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Lifetime of excited electrons in transition metals

Mario Rui Bacelart Wolf-Dieter Schme1? Robert Keyling! and Walter Ekardt
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany
2Freie Universita Berlin, Fakulta fur Physik, Amimallee 14, D-14195 Berlin, Germany
(Received 5 April 2002; published 4 October 2002

We presengb initio calculations for the lifetime of excited electrons in transition metals. The computations
were done using a pseudopotential approach in connection with a plane-wave expansion of the wave functions.
The lifetimes for each element are resolved for various bands and with respect to certain directions of the
crystal momentum. Our results reveal rather different trends for different transition metals showing the impos-
sibility to work with simple models, thus emphasizing the need for first-principles calculations.
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Over the last few years the lifetime of excited electrons insolving the Kohn-Sham(KS) equation$®?* of density-
metals has attracted considerable attention, both from thiinctional theor§*2°within the local-density approximation
experimentdi® and the theoretical sidel” While experi-  for the exchange-correlation potentfdlThe wave functions
mental studies date back to the mid 1990's, the first theoret@re expanded with respect to a plane-wave basi$’Sete
ical calculations which really took into account the explicit €lectron-ion interaction is described by means of a nonlocal,
band structure of the investigated systems were not pub2orm-conserving pseudopotentfal.
lished until 19991° Before this time the experimental data  After having obtained well-converged results for the
had to be compared to predictions based on the homogground state, the lifetimes of electrons in excited states is
neous electron gagFermi-liquid theory.**=?° Since then calculated using the so-callé@W approximation of many-
these so-calledb initio calculations have been performed body perturbation theoRf. ** In this approach it is assumed
for simple metal$'? and noble metal®:*>*Very recently  that the finite lifetimes of electronic excited states is due only

results have been presented for the averaged lifetimes for bée the scattering of the excited electron with electrons in the
and fcc transition metal. valence bandg¢‘Fermi sea”). In the GW approximation the
These calculations clearly show that a treatment from firsglectronic interaction is not described by the bare Coulomb
principles is extremely important in order to explain the ex-potential but rather by a dynamically screened Coulomb
perimenta| results. As an examp|e we just would like to men.potential.“ Within this formalism the lifetime is related to
tion the case of the lifetime of excited electrons in Al for the imaginary part of the self-energy of the excited electron
which anab initio calculation has been perfornteand the 18-20
lifetime for the various excited states was calculated. This
allowed a resolution with respect to the crystal momentum 2
(wave vectoy of the states. The calculation showed that the Tajl: — —J d3rd3r'<pgj(r)|m S(r,r';Eq ) eq(r’)
experimem—which was conducted on a polycrystalline ’ h ' T
sample—did not probe the lifetime of excited electrons in the 2
parabolic bands which dominate the band structure of Al but =— glm 2i-j(0,Eq)), (h)
rather the lifetime of states which are not free-electron-like.
In other words, Fermi-liquid theory fails to explain this ex-
periment. Another example we would like to refer to is thewhereX(r,r';E, ;) is the self-energy of the excited electron
case of Cu. After reliablab initio calculationd®*?were not ~ and ¢, ;(r) andE,; are the wave functiotin our case the
able to explain the experimental d&ia became clear that KS wave function and energy of the excited electron, re-
measuring the lifetime of excited electrons using time-spectively.q andj denote a crystal momentum in the Bril-
resolved two-photon photoemission experiments might leatbuin zone and a band index. The second line in&gis the
under certain conditions to physical processes which cannatefinition of the representation of the self-energy with re-
be explained just by electron-electron scattering and thagpect to the Bloch functions which are the solutions of the
other mechanism&? may play an important role in these KS equations.
cases. This analysis was only made possible because trust-In Hedin's original work?®2° the GW approximation
worthy first-principle calculations had been available. meant solving self-consistently a set of coupled integral
In this paper we present the calculations of the lifetime ofequations retaining only the first order term of an expansion
excited electrons in six transition metals, two fcc met&®k  of the self-energy in terms of the screened Coulomb poten-
and Pd, two bcc metalg§Nb and M9, and two hcp metaléy tial. Here, as in all previous work in which tl&W approxi-
and Ry. For all elements we present the lifetime resolvedmation is utilized in order predict or reproduce experimental
with respect to the crystal momentum of the correspondinglata®® we replace the full Green’s function by the Green’s
states. function of noninteracting electrons and simply do not solve
In this work we follow a procedure similar to the one Hedin's original set of equations. We therefore obtain the
already described in detail in previous wdrk: We start by  self-energy within the random-phase approximatigirA)*?
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and from this self-energy we determine the energy and life- 0.20F—T—T1TT1T T T T T
time of the excited electron state. So in practice the self- __ f= e, Y
energy is calculated #5*334 8 0.10F LR E
- < 0.00F R
S (1,17 =iG pa(F S HW(E, I it ) — 0, (1) S(r—r"). oL T F \
2 XN -0.10F -

