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Calculation of low-energy-electron lifetimes
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The effect of the density of states on the lifetime of low-energy electrons in metals has been studied using
a golden rule approach. Simple approximations to the real density of states of metals have been used allowing
analytical results, which show that the free-electron scallBg E) 2 of the lifetime is affected above the
onset ofd-electron contributions. Hence, in noble metals a scaling with- Ex— w4) ~2, where wq is the
energy distance from the Fermi energy to the top ofdhegand, appears onat electrons can be excited. In
ferromagnetic Co, the ratio between the lifetimes of majority and minority spin electrons is found energy
independent below the threshold for the excitation of majatiglectrons while this ratio increases with energy
above that point{S0163-1829)09327-3

[. INTRODUCTION studied the effect of core polarizability, damping, and local-
field corrections on the mean-free path in Aluminum be-
The transient behavior of excited electrons at or neatween 10 and 50 eV’ With a similar approach as in Ref. 18,
metal surfaces is fundamental to many important surfac®enf® used optical response functions to calculate the mean-
processes, such as chemical reactions, transport, surfadeee path within a dielectric formalism from 5 up to“&V.
phase transitions, molecule-surface interactions, as well as ikshley’! proposed a prescription for constructing a
technological applications of electronic materiafsThe de-  dielectric-response function including dispersion effects,
velopment of new experimental techniques such as timefrom the optical one, and calculated the mean-free path and
resolved two-photon photoemissidiTR-2PPH allows to  the energy loss for electrons between 40 antieM0in noble
measure the lifetime of excited quasiparticle states in metalmetals.
on a femtosecond scale with high precisiot These kind In ferromagnets, Penn, Apell, and Girffmade a study
of experiments, although their interpretation is still notof the secondary electron cascades, which allows to obtain
settled, indicate that a description more accurate than the orieformation about the lifetimes from the polarization of the
given by the free-electron approatiis necessary. Such life- emitted secondaries. Several experiments in ultrathin mag-
time calculations have a long stoly.Quinnt® also intro-  netic layers have confirmed the spin dependence of the life-
duced the effect of a polarizable background with a statidime in these materialésee e.g., Refs. 23—25Siegmaf®
dielectric constangy showing that the lifetimes increased as showed thatd electrons should play an important role in
\/6—0 since the electron-electron interaction is reduced due toinderstanding the mean-free path in transition metals. Passek
the additional screening. Krolikowsky and Spifensed ex- and coworkers measured spin-dependent lifetimes of image
perimental density of statg®O9) to calculate the qualita- states in FgLl10] and analyzed the data by calculating the
tive behavior of the lifetime, which was compared to theconvolution of first-principles DOS. Recently, Drouffile-
pioneering work by Kanté? who measured lifetimes in Ag, veloped a detailed mathematical approach to the problem of
Al, and Au in transmission experiments for electrons abouspin-dependent lifetimes in ferromagnetic materials in terms
10 eV above the Fermi energy. There are many studies resf the density of states.
lated to the calculation of the electronic mean-free pajh ( In this paper, we try to delineate the effect of the density
both for ions and electrons, whose magnitude is directly reof states(DOS) on the lifetime of low-energy electrond(
lated to the lifetime by the velocity(), |=vr. —Eg<4 eV). Usually the approximation of assuming a con-
Using the self-energy formalism, Shelt8ralculated the stant DOS is made but in the case of transitions metals, with
inelastic mean-free path of electrons in jellium for energiesd bands near or even at the Fermi energy, one expects that
from 10 to 500 eV above the Fermi energy. In the samesuch an assumption will not provide a good description. The
formalism, Pent introduced the effects of exchange andwell-known scaling of the lifetime asg(— E¢) 2 is a direct
correlation and calculated the mean-free path for differentonsequence of assuming a smooth DOS in the energy re-
metals and insulators. Tung, Ashley, and Ritthiesed a gion of the involved electronic transitions, that allows a Tay-
statistical approach to calculate the mean-free path as an alor expansion around the Fermi energy. This expansion will
erage of the free-electron mean-free paths in each point ainly be valid very close to the Fermi energy. We have thus
the unit cell in the energy range between 1 andeM), and  found that the mentioned scaling property of the lifetime is
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p,E In a nonmagnetic materigl,= p; so the spin subindex
% can be dropped in Eq1) and
/K ' =l 1 2 E E
S, BEELE-E =T e @) [ Tdept e e oMo
6} T h Er 0

