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Ultrafast electron dynamics in a metallic quantum well nanofilm with spin splitting
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Using time- and angle-resolved two-photon photoemission spectroscopy, we investigate the energy- and
momentum-dependent ultrafast electron dynamics in the Rashba spin-split quantum-well nanofilm Bi/Cu(111).
We find an expected increase of electron lifetimes towards the band bottom due to a competition of intra- and
interband scattering processes. In addition, we find an unexpected peculiar decrease of the lifetimes around the
intersection of the split bands. We compare the experimental results with calculated lifetimes due to electron-
electron scattering in a model system of a 2D electron gas including a Rashba interaction term and an effective
statically screened Coulomb interaction. Although the Rashba model reproduces the increase of lifetimes towards
the band bottom well, there is no indication of the experimentally observed decrease around the intersection point
in this simple model system. To investigate spin-orbit coupling effects, beyond those contained in a pure Rashba
model, we introduce a phenomenological k-dependent spin mixing that leads to a “spin hot spot.” It is shown
that such a mixing would strongly increase the electron-electron scattering rate around the band intersection and

thus improves the agreement with experiment.
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I. INTRODUCTION

New materials with large spin-orbit coupling show promise
for potential applications in the area of spintronic devices.
A particularly important spin-orbit coupling effect is the
Rashba-Bychkov effect! in a two-dimensional electron gas,
which needs an asymmetric confinement of the electron gas
and gives rise to spin-split energy bands in nonmagnetic
materials without the need to apply an external magnetic
field. A large Rashba splitting of the spin-polarized electronic
bands is favorable for potential applications’ and has been
found at various surfaces,’ in quantum wells,*° and at the
surfaces of new materials, i.e., topological insulators.” Very
recently, for instance, extremely strong spin-orbit splittings
have been found in BiTeI*® and BiTeCl.'” For the purpose of
applications, but also from a fundamental point of view, it is
of importance to understand the consequences of spin-orbit
coupling and splitting on the electronic (spin-)dynamics,
electron lifetimes, and according spin-diffusion lengths. The
Rashba spin splitting can serve as a comparatively simple
model system for general spin-orbit coupling effects.

In this paper, we use time- and angle-resolved two-photon
photoemission spectroscopy (tr-2PPE) to study energy- and
momentum-dependent electron-electron scattering processes
around the intersection of spin-split electron bands. The
measurements have been carried out on the Bi/Cu(111)
quantum-well system, where spin splitting in the unoccupied
regime of the band structure has been previously assigned to
the Rashba effect.* Using tr-2PPE, we can access the electron
dynamics in these spin-split electronic bands and show that the
electron lifetimes are strongly influenced by the competition
of inter- and intraband scattering processes, however, with a
peculiar lifetime plateau around the intersection of the Rashba
bands. To understand this for a metal atypical energy and
momentum dependencies, we calculate the electronic lifetimes
due to electron-electron scattering in a two-dimensional
electron gas including a Rashba interaction with effective
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Rashba parameters derived from experiment. Furthermore,
we determine the static screening properties of the metallic
QW system. Although the calculated lifetimes match the
experimentally observed lifetimes quite well, the interesting
behavior near the intersection point cannot be reproduced,
and we conclude that spin-orbit coupling effects beyond those
described in a pure Rashba model must play a role in the
Bi/Cu(111) system. Finally, we attribute the origin of the
decreased lifetime around the intersection point to a higher
probability of scattering processes in the spin-split bands. For
our simulations, in order to amplify the scattering decay rate,
we need to introduce a phenomenological k-dependent spin
mixing around the intersection point, which is equivalent to a
so-called spin hot spot.'!:1?

