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Determination of radial matrix elements and phase shifts in photoemission with a rotatable
electric-field vector
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The electronic structure of hydrogen-adsorbate-induced states on Gd~0001! was investigated by means of
photoelectron spectroscopy with linearly polarized radiation. Clean and well-ordered rare-earth~0001! surfaces
exhibit a highly localized surface state near the Fermi edge. After the adsorption of hydrogen the surface state
disappeared, and an additional sharp feature at about 4-eV binding energy was observed. For this latterdz2-like
state the ratio of the radial matrix elements as well as the relative phase shifts were determined to beRp /Rf

52.460.3 andd f2dp5310°610°, respectively using the possibility to rotate the electric-field vector con-
tinuously.@S0163-1829~98!10335-1#
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In the description of the photoemission process, the de
mination of the differential cross section plays an import
role. For a fixed spatial arrangement the angular distribu
of photoelectrons can be deduced if the dipole matrix e
ments and the phase shifts of the outgoing photoelec
wave are known. One example for the determination of th
values is the circular dichroism in the angular distribution
photoelectrons.1 In this experimental technique the phot
electron intensity as a function of detection angle is co
pared for excitation with left and right circularly polarize
light, respectively. The important parameters for the desc
tion of the intensity difference are the dipole matrix eleme
and the relative phase shifts.

The determination is usually carried out with a fixed p
larization of the incoming light and a variation of the em
sion angle. A restriction of this type of experimental arrang
ment is given by the limited range of the detection an
being further reduced due to the refraction of the escap
photoelectrons at the electrostatic surface barrier. Meas
ments at a fixed detection angle with a rotating electri
field vector enables one to avoid this restriction due to
possibility to use the whole angle range of 180°, giving
significantly more accurate set of data.

Additionally, information on quantum-mechanical quan
ties are usually obtained with a more or less larger exp
mental or theoretical effort. Being in contrast, the theoreti
description of the latter type of angle resolving photoem
sion experiments as well as the experimental procedure
relatively simple. This method is suitable to be carried ou
a laboratory because it does not need a sophisticated ex
mental setup like synchrotron radiation sources. It may the
fore play an important role for an understanding of the p
toemission process.

Here we report on a method to provide information ab
the dipole matrix elements and phase shifts being esse
for the theoretical description of the photoemission proc
in a relatively simple way and with a pronounced accura
This can be achieved by means of photoelectron spec
copy with linearly polarized light using the ability of a con
tinuous rotation of the electric-field vector. This method
exemplarily demonstrated at the system hydrogen
PRB 580163-1829/98/58~15!/9681~4!/$15.00
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Gd~0001!/W~110!, which possesses a pronounceddz2-like
adsorbate induced state.

For the determination of the electronic structure, ang
resolving photoelectron spectroscopy was used. Photoe
trons were produced by linearly polarized vacuum ultravio
radiation from a discharge lamp~Ne I resonance linehn
516.85 eV! with a triple-reflection polarizer. The angle o
the incoming photon beam wasuph545° with respect to the
surface normal. A cylindrical mirror analyzer with sect
field ~300-mm slit-to-slit distance! and high transmission
served as the energy dispersing element with the additio
angular resolution of the photoelectrons~acceptance cone
63°!. The overall energy resolution was set to about 3
meV. The experiment was performed in am-metal ultrahigh-
vacuum chamber to provide magnetic shielding, and the b
pressure was below 3310211 mbar. It is equipped with a
combined low-energy-electron-diffraction Auger system
surface characterization. Anin situ transfer between the ul
traviolet photoemission spectroscopy stage and scanning
neling microscopy~STM! enables to investigate thesame
sample in order to determine the topography.

A W~110! crystal served as a substrate for the growth
Gd films. It was cleaned by heating in oxygen and flash
up to 2600 K. The Gd films were deposited by means of
electron-beam evaporator using tungsten crucibles.
growth rate was typically set to 0.5 layer per minute. T
preparation procedure was based on the investigation
Ref. 2. Smooth Gd~0001! films were prepared by evapora
tion of more than 30 ML, with the substrate held at roo
temperature, and subsequent annealing at 700 K for 2 m
The topography was checked by STM. During Gd deposit
the pressure stayed below 3310210 mbar. The surface was
exposed to hydrogen by a high-precision leak valve. T
amount is characterized in Langmuir (1 L51026 torr s), and
not corrected by the ion gauge correction factor.

