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Microscopic theory of electron dynamics and time-resolved two-color two-photon photoemission
at semiconductor surfaces
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A microscopic description based on the density matrix formalism is developed to describe the dynamics of
photoemission of hot electrons at semiconductor surfaces, including the interaction of bulk and surface states.
The equations of motion for the electronic occupations and transitions include the interaction with arbitrary
optical fields as well as the electron-phonon coupling. Model wave functions are used to qualitatively describe
the bulk-surface dynamics and the subsequent time resolved two-photon photoelt#iBst@hspectra. Our
results suggest that it is possible to extract energetic and temporal information of the underlying dynamical
occupations of the intermediate states from the 2PPE spectra.
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I. INTRODUCTION clude electron-electron interaction is—even if numerically
very demanding—straightforward. The coupling to external
Time resolved two-color two-photon photoemissid@iR-  optical laser fields is treated on a semiclassical basis. Al-
2PPH provides a powerful method for the investigation of though the second quantization formalism is not necessary
dynamic processes in condensed matter, especially at suer the examination of the optical interaction, thus leading to
faces. In TR-2PPE two pulses of variable temporal delay anthe same equations as a single particle appréahis of
different center frequencie@hoton energigsinteract with  central importance in the treatment of the phonon-electron
the sample. The first pulse excites electrons from occupiethteraction, which is necessary to understand recent
into unoccupied states and the second pulse eventualgxperiments! Before being specified to a certain material
causes emission of these hot electrons into unbound vacuusystem, the derived equations represent a general description
states. The energy and emission angle of the electrons can béthe electron dynamics at semiconductor surfaces. For the
measured and by allowing a variable time delay between theumerical evaluation, typically the restriction to a few-band
pulses one obtains a time resolved picture of the hot electrogystem is necessary. For this purpose, the single particle
distribution. states should be calculated froab initio methods’® For
The TR-2PPE technique has been applied to a variety ofimplicity and to obtain a first insight in the dynamics of
situations, ranging from image potential states, surface electrons, we construct a model system with charac-
molecule&” on metal surfaces, bulk states of semiconductorgeristic model wave functions. A detailed investigation by
and metal%2to combined dynamics of semiconductor bulk numerical simulation for different excitation conditions is
states, surface stat€s'®and adsorbate stat&&!’ Theoreti-  done to show the interplay of the bulk and surface states after
cal descriptions for 2PPE at metals have employed multiexcitation with an electrical field. Finally, to obtain observ-
level optical Bloch equationsjncluding phenomenological ables, 2PPE spectra are calculated numerically.
energy relaxatiot¥!® and stationary 2PPE spectfaDy- Our results suggest that it is possible to extract informa-
namical calculations involving photoemission spectra oftion of the dynamical populations of the intermediate states
semiconductors for coherent pulse excitation have beefbulk conduction band and surface barfdom the 2PPE
done?t?2discussing the influence of final states as well as sépectra. Hence, typical time scales of many-body interactions
phenomenological coupling of bulk and surface states. Ogan be derived from a detailed comparison of a series of
the other hand, the microscopic origin of electron transfeispectra.
due to electron-phonon coupling between bulk and surface The paper is organized as follows: In Sec. Il we introduce
has been investigated for incoherent initial conditi&hs. our basic surface model for the description of two-
In this work, a microscopic theory based on the correladimensional and three-dimensional electronic states. After-
tion expansion of the dynamical density matrix in secondwards, Heisenberg equations for the relevant observables are
quantizatior?*2% including relevant many particle interac- applied to describe the reduced dynamics of the system using
tions, will be used to derive equations of motion which de-a bath and Markovian approximation for the electron-phonon
termine the surface electron dynamics and the TR-2PPIhteraction(Sec. Il). Finally, in Sec. IV the model system
spectra at semiconductor surfaces. The description includead wave functions are introduced and numerical results are
three-dimensional bulk states, two-dimensional surfaceliscussed for various excitation conditiof®ec. \J.
states, as well as three-dimensional fifighcuun) states.
The many-body interactions are restricted to the electron-
phonon interaction (both three-dimensional and two-  The modeling of the semiconductor surface is done in half
dimensional phonon modgshowever, an extension to in- space geometfy3Cinterfacing vacuum. Semiconductor and

II. BASIC SURFACE MODEL
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vacuum are assumed to have the lerigttarge compared to . EQUATIONS OF MOTION
an _elfmentary tceII of the 'dn.f'n'tte sent1|conqtuctor. Fglr tr;e de- The correlation expansion for the density maitie-31:32
scription we set up a coordinate system vatherpendicular is applied to describe the dynamics of the system. Using

to the surface, also referred to as the perpendicular part of trﬁeisenberg's equations of motion for the expectation values
position vector, r, =z. The two other directionsx;y—are (Ay=tr(pA)

labeled as the parallel part=(x,y)".

By introduction of a surface, the atomic layer at the sur- d ~ .
face will reorganize, forming a different structure compared - iﬁd_t<A> =([H,A]), (2
to the infinite crystaf® However, a translational symmetry in
the plane of the surface can be assumed, but none in theset of coupled differential equations for the experimentally
perpendicular direction. This is a slightly different approachgypseryable quantitieé\ can be derived. The Hamiltonig
than that used ib initio state calculations, where a periodi- jhcludes the free electron and phonon systems, the semi-

cal boundary condition at the limits of a slab also induces gjagsjcal electron-electromagnetic  field ~ interaction and
translational symmetry perpendicular to the surface. Neverélectron-phonon contributions

theless, the symmetry is a subgroup of the translational

group of the infinite crystal. Furthermore a reference Sea H=2 hefattal + >, fogbsTbs - > hQﬁf,’ agTaf
is introduced in the parallel directioB.is large compared to ak x4 wa'
the smallest translational vectors of the surface. The transla- Kk’
tional symmetry is provided by imposing periodic boundary aa e atoa v s ok t
conditions. Because of this fact, we can use the Bloch theo- * 2 Dickr g8 & (bg +blg"). 3)
rem in two dimensions to express the wave functioff as Ezg
ikt Here,a anda' (b andb') are the creation and annihilation
i (r) = —=vg(r), (1) operators of the electronhonong, respectively.«a is a
VS band index for two-dimensional electronic bands and labels