II. EXPERIMENT

A. Time- and angle-resolved 2-photon photoemission

Figure 1(a) displays a static angle-resolved 2PPE spectrum
of the quantum-well system 1 monolayer (ML) Bi/Cu(111)
as a function of intermediate state energy E — Er and
k vector parallel to the surface, kj, in T-M direction, as
observed previously.* All measurements have been carried
out at liquid nitrogen temperature. The calculation of the
parallel momentum kj has been carried out following the
approach in Ref. 13 in order to take the sample-analyzer bias
voltage of 2 V into account. A detailed characterization of
the system and the experimental setup is given in Refs. 4
and 14. The spectrum is measured with two photons with
energy hv =3.12 eV, each. The first light pulse excites
electrons from below the Fermi-level into the unoccupied
spin-split quantum-well band structure between Fermi and
vacuum level. The second pulse then excites these electrons
from the unoccupied electronic structure into the vacuum
[see Fig. 1(d)], where the electronic energy and momentum
are detected using an angle-resolved photoelectron analyzer.
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FIG. 1. (Color online) (a) 2PPE map of the spin-split electron
bands from angle-resolved 2PPE in a commensurate overlayer
Bi/Cu(111). The gray scale represents photoemission intensity.
(b) Corresponding inelastic lifetime map t(E,k;) of the spin-split
electron bands from angle-resolved tr-2PPE. The lifetime 7 is color
coded as a function of energy E and parallel momentum k. Both
spectra have been recorded for a series of emission angles and
stitched here for qualitative illustration.'> Note that the photoemission
spectrum (a) has been collected with a narrow-bandwidth Ti:sapphire
oscillator (AE =20 meV, pulse length >100 fs), and the time-
resolved data in (b) with a broad-bandwidth short-pulse Ti:sapphire
oscillator [AE = 100(5) meV, pulse length ~27 fs]. (c) Exemplary
autocorrelation traces (symbols) with fits (lines) extracted from
the red and blue marked areas in Fig. 1(b), however, from the
nonstitched raw data, in comparison to the laser-autocorrelation trace.
(d) Schematic of the time-resolved 2PPE process. At is the temporal
delay between the pulses.

The observed quantum-well paraboliclike dispersion shows
the signature of a Rashba-type spin-orbit splitting in k;
direction.* The intersection of the dispersive quantum-well
parabola at the T" point is located at an energy between Fermi
and vacuum levels of E — Er = 2.76(1) eV for Fig. 1(a),
and E — Ep = 2.65(2) eV for Fig. 1(b). Note that this value
differs since the energetic position depends critically on the
exact commensurate wetting layer thickness and shifts up to
100 meV depending on the fabrication and tempering process,
which, however, does not influence the observed electron
dynamics as reported below.

In the next step, we use tr-2PPE to measure the electron
lifetimes in the complete Rashba spin-split band structure.
Tr-2PPE data are collected in autocorrelation mode using
identical p-polarized laser pulses of energy hv = 3.12 eV
and ~27 fs pulse lengths. Interference contributions to the
signal are phase averaged during acquisition using an electric-
wobbling motor. Then, a series of angle-resolved 2PPE
photoemission maps is recorded as a function of temporal
delay Ar between the two laser pulses [see Fig. 1(d)]. From
these data, i.e., E(k) intensity maps as a function of delay,
individual semioverlapping /(A E, Aky) 2PPE autocorrelation
traces are extracted, with I the photoemission intensity,

AE =40meV, and Ak = 0.01 A (in comparisonto AE =
100 meV and Ak = 0.03 A™ experimental resolution, more
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details are given in Ref. 14). Exemplary I(AE,Ak)) 2PPE
autocorrelation traces extracted from the indicated areas in
Fig. 1(b) are displayed in Fig. 1(c). The hot-electron lifetimes
are then deconvoluted following the approach described in
Refs. 16 and 17. This deconvolution procedure yields an
inelastic electron-lifetime data set, T (E, k), which is displayed
in Fig. 1(b). Here, the color-code represents the hot-electron
lifetime as a function of E and k [rather than photoemission
intensity as in Fig. 1(a)]. Since the data are collected in a
parallel detection scheme, we achieve very low relative errors
of the deconvoluted lifetimes within the lifetime map. The
deconvoluted lifetime errors from the fitted autocorrelation
traces [see solid lines in Fig. 1(c)] yield values of about
£200 as. Overall, we therefore give an upper limit of the
relative error of +250 as. One color-step in Fig. 1(b) is
100 as. The absolute experimental error of the complete
lifetime map is about 2 fs, determined by the accuracy of the
laser-pulse duration, which is extracted by the measurement of
the 2PPE autocorrelation trace for excitation from the Cu(111)
Shockley surface state [black data points and corresponding
fit to autocorrelation trace in Fig. 1(c)].'® Additionally, the
absolute values critically depend on the exact model used to
fit the lifetime-broadened autocorrelation traces. Here, how-
ever, we focus on the relative energy and momentum depen-
dence of the hot-electron lifetimes in the vicinity of the Rashba
intersection point.

