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Multivalley Electron Population Dynamics on the Ge(111):As Surface
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Electrons excited to energies well above the conduction band minimum of Ge are observ
populate valleys centered at theG and M points of the Brillouin zone on the As-terminated Ge(11
surface. The valley centered atM is a surface resonance, located 0.3 eV above the Ge condu
band minimum. The subpicosecond population dynamics are followed directly with harmonic
photoemission. The time evolution of the excited electron gas temperature was measured and a
rate was determined.

PACS numbers: 73.25.+ i, 78.47.+p, 79.60.Dp
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When electrons in a semiconductor are excited to em
states well above the conduction band minimum (CBM
a multitude of processes conspire to rapidly dissipate
excess energy. One important process involves en
relaxation through the emission of phonons, resulting
the generation of lattice heat. In addition to energy
laxation, momentum transfer can send electrons to o
locations within the Brillouin zone. The transition prob
bility for this process depends importantly upon the de
sity of final states to which the electron scatters. In G
deformation potential scattering can drive electrons i
energetically accessible satellite valleys. The probabi
for this process is particularly high if the final state
large [1]. Such conditions, as we will describe, exist
the As-terminated Ge(111) surface.

The As-terminated Ge(111) surface, discussed in de
by a number of investigators, is a model unreconstruc
semiconductor surface [2–5]. The termination of t
Ge surface with As results in the formation of a
occupied nonbonding lone pair state which resides 0.4
below the Ge valence band maximum (VBM), and
highly dispersive antibonding state, shown in Fig. 1 wh
resides 0.4 eV above the Ge VBM. Figure 1 displays
bulk band structure projected onto the (111) surface
the calculated quasiparticle surface bands [5], particul
appropriate when comparing to photoemission spec
The minimum of the empty surface band is found at
G point of the surface Brillouin zone (SBZ). Electro
dynamics within theG valley were previously studied
in detail for this surface [6], where it was shown th
electrons scattered from bulk Ge states into the z
center surface state on a picosecond time scale. S
the bottom of the surface band resides within the Ge b
band gap, electrons remained trapped in this state a
surface for times approaching a nanosecond.

Inspection of the calculated band structure for t
surface (shown in Fig. 1) suggests that further scatte
within the Brillouin zone is possible. In particular,
satellite valley energetically degenerate with bulk G
states exhibits a minimum at theM point in the SBZ.
In this Letter we describe experimental observations
ultrafast scattering of electrons into and out of th
0031-9007y96y76(11)y1912(4)$10.00
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resonance satellite valley with femtosecond (fs) las
photoemission. Excitation with pulses of 610 nm ligh
creates a highly excited electron gas whose time evolut
is probed with vacuum ultraviolet pulses which photoem
both valence and excited electron populations. In ord
to aid in our investigations we have employed a uniq
parabolic mirror time-of-flight analyzer (PMTFA) whose
large collection solid angle [7] permits the observatio
of electrons throughout the entire SBZ. With thi
approach we have directly studied the ultrafast populat
dynamics both at the SBZ center, where electrons
ultimately trapped, and in theM resonance, located
0.5 eV above the minimum of the surface state. We sh
directly that population in theM resonance grows within
,400 fs to its maximum and then decays complete
within 2 picoseconds (ps). Furthermore, by deconvolvi
the various scattering contributions to the shape of t
photoemission signal collected from the evolving electr
gas, we have been able to extract the surface temperat

FIG. 1. Quasiparticle band structure diagram of the A
terminated Ge(111)1 3 1 surface (after Ref. [5]) showing
the bulk projected (hatched regions) and surface bands (s
lines). Arrows show the scattering pathways which res
in the transient population of theM and G valleys on this
surface. Electrons also populate the surface state minimum
intravalley scattering nearG (curved arrow).
© 1996 The American Physical Society
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and cooling rate of the excited electron population for t
first 1.6 ps after excitation.

In this experiment 300 fs pulses of 610 nm light from
synchronously pumped dye laser system are amplified
,0.6 mJ at a repetition rate of 540 Hz. Approximatel
0.12 mJ of this light is split off for photoexcitation of
the sample. An adjustable delay line is used to va
the relative arrival time of the excite and probe pulse
The remaining 0.48 mJ of 610 nm light is focused in
the Ar gas output of a supersonic pulsed valve locat
at the input end of a 3 m differentially pumped bea
line attached to our ultrahigh vacuum analysis chamb
A comb of odd multiple harmonics [8–13], generate
when the intense 610 nm light interacts with the hig
density Ar gas, is directed to a grazing incidence toroid
grating. Angle tuning of the grating selects the harmon
of interest. For the work described here, 18.3 eV photo
were chosen. Photoemission from the excited sample w
detected with the PMTFA. Electrons emitted over a wid
range of angles from the sample, located at the focus
the paraboloid, are collimated upon reflection from th
mirror and directed into a 1 m drift tube. At the end o
the tube the drifting electrons strike a multianode arra
the subsequent signals are electronically analyzed and
to a computer. The solid angle subtended by this detec
is ,1.1 sr, permitting the simultaneous observation of a
areas of the SBZ for the AsyGe surface. Further details
of the experimental setup may be found elsewhere [14]