p, E ()
where nowp is the spin-independent density of states. We
will in our study make the approximation of constant matrix
elements, because we are mainly interested in the direct ef-
fect of the DOS. One can suppose that, in the small energy
range we are interested {0—4 eV aboveEg), matrix ele-
FIG. 1. Scheme for the deexcitation process in a scattering pic[nents will remain fairly constant while in the same energy
ture. range the DOS could change about one order of magnitude.
This constant matrix approximation has been widely used in
affected by the inclusion of a more realistic DOS once thehe analysis of photoemission data with excellent results, see
energy of the electron is larger than the interband excitatiof®" €xample the pioneering work by Berglund and Spiter
energy. where experimental photoemission results in copper and sil-

In order to model thel bands, we have used simple de- V€I were successfully explained using constant matrix ele-
scriptions that allow analytic expressions for the lifetime inments. Kan& calculated the matrix elements in the case of
the approximation of constant matrix elements. They gi\,e*3|l|con obtaining that they were quite insensitive to energy
the same characteristic features as calculations based on ffiangesless than 30% when going from 5 to 8 g\ the
first-principles DOS. Within this model we are able to de-Study of secondary electron cascades in ferromagnets, al-
scribe in a reasonable way the available experimental datathough energy-dependent matrix elements were necessary to

In the next section, we use our approach to study th@btain full numerical agreement with the experiment, the
behavior of the lifetime in noble metal€u and Ag. In Sec. ggneral trend was sgccessfully explained using constant ma-
Ill, we generalize the model to a ferromagi€p) in which trix elements?? Also in ferromagnets, after removing from
a spin-dependent lifetime is expected. In Sec. IV, we analyzgﬁe scattering amplltudes_ for Stoner processes the contrlbu—
the available experimental data in terms of our approachfion of the DOS, a relatively small energy dependence is

32
Finally, in Sec. V we discuss the major conclusions from ourfound: _
study. Once the matrix element has been extracted out of the

integral, only the convolution integral of the DOS corre-

sponding to the electrons involved in the deexcitation pro-

cess has to be calculated. From E8) taking a constant
Consider an electron with momentumand energye  value p(E)=ps for the DOS and assuming constant

above the Fermi energy. The interaction with the electrons immatrix elements, one arrives immediately at the familiar

the solid will make, after some typical timethis electronto  (E—Eg) 2 scaling of the lifetime,

decay to a lower energy state of momentpmand energy

E’, exciting one of the electrons in the solid from a state L = zp3| M|%(E—Eg)? (%)

k' (See Fig. 1L From a perturbative approach one can write (E) A°"° P

this lifetime (inverse of the probability per unit timeising  an expression that was first obtained in Ref. 29. By compari-
Fermi’s golden rule as done in Ref. 22 arriving at the expresson with the well-known Quinn’s result,valid for free elec-

sion trons in the low-energy limitE~Eg), the matrix element is
given by
V3 pr howp 2peQrr (ZPF”
M|?= — — +tan t —|| (5
MP=%a'p b3z o7+ o,

V37 1 hop
. 128 p3 EZ

II. LIFETIME IN NOBLE METALS

1 2 E E
=T dernzen | Taetozernzet o
Er 0

To

+p=(8)p=(s+ )M ()2, (1) "

wherew=E—E’ is the energy transfer and

p, (E")=[1—f(E")]p.(E") h . . o .
e strength of the interaction decreases with increasing den-
<EN— / / sity due to the enhancement of the screening, thus increasing
po(EN=T(EDp,(E"), @ the lifetimes. It can be shown that in free-electron-like metals
being f(E) the Fermi-Dirac occupation function am(E)  7o<n®® in the high-density limit.
the DOS for energy E and spin ¢ is the opposite spin to In order to describe noble metals, a more detailed descrip-
o. M(w) is the matrix element of the screened electroniction of the density of states will be necessary. We will then
interaction that connects the initial and final states. To arrivalistinguish betweers and d electrons, describing them in
at Eq. (1) we have made an angular aver&g® and the different ways. Noble metals are characterized by a quite flat
interference between direct and exchange terms has been rgp band and largal bands lying below the Fermi energy.
glected since they appear to be negligible when exchang€he distance fron to thed band is about 2 eV in the case
effects are also taken into account in the interactfon. of Cu and near 4 eV in the case of Ag. It is not difficult to

on” 11/6_ (6)
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DOS \ pdA E (a) ﬁ = ngpd(%) IMEd 2(E— EF)Z_ (8)
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I When o,<(E—Ep)<wp (0,=Eg—E,;), part of thed
I electrons can be excited and the lifetime is given by
1

|

|

1

n E) % |lpa

1 ngpd[
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o ) E +|MSI2(E-Er—wy)?|. ©)
Due to the new channel for the decaying provided bydhe
electrons, an additional contribution appears, which has not
the standard E—Eg) 2 behavior predicted by the Fermi

