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Using the adsorbate-induced two-dimensional electron system on InAs(110) as an initial state, which pro-
vides rather small energy andk-space distribution, we measure the photoelectron intensity as a function of
photoelectron energy. It oscillates twice between 3 eV and 23 eV having maxima at 5.5 eV and 19 eV.
Comparison with calculations performed within the one-step model shows that the maximum at low energy is
due to an overlap of a maximum in the photoelectron escape depth and a maximum of the matrix elements
corresponding to the atomic wave functions. In contrast, the maximum at high energy is caused by final states
crossing theG point exactly at this energy. The comparison confirms the theoretical prediction that the escape
depth at low excitation energies can be significantly modified by band-structure effects.
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Angle-resolved photoelectron spectroscopy(ARUPS) at
energies between 10 and 100 eV is commonly used to map
the band structure of occupied electronic states. At these en-
ergies ARUPS is extremely surface sensitive. At higher en-
ergies above 1 keV, the information depth is increased and
ARUPS becomes more bulk sensitive.1 At energies below
10 eV, one generally assumes that the escape depthlsEd
increases monotonically, following a material independent
universal curve.2 However, deviations from the universal
curve are found for several materials.3 Partly, a local maxi-
mum inlsEd exists at low energy, e.g., for Rb, Cs,4 or SiO2.

5

The reduction oflsEd below the maximum is explained by
additional scattering fromd electrons or phonons. Recent
calculations found such a maximum also for III-V materials6

and explained it by an increase ofl at critical points of the
band structure, indicating a relevant interaction between de-
caying final states and bulk bands.

In order to verify the predicted maximum experimentally,
one has to consider that the photoelectron intensity depends
also on matrix elements and the relevant density of final
states.7 To disentangle the different contributions, it is useful
to start with a well-defined initial state. Therefore, we use the
Fe-induced two-dimensional electron system(2DES) close
to the surface of InAs(110).8,9 We find excellent agreement
between the measured and the calculated energy dependence
of photoelectron intensity. From comparison with the one-
step photoemission calculations, we indeed deduce an oscil-
lation of lsEd at low kinetic energies.

The advantages of our initial state are the following:
(1) The 2DES is energetically separated from all other

states of the sample, since it exists in the bulk band gap, i.e.,
above all occupied bulk states.8,9 This eliminates influences
of energetic overlap with photoelectrons from other bands.

(2) The 2DES belongs to an electronically simples-like
and nearly parabolic band,10 which reduces the complexity
of matrix element effects.

(3) The 2DES electrons are restricted tokW .0W, reducing

the number of relevant final states significantly. Parallel to
the surfacesx,yd only the inner 0.2% of the Brillouin zone
are occupied.8 Perpendicular, the self-consistently calculated
wave function11 is close to C0szd.Îb3/2ze−bz/2 sb=3.3
3108 m−1d.12 Its rather extended shape leads to akz distri-
bution (Fourier transformation ofC0) with 90% of its inten-
sity within 0.1 Å−1 aroundG.

(4) The surface has a very low defect density13 which
reduces contributions from elastic scattering.14

(5) The z extension of the 2DES of 5 nm8 is still much
less than the photon wavelengthslù40 nmd, allowing us to
treat the electric field of the light as constant.

To illustrate these advantages, we use the one-step model
and the knowledge that final vacuum states decay exponen-
tially into the sample with decay lengthlsEd.6 This allows us
to derive a rather simple expression for the photoelectron
intensity per photon starting with7

IsEd ~ r fsEduMBsEdu2UE
0

`

C0szdeikzsEdz−z/lsEddzU2

.

Here, r fsEd is the relevant density of final vacuum states,
MBsEd is the matrix element, andkzsEd is the wave vector of
the final states inside the sample.C0szd is given above with
b=s16.5pm!e2N2DES/ee0"2d, depending on effective mass
m!, dielectric constante, and the known 2DES density
N2DES.