The samples aren-type Ge(111)sr ­ 0.4 V cmd pre-
pared by sputtering and annealing until a sharpcs2 3 8d
low-energy electron diffraction pattern is observed. Th
temperature of the sample is raised to and then held
400±C during exposure to a flux of As4 generated from
a heated effusion cell. This treatment results in a sha
1 3 1 diffraction pattern with exceptionally low back-
ground [4]. All measurements to be described were c
ried out at 300 K.

Figure 2 displays a panel consisting of three spec
showing the time evolution of the transiently excited
normally empty antibonding state of the AsyGe system.
Absorption of a pulse of 610 nm light drives electron
into states well above the CBM of the system. The to
panel displays the photoemission signal collected near
temporal overlap of the excite and probe pulsesst ­ 0d.
The zero of energy is chosen as the Ge VBM. The pe
at 0.4 eV corresponds to electrons which accumulate n
the minimum of the surface state atG. A shoulder located
at 0.6 eV is also observed and results from electro
which scatter from the bottom of the bulk Ge conductio
band into the surface state (see Fig. 1). Both the 0.4 a
0.6 eV features have been identified and discussed in
earlier paper [6].

Quite striking is the appearance of a relatively inten
feature located at 0.9 eV, particularly evident in the to
two spectra in Fig. 2. If we follow the time evolution
of this peak at later delays, as shown in the midd
and lower panels, a picture of the evolution of th
e
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excited population can be constructed. Note that at 660
delay, the 0.4 eV peak has increased in intensity, and
continue to observe the shoulder at 0.6 eV. The 0.9
peak, while observable, has diminished significantly
intensity relative to the other peaks. Finally, at 3 ps a
evidence of the 0.6 and 0.9 eV features has disappea
and the 0.4 eV peak has intensified further. We al
observe a high energy tail of electrons att ­ 0 which
retreats with increasing time. Such a hot electron tail c
be fit with a Fermi function for a two-dimensional electro
gas to extract a surface electron temperature, which
discussed later in this Letter.

FIG. 2. Top: spectrum of excited surface electron populati
at t ­ 0. The main peak at 0.4 eV corresponds to electro
populating the minimum of the surface state atG. The arrow
at 0.6 eV indicates the energy at which electrons scatter into
surface state from the Ge CBM. The arrow at 0.9 eV indicat
the center of the peak due to electrons transiently populating
satellite resonance valley atM. Middle: spectrum collected at
660 fs showing the rapid reduction inM population. Bottom:
spectrum collected at 3000 fs showing the complete loss
emission from theM point, indicating that the population in
this satellite valley has been depleted. The 0.6 eV peak
also vanished.
1913
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Inspection of the band structure of Fig. 1 helps
explain the features we observe. As discussed earlier,
0.4 eV peak corresponds to the minimum of the norma
empty surface state. The shoulder at 0.6 eV is due
scattering of bulk Ge electrons from the CBM into th
surface state nearG.

The peak at 0.9 eV decays rapidly in time, and its ev
lution indicates additional dynamics. We note, in Fig.
the theoretically predicted existence of a satellite surfa
valley whose minimum is located at theM point (solid
line) at an energy of 1.1 eV. Since this surface valley
degenerate with bulk Ge conduction states, it is a re
nance and not a bona fide surface state. (A resonanc
a surface state which mixes with a degenerate propag
ing bulk state; the resulting hybridized state exhibits lar
amplitude at the surface.) Photoexcitation with 610 n
photons (see Fig. 1) produces excited electrons throu
bulk-bulk, bulk-surface state, and surface state-surfa
state transitions. Significant absorption occurs only ne
the zone center. In particular, we emphasize that a dir
excitation of the surface resonance at theM point is ener-
getically not allowed. Electrons which are directly pho
toexcited to states near the zone center rapidly thermal
resulting in a broad distribution of hot electrons. The
electrons can then scatter into the resonance at and
M, a process made particularly favorable due to the hi
density of states there. Such scattering can occur o
a wide range of energies, giving rise to the rather bro
peak we observed near 0.9 eV.