\ 'E, (b) Liquid’s theory in the case of low energies. This new term

! scales with E— Er— w;)? and results in a sudden increase of
post Pdn ‘_’: the probability (decrease of the lifetimeas soon as it be-
comes possible to excité electrons. Note also that trse

! P, electron contribution scaling withE— E¢) ~2 enters with a

\\\ N factor [ (ps/pg)<<1] thus being smaller than the-electron

A E contribution only considering DOS. As a result, and suppos-

g / v ing as a first approximation that matrix elements are of the

DoS| b : E same order, oncal electrons can take part in the de-

P : excitation process, they dominate it while telectron con-

O tribution becomes a small correction. Finally for energies
! ' large enough for ald electrons to be excited, namel (

—Eg)>wy, the term due to excitation al electrons be-

comes a constant and only tkeslectron part keeps the en-

o r&
m—>

(

FIG. 2. (a) Box and triangle description for the DOS in noble
metals. Observe that!'@"9'®=2,8%% in order to keep the same
number of electrongb) Box model for the spin dependent DOS in ergy dependence. .

Co. We will assume thgsy andpg are spin independent, therefore, One can also use a triangular DOS for thelectrong see
the ferromagnetic behavior will be a consequence of the position§i9- 2@)]
relative to the Fermi energy of the boxes.

=

. . . pd(E)= E_E
use first-principles calculations of band structure to perform t~ Ep
the integral in Eq/(3) but, in order to understand the quali- £q1oing the same procedure, below theelectron excita-
tative behavior, we have used simple descriptions for the, . threshold E—Er<w,) the result in Eq.(8) remains

DOS, which allow to obtain analytical results. In this way, ,hanged. If part of thel electrons can be exciteds
we describe the DOS of noble metals using boxes with dif-<E_EFg< a')b) F()jefiningWE E—Ep=wp— o (

ferent shapes. We use a square box of heighfor the sp

electrons, extended over the whole energy range and another 1 70204 ([ p
one for thed electrons, of heighty, betweerE, andE, [see =~ ——= —S[ (—S) IMSI2(E—Ef)?
Fig. 2(@)]. Thus, we introduce 7(E) h Pd

paf(E~E)H(E-E,). (10

|

11

1
p(E)=pq+ pab(E,~ E) 0(E~Ey). @ +IME Z[(E_EF_“")Z_?)TV(E_EF_O)‘)S

In Eq. (7) 6(x) is the unit step function. Although the matrix
eIen_wgnts_ are taken as constants we distinguish them by the Although the result is in this case more complicated, there
participating electrons because one would expect that the

overlap between different wave functions will be different, IS still a term related with th_e excitation of e'eCtQO”S that
I has a energy dependence different from tRe-Eg)“ behav-

and hence yield different matrix elemerfs. |M|';'f|2 isthe o Finally, when alld electrons can be excitedwf<E
matrix element of when the primary electron goes from band-E;) the d term becomes again a constant. Keep in mind
l; to Iy and the secondary electron goes from bantb s;.  that when using triangles, in order to keep the number of
We suppose thaiM}j|?=|M{|>=|M}|> due to time- electrons constanjg in Egs.(10) and(11) is twice py en-
reversal symmetry and indistinguishable electrons, respedcering in Egs.(7)—(9).
tively. These analytic results have been compared with numeric
When E—Eg)<wq, beingw,=(Ex—E,) the energy dis- calculations of the convolution integrals where first-
tance from the top of thd band to the Fermi energy, mb  principles density of states has been used. In order to com-
electrons can be excited and the expression shown ifdEq. pare both approaches, when evaluating the analytic expres-
is reproduced, sions we will use forpg the value given by first-principles
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calculation at the Fermi enerd{.To determinepy we first ~ where the fact that a majority electron above the Fermi en-
calculate the total contribution of tteeelectrons by integra- ergy is always ars electron has been taken into account.
tion of thed part of the first-principles density of states and Only the matrix elements entering with the lowest power in
then we divide it by thed band width. ps/pg) is approxi-  (ps/pg) have been considered because in @g/fy)=0.2.
mately 0.07 in Cu and 0.09 in Ag, being small parameters irNotice that this approximation does not affect the energy
both cases. In spite of the huge simplification made in thalependence of the lifetime, only the prefactor of this depen-
DOS, the agreement found between our simplified model andence. In the case of minority electrons both spins are pos-
the first-principles evaluation is very good, supporting thesible in this energy range, but we will consider that the elec-
validity of our approach. A triangle gives the best agreementron above the Fermi level will be@ electron becausgy is