in conjunction with the two-dimensional wave vectoran

wherev is the Bloch functionk is a two-dimensional wave electronic state, discussed in Sec. Il. Similaryjs a two-
vector restricted to the two-dimensional surface Brillouindimensional phonon mode amgis a two-dimensional wave

zone. Furthermorey labels these two-dimensional bands. In vector. The corresponding energies are giveribyandzw,
general,« is a multidimensional index. respectively. The coupling elements de(Rabi frequency
Surface bands—being two dimensional—can be labeledf the electron-light interactionand D (matrix element of
by a single-component index. For the bulk bands the de- the electron-phonon interactipand will be specified later

scription of semiconductors as infinite crystals works well,(Sec. IV B 2. Expectation values of typical observables are

despite their surgaces. Therefore it is plausible to assumepe electronic occupation@aﬁ’ra@ and transitions{af,*aﬁ),
e o valonce bapandiot s tree-dmenaonl wave, -8 0rk #K'. For example(s*/'a{),ie. the occupa:
bk ion of the vacuum band with wave vectti,k,) is propor-

. L t
vector can be used for a approximate descrlptlor_l of a bu"fional to the photoemission signal. Due to the many body
band. Thus, the wave function of the bulk state will be VerY naracter of the electron-phonon coupling, the equations of

similar inside the solid; however, near the surface it will be ion for the ob bl din th lati

perturbed and decay outside. In terms of two-dimensionaj oon for t25e330 servables are truncated in the correlation

bands, we can expresih,kd) as a=(\k3% and k expansioft2>33[cf. Appendix A, Eq.(A1)]. Here we only
] ’ 12

consider correlations up to single phonon assisted densit
=(k, kYT, Thereby, we have not accounted for the fact that P gle p y

o . . i a’taapr(hye -
the surface Brillouin zone will be smaller than the prolectedmatr'ce_s<akj abg' )¢, corresponding to second order Born
bulk Brillouin zone, because of the reconstruction. This@PProximation. Furthermore, we assume that the phonon oc-
means, that there is not a bijective relation betweerfupations remainina thermal equilibrium determined by the
(9,K39T and k. However, since in the following we focus témperaturer. Thus

on optical excitation close to thE resp.I’ point, we can (bMy=0 <bKTbK:T>:0

assume local bijectivity. . e '
Similar arguments can be applied for the description of , , ,

the phonon modes. Again three-dimensional modes are char- (bgbs) =0, (bg™o5,) =&y ng(T),

acterized using a two-dimensional band indesomposed of

the original mode and the perpendicular part of the waveVhere the Bose-Einstein distribution

vector g, < -1
All in all, both three-dimensional-like states as well as ng(T) =| ex ﬁl -1 (4)
B

two-dimensional states can be expressed in terms of a band
index « and a two-dimensional wave vectkr In the next is used for the expectation values of the phonon occupations,
section, we will derive the governing dynamical equations ofi.e., n’q‘(T).

such a multiband system, including electron-phonon interac- The electrons are treated in a full nonequilibrium situa-
tion. tion. We briefly illustrate the derivation of equations of mo-
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tion for the observable quantities directly for the electron
transition(ay, Taﬁ‘): The equation of motion for the transition

couples to the phonon assisted transit(a[j*af:: bs™)e [cf.
Appendix A, Eq.(Al)]. The Markovian approximation is
used to eliminate these quantities from the dynamics. This
procedure leads to a closed system of differential equations
for the electronic occupations and transitidegé Appendix

PHYSICAL REVIEW B 71, 245309(2005
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A, Eqg. (A2)], which can be separated into two parts

d d d
—( at B>: —( at B> + — at ,3>
dt' % @ T fielg  dt A coll

The first part(field) includes the free motion and the in-
teraction with the electric fieldﬂﬁf). This contribution

reads
d . o a, 't a
| =i d)aaf) - X 00
field o K’
+ > Qﬁ’ﬁ,<a|maﬁ>.
B/J/

Here, the Rabi frequencﬁﬁ:f determines the transition

strength between different quantum state&’) — (a,k).

The second paifcoll) contains the electron-phonon inter-

——"" | 77— valence band

T k

FIG. 1. Sketch of the four band model system.

their interaction to a certain material system and a limited
number of relevant states is of use for the description of a
photoemission process. Obviously, the best choice to calcu-
late the matricesD and () is to use ab initio wave
functions?® however, corresponding calculations are very
involved3* Therefore, to test our approach within a model
situation, the matrix elements have been evaluated for single
particle model states. Such an approximation allows a quali-
tative insight into the coupled dynamics of bulk and surface
states as well as their relation to TR-2PPE spectra.

action and is labeled collision part. As an example, the intui-

tive contribution of the diagonal scattering terms are dis-

IV. MODEL SYSTEM

cussed here in detail; the general equations are given in Tha purpose of the model system is to qualitatively illus-

Appendix A, Eq.(A2):
diag )
=— ([ agTaf) + (M) (8¢ f - (ag"af)

coll

g et
qrlakan

- (TP agTaf) + (P "(apf - (agTaf)).