e ] U I RN I BRI R B B

Herev,.(r) is the exchange-correlation potential as used in
the KS equationsG pa(r,r';t) is the Green’s function of LA L I R R LA L

the excited KS electron and/(r,r’;t) is the shielded poten- .~ 20|~ . Rh-
tial calculated within the RPA. The self-energy is determined =, P~ - T
in the basis of the solutions of the KS equatibfiBloch o [FeeL L T~ |
basis, see second line in EQ)]. Since it has been shown T 0.00F 0 e T
that in crystalline systems the off-diagonal elements of the® b I
self-energy can be neglecféd®we only calculate the diag- [ ]
onal elements. The energy of the excited electiy) is o20t—t—t 11
determined by solving* ————— T
_ — [ ~., ~ - A .
Eq,j~ €qj~Re2j-j/(q,Eq) =0, 3 §= o10F Tr~eell g_:

wheree, ; are the(real) eigenvalues of the KS equations. I 0.00
In a recent articl& it was shown that in order to obtain a
reliable occupied band width artdband energies which are
comparable to the experimental data for Cu it is necessary tc
consider the 4 and 4p semicore states as valence states
when constructing the pseudopotential which is used for the
ground—;ta_te calculatic_)n. However, in almost all cal_culations FIG. 1. Imaginary and real part of the self-energy atfthgoint
of the I|_f_et|me_ of e_xcr[ed electrons_ pseudopotentlals havg,, vy (upper pane| Rh (middle panel, and Ag (bottom panel
been utilized in which the conventional choice for the va-caicylated using only thedtand 5 electrons as valence electrons
lence electrons was used, namely, thd and the 4  (solid line for the imaginary parts, dot-dashed lines for the real
electrons* The exceptions are two very recent determina-party and considering also thesdand 4p electrons as valence
tions of the lifetime which are based on a full all-electron electrons(dashed line for imaginary parts, dot lines for real parts
calculation*®!’ The results of all these calculations agreeFor Ag and Rh the plots show the self-energies for occupied states
well with the experimentally available data. In the fol- within thed bands(band numbers 5 and 4, respectiveljor Y the
lowing we would like to shed some light on this ostensibleself-energy of an unoccupied state was plottemhd number ¥ All
discrepancy. plots show only minor differences in the imaginary parts of the
In their paper Mariniet al3¢ explain the influence of the self-energy, whereas the real parts for Ag and Rh are markedly
semicore states, especially on the width and the energetitifferent. See main text for more details.
position of thed bands in Cu, with the huge change of the
Fock part of the self-energy. As can be seen from Fig. 1 irclusion of the semicore states is required only if tfaasi-
Ref. 36, the inclusion of the semicore states leads to a departicle energies of occupied states within théands are
crease of the Fock part of the self-energy of up to 6 eV forconsidered.
states with single-particle energies within the region ofdhe In Figs. 2-5 we present the calculated lifetimes for ex-
bands. For the unoccupied states the Fock part of the selfited electrons for six transition metals in selected bands. In
energy remains largely unaffected with respect to an incluall cases the lifetime according to E@) was calculated in
sion of the semicore states. So there is a non-negligible corthe so-called “energy-shell” approximation, i.e., we evalu-
tribution to the exchange part of the self-energy, whichated the self-energy not at the quasiparticle energy but at the
affects the calculated values of the electronic energies. IKS energy valué®'>3Figure 2 shows the lifetime for elec-
does not, however, affect the imaginary parts of the selftrons in the sixth band of R¢solid line) and Pd(dashed ling
energies, where the effects of the semicore states can be rfer the directionsI’-K (left pane) and I'-X (right pane).
glected. This is demonstrated at the example of three states @lere and in the following the numeration of the bands was
theI" point of the noble metal Ag and the transition metals Y made with respect to increasing energy atlthpoint,) With
and Rh. For Ag and Rh the self-energy shown was calculatethe exception of the energy range below 1 eV in th&
for occupied states within theébands. The change of the real direction the lifetime in Rh is smaller than in Pd. This is in
part of the self-energy once the semicore states are considgreement with phase-space arguments; for a fixed energy
ered can be nicely noted. The self-energy shown for Y washe band structure of Rh offers more available empty states
calculated for an unoccupied state. Here, too, the imaginarfor the decay of excited electrons than the one of Pd. Note,
parts are nearly identical. This discussion shows that an inhowever, that the overall lifetime for the two directions is
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FIG. 2. Lifetime for the sixth band in the two fcc metals Rh
(solid line) and Pd(dashed ling for the I'-K andI'-X directions.
We labeled the bands with respect to increasing energy using the
points as reference.