in the case of copper while a square box is more suitable fomuch bigger thamg. Thus, we obtain,

silver. These shapes are intuitively suggested by the appear-

ance of the first-principles DOS. 1 2mpg 1

E) k2

In this energy range the ratio between lifetimes is constant

Ferromagnetic metals are characterized by different bandnd its value obviously depends both on the DOS and on the
structures for each spin state. This implies different DOS fomatrix elements. To lowest order ipd/py) we find
each spin and so one expects different lifetimes too. Regard-
ing the way of introducing this spin-dependent DOS, one ' pg |M§g 2
will have to go back to Eq(1) in which the spin label ap- ;2 p_“sz (15
pears explicitly. The DOS in these materials are character- s [Hsd
ized by completely filledd bands for the majority spin state Notice that this ratio remains energy independent if higher
(1), which means thad' bands are below the Fermi energy. order terms in ps/p4) are included in Eqs(13) and (14).
Nevertheless, minoritgl bands are partially filled, crossing For Co this result extends from the Fermi energy upwto
the Fermi energy. This implies that there exit states =0.6eV.
above the Fermi energy. One expects that these emhpty The next energy region is characterized by <(E
states will yield an increase of the available phase space for Ef)<w!, where both minority and majoritg electrons
the decaying process leading to shorter lifetimes for spinwill be excited. In this case,
down electrong?

In the same way as we did for noble metals, we will
describe the majority electrons by a constant value fopthe 1 2mp3[1 | ps MSU2(E—E.)2
and a box below Fermi energy for the,. In the case of T(E) & [2lpg Msd“(B~Er)
minority spins thed box will cross the Fermi energjSee
Fig. 2(b)]. Then we have 1

3

IM3Y2(E—Ep)2 (14)
Ill. LIFETIME IN FERROMAGNETIC METALS: COBALT

. (19

P 2
5) IMEH(E-Ee—0)?

p'"HE)=pstpyf(El""—E)O(E-E[Y), (12 and

whereE| <E/<Eg andEj,<E<E}. For simplicity, it has
been assumed that = p.=ps andp = p}=pq; this means .
that the whole bulk polarization comes from the differences 1 2mpy
in E)! andE}" . Introducing these expressions into Ef), it E) &
is possible to obtain analytic results in the whole energy

range but the expression becomes more and more involved +
while increasing the energy and so we will restrict ourselves

to the lowest energy regions described below. In the same o
way as happened in the case of noble metals, the model As can be seen, similar to the case of copper, there appear

. . . 2
using boxes is able to reproduce all the main features of §eW terms that do not scale a E¢)°. These new terms
full first-principles calculatior® change the constant ratio betwegrand 7!, which will now

In order to confront later the experimental d&taye are ~ depend on energy. Due to the fact that the new term entering
going to choose the threshold valuesg;* ,E['}) insucha N 7' haT‘S a smaller power irpi/pq) than the one ine!, the
way that o'<e', being o'=(Ef—E]) and o'=(E}  ratio (7'/7") is expected to increase with increasing energy.
—Eg), respectively the energy distances to the top of theAbove this energy rangeE(~ Ex>1.3eV) the expressions
majority and minorityd bands, because this is the case fora® ©00 complicated to be of any use to spell out.
Co (0'=0.6eV, w'=1.3eV)>® With this selection of pa-
rameters, the first energy range B{Eg)<w!. In this re- IV. ANALYSIS OF THE EXPERIMENTAL DATA
gion, the primary electron cannot excite any majodtglec-
trons. Nevertheless, minority electrons will be excited for
any energy. Equatiofil) for 7! then gives

1
[EIMSSI%E—EFV

Ps
d

IMIJ2(E-Er-0h?|. (17

Information on excited-electron lifetime has been ob-
tained from the measure of linewidths in photoemission and
inverse photoemission experiments. A recent compilation of

