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Lifetimes of excited electrons in Ta: Experimental time-resolved photoemission data
and first-principles GW+T theory
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Time-resolved two-photon photoemission spectroscopy and first-principles GW and GW+T theories have
been used to study excited electron lifetimes in tantalum. The GW+T approach includes evaluation of the
lowest self-energy term of the many-body perturbation theory in the GW approximation and higher terms in the
T-matrix approximation. The GW+T calculated lifetimes are in good agreement with the measured lifetimes at
excitation energies above 1.6 eV. At lower energies, a slightly worse agreement between theoretical and
experimental data is obtained which we refer to as the influence of cascade processes.
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The dynamics of hot electrons is fundamental to the uncan be important. However, in a recent work, Ref. 15, a
derstanding of many phenomena such as chemical reactiofiisst-principles GW+T method for lifetime calculations out-
on surfaces, transport, molecular-surface interactions, etside GWA was discussed. Experimental data on relaxation
The knowledge of relaxation times of electron excitationstimes in transition metals, except noble metals, are also rare:
and consequently the escape-depth length of excited elets our knowledge, only relaxation times in RRef. 3) have
trons, is important for the interpretation of photoemissionbeen measured. So new measurements and efforts at calcu-
spectra, Auger spectra, and low-energy electron diffraction.lations with more powerful theoretical methods are desirable.

Of the experimental methods developed for the study of In this Brief Report, we discuss the application of the
relaxation times, the most suitable is time-resolved two-TR-2PPE technique for studying relaxation times of elec-
photon photoemission spectrosco@yR-2PPB,* which al-  tronic excitation in Ta. We also discuss the theoretical life-
lows the measurements directly in the time domain. A seriesimes calculated by means of a first-principles GW+T ap-
of TR-2PPE experiments have been performed for nonmagsroach which includes, together with the traditional GW
netic metal$® ferromagnetic meta%! and highT, term, theT-matrix term of MBPT. This discussion shed light
superconductor$lt has been shown that the most importanton the importance of the above-mentioned experimental
factor that determines the relaxation times in TR-2PPE ex¢transport and cascade procegsasl theoreticalhigh-order
periments is the inelastic electron-electron scattering. Somtrms of MBPT) factors relating to relaxation times.
other processes also affect the relaxation time of a depleted In TR-2PPE experiments, the filgiump) pulse populates
state. One of them, increasing the relaxation time, is the efan intermediate state located between the Fermi edge and the
fect of refilling the depleted state with the cascade electrongacuum level. A secon@probe pulse, that is delayed by a
from higher excited states. Another is a transport effect thatime 7, then transfers the remaining population to the de-
reduces the relaxation time due to the diffusion of electrongected state above vacuum level. A control of the temporal
from irradiated spots on the surface into the bulk. delay 7 between pump and probe pulses in the femtosecond

On the theoretical side, several methods have been deveime scale enables information about the decay dynamics of
oped for the evaluation of excited electron lifetimes, includ-the excited electrons in the intermediate states. We used
ing semiempirical approaches based on scattering tHebry pump and probe photon pulses with equal energy and inten-
and first-principles approaches based on the self-energy fosities but with crossed polarization in order to minimize the
malism of many-body perturbation theaiMBPT).22Anum-  coherent effect between them. The raw data of a TR-2PPE
ber of calculations have been performed for the lifetimes oimeasurement exhibit the two-pulse correlation trace at a defi-
excited electrons in simple, noble, and transition métald. nite kinetic energy, where the shape of the trace contains
Such methods take into account only inelastic electroninformation about pulse width of the two laser pulses as well
electron scattering, so the comparison of theoretically calcuas population decay tim@nd hence inelastic lifetimef the
lated lifetimes with experimental relaxation times meets withintermediate state. In order to extract the intermediate state
essential difficulties. Besides, the theoretical methods conlifetime, we applied avATLAB -based fitting routine which
tain a number of intrinsic approximations. Hitherto the bestuses a least-squares fit algorithm. This algorithm is based on
theoretical results have been obtained by means of the firs& quantum-mechanical approach within the density-matrix
principles GW approachiGWA), which incorporates for the formalism® In this formalism, the two-photon-
self-energy only the first exchange term of the MBPT. It isphotoemission process is described by an electronic three-
well known that in systems with efficient short-range screenievel system interacting with the electromagnetic field of the
ing (e.g., transition metajsthe high-order terms of MBPT two laser pulses. The temporal evolution of the density ma-
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where p is the density operator and the dissipative termg J,
dpgyis/ dt describes the energy and phase relaxation via the§ 04 * L
coupling to the continuum of substrate excitations on a phe-~ _f,." "'.i
nomenological basis. The Liouville—von-Neumann equations ] ;‘ "\.
can be reduced to a set of three coupled differential equation. %21 Va %
using the assumption of rapid dephasing between two energ 1 - \%ﬂ
levels(phase relation between the photoexcited electron anc 0.0 femmewi=="" i
its photoholg wh_|ch, for a metallic vqlume state, is a com- 200 " 100 " 5 " 100 " 200
mon approximatior? In cross-correlation measurements, the Delay [fs]