The scattering rates read

v
(Ret= -5 2 IDifgole = o 7 o)
ﬂl’,’a_
1 1
X (nPh0n+ 5 * 5)(1 _<a|ﬁTaIB>),

ani ™ o, Bk o — K
(ryn= ﬁBEJ, |Dqu|25(ek - 6|B ¥ wq)
q

1 1
—xZ Bt B
X (nPhon+ 2 2)(31 a >

The scattering rates are proportionalB? (second order

trate how the many-body coupling between the bulk and sur-
face states influences the hot electron dynamics as well as the
TR-2PPE spectra. For this purpose we introduce a more or
less realistic system similar to the reconstructed(10B)
(2% 4) mixed dimer surface. There, an unoccupied surface
state exists about 0.25 eV above the conduction band mini-

mum with a minimum at thd™ point?®3° There are various
reasons that can give rise to the existence of such a surface
state. Surface states can be, e.g., explained in rather simple
models by the termination of a periodic potential at the
surface®® Time resolved two-photon photoemission experi-
ments suggest that this surface state couples to the bulk con-
duction band# Furthermore, the calculated dynamics is re-

stricted to the neighborhood of tHé resp.I" point of the
Brillouin zone of direct semiconductors where the energy
dispersion can be described within the effective mass ap-
proximation. The model system contains four bands as illus-
trated in Fig. 1.
The electrons initially occupy the three-dimensional va-

lence band. They are excited by the pump pulse into the
intermediate and initially unoccupied states consisting of the

Born approximatiopy whereD is the electron-phonon inter- conduction bandthree-dimensionaland the surface band
action matrix element. The delta function results from the(two-dimensionagl The second pulsérobe pulsg partially
Markovian approximation and leads to strict energy conserexcites these hot, relaxing electrons to final vacuum states.
vation in the electron-phonon scattering process. The termEhe occupations in the latter states correspond to the 2PPE
1-(afaf) ensure that the occupations always stay below Jignal, which is measured in experimetts#\s discussed in

(Pauli blocking.

Sec. Il the three three-dimensional bands are labeled as

Until now, there are no restrictions with respect to the=(\,k,), where\ is the usual band index of an infinite semi-
involved electronic states and phonon modes. Hence, speaonductor. Thus we consider the following bands: the three-
fying these equationéelectronic states, phonon modes, anddimensional bulk bands=(\,k,) with A=v,c,f (valence,
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conduction, vacuuiand one two-dimensional surface band Nevertheless, the use of the model wave functions is a useful
a=s (surface, all with a two-dimensional wave vectér. assumption if they reproduce the basic system properties,
Typically, these bands are coupled via many-body intereven if they are not strictly orthogonal wave functions. Fi-
actions such as electron-electron and electron-phonon scatally, the free electrons are modeled as incoming waves,
tering. To illustrate the basic dynamics induced in a manywhich hit the potential barrier of the crystéinite step po-
particle surface problem, only the coupling of electrons totentia). In addition, low-energy electron diffractioitEED)
LO-phonons is chosen to show the salient features of thexperiments suggest that the free electrons can only penetrate

coupling as well as their influence on the spectra. into the crystal to a finite length. Following Mah&hwe use
incoming LEED states to model the photoemission process.
A. Energies and wave functions Corresponding wave functions have been calculéitéthe

gnite penetration length is reflected by a phenomenological

We assume that the energy dispersion is isotropic in th damping(constant\;) of the wave function inside the crystal

directions parallel to the surface and has an extremuin at _

Thus the energy for all involved states can be written as i k‘z“]( ) Cfcgz)e‘*'ik(z')zuf'k(zo)(r)e_Af/ZZ 2>0
) vt (r) = _ _

LN ES (5) Cile’ + e z<0,

k o
2Mgg

wherek,=0. The perpendicular part of the innEk(Z')] and

whereEy is the energy offset of the two-dimensional band  outer[k'°'] wave vector are connected by the energy conser-

andmg; is a scalar effective mass. Agaia=(\,k,) for the  ation condition

bulk states\=v,c,f and a=s for the surface state. For the

bulk bands we assume that the original band structure of the h_z[k(o)]g _ ﬁ_z
2mg

(i) 2
infinite semiconductor is retained 2me[kZ * G+ Vo,

h? whereas the parallel part is constakll‘.’):k(‘i). Here,V, is
ZmQH the height of the finite step potential. Note that, in order to
keepk inside the first Brillouin zone, one must eventually

usingE; as the original energy offset of the infinite semicon-add a reciprocal lattice vect@;. The other terms read
ductor and also the original effective masg;. For this case

EfY =By + — K,

m% in Eq. (5) equalsmly. For the vacuum electrons the cf =~ [k + Gy~ KVKY + Gy + KT,
effective mass equals the free electron mass.

The main idea for the construction of the wave functions o = 2KOKD + G; + KO,
inside the solid is to take Bloch functions from the infinite
crystal with slowly modulated envelope functions, thus con- Ci=(L{1 +[c§1)]2} + [C$2)]2/Af)—l/27

serving many features of the wave functions from the bulk.
Outside the solid, the wave functions are either set to zero
(surface and bulk bound stajesr free electron behavior is

assumed(vacuum statgs This accounts for the fact that  Obviously, the model wave functions are not continuously
surface-induced effects decay rapidly on the outside of thgifferentiable (vacuum statésor even not continuousv,

semiconductor for the bound states. For bulk valence ang, sbands. However, they qualitatively reflect the basic fea-
conduction bands we take the usual Bloch wave functiongyres of the real wave functioR3°

truncated at the surface. This leads to

us(r) = €2,

elkzZ N B. Interaction matrix elements

——=uir), z>0 i . . .
oM(ry =1 L ") With the given set of wave functions from the previous

0 7<0 subsection, all matrix elements in the equations of motion,

Egs.(A2) can be calculated. Basically, this is done by split-
for A=c,v. Similarly, the surface state is also truncated at theting the integral into two part& First, the integral of the
surface. Inspired by the density functional the@®FT) cal-  slowly varying partenvelopesand second, the integral over
culations for the InP system under considerafd®, the the elementary celllabeled EC and the corresponding vol-
wave function is modeled to decay exponentigltpnstant umeVgo). Here we consider the coupling to an external elec-
Ay inside the crystal, which leads to tric field (pump and probe pulgeand the coupling to LO

AV AL 2S) 250 phonons described by the Frohlich coupling. The detailed
vs(r) :{ s € ur calculation for the matrix elements is outlined in the follow-
0 z=<0. ing subsections.

This ansatz is supported fay initio calculations of the wave
functions for InP® Here, us approximates the real surface
wave function and is assumed to be Blochlike. Note, that in Both pump and probe pulse are described as classical
first order of the Frohlich interaction, the orthogonality to theelectric fields. The interaction with the electronic system is
bulk statess is not containedSec. IV B 2 in this approach. treated via dipole couplirfy

1. Electron-field interaction
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Heg = —€r -E(1), surface. In this approximation, the Frohlich coupling leads to

neglecting the spatial variation of the electric fi€ldThis is wa' LO _ ehwLo 3 ear
justified by the fact that the reference length of the solid is Dy q3d = m d r‘/fk(r)|q3d|‘/’k'(r)-

smaller than the penetration depth of the light.