12 The integral can be solved

IsEd ~
r fsEduMBsEdu2

hkzsEd2 + fb/2 + 1/lsEdg2j2 , s1d

and the contributions toIsEd appear rather directly. A single
kz value is assumed, but contributions from differentkz can
be simply summed up. Sinceb/2 and 1/lsEd are small with
respect to the Brillouin-zone boundary at 14.6 nm−1, transi-
tions close tokz=0 are strongly favored. In addition, transi-
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tions with largeMBsEd, large r fsEd, and/or largelsEd are
most intense.

To calculate the contributions to the photocurrent quanti-
tatively within the one-step model, one uses the time inverse
of a low-energy electron diffraction(LEED) state. Its
asymptotic inside vacuum is matched to the solution of the
complex bulk band structure15 giving FLEEDsEd as thefinal
states of photoemission. To deducelsEd, the density of
FLEEDsEd within the crystal is fitted toe−z/lsEd. We find
lsEdP f0.9 nm, 1.7 nmg, i.e., 1 /lsEd.b/2. Thus, the con-
tribution of lsEd is always relevant, ifkzsEd is small.

The initial states are represented by the half-space
Green’s function, given as a layer resolved contribution of
atomic orbitalsCi. The basis set consists of 5s and 5p (4s
and 4p) orbitals for In(As). Matrix elementsMBsEd are cal-

culated askFLEEDsEfin ,kWiduAW 0·pW uCil with the light-induced

vector potentialAW 0 kept constant. Polarization and incident
angle of the light are taken as in the experiment. Since we,
thus, calculateMBsEd, lsEd and the band structure of final
states, we can disentangle the different contributions toIsEd
given in Eq.(1).

The ARUPS experiments are performed at the HON-
ORMI beamline of HASYLAB using the ASPHERE
analyzer.16 The light isp polarized with an incident angle of
30° towards[001]. The energy resolution of the experiment
is 20 meV and the angular resolution is 0.25° /0.45° in the
two different directions. The Fermi levelEF is determined on
a clean Ta-foil with an accuracy of 5 meV. Degenerate
n-InAs sND=1.131016 cm−3d is cleaved in situ at p
.10−8 Pa. This leads to nearly defect-free InAs(110), exhib-
iting flat band conditions up to the surface.17 To induce the
2DES, 4.5% of an Fe monolayer is deposited. The coverage
is determined by a quartz balance and is cross-checked by a
scanning tunneling microscope(STM). The surface bands
shift downwards by 300 meV.8 One gets an accumulation
layer (2DES) with N2DES=231012 cm−2 as confirmed by
scanning tunneling spectroscopy(STS).9 This givesb=3.3
3108 m−1, determiningC0szd completely.

Figure 1(a) shows the energy distribution curve(EDC) of
the 2DES at photon energyhn=10 eV andu=0°. Figure 1(b)
shows angular scans recorded at differentE−EF. A linear
background caused by second-order light is subtracted. The
straightforward fit of the data8 is shown as a solid line in Fig.
1(a) and in Fig. 1(c) for Fig. 1(b). The fit takes into account
the known energy and angular resolution of the experiment,16

the known conduction-band dispersion of InAs(Ref. 18),
and the known temperatures300 Kd. It assumes a constant
MBsEd, lsEd, andr fsEd as expected in the small energy and
angular region of the data. The first two fitting parameters
are the subband energiesEi, which are confirmed by STS.9

An adjustment of the total intensity by a single factor is still
necessary, which accounts forMBsEd, lsEd, and r fsEd and
for the instrumental efficiency. It is the only free parameter
and reproduces all results in Figs. 1(a) and 1(b).

Figure 2(a) shows the 2DES peak at differenthn. The data
are normalized to the photon flux calibrated by a Au film
prior to the experiments. Therefore, the quantum efficiency
of the Au diode is considered.19 During the experiments, the
positron current in the synchrotron is used to link the cali-
brated to the actual photon flux.