two distinguishable pulsep- and s-polarizedare able to
excite two different intermediate states with different life-  FiG. 1. 2PPE-autocorrelation traces obtained from polycrystal-
times. Therefore, the description of the three-level systenine Ta films(FWHM=91.8 f§ and bulk(FWHM=91.1 f3.
has to be expanded to a four-level system. Under the as- ) . )
sumption of nearly constant initial-state population, one ca@round 1 ML/min was checked with a quartz oscillator,
express the excitation in a cross-correlation measurement Bynich is calibrated against atomic-force-microscope thick-
two coupled differential equations. In this formalism, the N€SS measurements. In order to _study the contnbuuon due to
two-photon-photoemission process is described by a classi® transport effect, a commercial polycrystalline Ta sheet
cal rate equation model. This model is implemented in avas also cleaned for the measurement by a standard sputter
fitting algorithm in order to extract the decay constant out of°rocedure. To probe lower excited states, we reduced the
. . : work function by dosing the Ta surface with a small amount
the experimentally obtained cross-correlation traces. ThreSf Cs(<0.1 ML)

parameters affect the shape of the simulated cross-correlation As was shown in noble metals earlfettansport of opti-

trace, namely the intermediate state lifetimes and the tW%ally excited electrons into the bulk can significantly affect

parameters which include the transition matrix elements. the measured lifetime within a TR-2PPE experiment. Trans-
We used laser pulses at low fluence and peak power {81 qoes play a role at low excitation energies and can even
avoid space-charge effects or highly excited electron distrigominate the measured relaxation dynamics already at film
butions. We emphasize that the count rate is much lower thaghicknesses around 20 nm. We performed a comparative ex-
one e_Ie_ctron per pulse. Ther_efore, we measure the relaxatiqferiment between polycrystalline Ta bulk and 16.5-nm-thick
of individual excited electronic states rather than the collecfiim (see Fig. 1 In the obtained cross-correlation traces, we
tive behavior of transiently heated nonequilibrium distribu-found no clear indication of the carrier redistribution in the
tion. The laser system used was a mode-locked Ti:sapphirgurface region within our temporal resolution of about 1 fs.
laser, pumped by about 7 W from a cw Nd:YVO3 diode Therefore, we can exclude any influence of the extracted
laser. The system delivers transform-limited and sech2 temifetime in our Ta film due to electron transport.
porally shaped pulses of up to 7 nJ/pulse with a pulse width |n first-principles methods based on MBPTan excited
(FWHM) of <30 fs and a repetition rate of 76 MHz. The electron lifetime is calculated from the expectation value of
wavelength can be tuned to a range of 770—830 nm. Thehe self-energy operator. In the GWA2 one retains for the

linearly polarized output of the Ti:sapphire was frequency-self-energy only the first-order term of the expansion in
doubled in 0.2-mm-thick beta barium borg®BO) crystal  terms of a screened potentl,