B. Experimental results

Figure 1(b) clearly shows an energy dependence of the
lifetimes, which is influenced by the details of the band
structure. The longest lifetimes are found at the minima
of the spin-split parabolic bands, as expected. Surprisingly,
however, there is an unusual pronounced variation of the
electron lifetimes around the intersection point. Next, we
display in Fig. 3 the deconvoluted lifetimes in the spin-split
parabolic Rashba bands as a function of E — Eg. According
values from positive and negative momentum vectors have
been averaged to account for the slight asymmetry for positive
and negative momentum vectors as seen in the lifetime map

in Fig. 1(b). In the small area of about £0.01 A~ around
the I' point, we cannot resolve the individual Rashba bands
due to the limited energy resolution (AE = 20 meV for the
static spectra). We therefore set upper limits to the possible
dispersion of the parabolic Rashba bands in this intersection
area from the values extracted by peak fitting at higher
momentum vectors. To account for this procedure, we indicate
increased error bars of +20 meV around the intersection
energy at E — Ep &~ 2.65(2) eV in Fig. 3. We emphasize that
the unusual pronounced variation of the lifetimes around the
intersection point is seen up to momentum vectors of about

+0.15 Z\_l, and does therefore not result from the uncertainty
of the estimated band dispersion. We note, however, that the
energy resolution in the time-resolved data sets measured
with the pulse length ~27 fs laser system is worse, i.e.,
AE = 100(5) meV, which indeed does influence the extracted
lifetime values (as discussed below), but not strong enough
to account for the observed dynamics. Finally, in Fig. 3, red
and blue circles display the extracted electron lifetimes in the
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bands from Fig. 1(b) below and above the intersection point,
respectively, as a function of energy E — EF.

Before we discuss the lifetime dependence in detail, we
need to introduce the electron-electron scattering processes,
which determine the finite lifetime of the excited electrons.
In the following, we will refer to the unoccupied spin-split
bands as Rashba bands. For electron-electron scattering, one
generally distinguishes between interband- and intraband-
scattering processes. Since the Rashba bands are never
appreciably populated, i.e., on average, less than one electron
is photoemitted per pulse, the interaction between electrons in
the Rashba bands can be neglected. Thus the hot electrons must
relax their energy via Coulomb scattering with electrons in a
different band below the Fermi level. The scattering partner in
this relaxation process gains energy from the hot electron and
is excited into an unoccupied state.

For intraband-scattering processes, excited electrons re-
main inside the Rashba bands but change their momentum
and cascade in energy down towards a band minimum. Note
that the spin structure reduces the possible scattering paths.
In interband-scattering processes, the excited electrons are
scattered out of the Rashba bands.

Interband-scattering processes follow approximately a
Fermi-liquid lifetime dependence. However, around energies
of about 2.5-3.0 eV above the Fermi level, where the spin-split
Rashba bands studied here in this paper are located, the
interband scattering rate varies by less than 1 fs.'*!° The
observed momentum dependence of the electronic lifetimes
in the Rashba bands is therefore mostly determined by the
efficiency of intraband scattering processes. For intraband
scattering, the available phase-space gradually decreases when
approaching a band minimum. Consequently, the lifetime
increases towards lower energies as seen in Fig. 3 (red and blue
circles). This behavior of electron dynamics in parabolic bands
is, of course, well known.'*#?*-22 A single (spin-polarized)
parabolic band should show the longest lifetime at the
minimum of the band, but with a smooth and regular lifetime
dependence towards higher energies and momenta. However,
for the Rashba system studied here, we find a pronounced
variation of the electron lifetimes in the energy range of
about 150 meV around the Rashba intersection point, which is
located at E — Er = 2.65(2) eV. In the present study, we will
focus on this peculiar feature more closely.