Figure 2(a) shows that the normalized peak intensity de-
pends nonmonotonously onhn. However, before we com-
pare with calculations, we have to consider that the angular

FIG. 1. (a) Energy scan of 2DES peak and fit(see text) at hn=10 eV,u=0°, Epass=4 eV; E1, E2: subband energies.(b) Angular scans
of 2DES peak at differentE−EF, hn=10 eV,Epass=4 eV. (C) Fit curves to(b) with same fit parameters as in(a); same symbols are used in
(b) and (c) as marked in between.

FIG. 2. (a) and(b) Energy scans of 2DES peak at differenthn as
indicated,Epass=20 eV,u=0°; data are scaled to photon fluence and
offset as marked by horizontal lines.(c) Angular scans of 2DES
peak at differenthn as indicated,Epass=4 eV, E−EF=−50 meV;
data are scaled to the same height atu=0°; the horizontal line[full
width at half maximum(FWHM)] is at half maximum.
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width of the peak also depends onhn. This is demonstrated
in Fig. 2(c). The reason for the reduced width with increasing
hn is thatki ~sinuÎEkin. Thus, the samek-space distribution
of the 2DES leads to a smallerDu at higher photoelectron
energy Ekins~hnd, increasing the ARUPS collection effi-
ciency. This effect can be straightforwardly calculated by the
fit model described above. The normalized peak intensity
devided by the collection efficiency is shown for four data
sets obtained on different samples in Fig. 3(a). The statistical
error is 10% atEkin=5–19 eV, 20% athigherEkin and 40%
at lowerEkin. The data show a pronounced peak at 5.5 eV, a
tiny peak at 13 eV and a broad peak around 19 eV. The data
are largely reproducible, except that the peak at 19 eV is
25% larger in one data set. Note thatIsEd increases by a
factor of 6 between 3.5 eV and 5.5 eV.

Next, the measuredIsEd data will be compared with cal-
culatedIsEd data. Therefore, the half-space Green’s function

for the initial states is calculated forkWi=0 and for an energy
at the bottom of the InAs conduction band. Althoughkz is not
a quantum number in the half-space Green’s function, the
restriction to the bottom of the conduction band requireskz
.0 as in the experiment. A free parameter is the position of
the matching plane between the vacuum LEED asymptotic
and the complex states of the crystal. It is chosen at 1.4 Å
above the first atom, but the results do not change signifi-
cantly from 1 Å to 2 Å. Figure 3(b) shows the calculated
IsEd curve. It also exhibits a sharp peak at about 6 eV and a
broad peak around 19 eV. The peak heights are nearly iden-
tical to the experiment. The tiny peak at 13 eV faintly ap-
pears as a broad shoulder within the calculation. Generally
the experimental results are nicely reproduced by the one-
step model setting the base for a deeper analysis.

Figure 4 shows the different contributions toIsEd. The
lsEd curve derived frome−z/l fits to the final states is plotted
in Fig. 4(a). It shows a maximum at 3.5 eV, wherel is
enhanced by 70%. SettinglsEd into Eq. (1) with kz=0, b
=3.33108/m, MBsEd=const, andr fsEd=const, results in an
IsEd peak six times larger than the surrounding. This height
is indeed found in theIsEd data, but thelsEd peak is at
3.5 eV and theIsEd peak at 6 eV. Thus, other factors must
contribute. Figure 4(b) shows uMBsEdu, which is calculated
separately for each layer. Only the Ass-orbital is considered,
since it strongly dominates the InAs conduction band.10 A
strong maximum appears around 7 eV for all layers, while a
smaller maximum at 2 eV appears only from the second

layer on. The maximum at 7 eV is three times larger than the
surrounding, which would lead to anIsEd peak nine times
larger than the surrounding again comparable to theIsEd
data. However, theuMBsEdu peak is at higher energy than the
IsEd peak. Thus, it also cannot explain theIsEd peak exclu-
sively. Finally, thekz distribution of the final states has to be
considered. Figure 4(c) shows the complex band structure of
InAs(110) in the direction perpendicular to the surface. The
bulk states of an infinite crystal are displayed as thin lines,
while some of the complex states decaying into the crystal
are drawn as thick lines. The complex bands are marked by
vertical bars, indicating their coupling strengths to vacuum.
According to Eq.(1), the differentkz contributions of the