to produce UV pulses div=3 eV. The pulses were split by .
a beam-splitter to equal intensitpump and probe pulsgs 2(1,2=i6(1,2WM1,2), (2)
and one path could be delayed with respect to the other by ghere G is Green’s function. We omit the spin coordinate
computer-controlled delay stage. Both beams were combineghd use shorthand notatior=dr,t;). We extend the GW
collinearly by a second beam-splitter and were focused alelf-energy calculations by including high-order self-energy
45° with respect to the surface normal of the sample. diagrams within theT-matrix approximatiort® Of all the
The sample was mounted in an UHV chamber with a basgerms of theT-matrix theory, we retain terms that describe
pressure<10°'° mbar. The photoemitted electrons were de-muitiple scatterings between electrons and holes. The
tected along the surface normi&|=0) by a cylindrical sec-  T-matrix operator is defined as a solution of the Bethe-
tor energy analyze(CSA). In general, we use a pass energy Salpeter equation,
of 4 eV, which leads to roughly 100 meV resolution.
16.5-nm-thick polycrystalline Ta film was evaporated on T(1,23,4=W(1,28(1 - 382 - 4 +W(1,2)
the thin sheet of mica in an attached preparation chamber.
Mica was cleaved on air shortly before evacuating and X f d1'd2’'K(1,21',2")T(1',2'[3,4). (3)
heated in UHV at 300 °C. Ta was directly evaporated from a
1.7-mm-thick rod(of 99.9% purity. The evaporation rate The kernelK (electron-hole propagatpof this equation is a
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product of particle and hole Green functions, 40+
K(1,2]1',2")=iG(1,1)G(2',2). (4)
o
The T-matrix contribution to the self-energy of a paramag- 304 * Ta
netic system is expressed as
3(4,2=-2i fdldSG(3,1)T(1,213,4), (5) % o0 |
£
where spin degeneracy has been included. z
In order to make the calculations feasible, we employ the 10-

static approximation W(1,2)=W(r4,r,)8(t;—t,) for the
screened potential and local and static approximation, 1=2,
3=4, for theT-matrix operator. For the Green'’s function, we
use the LDA noninteracting Green'’s function. First we cal- 0
culate the spectral function of the kernel,
0occ unocc
S1,2,0)=> > {- (/fkn(l)l/;k/nf(l)wk’n’(z)lﬂ;n(z) FIG. 2. Experimental and momentum-averaged electron life-
kn k’n’ times in Ta versus excitation energy=E-Er. Solid diamonds:
theoretical averaged GW lifetimes; open diamonds: theoretical av-
eraged GW+T lifetimes. Stars: experimental data, shown together
with the error bars. Thick solid line is a guide for eye.

X oo+ €rnr =~ €n)

Y Dt (D thicrn (2 n(2) Sl — €y
fe)} ©) linear muffin-tin-orbitalyLMTO) method:* and use the ba-
kn/J- sis of LMTO product orbitak’ for many-body calculations.
Then the kernel is obtained through the Hilbert transform, The screened potenti&V is evaluated from first principles
, within the random-phase approximation, with the details of
-K(1,2,0)=P dw’M —inS(1,2,0). (7) calculations similar to those for Nb, Mo, Rh, and Pd’he
(w=-w") details of theT-matrix calculations correspond to those pub-

. . . lished in Ref. 15. In particular, in the current discussion, we
In the frequency representation, the imaginary part of the

. ; . omit the so-called double-counting term which appears to be
T-matrix self-energy term for electrons is written as

small in Ta.
unoce . Figure 2 shows the relaxation times of photoexcited elec-
Im3(4,2,0) =22 > f d(1)d(3) #icn (3) ey (1) trons extracted from experimental cross-correlation traces
kow and the theoretical momentum-averaged lifetimes as a func-