First, we note that the decrease of the lifetimes coincides
with the highest intensity in the photoemission spectrum at
the intersection point. Such high intensity could arise from a
direct 2PPE transition from a localized initial state, which
might influence the full width at half maximum (FWHM)
of the extracted autocorrelation traces.?>2* However, we can
exclude such a direct excitation, since no localized initial state
is present in the respective energy and momentum range.*

After excluding such an artificial contribution, we would
like to start our discussion with a short survey of possible
mechanisms that might increase the electron-electron scat-
tering rate around the intersection point as observed in our
experiment. In order to reproduce such dynamics, we need
either (i) a strong variation of the interband-scattering rate,
(i) a strong variation of the intraband-scattering rate, or
(iii) an additional decay channel that opens up in the particular
E (k) range. For the latter, resonant electron transfer to the
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bulk might be a possible process'®?>232¢ that could decrease

the electron lifetimes, which we, however, can exclude here,
since the investigated Rashba states are fully localized in
the Cu(111) projected bulk band gap. Also, the interband-
scattering rate (i) to the bulk only shows a very small and
smooth lifetime reduction towards higher energies in the
energy range investigated here'*!'%?2 and does not exhibit any
additional k; dependence.??’ Therefore finding the highest
lifetimes exactly at the bottom of the spin-split parabolas
at finite ky values very strongly indicates that variations in
the intraband-scattering rate (ii) dominate the band-structure-
dependent electron dynamics observed here (reduction of
phase-space when approaching a band minimum).

III. THEORETICAL MODEL

A. Electronic states and lifetimes

To contribute to an understanding of the experimentally
observed properties of electronic lifetimes in this spin-split
system, we calculate the lifetime due to electron-electron
scattering in a simple, semiempirical model designed to
capture essential aspects of the system under study. Our
model consists of a 2D electron gas with a Rashba spin-orbit-
coupling and the Coulomb interaction between the carriers.
As mentioned above, the hot electrons in the Rashba band
reduce their energy via Coulomb scattering with a second
electron in a different band. The respective spin structure
of the Rashba bands thereby reduces the possible scattering
paths. To model these scattering transitions, we include in the
calculation the parabolic occupied QW state of the Bi/Cu(111)
system (as shown in Ref. 4), which can be expected to
contribute most effectively to the scattering processes due
to the high wave-function overlap between initial and final
states, 282 localized in the ultrathin Bi film. As mentioned
above, the contribution due to interband-scattering processes
is fairly constant at such high energies above the Fermi level,'*
and therefore also kept constant in the calculation for the
investigated energy range.

We use a standard linearized Rashba Hamiltonian for
electronic states confined in the xy-plane with Rashba pa-
rameter o = 200 meVnm and effective mass m} = 0.34m,
determined from experimental data:

272
H = Hy + HRashva = W + a(kyax - kxay) + Ea. (1)
1
The energy offset Eo = 2.65 eV reproduces the energetic
position of the crossing point and is also extracted from
experiment. This Hamiltonian leads to energies
2k2
Es(k) = — +oak+ Ex 2)
2m]

and single-electron states

1 [(gie i
|k’0)=ﬁ( 1 ) 3)

Here, we denote by o = +,— the different Rashba bands as
shown in Fig. 2(a). The energies depend only on the modulus
of |K|[,1i.e., the energy dispersion is isotropic. Figure 2(b) shows
the spin orientation in the Rashba bands. For the lifetime
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FIG. 2. (Color online) (a) Energy dispersion of the Rashba bands
and the filled parabolic band. (b) In-plane spin orientation in a Rashba
system.

calculation, we model the scattering partners of the excited
electrons in the Rashba bands by an occupied parabolic band

h2 2

e(k) = —— + €min» 4
(k) T )
which is seen in experiments on the Bi/Cu(111) system.4
Because of the strong localization in the ultrathin Bi film,
we assume that the electrons in this band are the most
efficient scattering partners. The parameters m3 = 0.24 m. and

emin = —1.24 eV are extracted from experiment.

The expression for the inverse lifetime’%!