1 2mpd 1 these experimsrﬁ% suggests a linear de_psndenoe‘l
- - _<ﬁ> IMSY2(E-Ep)?, (13)  =a-(E—Ef) with a universal value for. Ballistic electron
7I(E) hio 2\pg) ° emission microscopy (BEEM) seems also to be able to al-
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low the determination of the mean-free path of very low- TABLE I. Fitting parameters for the different experimental
energy electrons. The lifetimes obtained for Au by BEEM sources. a, accounts for the term with usuaE(-Eg)?® scaling
(Ref. 38 can be well described by Quinn’s approach while@nda, for the one scaling with E—Er—o,)? [see Eqs(18) and

in the case of palladium an unexplained linear dependenc@D]- Units areffs™*ev2].

with (E—Eg) is obtained® This linear dependence can be
explained in materials where a large density of unoccupied
states exists just above the Fermi energy, for instance ibata Ag Cu Cu
transition metalé? but the quadratic behavior should be re-
trieved for energies low enough.

ag a,

Ref. 5 421072 0.8x10°2 0.10

Nor linewidth analysis, where approximations for the Ref. 6 5.710 * 2'4><1072 ,
elastic width are needed to separate the inelastic linewidtRe" 7 0.8¢ 1072 1.6x10
neither BEEM, where the lifetime enters as one of the fittingRef' 8 72 2. 1072
parameters, provide a direct measure of the lifetime of theuinn (Ref. 11 2.5% 1072 4.1x 1072
excited states. TR-2PPE does it. In a TR-2PPE experimer%umn (€o) (Ref. 13 3.0x10 1.7x10
an electron is excited above the Fermi level but below the
work function using an ultrashort laser pulse. A second pulse
extracts the electron above the vacuum level and it can be —=ag(E—Ep)?+a,
detected. Measuring the final energy, the energy correspond- T
ing to the intermediate excited state can be determined sim- 1
ply by subtracting the photon energy. Varying the delay be- - 3TV(E_ Er—wy)®
tween the two laser pulses the time evolution of the
population of this state, and hence its lifetime, candde  \where w,=1.9eV and W=4.1 eV from band-structure

rectly monitored. calculations* a, anda, are directly related to the matrix
There are experimental results for the lifetime of low- elementdc.f. Egs.(8) and(11)],

energy electrons obtained by TR-2PPE in different

groups® 1 There exist problems related to the interpretation T, (ps
of the data and there is presently a lack of agreement be- aO:gpsPd(E
tween the results of different groups. Different processes

could be the origin of this disagreement. First of all, the The experimental lifetimes are reasonably well described by
deexcitation of the primary electrortand their correspond- Ed. (18), which supports the validity of the constant matrix
ing holes excited by the laser beam gives rise to a series ofiPProximation that has been used. The results from our fit-
secondary cascade processes that would affect the measufé¥ys are summarized in Table I. As can be seen the values
lifetime by a delayed repopulation of the states under meafor @ look rather consistent but there is a large spread in the
sure. This kind of process would mainly affect the states uy@/ues fora,. However, itis in the region wher, plays a

to about 1 eV above the Fermi energy. When the energy giole wh_erg the biggest experimental errors are expecte_d be-
the laser is enough to excite electrons from the deeber cause Ilfet!mes are mu_ch shorter gnd closer to the expermen-
bands the correspondird; holes are localized and presum- tal resolution. 'Rege_\rdlng the ratio between the matrix ele-
ably have lifetimes longer than those of the free states tharpents for Cu, it varies between

could be the reason for some surprising restftransport

(E- EF_wt)Z

O(E—Er—wy), (18

v
IMSI? ar=plpalMesl? (19

L X . M2
effects would also affect lifetimes by taking the excited elec- 1. 1<%|_< 28. (20)
trons out from the experimental region. This transport effects M|

would depend on the quality of the sample and on its orieny o \would expect, supposing the screening is the same for

tation and could explain the observed discrepancies and tI1§i| electrons, that this ratio should in fact be greater than
face-dependent lifetimes observed by some grédpéost unity due 'Lo a bigger overlap between thewave
probably, the discrepancies reflect different experimental apg,étions3?

proacheglike different pulse-width or different strategies of g, silver, we have two sourcEsand due to the largd

data analysisand/or a considerably different quality of the pang threshold there is no experimental information of the
used samples. See Ref. 40 for a recent discussion on thigshavior above that threshold. We cannot, therefore, obtain

question. Thus, even if TR-2PPE experiments do not mednformation abouta;. The available experimental data has
sure the intrinsic lifetime of the excited state but a superpopeen fitted using the expression

sition of the different processes involved in the photoexcita-
tion event, we think that an analysis of the experimental data 5
in terms of our approach could be useful to check the con- ~-a(E-Ep)” (21)
sistency of both experimental and theoretical results.