In order to verify that the 0.9 eV peak is actuall
emission from theM point we performed the follow-
ing experiment. Electrons at theM point in the SBZ
have a parallel wave vector,kk ­ 0.908 Å21. As a
result, when photoemitted with 18.3 eV photons, the
electrons are emitted at an angle of 28± from the sur-
face normal, given by kk ­ 0.51

p
Ekin sinsud Å21

where Ekin is the photoemitted electron kinetic
energy. Although our PMTFA collects electron
over a wide range of angles permitting a view o
the entire SBZ, an appropriate tilting of the samp
by 25± relative to the parabolic mirror [shown in the
inset of Fig. 3 (top)] significantly reduces the detection
the G electrons (normal emission) while electrons fro
the M point are collected. Comparison of spectra fro
normal and tilted emissions are shown in Fig. 3 togeth
with an inset which indicates the geometries employe
The spectra were collected neart ­ 0. Note that for
the tilted geometry, the band gap is wider and the pe
of the signal is located at 0.9 eV. This position, as c
be seen in Fig. 3, lines up well with the 0.9 eV should
present in the normal emission spectrum and provid
additional proof that the 0.9 eV peak originates fro
the satellite resonance valley atM. Our identification
of the M minimum at 0.9 eV is 0.2 eV lower than the
theoretical value [5] for this resonance. This sma
difference may be due to the combined uncertainties
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the calculation and experiment in addition to dynamic
effects associated with the rapidly evolving electron gas

We can also interrogate the dynamics in the resona
valley. Figure 3 (bottom) displays the intensity of theM
emission as a function of delay time. The edge of t
M signal rises within approximately 400 fs but display
a somewhat slower decay. The population of theM
valley is completely depleted beyond 2.3 ps in the del
curve. This rapid decay of population is driven by sever
processes including coupling of electrons into bulk G
states where they can relax to the Ge CBM or diffu
away from the surface. It is also possible for electro
to return to empty states near the zone center. All
these processes rapidly deplete the population in theM
resonance resulting in the observed short residence ti
It is important to note here that we are measuring t
population dynamics of the coupledG-M system and not
the inherent “lifetime” of the resonance such as that whi

FIG. 3. Top: excited electron spectra collected at norm
emission (solid line) and with the sample tilted off at 25±

(dashed line) neart ­ 0. The 25± signal has been scaled by
a factor of 2 for direct comparison. Bottom: normalizedM
emission as a function of time.
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FIG. 4. Time dependence of the excited surface electr
temperature.

would be inferred from linewidths typically observed wit
inverse photoemission [15,16].

We have also analyzed our data in order to determ
the temperature of the excited electron population on
surface. The large collection angle of the PMTFA perm
the observation of hot electrons higher up in the emp
surface bands which might otherwise escape detection
an angle resolved approach. We have extracted the e
tron temperature by first removing the 0.6 and 0.9 eV pe
contributions from the excited state photoemission sp
tra. For a two-dimensional band, the density of stat
is a constant (in the approximation of parabolic band
As a result, the product of the density of states with t
Fermi function simply returns the Fermi function, scale
by a constant, which was then convolved with the dete
tor resolution function and fit to the spectra. The chan
in the surface electron temperature with time is shown
Fig. 4. The initial temperature, determined at the tem
poral overlap of the excite and probe pulses is found
be 4650 6 400 K. This temperature is reasonable con
sidering that excitation with our 610 nm (2.036 eV) pho
tons results in electrons with energies as high as 1.6
above the antibonding surface state minimum. Indeed
very early times (as in the top spectrum in Fig. 2) we s
electrons at energies approaching 2 eV above the VBM
Ge. In the top two spectra of Fig. 2 we observe an e
ergetic electron tail which retreats rapidly with increasin
delay time. Figure 4 exhibits the temperature extract
from fitting the Fermi function to the spectra collected fo
different delay times. We see that the temperature of
excited electrons drops from 4650 to,1950 K within the
first 1.6 ps. This translates into a cooling rate at ea
times of dEydt ­ s1.5 6 0.3d 3 1011 eVysec. To our
knowledge no previous measurements of electron co
ing rates at a semiconductor surface have been car
out. Electron energy loss studies have been carried ou
two-dimensional quantum well systems (GaAsyGaAlAs)
[17,18] where screening and hot phonon effects are kno
to slow cooling rates [19,20]. For 150 Å quantum wel
n
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and an electron density of2.5 3 1011ycm2 cooling rates up
to 0.3 eVyps were measured [18]. However, these me
surements are difficult to compare with directly since pol
optic (Frölich) scattering is dominant in GaAs but does n
occur in monoelemental Ge. In addition, excitation co
ditions in those experiments leading to different electro
densities and excess electron energies make direct c
parison difficult. Nevertheless, in the present experime
where we estimate the peak surface electron density
be ,5 3 1012ycm2, cooling rates are also expected to b
slowed by screening and hot phonon effects.
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