2
w00 = 25 3 Y (V) ko lk + .0

lLq n©
X 8[Eq(k) — Eu(lk +q)) + el +q)) — e(D]
x(I—=fO)fAl+4qh (5)

can be obtained from a linearized Boltzmann scattering
integral, where f(p) = f(e(p))is the Fermi-Dirac distribution
of the electrons in the parabolic band. In writing this expression
we have assumed a statically screened Coulomb potential and
that the scattering partners of the excited electrons in the
Rashba band are in the parabolic band, see Fig. 2(a). The
square of the absolute value of the matrix element

Mgy = (koK +q.u) = 5[l +opcos@)]  (6)

gives the transition probability from the initial state of the
excited electron to its final state.

For the linearized Rashba model, this matrix element only
depends on the band indices o,u, and the angle ¥ between
the momentum vectors k of the initial and final states. The
statically screened Coulomb potential is denoted by Vqs. The
form of this potential in the Bi layer in the xy plane on a copper
substrate with the normalization area A,

62

vy = : ™
2Ag0,/q% + k&, + g

is determined by the screening properties of the whole structure
and examined in some detail in the next section. k¢, is the 3D
static screening parameter of the copper substrate.
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B. Interaction potential

For the derivation of Eq. (7), we solve the Poisson equation
—80V2<D(l') = Pext T Pind (3

for the electrostatic potential ®(r) with an externally controlled
charge at ¥ = 0, taken to be

Pext = €5(r). ®

The induced charge density is expressed by the density of
states of bismuth at the Fermi edge Dg; (EF),

Pind = —e* Dgi(Ep)®(r). (10)

We choose coordinates such that the z axis is normal to the
film and such that the x/y axes lie in the plane of the Bi film
and assume for now a finite extension of the film from z = —d
to d. After a two-dimensional Fourier transformation in the
plane, the Poisson equation takes the form

(02 — g2 — k) ®(G.,2) = —foa(zx (1)

with the two-dimensional wave vector ¢ = (¢y,q,) and the

screening constant /céi = gDBi(EF) in the bismuth layer.
The general solution for the potential in the layer is (with
the definition gg; =4/ +«%;)

- e ) _
®(G.2) = —[eP7O(=2) + ¢ O()]
0
+ ®_e i 4 P el (12)

Here, et are homogenous solutions to the differential
operator in Eq. (11) that are added to the inhomogeneous
solutions of Eq. (11), and @ (® denotes the Heavyside step
function) have to be determined from the boundary conditions.
Further, we assume solutions of the homogenous Poisson
equation in the vacuum above the layer

Pvac (.2) = Poe " (13)
and in the copper substrate below (gcy = /4> +¢2,)
Dy (,2) = Dpef™?, 14

Requiring the potential and its derivative to be continuous at
the boundaries of the layer z = d and —d fixes ®_, ¢, d,
and ®v,.. Because the screening in bismuth is very small with
xpi ~ 0.05nm™',3? and because the thickness of the layer is
a few angstroms, we assume e~ 2#¢ & ¢¥#i¢ x 1, This leads
to the potential in Eq. (7) and shows that the thin Bi film
effectively does not contribute to the screening.

By using the statically screened interaction as in Eq. (7)
in the lifetime expression of Eq. (5), we include important
aspects of the screening behavior in the layered structure. We
neglect dynamical aspects of the screening as studied, e.g.,
in Ref. 33 that may arise from plasmon resonances of the
electron gas in the Rashba bands. There is no indication of
a plasmon resonance in the energy range considered here so
that the static screening should be sufficient to determine the
energy dependence of the lifetimes.
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C. Numerical examination

The numerical evaluation of Eq. (5) is done in the form

B 2
7 ) =—+ Zq: XM: (VE)1k,o 1k + g, )

x b(hw)x"(q,hw), (15)

where hw = E,(|k + q|) — E, (k) is the transferred energy,
b(hw) is the Bose-Einstein distribution function, and x"(q,%®)
the imaginary part of the susceptibility for the parabolic
band:3*3

x" (q.hw) = 1 m O (kg — ki) /K2 — k2
’ 27_[ h2q + F +
— O (kg —k_) /K2 — ki} (16)
with
m*
ky = h22 (s(q):l:ha))‘. (17)
q

As mentioned above, experimentally it is well established that
there is an interband contribution to the lifetime that prevents
the excited carriers from piling up at the bottom of the Rashba
bands. Since this contribution is nearly constant in the energy
range considered here, we take this contribution into account
by writing

rc;tlot(k) = Tc;l(k) + Iﬂimers (18)

where ey = (10.8 fs)~! is determined by the measured
lifetime at the band bottom.