Copper is the material with most available data; we haveThea, values obtained are shown in Table I. Since Cu an Ag
used four different source€s® We have fitted the experimen- have very similarp values, the difference in the, values
tal data to the expression obtained for a triangular density ofias to be related to the matrix elements and the screening. To
states of thel band, which gives the best agreement with thefirst order, we expect the bare matrix elements to be rather
first-principles calculation, similar but the screening is expected to be less efficient in Ag
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T e 20 TABLE Il. Fitting parameters for Co. ay accounts for the term
[ ] with usual €— Eg)? scaling anda, for the one scaling with &
—&— Majority —Eg— w')? for both majority(1) and minority(]) spin stategsee
—¥— Minority ] 45 Eq. (22)]. Units are[fs teV2].

ao[ Col a,[ CoJ

Data 7 ! 1 !
] Ref. 10 0.14 0.17 0.04 0.65

(sp2

J1o

I When excitation ofd! electrons becomes possible there ap-
2.2 HH+H e O pears a correction, which scales with{ Er— »')2. Again
L T 1 to lowest order in ps/py),

] 2
18 * . 1T 3 Ps sd2 ol T 3[Ps)\dd2
l_,é : E a;= A Pd(pd) |Mss a;= % pd(pd)“v'ds . (24)
~_ 1.6 C 7]
oF i ] Notice that, in contrast to the case of noble metalshas a
1410 7 higher power in ps/pg) thanay and hence, the correction is
L supposed to be small.
12r ] The best-fitting parameters are shown in Table Il It is
N T A T T g interesting to notice tha)'(Co) is about one order of mag-
05 06 07 08 09 1 11 12 nitude larger thamay(Cu) anday(Ag). This is a consequence

E-E. (eV) of the existence of empty minority states above the Fermi
energy, which increases the available phase space with re-
FIG. 3. Spin-dependent lifetimes in Cobélbp). Open triangles  spect to the case of noble metals. The absence of these states
are experimental data for majority spin electrons while full trianglesin the case of majority electrons is also the key to understand
correspond to minority spin electro®ef. 10. The solid lines are  \yhy al is about one order of magnitude smaller than the
the results of our model applied to both sets of data. The ratigyther parameters. The same argument would predict a larger
bt_etween the spin-dependent lifetimésottom is also compared value for a%). This is probably not found due to a small
with our results. . 3
overlap between the localizetistates’
Finally, from the different ratios between tlag’; the ra-
tios between the different matrix elements can be obtained,
showing that

than in Cu(in Ag, d bands are deeper apd is smallej and
henceay(Ag) should be larger thamy(Cu) as found(see
Table ).

Aeschlimannet al!° have measured spin-dependent life-
times in Co in the energy range we have studied. We have IM3G <M <|MSg<|Mm3Y. (25)
analyzed both spin states with the expression

Except for the caséM{’| the matrix elements follow the
14 2, 11 2 ; intuitive trend that the mord e_Iectrpns the smaller the ma-
=80 (E-Ep)+ar (E-Er— o) 0(E-Er—wy), trix elements should be, which is supported by previous
(22  results®

from the previous section. Figure 3 shows the fitting of the
available experimental data for both spin states together with
the ratio of the lifetimes. The model seems to be able to We have developed a model that introduces the effect of
provide a good description of the experiment, which supportshe real density of states in the calculation of the lifetime of
the validity of the approximations being used. To lowest or-low-energy electrons in transition metals, in a simple way.
der in (ps/pg), With the assumption of constant matrix elements and using
them as fitting parameters, different sets of experimental data
can be accounted for. The values obtained for the matrix
T Ap - elements presently differ between different experiments on
aoz_pg(_s>|M§gZ a(ljz_pg“\ngg 2. (23)  the order of 40% and show a qualitative agreement with
h Pd h theoretical estimations. Mechanisms affecting the measure-
ments such as transport, cascades or surface effects can be
the reason for this disagreement. On the other hand, energy-
This means that for energies where db electrons can be dependent matrix elements and interference terms should
excited the lifetimes will be dominated by the excitation of also be taken into account, but this is beyond the present
d! electrons giving a contribution scaling withe ¢ Eg)?. initial analysis.

V. SUMMARY
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