. First, in Fig. 10 one observes that for certairflescription of excited-state properties in metals and semicon-
initial states the hot-electron lifetimes are strongly enhancedductors. In this work we have employed the most simple
A closer analysis reveals that these states are associateddgscription scheme based on tBgW, and mass-shell ap-
high-symmetryk points of the Brillouin zone, e.g., tHeor X~ Proximations. More sophisticated schemes are expected to
point, Where, as shown in F|g 13, tldecharacter becomes introduce moderate modifications without Substantially
almost zero. Correspondingly, the scattering to the finaFhanging the qualitative behavior. Future work should also
d-band states is strongly suppressed and the hot-electron lif@ddress description schemes bey@w/ to account for the
time strongly enhanced. Further support for this interpretaenhanced correlation effects of localizédand electrons in
tion is provided by the “plane-wavaPW)® results shown in  palladium.
Fig. 10, which are obtained by setting all overlap matrix
elementsB;; in Eq. (1) equal to 1. The corresponding hot-
electron lifetimes clearly exhibit a much smoother energy ACKNOWLEDGMENTS
dependence, thus demonstrating the important role of the
overlap matrix elements. A second effect associated taithe ~ We are grateful to Pedro de Andres, Fernando Flores, and
bands can be observed in the inset of Fig. 10 where th&athrin Glantschnig for most helpful discussions, and thank
hot-electron scattering rate as a function of energy increasesangeeta Sharma for a careful reading of the manuscript.
stepwise. A comparison of this figure with the carrier This work has been supported in part by the EU under the
density-of-states depicted in Fig. 9 shows that the steps occUMR network “EXCITING” and the Austrian science fund
at those energies where theband density-of-states has FWF under Project No. P16227.
peaks. This can be understood as follows. Since the energy
exchanged in a scattering of the hot electron tblmand state

IV. CONCLUSIONS

is approximatelyw ~ E;—Ef, the scattering partner has to be APPENDIX
scattered from a state with energy below the Fermi energy _ _ . o
to a state with energl’ + w aboveEg. Because of the high In this appendix we present the details of deriving &.

d-band density-of-states abow&, the partner electron will ~Within the density-matrix framework. Consider an operator
preferentially end up in a-band state with an energy close acting upon the hot-electron degrees of freedom solely,
to Eg. Thus,E’ +w~ Eg, and accordinghE’ ~ 2E-—E; isthe =~ whose expectation value is given BA(t))=trp(H)A(t)].
initial energy of the partner electron. Since the differentialWhen we expand the double commutator in E8) and
cross section of the corresponding transition is proportionamake use of the cyclic permutation under the trace we get
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. t and finally, at timet the propagated density fluctuation
(At)) = —f dt’[{ADH"(HH'(t")) + (H'(t")H' (DA(L)) A(r’,t) acts back on the hot electron, where again the cou-
o pling strength is given b;;(r). Because of the finite inter-

—(H'(WAMDH'(t")) = (H'(tHAMDH'(1))]. (A1) action time the hot electron can transfer energy to the metal

. . . L ectrons, and becomes scattered from the initial stiat¢he
This expression has a very precise meaning in the context q

A 48 . nal statef. The response of the metal electrons is fully
the master equation in Lindblad forth?8where _the first two described by the dynamic form factsfr,r':t—t'), which is
terms in parentheses account for out scatterings and the r

S ; X § measure of how much of a density fluctuation created at
maining ones for in scatterings. As we shall see, analogout?met, and positionr’ is left in the system at a later tinte

conclusions apply for hot electrons in metals. To compute th%md a different positiom. This function is closely related to
loss of population of the initial state we evaluate Ejl) for the densitv-densit corr.elation functitn
the number operatariTci and use according to E(3) y y

L(r,r’;t) = =i6(t)([n(r,1),A(r",0)])o, (Ad)

w=S [ arg [Bis(r)cice + By (r)ciali(r)
- - rar Ir=r'| which accounts for the propagation of density fluctuations.
By inserting a complete set of eigenstatesHgf-H"” in be-

for the Coulomb coupling of the hot electron with the metaltween the density fluctuation operatdrswe can establish a
electrons; herdB;;(r)=: (r)¢:(r) is the overlap matrix ele- relation betweer. and S:4542
ment. The random-phase approximation, which assumes that o 4 L, L,
the density fluctuation of the hot electron moves indepen- L(r,r':w) = do’ Srr% 0 )—S(r.,r,—w ), (A5)
dently of A(r’), then translates to[c;,A(r')]=0 and o 27T o-w' +i0
[cq,0(r')]=0. Inserting expressiofA2) into Eq.(Al) gives
after some straightforward calculation