Introducing the dipole element Here, enon=(€'-€,)7%, with & (e.) being the lower
(highep frequency limit of the dielectric function and, the
d® = | B v(r)(en v (r vacuum dielectric constant. Again using the Bloch functions
Kk J Yir(En e (1) Eq. (1), one obtains

and the Rabi frequency

, , Da,a’,Lo_ ezﬁwLo Sk’ —k+ 3d)
O =h7ldgo B, k'™ N 25L& €ppon a

the interaction Hamiltonian, E@3), can be written in second w st [ ddre "qzzva,
guantization as B R
~ ! ’ !
He-e =% 2 st/ afZTaff, . Aq,jd
a,a'
kk'

. . . The remaining integraA“éff, can be evaluated using the ex-
Using the introduced Bloch functions, E(L), one can o , 9, o )
simplify the coupling element plicit wave functions of Sec. IV A and is given in E(B2).

The remaining constant

a,e _ 1 3. 7,¢, a’
e _@’k,sgcjd ro*(r)(eno® (r), ©®) DC’S:\rE%:fdanC(r)us(r) 7

where S¢ is the area of the surface elementary cell. Thus,

the electric field only couples states with the same parallefiffects the coupling strength of the phononic bulk-surface
wave vectork. The detailed matrix elements are given in band coupling. If orthogonality between the Bloch function
Appendix B, Eqs.(B1). As an example, the dipole matrix of the bulk conduction band and the surface band is assumed,

elements of the conduction band free electron states trandi?€ o bands would not couple. Since it is normalized, the
tion reads Cauchy-Schwartz inequality restricts the coupling|B5S|
<1. In Sec. V, this value will be varied to discuss the influ-
ek 1] _ _1/2 iCiT of ence of the coupling strength. A more sophisticated approach
Kok * = o n(ly) K- K9 w2 will obtain these values fromab initio calculations.

As the Kronecker Delta applies only to the parallel p&fts C. Equations of motion for the model system
andk", the transition does not conserve the perpendicular _
partk® andk!” in general. This is a direct consequence of Using the calculated matrix elemerfiEsgs.(B1) and(B2)]

the surface system and is not valid for bulk materials. Alsgih€ equation of motion, Eq$A2), can be further simplified
transitions from statef(c,k,),k] to (s,k) for everyk, are for the considered four-band system. First of all, due to Eq.

possible[cf. the corresponding dipole element in Eg1)].  (6), only transitions(aﬁﬁaﬁ) with the same parallel wave

The remaining terms are defined as vector k’=k are excited. However, interband polarizations
with differentk, (included in the indexx) have to be taken
ey :VE%:J dBrar(r) (- er)u*’(r), into aocount. For spatially homogeneous excitation of bulk
material, such terms are typically zero. Thus, a type of quan-

o . tum coherence occurs in the description of a surface. Second,
and are assumed to be known similar to bulk semiconductor

optics3! In particular, the interband dipole moment betweenthe process induced by the pump and the probe pulses can be

the bulk valence and bulk conduction band can be Obtameaeparated: The photon energy of th? pump pulse is of the
order of the band gap energy, exciting electrons from the

from "tefat“re? all others are chosen to be in the same orde[gulk valence band into the surface and bulk conduction band,
of magnitude(cf. Sec. V). .
leaving the vacuum states almost unpopulated because of the

large detuning. Similar arguments apply to the second pulse
. _ . . (probe pulsg which is energetically close to the transition

Here we restrict ourselves to the interaction matrix ele-energy between surface/conduction bulk band and vacuum
ments of electrons with longitudinal optical bulk phononsstates. Hence, it does not excite electrons from the bulk va-
(thre.e-dlmfgsmnaaland assume a constant energy dispersiofience band. Therefore, for the numerical evaluation, both ex-
relation ﬁwq3d=ﬁwL°- citation processes can be calculated in separated subsystems.

Similar to the bulk electrons, the phonon field is expandedrhe first subsystenfpump pulsg includes valence, conduc-
into modes which are represented by traveling waves. W&on bulk, and surface band, while the second systerabe
assume for simplicity that the modes are not disturbed by theulse is composed of conduction bulk and conduction sur-

2. Electron-phonon interaction
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face band, as well as free electron states. Third, the probe TABLE |. Parameters used.
pulse is assumed to be weak enough to not affect the pope
lations of the bulk and the surface band. Finally, the equa- Unit Value

tions of motion are treated in the rotating wave approxima-

tion (RWA),3 considerably reducing the computational Eo ev o
effort. For the second systefasonduction bulk and surface Es ev 1339
band, vacuum electropshe equations of motion caused by  Ep ev 1.589
the free motion and the electric field are given in Appendix E} eV 7.F
C. The treatment of the other subsystem is analogous. My Me -0.48%
The only difference between the investigated subsystems pc Me 0.078
is that the electron-phonon interaction occurs within and in e m 0.2
between the bulk valence and conduction bands, and the sur- 1
face bandthe phonon interaction can be restricted to the first ff m‘fl
subsystemh One example of the corresponding diagonal As nm 0.8
equations of the collision partbulk-surface scatteringis A nmt 2.4
given in Appendix D, Eq(D1). There, the constant disper- € 1 9.52
sion of the LO phonons and the isotropy can be used to e, 1 12.3%8
simplify the equations. T K 300
All'in all, the pump pulse is calculated in the first sub- 4, meV 43
system containing bulk valence and conduction, and surface < enm 03
band including the electron-phonon scattering. The occupa- i onm 12/0.6
tions of the bulk conduction band, as well as for the surface nm .0 3'

band, which vary in time, are used as input parameters for
the calculation of the response to the second pulse. This has d®f enm 0.0
proved to be very advantageous for the numerical computasge ret. 40.
tion, since the RWA can be applied to each subsystem.  bgee Ref. 30.
CSee Ref. 41.
V. NUMERICAL SIMULATION ‘See Ref. 42.
€To reproduce experimental resu{Ref. 14, the dipole moment of