X IMT(1,23,4,0 - €)@ ). (8) tion of energyw=E-Er. We show the lifetimes up to the
highest excited state probed in the experiment, 3.0 eV. The
The real part of2 is also calculated through the Hilbert error bars for the experimental lifetime data are given by the
transform. statistical uncertainty of the detected photoelectrons as well
Having the calculated’-matrix self-energy, we add to- as the exact determination of the laser pulse width in the
gether the GWA andr-matrix self-energies and solve the UHV chamber. As expected for transition metakhie mea-
Dyson equation for the complex quasiparticle enegy w), sured absolute lifetime values in the probed energy region lie
_ below 15 fs. It is explained by the fact that, in comparison
Eqn(®) = €gn * (gnl A% ()| tgn)- (9 With electrons in noble metals, the density of occupied and
Here AS(w)=3(w)-V*(LDA), with V*S(LDA) being the unoccupied states near the Fermi level in Ta is much higher.
LDA exchange-correlation potential, provides many-bodySO the available phase space for inelastic electron-electron
corrections to the LDA eigenvaluede;,=Eq,—€5. We scatte(ing in Ta is considerably Iarg_er. '_rhis leads to a mark-
solve the equation by employing the renormalization facto€dly bigger value of the GWA contribution to Il» Due to

z12 high density of states, we also have a noticeable contribution
i of the T-matrix term which decreases the GWA lifetimes by
7 = (l _ %M) (10) about 30-40 %.
an o e Starting from highly excited states, we find a very good

& agreement between experimental and theoretical GW+T re-

and neglecting the imaginary part &f,. Finally, the imagi-  gyits, whereas the GW results are about 2 fs higher than the
nary part ofAeg,, determines the inverse of a quasiparticletop |imit of error bars. But the situation is different at the

lifetime energy below 1.6 eV, when the GW+T results are on the
Taﬁzzx lIm Aeg, (12) bottom limits of the error bars. At 1.6 eV, we do not find

abrupt changes either in band structures or in characteristics

where IMA e4n=Zgn X (Ygn| AZ (€gn) [ Ygn)- defining the momentum-averaged lifetimes, such as density

We perform LDA band-structure calculations within the of states or convolution of density of stafésnVe suppose,
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therefore, that at the excitation energy below 1.6 eV, the casspecific lifetime due to cascade effects cannot be larger than
cade electrons refill underlying states, increasing in such e relaxation time of the higher energetic states where the
way the TR-2PPE signdlQualitatively, the obtained results electron originates.

can be interpreted in terms of the evaluation by Quinn, who |n this Brief Report, we have presented experimental re-
concluded that in a typical inelastic electron-electron colli-syits on the relaxation times of excited electrons in Ta ob-
sion, an excited electron loses abofitof its excitation tained by the TR-2PPE spectroscopy. We have also discussed
energy?® Ritchie found that this value decreases if one takeghe first-principles GW and GW+T-matrix calculations of
the antisymmetry of the electron wave function into excited electron lifetimes. We have found that the multiple
account* These evaluations agree nicely with our resultsscattering between holes and electrons included in the
about the 30-40 % contribution of multiple scattering de-T-matrix produces noticeable contributions to the fast elec-
scribed by thel-matrix. In a similar way, one can explain the rons deexcitation. At excitation energy above 1.6 eV, we
appearance of cascade electrons at low excitation energigfnd a very good agreement between experimental relaxation
In our experiments, the highest excited state has an energynmes and GW+T theoretical lifetimes. Below 1.6 eV, the
about 3 eV. So, following Quinn, cascade electrons influenc@xperimental relaxation times are higher than the theoretical

mainly the population decay and, hence, the relaxation tim@ata, which we refer to as the cascade effect of the electrons
of the excited states whose energy is less than 1 eV. Accorqgith high energy of excitation.

ing to Ritchie, this value can be bigger. Our estimation is

1.6 eV, although because of statistical uncertainty of the ex- We acknowledge partial support by MCyGrant No.
perimental results we cannot define it with high reliability. MAT 2001-0946 and the European FP6 Network of Excel-
We would also like to emphasize that the increase in théence[FP6-NoE NANOQUANTA(500198-3].
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