. (A2)

At zero temperatureS(r’,r;-w) vanishes because the
metal can only absorb energy. Thus, W, r’, )

) t . , =—ReS(r,r';w)/2. We next follow Refs. 6—8 and 33 and
n=-2 Ref dt’ f d7Bi¢(r)Bj;(r)e & E) consider in Eq(A3) only the real part of(r,r’; w). Within
o this approximation the hot-electron lifetime! of Eq. (1) is
(clecleh(r HA )Y computed on the “mass shell,” i.e., for the unrenormalized
r=r'|F=7| (i 1), (A3) single-particle energieg; and E;, which is known to be a

well-controlled approximatioh’ Our remaining task is to
wheredr denotes the integration overr’, r, andr’, (---)gis ~ compute the density-density correlation function within the
the expectation value for the initial density operatgrand random-phase approximation. To this end, we introduce the
the second term follows from the first one by exchangingrreducible polarizatioh® P(r,r’;t-t’) which is related to
i andf. In deriving this expression we have assumed that théhe density-density correlation function throughk P+ PVL,
time evolution ofc; andc; is solely according tédy, whichis ~ where V is the bare Coulomb potential and the different
similar to the GoW, approximation of the Green function quantities are supposed to be connected through a convolu-
approach. The expectation value can be factorized intdion in time and space. Within the random-phase approxima-
n(1-n)(A(r’ ,HA",t'))o, Where the last term is known as tion the polarization function beconfes®®42
the dynamic form factér*? S(r’,r’,t—t"). This is the point e Hta o ciHt aper
where we meet with the corresponding Green function cal- P(r.r's = =i6({e"n(re™e,nr) Do. (AB)
culation. It is worth emphasizing the simplicity of our We finally define in accordance to Refs. 6—8 and 33 the
present derivation, which solely required the general masteadielectric function througke=1-PV to bring Eq.(A3) to its
equation(2) in Born approximation together with the Cou- final form of Eq.(4), together with?
lomb coupling(A2) in random-phase approximation—to be . ,
contrasted with the whole machinery of auxiliary functions | ¢ (g, w) = iz dk Bim(d+ G)By(q+G’)
invoked in the corresponding Green function approach. o 27 on JBz lg+G'|?
Equation(A3) has the obvious structure that at tirtiethe
hot electron becomes correlated with a density fluctuation X 8w+ By~ En), (A7)
A(r’,t’) of the metal, where the coupling strength is given bywherem denotes an occupied state with wavevegt@ndn
the overlap matrix elemer;(r); the scattered electron and and unoccupied one with wave vectotq. The real part of
the density fluctuation move independently of each other, athe dielectric function is obtained by use of the Kramers-
described by the exponential and the dynamic form factorKronig relation.

235125-9



LADSTADTER et al.

*Electronic address: ulrich.hohenester@uni-graz.at

PHYSICAL REVIEW B 70, 235125(2004)

23H. Petek and S. Ogawa, Prog. Surf. S66, 239 (1997).

TPresent address: Institut fir Warmetechnik, TU Graz, Inffeldgassé’L. D. Bell and W. J. Kaiser, Phys. Rev. Le#1, 2368(1988.

25/B, 8010 Graz, Austria.

1J. J. Quinn, Phys. Revi12 812(1958.

2J.J. Quinn, Phys. Rev126, 1453(1962.

3P. Noziéres,Theory of Interacting Fermi System@enjamin,
New York, 1964.

4A. L. Fetter and J. D. WaleckaQuantum Theory of Many-
Particle SystemgMcGraw-Hill, New York, 1973).

5G. D. MahanMany-Particle PhysicgPlenum, New York, 1981

61. campillo, V. M. Silkin, J. M. Pitarke, A. Rubio, E. Zarate, and
P. M. Echenique, Phys. Rev. Le®3, 2230(1999.

1. campillo, V. Silkin, J. M. Pitarke, E. Chulkov, A. Rubio, and P.
M. Echenique, Phys. Rev. B1, 13 484(2000.

8]. Campillo, J. M. Pitarke, A. Rubio, and P. M. Echenique, Phys.
Rev. B 62, 1500(2000.

SV. P. Zhukov, F. Aryasetiawan, E. V. Chulkov, and P. M. Ech-
enique, Phys. Rev. B5, 115116(2002.

25p, L. de Andres, F. J. Garcia-Vidal, K. Reuter, and F. Flores, Prog.
Surf. Sci. 66, 3 (2001).