In this section the derived equations of motion for the fourthe transition valence-surface band is set four times the dipole mo-
band system, cf. Appendix C and Appendix D, will be solvedment valence-conduction band for situatiin This ensures that
numerically for different excitation conditions, applying a mainly the surface state is occupied and not the isoenergetic bulk
fourth order Runge-Kutta algorithm with a time step of 1 fs. states. However, for situatid(ii), the dipole moment is set zero to
The wave numberk space (k, and |kj[) has been dis- ensure a clean initial condition.
cretized by 20X 101 points for the area-1 nmt, These parameters affect the strength of the signal in the 2PPE
1 nnT Y% [0 nnt, 1 nnTt]. This discretization leads to a SPectra, and are chosen so that both sigfmlsface and bulkare
length of the crystal of approximately 600 nm. Note thgg ~ Palanced.
should be chosen, according to the total ledgtdorrespond-
ing to the penetration length of the pump pulse. Furthermoredynamics of the spectra and the carriers allows us to clarify
only diagonal scattering ternisf. Sec. Il) have been taken to what extent electron transfer rates can be extracted from
into account. The set of used parameters is given in Table Experimental observables.

In the following, two different excitation situations are
investigated:(i) resonant excitation into the surface band
(Epump=1.614 eV, (ii) excitation into the conduction band,
energetically well above the surface banE, To obtain a first insight into the dynamics, Fig. 2 shows
=1.839 eV. In both cases, the dynamics of the carrier dis-the total number of electrons in the surface bamjg,
tribution is investigated as well as the resulting 2PPE spectra=(a;'a;) as a function of time for both model situations
at several delay times between the pump and the probe puls@) and(ii). Due to the different time scales for both cases, it
For both investigated situations the pump pulse has 40 fs fultan be recognized, that the initial growth of the electron
width at half maximum(FWHM) and is centered at O fs number in the surface band is caused by the pump Hiilse
while the probe pulse has its mean energy B, Or electron-phonon scattering from bulk into surface states
=6.461 eV and has a width of 60 (EWHM). (ii). The subsequent decay of both signals is determined by

To understand the subsequently calculated 2PPE-spectitfie electron scattering from surface into bulk states.
first the carrier dynamics induced by the pump pulse is in- For discussion of the detailed dynamics, we focus first on
vestigatedSec. V A. Here, the focus is on the coupling and situation (i). Here the pump pulse populates the surface
the electron transfer dynamics between the conduction bulktates directly and the maximum population is reached at
and surface band. Afterwards, Sec. V B is focused on the@pproximately the same time as the peak of the pump pulse
TR-2PPE spectra of the emitted electraimduced by the (dashed vertical line in Fig.)2 Subsequently, the electrons
probe pulsg The simultaneous consideration of the temporalscatter from the surface into the bulk conduction band and

A. Photoinduced surface-bulk dynamics

245309-6



MICROSCOPIC THEORY OF ELECTRON DYNAMICS AND. PHYSICAL REVIEW B 71, 245309(2005

- t. i o T T T
situa 10n‘ \(2 E 200 £
% bm (?;
cbm sbm )
_: o cbm | .S
(] ™ 3
= L vb
h.sé o vbm 7 §
= o
>/ situation (ii) A
pump p. peak’ i 0.0 ) . ) ) )
0 200 400 600 800 1000 0 01 02 03 04 05 06
Time [fs] Energy [eV]

FIG. 2. Total number of electrons in the surface band for reso- FIG. 4. Anisotropy for excitation into the conduction band at
nant excitation into the surface bafgituation(i)] and bulk excita- =200 fs. Occupations fdt,=0 andk;=0.
tion [situation(ii)].

A detailed numerical analysis shows that the dominance

vacate the surface band, causing the exponential decay of thg the three-dimensional bulk conduction band prevents a
electron occupation on a 200 fs time scale. In Fig. 3, thejistinct formation of anisotropy.
carrier occupations of the surface states and the bulk conduc- After the discussion of the direct surface state excitation
tion band are plotted as a function of enerdgr the bulk (i), second, the dominant excitation of the bulk conduction
conduction band we takE=E{*?|, _,, see below for the dis- band states is analyzésituation(ii)]. Because of the richer
cussion of the usefulness of this quantiaynd time. It can be  dynamics, we focus on excitation of continuum states well
recognized that initially populated surface stafpsak at above the position of the surface state. Additionally, to have
0.25 eV above the conduction band minimuare depopu- a clean initial situation, i.e., to prevent direct excitation of
lated due to an energetically favored effective scattering/alence electrons into the surface state, the corresponding
from the surface band into the bulk conduction b#edolv-  dipole element has been set to zero. In Fig. 6 it can be seen
ing peak at zero energyln the course of timg¢several hun-  that at the beginning of the dynamics, the carriers are in-
dred femtosecondis all carriers equilibrate into a Fermi jected into high energy states in the conduction bgoegk at
Dirac distribution at the bottom of the conduction band. Thet=0 andE=0.4 eV). The subsequent dynami¢gig. 6) can
distributions shown in Fig. 3 are plotted fky=0, i.e., only  be characterized as follows: The optically excited bulk elec-
the in-plane component is depicted. Although in generaltrons relax within several tens of femtoseconds in the bulk
quantities that involve three-dimensional bands depend najonduction band and undergo a transfer process from ener-
only on the magnitude of the wave vectot” but in general  getically higher states into states which are isoenerdetic
also on the angle betweek;?, k%) andk®, the discussion of ~ within the phonon energywith the surface band. Therefore,
the occupation ak,=0 is a useful approach since it can be the surface band can be populat&=0.25 eV,t=100 f9.
shown numerically that those anisotropy effects are of minoAt the same time also electron-phonon scattering in the sur-
importance. In Fig. 3, however, the occupations for the bullkiace band takes place, leading to electron equilibration inside
conduction band are taken fy=0; this reduction of infor- the surface band. Later on, the carriers undergo a transfer
mation assumes that the discussed anisotropy is not of majémrom the surface state to the conduction band minimum
importance. To investigate the strength of this anisotropy, théthird peak evolving after about 400 fs at 0)e¥s a conse-
occupations for the bulk conduction band are given at a fixedjuence of these back and forth scattering processes between
time in Fig. 4, for the extreme situatiohg=0 or k,=0, re-  the bands, the electrons are temporarily trapped at the surface
spectively, hardly showing anisotropy. The small anisotropyand a delay occurs in the total equilibration and cooling pro-
can be explained by the fact that typically more electrons
occupy the bulk conduction band compared to the occupa- 1000