D. Results

We first investigate whether our idealized Rashba system
can explain the observed dynamics. The black solid line in
Fig. 3(a) shows the calculated results compared to the exper-
imental data. For a screening constant of k¢, = 25nm~!,3°
we obtain lifetimes of the same order of magnitude as the
experiment, that increase towards the band bottom. This can
be understood by a simple phase-space argument. When
approaching the band minimum, the number of final states for
intraband scattering processes decreases, so that an electron
at the band bottom can only relax its energy by an interband
scattering process. Consequently, the states at the band bottom
have the longest lifetimes. The monotonically increasing
behavior of the calculated result around the intersection point is
due to a special property of the Rashba model: the spin mixing
is independent of the magnitude of k and the spin expectation
values are always in-plane. Taken together, this implies that
there is no pronounced momentum dependence of the spin-flip
scattering around the band intersection point. This is in good
agreement with the findings of Nechaev et al., who investigated
the inelastic hole lifetimes in the Rashba spin-orbit split surface
state of Au(111) and also found that the lifetime behavior in
both branches does not deviate much from the behavior that
is expected in simple parabolic electronic bands.’” Hence, the
calculated lifetimes for a pure Rashba system deviate from
experiment around the intersection point.
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FIG. 3. (Color online) Calculated (lines) and measured lifetimes
(red circles and blue circles for below and above the intersection point
located at about E — Er = 2.65 eV, respectively). The increased error
bars around the intersection point account for the uncertainty due
to limited experimental energy resolution. Note, however, that all
extracted data points are well separated in k; space [c.f. Fig. 1(b)].
The black line corresponds to a pure Rashba model with experimental
parameters. The black dashed line illustrates the maximum deviation
that might be introduced by the limited experimental energy reso-
lution. In the results represented by the red (dash-dotted) and blue
(dotted) lines, an additional spin-mixing is included (see text).

First, we want to investigate if the limited energy resolution
in our time-resolved 2PPE experiment (AE = 100 meV)
might artificially induce the peculiar lifetime behavior seen in
the experimental data. If the energy resolution is not sufficient
to separately resolve the two spin-split bands towards the
intersection point, the extracted electron lifetimes in the upper
and lower branch constitute a convolution of lifetimes within
the given energy resolution. We therefore have included the
limited energy resolution in our theoretical model, and the
black dashed line in Fig. 3 displays the maximum effect
of the limited energy resolution on the extracted electron
lifetimes. Clearly, these deviations are minor in comparison
to the experimentally observed behavior.

As discussed above, we have seen that the band-structure-
dependent intraband-scattering rate dominates the observed
dynamics in this electronic system, which is expected, and
also in agreement with previous studies.'*?%> Following this
line of reasoning, we conclude that the decrease of lifetimes
around the intersection point of the Rashba bands is also most
likely determined by a variation in the intraband-scattering
rate. Additionally, we recognize that a less exact Rashba-type
spin texture would directly induce such a behavior, since most
intraband scattering processes would not need to involve spin
flips anymore. We therefore suggest here that the spin texture
of the Bi/Cu(111) system may be not purely Rashba-like, i.e.,
spin-orbit coupling effects beyond those described in a pure
Rashba model must play a role to induce the experimentally
observed decrease in electron lifetimes around the intersection
point. Note that deviations from a pure Rashba-type spin
texture, and in particular out-of-plane components, have been
observed in various other material systems before.38!
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E. Implication of spin-mixing