FIG. 4. Lifetime of electrons in excited states for the bands 6
(solid line) and 8(dashed lingin Y in theI'-M andI'-K direction.

can compare our crystal momentum resolved results with the
averaged lifetimes of Ref. 17 there is qualitative agreement.
quite different which shows once more the need for crystalThis is noteworthy because the two calculations differ in
momentum resolved calculations. three points. First, we perform a pseudopotential calculation
Figure 3 shows the lifetime of excited electronic states inwhereas in Ref. 17 all-electron calculations are reported.
Mo (left pane) and Nb(right pane] for the bands 3, 4, 5, Second and connected to this are the different sets of basis
and 6 in the directiod’-K. We find no relevant difference functions, namely plane waves and a set of numerical muffin
between the lifetimes for the various bands; the underlyingin orbitals in the calculation of Zhukogt al. According to
band structure is identical for all bands. Apparently the exthe arguments given in the paragraphs following €j.nei-
plicit form of the bands has only a minor impact on the ther of the two points should have a significant impact on the
lifetimes as has the possibility for potential interband transi+esults for the lifetimes. For the noble metals this has re-
tions. As in the previous case of Rh and Pd there is a cleatently been shown explicith This provides a further justi-
difference between the lifetime of the two elements. As alication for our approach of using only thel4and 5 elec-
ready noticed in Ref. 17, this cannot be explained by phasearons as valence electrons in the pseudopotential approach.
space arguments which means that this line of reasoning hdhe third difference between the two calculations concerns
to be used with care. The lack of simple physical argumentshe energy at which the imaginary part of the self-energy is
or sum rules which might be used to predict or analyze theevaluated in order to obtain the lifetime. Whereas in this
overall results for obtained lifetimes make reliakle inito ~ work the energy-shell approximation is utiliZ8d?*3
calculations even more important. Zhukov and co-workers evaluate the self-energy at the qua-
It is instructive to compare our results with the data forsiparticle energy. In other words, their results for the lifetime
the averaged lifetimes reported in Ref. 17. To the point weshould be slightly larger, the results differing by the renor-

50 1 LI 1 30 1 1 I 30 I I 1 30 1 1 I
25 . 25 . 25 .
401 Mo 1 : Nb
r-m r-K
Y 20 - EZO - 20 -
=301 - =
[ [
£ 15 . £ 15 . 15 .
L 20F 7 2
| 10 - 310 - 10 -
10} - \ N

| I A O T ST

2 4 6 8

E-E, [eV]

10

LN [

46 8 10
E-E, [eV]

-~
-

Il .,

FIG. 3. Lifetime for bands 3Jsolid line), 4 (dotted ling, 5
(dashed ling and 6(dot-dashed lingin the I'-K direction of the
two bcc metals Mo and Nb.

FIG. 5. Lifetime of electrons in excited states for the bands 11
(solid line) and 12(dashed lingin Ru in theI'-M andI'-K direc-
tions.
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malization constan,.® This is indeed the general trend direction, lifetimes relatively independent of the band for
which can be seen. An exception is the lifetimes of ex-which they are calculated. And as in the Y case there is no
cited electrons in thd’-X direction in Rh and Pd which relevant difference for the two directions considered.
are slightly larger than the averaged lifetimes reported in In summary we have presented calculations for the life-
Ref. 17. time of excited electrons in transition metals. The fact that in
Figure 4 shows the lifetimes of electrons in excited stategransition metals neither the simple phase-space argument
in Y for the bands 6solid line) and 8(dashed lingfor the oy other easy to apply rules of thumb can be used to predict
directionsI’-M (left pane) andI'-K (right paneJ. As in the  the |ifetime of excited electrons confirms the need for elabo-
previous cases there is a negligible difference in the lifetimes,ted ap initio calculations for these kinds of systems. Our

for bands in the same direction, and contrary to the fcc Metzeqits also emphasize the need for crystal momentum re-
als considered in this work, the results for fheM andI'-K solved calculations.

directions are very similar.

Finally, Fig. 5 shows the lifetimes of electrons in excited G. Ertl is gratefully acknowledged for his interest and
states in Ru for the bands 14olid line) and 12(dashed ling  generous support. This work was supported by the Deutsche
in the same directions as for Y. Again we predict for the samd-orschungsgemeinschaft through SFB 450.
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