tion of the surface ban(tf. Fig. 5). g 100 | bulk conduction band
=1
Occupation _g 10}
0.02 =
§ 1 H surface band
0.01 3
E‘j 0.1
0.00 s 001
Z pump pulse peak
1200 405 0 0.001 : ; . :
600 35 = 0 200 400 600 800 1000
Time [fs] Ly Energy [eV] Time [fs]
FIG. 3. Occupation of bulk staték,=0, minimum at 0 ey and FIG. 5. Logarithmic plot of total humber of electrons in the
surface stategminimum at 0.25 eV for resonant surface band ex- surface and bulk conduction band for resonant excitation into the
citation [situation(i)]. surface bandsituation(i)].
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FIG. 6. Occupation of bulk staték,=0, minimum at 0 ey and z
surface state@minimum at 0.25 eYfor conduction band excitation E \
[situation (ii)]. To illustrate the dynamics more clearly, the bulk = — J&
contribution for the band minimuniE<0.2 eV) has been multi- g
. & +500 fs
plied by a factor 0.1. o /,— \
cess of the initially excited bulk states. Again, investigation \ i\
of the surface induced spatial anisotropy shows nearly no +1000 £
difference for different directiongnot shown. Similar to ]
situation(i), this can again be explained by the small number
of states in the surface band compared to the conduction VRN ,
band. 0 01 02 03 04 05 06

Energy {eV]

B. TR-2PPE spectra

. . . . FIG. 7. Photoemission spectra for coupling strengfit¥S?
After the discussion of the carrier dynamics for the t\No_l.0 (solid thick ling, [DSS2=0.1 (dotted ling, and [D°S2=4.0

different excitation situationfi) E.md(“)’ the. qugstlon arises (dashed lingand various time delaysee insetsfor resonant ex-
whether the observed occupation dynamics is also reflecteaiion into the surface stafsituation (i)]. The minimum of the
in the experimentally observable 2PPE spectra. This would,,itace(bulk conduction band is located at 0.35 efd.1 eV).
allow one to draw conclusions from the experimental spectra
concerning the energetics and the time scales of microscop@nrresponding to the used probe pulse, the evaluated surface
scattering and electron transfer mechanisms. For exampleand minimum appears at 0.35 eV in the photoemission
the electron transfer dynamics between different bands is depectra. Strict energy conservation in the electron-photon in-
termined by the coupling strength between the involvederaction would lead to an abrupt truncation below 0.1 eV
bands. and a Dirac delta-like peak at 0.35 eV, but because of the
To investigate the effect of different coupling strengths infinite duration of the probe pulse, the peaks are broadened
the TR-2PPE spectra, the coupling constant between the surainly by the spectral width of the probe pulse. In the fol-
face and the conduction bafi®s?, cf. Eq.(7), is varied for  lowing, we first focus on the thick line in Fig. 7, correspond-
all calculated spectra from 0.1 up to 4.0. The strong couplingng to the standardSec. V A coupling strength ofD%S2
limit is treated to examine a even stronger coupling than the=1.0. At the beginning, as the peaks of both pulses coincide
LO phonons allow on their owfCauchy-Schwartz inequal- (t=0 fs), almost all electrons populate the surface band or
ity), thus modeling the influence of more involved phononisoenergetic bulk conduction band states. Hence, only a sig-
modes. For the spectra we have chosen electron emissigral at 0.35 eV occurs. The surface state related peak devel-
perpendicular to the surfadg =0). The probe pulse has its ops its maximum at a time delay of 75 fs, occurring from
mean energy aE,,~6.461 eV and has a width of 60 fs the time convolution of the 40 fs pump and the 60 fs probe
(FWHM). pulse. Later on, the signal decay at 0.35 eV can be related to
Again, we start with the analysis of situatidn, i.e., the the electron relaxation into the bulk conduction band. A sig-
direct surface state excitation via the pump pulse. In Fig. hal at 0.2—0.3 eV indicates the occupation of the correspond-
the resulting 2PPE spectra for the resonant excitation of thing bulk conduction band states reaching appreciable values
surface band are displayed for various delay times and codrom 250 to 500 fs. In the final spectfd000 f9, the equi-
pling strengthgcompare figure caption librium situation(all electrons in a Fermi-Dirac distribution
The two peaks at 0.1 and 0.35 eV arise from the minimumin the bulk conduction banchas been reached.
of the bulk conduction band and surface band, respectively. The time dependence of the signal peak that results from
The conduction band minimum appears at 0.1 eV since théhe surface band emissi@f.35 e\) is separately displayed
energy of the probe pulsé&, e is chosen 100 meV larger in Fig. 8 (logarithmic scalg
than the difference betwedtf; (conduction band minimujm It can be recognized that this signal is clearly affected by
andV; (height of the step potentialSince only perpendicu- the coupling strength between bulk and surface band. There-
lar emission is treatell=0, only the electron emission from fore we may conclude, that the temporal decay of the surface
the surface band minimurtat k=0) can be observed in the signal allows the extraction of typical coupling strength from
spectra. 0.25 eV above the bulk conduction band minimunthe time dependence of the 2PPE signals. To illustrate this in
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FIG. 8. 2PPE-signal at 0.35elriginated from surface band EE;
for resonant excitation into the surface stggiuation(i)] over de- B +600 s
lay time for different coupling strength$D®%?=0.1, |D%52=1.0, .
and|D®9?=4.0. L/ k
more detail, the depopulation of the total numbers of surface +800 s
electronspg,, (cf. Sec. V A, as well as the TR-2PPE signal
at 0.35 eV are fitted with an exponential function. The ob- A\ .
tained decay rates are shown in Table II. 0 01 02 03 04 05 06