Photoelectron spectra from the Gd~0001! surface, being
exposed to 1-L hydrogen, are shown in Fig. 1. The spe
are taken at room temperature for different detection ang
u. A pronounced feature at a binding energy of about 4
appears. The energy width~full width at half maximum! of
9681 © 1998 The American Physical Society
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9682 PRB 58BRIEF REPORTS
this H-induced state is equal to 0.4 eV and is similar to t
of the surface state being energetically located near
Fermi edge,3,4 indicating a well-ordered and clean hcp~0001!
surface. This surface state is made responsible for extrao
nary surface magnetic properties~e.g., Refs. 5 and 6!. Offer-
ing adsorbates like hydrogen7 and oxygen8,9 suppresses the
Gd surface state as well as the surface magnetization.

In Fig. 2~a!, photoelectron spectra of the H-induced sta
are presented for different anglesa of the E-field vector of
the incoming linearly polarized photon beam with respec
the plane of incidence.a590° denotes the case fors-
polarized light. We find that at this angle the intensity of t
H-induced state nearly vanishes, whereas the intensity is
nificantly enhanced for morep-polarized light.

FIG. 1. Photoelectron spectra for different detection anglesu.
Variations in binding energy, pointing to a dispersion, as well as
intensity, are present.
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The photoelectron intensityI ~with the detector being a
infinity! for atomic orbitals which are excited by a linear
polarized radiation source can be calculated via the differ
tial cross sectionds/dV10

I 5
ds

dV
5

4p

3
aa0

2hnu^fEkin ,kue•r ufnl x&u2, ~1!

wherea is the fine-structure constant,a0 the Bohr radius,k
the direction of the outgoing electron,e the polarization vec-
tor, andr the position vector at anglesu and f. The initial
real atomic orbital is given by

fnl x5Rnl ~r !(
m

n~m!Yl m~u,f!, ~2!

whereYl m(u,f) is a spherical harmonic andn(m) are the
coefficients needed to form real orbitals such thatl x is s,
pz , etc. The final state is written11 as a partial-wave expan
sion

fEkin ,k54p (
l 8m8

i l 8e2 id l 8Yl 8,m8
* ~uk ,fk!

3Yl 8,m8~u,f!REkin ,l 8 . ~3!

The photoelectron intensity of the hydrogen-induced st
was determined@cf. Fig. 2~a!# as a function of the vecto
potential of the incoming radiation, and is shown in Fig. 2~b!
~open circles!. The electric-field vector of the light was ro
tated by the anglea in the plane perpendicular to the dire
tion of propagation. Fora50°, the light is morep polarized,
whereas fora590° it is s polarized. The intensity exhibits
maxima at 0° and 180°, respectively. Adz2-like orbital sym-
metry of this state was previously deduced by Liet al.7 from
the observation that the constant initial state spectra were
same for both the hydrogen-induced state and the Gd sur
state. Using the equations above and dipole selection r
Dl 561 andDm561,0 the dipole matrix element for suc
a dz2 initial state can be calculated to be

n

^fEkin ,kue•r udz2&5A8p$eidpRp@A1/10 sinu~ex cosf1ey sin f!2ezA2/5 cosu#

1eid fRfA9/40@sin u~5 cos2 u21!~ex cosf1ey sin f!

1ez~5 cos3 u23 cosu!#%. ~4!
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In normal emission (u50) this expression is determined b
ez being proportional to cosa. The intensity using a rotating
electric-field vector is therefore}cos2 a @cf. Eq. ~1!#. This
behavior is demonstrated by the solid line in Fig. 2~b!, pre-
senting a fit with a cos2 function.

Dispersion effects of the parallel momentum compon
ki from the outgoing electron was investigated by rotat
the sample with the radiation source and analyzer kept fi
in space. The photoelectron spectra for angles betweeu
50° and 60° were already shown in Fig. 1. Whereas
normal emission the spectrum is dominated by the hydrog
induced structure at about 4-eV binding energy, this feat
t

d

n
n-
re

loses intensity with increasing detection angle, and shifts
energy, directly pointing to a nonvanishing dispersion. F
higher angles additional structures at 1- and 5.5-eV bind
energy appear. The highly localized Gd surface state neaEF
is nearly dispersionless. In contrast, the H-induced sta
possess different binding energies when varying the ph
electron detection angleu. The ki dispersion directly points
to an overlap of the hydrogen wave functions within t
overlayer, or hybridization with the Gd bulk bands.