26K. Reuter, P. L. de Andres, F. J. Garcia-Vidal, F. Flores, U. Ho-
henester, and P. Kocevar, Europhys. Léts, 181(1999.

27K. Reuter, U. Hohenester, P. L. de Andres, F. Garcia-Vidal, F.
Flores, K. Heinz, and P. Kocevar, Phys. ReveB 4522(2000.

28p, F. de Pablos, F. J. Garcia-Vidal, F. Flores, and P. L. de Andres,
Phys. Rev. B66, 075411(2002.

291, D. Bell, Phys. Rev. Lett.77, 3893(1996.

30R. Ludeke and A. Bauer, Phys. Rev. Leftl, 1760(1993.

31p. Blaha, K. Schwarz, and J. LuiteYIEN97, A Full Potential
Linearized Augmented Plane Wave Package for Calculating
Crystal PropertiegUniversitat Wien, Vienna, 1999

32R. M. Dreizler and E. U. GrossDensity Functional Theory
(Springer, Berlin, 1990

33p, M. Echenique, J. M. Pitarke, E. V. Chulkov, and A. Rubio,

10y p. Zhukov, E. V. Chulkov, and P. M. Echenique, Phys. Rev. B Chem. Phys.251, 1 (2000.

68, 045102(2003.

V. P. Zhukov, F. Aryasetiawan, E. V. Chulkov, |. G. de Gurtubay,
and P. M. Echenique, Phys. Rev. @}, 195122(200J).

12p. Garcia-Lekue, J. M. Pitarke, E. V. Chulkov, A. Liebsch, and P.
M. Echenique, Phys. Rev. B8, 045103(2003.

131, Hedin and S. Lundqvist, Solid State Phy23, 1 (1969.

14F, Aryasetiawan and O. Gunnarson, Rep. Prog. Plyjs.237
(1998.

15G. Onida, L. Reining, and A. Rubio, Rev. Mod. Phyz4, 601
(2002.

16\W.-D. Schéne, R. Keyling, M. Bandic, and W. Eckardt, Phys.
Rev. B 59, 5926(1999.

7R. Keyling, W.-D. Schéne, and W. Ekardt, Phys. Rev6B 1670
(2000.

18M. R. Bacelar, W.-D. Schéne, R. Keyling, and W. Ekardt, Phys.
Rev. B 66, 153101(2002.

I9A. Marini, R. Del Sole, A. Rubio, and G. Onida, Phys. Rev6B,
161104(2002.

34F. Rossi and T. Kuhn, Rev. Mod. Phyg4, 895 (2002.

35E. Fick and G. Sauermanithe Quantum Statistics of Dynamic
ProcessegSpringer, Berlin, 1990

361, E. Reichl, Statistical PhysicgWiley, New York, 1998.

87D. F. Walls and G. J. MillburnQuantum OpticgSpringer, Berlin,
1995.

38R. Balescu,Statistical Mechanics of Charged Particlémter-
science, New York, 1963

39U. Hohenester and W. Pétz, Phys. Rev5B, 13 177(1997).

40y. Hohenester, Phys. Rev. B4, 205305(2001).

41p, Puschnig and C. Ambrosch-Drax|, Phys. Rev6B 165105
(2002).

42K. S. Singwi and M. P. Tosi, Solid State Phy36, 177 (1981).

43F. Ladstadter, Master thesis, Karl-Franzens-Universitat, Graz,
2001.

44p. M. Platzman, E. D. Isaacs, H. Williams, P. Zschack, and G. E.
Ice, Phys. Rev. B46, 12 943(1992.

45W. Schulke, H. Schulte-Schrepping, and J. R. Schmitz, Phys. Rev.

20F, Ladstadter, P. de Pablos, U. Hohenester, P. Puschnig, C. B 47, 12 426(1993.

Ambrosch-Draxl, P. L. de Andres, F. Garcia-Vidal, and F. Flores,

Phys. Rev. B68, 085107(2003.

21S. Sze, C. Crowell, and E. Labate, J. Appl. Phy¥, 2690
(1966

22A. Goldmann, W. Altmann, and V. Dose, Solid State Commun.
79, 511(1991).

46A. Fleszar, A. A. Quong, and A. G. Equiluz, Phys. Rev. L&,
590(1995.

47B. C. Larson, J. Z. Tischler, E. D. Isaacs, P. Zschack, A. Fleszar,
and A. G. Eguiluz, Phys. Rev. Letf7, 1346(1996.

48U. Hohenester, C. Sifel, and P. Koskinen, Phys. Rev68
245304(2003.

235125-10