Both constants are in good agreement, and the decay rate
I' is approximately given by

Energy {eV]

FIG. 9. Photoemission spectra for coupling stren¢fit¥S?
I~ 55X 103D%9? fst. =1.0 (solid thick ling, |D®32=0.1 (dashed ling and |D®2=4.0
(dotted ling and various time delaysee insetsfor excitation into
Such a result may even validate future rate equation treabulk conduction bandsituation (ii)]. The minimum of the surface
ments of the 2PPE signal. The simple picture of an exponenbulk conduction band is located at 0.35 eld.1 eV).
tial decay proportional t¢D®S? holds, as long as the scatter-
ing out of the surface dominates the depopulation: For thgpum =1.839 eV/[situation (ii)]. Figure 9 shows the corre-
strong coupling|D%?=4.0, the decay slows down after sponding TR-2PPE spectra. The corresponding logarithmic
about 170 fs. Here, surface band and bulk conduction bangiot of the peak of the surface signal peak at 0.35 eV is
states are in a dynamical quasiequilibrium, reducing the scakjisplayed in Fig. 10.
tering rates: The faster coupling between the surface band again, the TR-2PPE signal at the conduction band mini-
and the bulk conduction band allows the occupation of thgnym does not differ for the various coupling strengths, as
surface band to follow only adiabatically the slower relax-the dynamics of the electrons in the bulk conduction band is
ation inside the bulk conduction band. Hence, the intraban@iardly affected by the interaction with the surface states.
relaxation within the bulk conduction band determines therythermore, the dynamics of the bulk conduction band elec-
depopulation of the surface band. trons having larger energies than the surface states can hardly
In contrast to the signal from the surface band, the signahe seen in the spectfanly a weak energy shoulder above
which arises from the minimum of the bulk conduction bandihe surface band minimum is obseryeNote, however, that
(cf. Fig. 7, at about 0.1 eMs hardly affected by the coupling
constant between surface and bulk states, because the small

number of electrons in the surface state barely effect the T 100 HDSP=40 ID‘“F:LO
electron relaxation in the bulk conduction band. _g
After the discussion of the direct excitation of the surface -
state, we focus on the excitation of bulk states energetically °  10¢ .
well above the surface states using a pump pulse with energy o -
Ei
'a L
TABLE Il. Exponential decay constanfsxp(—I't)] of the total 5 !
numbers of electronsy,,(I':s ) and of the TR-2PPE signal at 0.35 z pump pulse peak
eV (Fsignao- % 0.1 . . . .
0 200 400 600 800 1000
|D%s|? e (fs™h Csigna (fs™h Delay Time [fs]
0.1 5.39-10° 5.59-10* FIG. 10. 2PPE signal at 0.35 e\griginated from surface baind
1.0 5.48-10° 5.28-10° for resonant excitation into the surface stsituation (ii)] over
4.0 1.86- 107 1.55.102 delay time for different coupling strength$DS?=1.0, |D%5?

=0.1, and|D%%?=4.0.
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this may change if the probe excitation strength is increasetdsing a model four band system, including one surface band,
or the density of states is increased in a more realistic banthe electron dynamics after optical excitation and corre-

structure calculation. Furthermore, Coulomb interactionsponding TR-2PPE spectra have been investigated. It has
might change the relative weight of the different contribu-been shown that if the surface state is resonantly excited, the
tions since it reduces the quasi-one-dimensional density afesulting time resolved two pulse photoemission spectra can

states at normal emission from the surface. directly reveal the information of the underlying occupation
However, the most dominant signature for the off-dynamics and provide a measure for the coupling strength.
resonant excitation is, that in strong contrast to situatin Our results should be viewed as a qualitative approach

the signal dynamics arising from the surface band peak carwhich can be improved later on by calculating the matrix
not be related in a simple way to a interband couplingelements in Eq4B1) and(B2) with ab initio wave functions
strength because the signal decay does not scale directly wiind further interaction mechanisms such as electron-electron
the coupling strengtitcf. [D%5?=1.0 and|D®9?=4.0 in Fig.  interaction.

10). The nonsystematic behavior, observed in Fig. 10, can

only be explained by the interplay between the scattering ACKNOWLEDGMENTS

into and out of the surface band, as well as the relaxation \We thank the Deutsche Forschungsgemeinschaft for fi-
inside the surface and the bulk band. Therefore, the dynanhancial support through the Schwerpunktprogramm SP 1093.
ics is in general not determined by the coupling constantye thank L. Tében, F. Willig, P. Hahn, W. G. Schmidt, F.

|D®52 alone. For example, the surface signal, depicted in Figgechstedt, P. Kratzer, and M. Scheffler for useful discus-
10, shows for the intermediat¢D®?>=1.0) and the strong sjons.

(|D%52=4.0) coupling a very similar ris¢0—100 f3 and de-

cay (600—1000 f& In contrast, in the case of weak coupling APPENDIX A: CORRELATION EXPANSION AND
(|D®32=0.1), the signal rise is drastically slowéup to 1 p$ EQUATIONS OF MOTION

compared to all other time scales observed. This indicates, The correlation expansihof the operators leads to
that the relaxation dynamics within the bulk conduction band , )

transferring electrons to the conduction band minimum (agTay) = (adtag)®,  (bs" =(bghe,

(which is slower than the surface-bulk couplirdpminates

the depopulation of the surface band in the case of the inter-
mediate and strong coupling. Furthermore, the surface-bulk
scattering for the weak coupling is apparently even slower
than the intraband scattering in the bulk conduction band. All atq@ hr(Ny = (qata? pr(DyC 4 (qata@ yorpr(tye.
in all, Fig. 10 demonstrates that the scattering times can not (e b ) = (@i by "+ (@ica (bg )