FIG. 3. (a) 2DES peak inten-
sity normalized to the photon flu-
ence and to the angular collection
efficiency of the analyzer; differ-
ent Epassare indicated.(b) Calcu-
lated photoelectron intensity in
normal emission using the initial
states at the bottom of the conduc-
tion band of InAs(110); calcula-
tion performed according to Ref.
15.

FIG. 4. (a) Calculated escape depthl as a function of energy.
(b) Matrix elements corresponding to the Ass orbitals of the initial
states displayed for different layers from the surface as indicated.
(c) Complex band structure of InAs(110) perpendicular to the sur-
face; thin lines are real states of the infinite crystal, thick lines are
complex states of the semi-infinite crystal; vertical bars mark the
strength of the coupling of complex states to vacuum states; only
states with significant coupling are plotted;Efinal at the lower bar is
given with respect to the valence-band maximum.
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final states have to be summed up. Obviously, the final states
show neither a strongskz=0d contribution atEkin=6 eV nor
an increased density of states, i.e., the same number of bands
with similar coupling strengths appear across the maximum.
Thus, without performing the intricate calculation summing
up overkz contributions, we can state that the peak at 6 eV is
due to an overlap of a peak inMBsEd andlsEd, but none of
the two contributions can explain it exclusively.

The secondIsEd peak at 19 eV is three times larger than
the surroundingIsEd values. It appears neither in thelsEd
nor in theuMBsEdu curves. The number of complex bands and
their coupling strength to vacuum is constant around 19 eV.
Moreover, the dispersion of the bands is rather linear, i.e.,
r fsEd is constant. However, three complex bands, including
the one with the strongest coupling(largest vertical bar),
crossG exactly at 19 eV, giving rise to direct transitions. We
conclude that thisIsEd peak is caused bykz.0 of the final
state. In the experiment, the overlap of the oscillating final
state withC0szd explains the peak, while in the calculation
the restriction of initial states tokz.0 is responsible. Thus,
the peaks at 6 eV and 19 eV have completely different ori-
gins. One is due to a large escape depth and an enhanced
matrix element and the other is due to akz matching of final
and initial states. Note, finally, that theIsEd data are only
explained, if a maximum oflsEd is assumed. This contra-
dicts the conventional knowledge thatlsEd is a smooth curve
with a single minimum at 50 eV.2 However, it confirms pre-

vious calculations on GaAs(110) exhibiting a similar
maximum.6 The reason for the increasedl at 3.5 eV is not
completely clear, but the bulk band structure(thin lines) ex-
hibits a large number of extrema around 3.5 eV. Conse-
quently, the bulk density of states is large and the complex
states can couple more effectively to real states increasing
their decay length. Interestingly, the high-Tc superconductor
Bi2212 also shows alsEd maximum around 4 eV.20 How-
ever, this maximum is explained by the different plasmons of
the layered material.

In summary, we measured the photoelectron intensity of a
well-defined initial state given by the Fe-induced 2DES on
InAs(110). The IsEd curve is reproduced by a calculation
within the one-step model taking the details of the experi-
ment into account. An analysis of the calculation reveals that
a peak atEkin=5.5 eV is due to an overlap of an increased
photoelectron escape depth and an enhanced matrix element.
Another peak atEkin=19 eV is due to akz matching of initial
and final states. The measurements confirm that the electron
escape depth of InAs(110) is not a smooth function of energy
but exhibits a maximum aroundEkin=3.5 eV
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