The dipole matrix element contains the radial partsRp
and Rf as well as phase shiftsdp and d f @see Eq.~4!#. In
order to obtain information about these properties the pho
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FIG. 2. ~a! Photoelectron spectra~normal emission! for the hydrogen-induced structure as a function of the rotation anglea of the linear
polarizer.~b! Photoemission intensities of the maximum for the H-induced feature at about 4-eV binding energy depending on the
anglea of the incoming linearly polarized radiation; the solid line represents a fit with cos2 function. The spectra were taken in norm
emission.
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electron intensities were determined at a fixed detec
angle u545° as a function of the rotation of theE-field
vector. The spectra in Fig. 3 are shown for special value
a at which the maximum and minimum intensities a
reached for the peak 2 at 4.7 eV~4.0 eV in normal emission!
with a5170° and 80° as well as for the feature 1 at 1 eV a
structure 3 at 6 eV, witha5140° and 50°, respectively. Th
intensity values are summarized in Fig. 4~l: peak 1;s:
peak 2;O: peak 3!. The curves for peaks 1 and 3 show t
same shape, which may be caused by emission from orb
with the same symmetry, but being different from t
dz2-like state ~peak 2!. Equation ~4! can be expressed i
terms of quantitiesXl 61,x :10

FIG. 3. Photoemission intensities at a fixed detection anglu
545° for special values of the rotation anglea ~see text!.
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^fEkin ,kue•r ufnl x&

5~2 i ! l 21~eid l 21Xl 21,x1eid l 11Xl 11,x!. ~5!

For this experimental geometry theseX functions are given
by

Xl 21,x5R@sin u~sin a1A1/2 cosa!

22 cosu~sin a2A1/2 cosa!#, ~6!

FIG. 4. Photoemission intensities of the maximum for the th
peaks labeled in Fig. 3. The shapes of curves 1 and 3 are the
one, but different to that of curve 2. The solid line represents a fi
discussed in the text.
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Xl 11,x51.5@sin u~5 cos2 u21!~sin a1A1/2 cosa!

1cosu~5 cos2 u23!~sin a2A1/2 cosa!#

~7!

using the simplificationRf51 andR5Rp /Rf . The photo-
electron intensity then is given by

I}Xl 11,x
2 1Xl 21,x

2 12Xl 11,x
2 Xl 21,x

2 cos~d l 112d l 21!.
~8!

However, the angleu in these equations is not the detect
one, as can be seen by the following consideration. In
normal measurements (uÞ0) the detection angleu with the
detector at infinity corresponds to a smaller one in or near
crystal. This effect is due to the refraction of an outgoi
electron wave at the electrostatic surface barrier. When
mounting this barrier, the momentum parallel to the surfa
remains constant, the one perpendicular becomes redu
This phenomenon results in an increased emission a
~with respect to the surface normal! outside the surface re

FIG. 5. Photoemission intensities as a function of the detec
angleu. The angle scale is given by the emission angleu in inside
the surface barrier, which can be deduced from the detection a
taking into account the inner potential@Eq. ~9!#.
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gion. The inner, i.e., true, emission angleu in can be deduced
from the outer, i.e., observed, angleuout5u using the
relation12,13

AEkin2V0 sin u in5AEkin sin uout, ~9!

whereEkin is the kinetic energy of the photoelectron, andV0
the inner potential being the difference in kinetic-energy
side and outside the surface barrier. The binding energy
the hydrogen-induced structure corresponds to a kinetic
ergy of about 10 eV. Assuming a typical value for the inn
potential ofV05210 eV the maximum value for the detec
tion angle uout590° corresponds to an inner angleu in

545°; i.e., the ‘‘observable’’ angle range is limited to th
value of 45°. The detection angleu545° ~cf. Fig. 3! there-
fore corresponds to an inner angleu in530° which must be
used in Eqs.~6! and ~7!. A least-squares fit for thedz2-like
hydrogen-induced structure~curve 2 in Fig. 4! results inR
52.460.3 andd f2dp5310°610°. In order to verify these
values, the intensity of the same feature was determined
function of the detection angle~cf. Fig. 1!. These values are
presented in Fig. 5. Calculating theX function for this ex-
perimental geometry and insertingR52.4 and d f2dp
5310° into the equation results in the function which
shown as a solid line in Fig. 5. There is a good agreem
within the experimental error, corroborating the findings f
the ratio of the radial matrix elements and the relative ph
shift.

In summary we have determined the electronic struct
of hydrogen on Gd~0001!. By means of photoelectron spec
troscopy with linearly polarized radiation in combinatio
with the possibility to rotate the electric-field vector of th
incoming photon beam, the ratio of the radial matrix e
mentsR5Rp /Rf as well as the relative phase shiftd f2dp
were determined for the wave function of the hydrogen st
with a binding energy of about 4 eV to beR52.460.3 and
d f2dp5310°610°. The measurements of our investigati
at a fixed detection angle with a rotating electric-field vec
can be carried out over thewhole angle rangeof 180°, giv-
ing a significantly more accurate set of data in comparison
measurements with a fixed linear polarization and a vary
emission angle.
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