<b§(‘r)bg:(1‘)> = <bg(‘r)bg:(‘r)>c + <bg(T)>°<bg:(ﬂ>°,

be extracted as easily as in the case of an initial population of ety (1
the surface banfsituation (i)], because the signal from the (&', by, ")
surface states are strongly affected by the relaxation inside

the bulk conduction band, which—vice versa—is not influ- = (&g by Ve, (M)° + (agTay, )by Py, (M)
enced by the bulk-surface coupling. . o o
+ <agTak’bq,(T)>c<bg(T)>c + <aﬁ*ak,b§(”>c(bq,(”>°
VI. CONCLUSION + <a£‘raz:>C<bg(T)>C<bg:(‘r)>c,

In the present work, we have developed a model for the
ultrafast surface dynamics of electrons in semiconductors, atafta® af'y = (a%tafta® a? )¢ + (aTaf Yo(afTa® )
taking into account two-dimensional surface states and three- e a ey ) =@caraca, )"+ @aca @Tag)
dimensional semiconductor states as well as vacuum states. - <aﬁTaﬁ,’)°<aFTaf,’>c. (A1)
The coupling to a phonon bath and a classical electric field
has been taken into account. The equations of motion for The equation of motion of the electronic occupations and
electronic transitions and occupations have been derivetfansitions, assuming that the energies include the polaron
within Markovian and second-order Born approximations.shift, read

d . @ o a/a a/ @ ! ,K_ !K! ! _ K,
&(afaﬁ =i(ef - qﬁ)(akTa,ﬁ) - Qk’,k<ak’Tak> + > Qﬁv’ﬁ <a|BTa|/f> - ﬁ_Wz > Dﬁ'g]q’ Dgﬁn‘,q,ﬁ(e% -€, ¥ wiq,)

a' k' B\ B oy k! E

! 1 1 U ! ! ! 1 1 ! !
« [(ng, L 5><agfag]>(6ryn,’f,, _ @ taly) - (ng, vz E)wﬁ;m ~ (@tay e )
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APPENDIX B: MATRIX ELEMENTS

The dipole moments

:%jﬁﬁmwwm

of the model wave equations, Sec. IV, give

k(U k(C)
[ode” Lok S, k(c)ék(w KO )dvC,

KOk (©
dk<ct>%k<s) S ke(Ly)~ 1/2kz(i:)/:'—15\5/2dcys,
d[kcml; k<]f>[f K = o), k(L) % of
dig I|(<(<ff>] = O(9) k() ASCT dst. (B1)

KW +i(Ag+ Ap)/2

The corresponding electron-phonon coupling elements

a,a’ LO _
Dk,k’,q3d_

ezh a a’
\ oo sk — k + g AL
2SLeg€phon z

for the four band model system read

AFREKD) = 5(k ~ K, + ),

A<v kz) (v k ) 5(k! kZ+ qz)1
sso s ks I Des: (B2)
% qz+iAs’ % qz_kz+iAs/2 o8

The remaining term

DEE Vélcf d3ruc(ryus(r)

is used as a fitting parameter which controls the strength of 4

PHYSICAL REVIEW B 71, 245309(2005

Raa’ K ' P 1 1 ro ’ '
Dk k’ qu)ll’l‘)r/n "q’ 5(6m’ Ey - w+q/)|:<nq/ + 5 * E><a%'fa1ﬁ>(8ﬁ’;’1, - <aﬁ Tar?llﬁ’»

(A2)

d, i a
dt<ak’ % field

for the subsystem containing bulk conduction b&oqd sur-
face band(s), and vacuum electrond) is given in rotating
wave approximation with respect to the laser frequeacy
For simplicity the occupations and transitions are abbrevi-
ated as

The laser field is written as

E(t) = R§ES(Dexpio b)],

whereE* is a slowly varying envelope, including the phase
shift. For abbreviation, the complex conjugate field ampli-
tudes
__EW E€(t)
ET=——, E'=
2 2

are introduced. For the subsystem containing bulk conduc-
tion band(c), surface bands), and vacuum stated), the
corresponding equations of motion read

I':,(kc’i(k;),(c,kz) - i(ec,k£ _ ec'kz) P(c,k;),(c,kz)

. _{ S E . de = kfy,kk'z’),(c,ké)

_SE _a(kci(kz)(f,kz)Pf(f,ifz),(&kz):| ,
Kz

Ps (Ck) — I(ek e kz) PS (cky) 4 . |:E E- d(c k. (F.K)) kf,'kkg)vs
l(/

ds(f K, k’z’),(c,kz):|

_EE

the coupling between the bulk conduction band and the sur-

face band.

APPENDIX C: RWA EQUATIONS

The contribution from the free motion and the electric

field

ki =i(e — )Py + _{2 = di,(lz’kz)@ffz)'s

_EE—

z

_S’(f‘ H) (f’k”)’s
Ay & Pk ]
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f K K f,K.).(ck ,
P( l&)(c z)_|( Z—e° )P( (ck) + [E dsfk P(kf,lfz)'s‘E_ s(fl&P(ka)y—l

| Iz ’ Iz
+ - S e _d(kc’i(kz),(f,kz)P(kf’,lfz),(f,kz)
krzr
KD, (F kS K, (ck
-3 Eryed SR P 9}
APPENDIX D: PHONON INTERACTION

Te. dyle e Jpick) As an example, the diagonal scattering rate from the sur-

h , face band into the bulk conduction band is given. It reads
P(sz)s_l kS P(sz)s E*.d ck'z/)(sz)P kz e
( k k L) E (F )~>C 77; E mefwao |A(C'kz)’s|26(K§)
K g o+ 4L €oEphon
[ £ 3PS + 3 ET - o fl()P(f k) (f, k"‘|
T ¢ X {[(k=K2)?+ Il (k+ K<) + 22, (D)
P (1 = j(efke — el p(fie (1) where

i | I , ,
+ %|:E E. df((fil(Z)'(fYkz)P(kttz)'(c’l(Z)

_ ) oms u
K+={ eff{Ec Es z+k2)1thOi|}
- 4CK)L(FK) B k). (CK))
—EE 'dk(jk Pk,k ¢ }

Kz and© is the step function.
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