We now want to focus on our theoretical model and its rela-
tion to the experimentally observed decreased lifetimes in the
vicinity of the Rashba intersection point. It seems very likely
that an increased probability of intraband-scattering processes
between the spin-split bands would directly lead to a behavior
of the calculated lifetimes closer to the one experimentally
observed. As mentioned above, the k independence of the
Rashba spin mixing is the reason for the monotonic increase
of lifetimes towards the band bottom. We therefore test now
how deviations from a pure Rashba system would influence
the electron lifetimes. In theory, this is most easily achieved
by the introduction of an additional spin-mixing that leads to
an out-of-plane spin component. Note that the spin-mixing is
introduced here in an ad-hoc fashion to mimic a nontrivial spin
structure at the intersection point, while the dispersion of the
bands is left unchanged; in particular, no band gap is included.
We consider states of the form

o = PO (oiemn 1—ﬂ2<k).< —aieiwk>
k’ 7 ' 19

Here, we have introduced a mixing parameter (k) € [%2, 1].

For B(k) = \/%, the spin mixing is maximal and the expectation
value of spin in the xy plane is zero. A direct consequence of
the k-dependent spin mixing is that the overlaps between these
states are different from those in the pure Rashba model. With

the definitions (k) = B; and B(|k + q|) = B, one obtains
My = BB My + B (1 — B M "
+ (1= BB M + (1= A1) (1= B) My ™"

+2B182y/1 = B\ 1 - B5. (20)

The simplest assumption for the mixing parameter is a linear
k dependence away from the crossing point,

RS WY [ I
ﬂ(k>={1ﬁ+"c<1 Bk K<k

’ k>k01

2y

in a limited range of k vectors around the crossing point k = 0.
Note that this yields a maximal spin mixing at the intersection
point, which means that the spin points out of the xy plane. The
mixing decreases with increasing k and for k > k., we have a
Rashba splitting without additional mixing. If we replace «/LE
by a larger numerical value in Eq. (21), we do not get total
spin mixing at the crossing point. For instance, 8(0) = 0.91
leads to an out-of-plane spin component of 0.75%. This spin-
mixing model makes the vicinity of the crossing point into
a spin hot spot, where strong spin mixing at specific points
in the electronic band structure is assumed to enable efficient
spin-flip scattering processes.!!*1?
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Figure 3 shows results calculated with spin mixing as
in Eq. (21) with k. = 0.7 nm~!. The blue (dashed) curve
corresponds to a maximum out-of-plane spin component
of 0.75% and the red (dash-dotted) curve to a maximum

out-of-plane spin of % These calculated results resemble
the increased decay rate around the intersection as observed
in experiment. Clearly, with increasing mixing parameter,
the process of intraband scattering in the vicinity of the
intersection point becomes more efficient and the measured
lifetimes consequently decrease. Although these results do
point in the same direction as the experimental results, our
finding is no rigorous proof of such a spin hot spot scenario.
However, we do not see any other decay channel that could be
responsible for such strong variations in the electron lifetimes
in this system. Finally, we want to add that the strength of
the spin mixing necessary to resemble the experimental data
is quite large, which leads to a pronounced deviation from
a pure Rashba-like spin structure. Such a deviation should
be observable and seems to be in agreement with recent
experimental and theoretical results on the “orbital Rashba

splitting” 4>+

IV. CONCLUSION

In summary, we presented a detailed experimental and
theoretical investigation of the influence of spin-orbit coupling
on the electronic lifetimes. The experimental data and the
calculated lifetimes for a pure Rashba model showed the
expected Fermi-liquid behavior with an increase of the electron
lifetimes towards the band bottom of the spin-split bands.
The experimental results, however, additionally showed a
pronounced decrease in the lifetimes just above the intersection
of the split bands, which is not compatible with a pure Rashba
model calculation. We suggested that spin-orbit coupling
effects beyond those described in a pure Rashba model might
play a role in the Bi/Cu(111) system. Consequently, we
considered a deviation from a perfect Rashba spin mixing
in our theoretical model that leads to out-of-plane spin
components and makes the band crossing into a spin hot spot.
Constructing such a spin texture with out-of-plane components
from the Rashba bands resembles the characteristic features of
the experiment better, which is an indication that spin mixing
indeed might induce the decreased lifetimes at the intersection
point.
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