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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 @0@ was investigated by means of
photoelectron spectroscopy with linearly polarized radiation. Clean and well-ordered raré38afhsurfaces
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 thisliager
state the ratio of the radial matrix elements as well as the relative phase shifts were determin&} t&be
=2.4+0.3 andd;— 8,=310°+ 10°, respectively using the possibility to rotate the electric-field vector con-
tinuously.[S0163-182@8)10335-1

In the description of the photoemission process, the detetcd(0001/W(110), which possesses a pronounceg-like
mination of the differential cross section plays an importantadsorbate induced state.
role. For a fixed spatial arrangement the angular distribution For the determination of the electronic structure, angle-
of photoelectrons can be deduced if the dipole matrix eleresolving photoelectron spectroscopy was used. Photoelec-
ments and the phase shifts of the outgoing photoelectroftons were produced by linearly polarized vacuum ultraviolet
wave are known. One examp|e for the determination of thes%diaﬂon from a discharge |amﬁ\|e| resonance linehv
values is the circular dichroism in the angular distribution of— 16 g5 e\f with a triple-reflection polarizer. The angle of
photoelectrons. In this experimental technique the photo- the incoming photon beam wa,=45° with respect to the

electron intensity as a function of detection angle is COMsurface normal. A cylindrical mirror analyzer with sector

pared for exc;itation Wit.h left and right circularly polarizeq field (300-mm slit-to-slit distangeand high transmission
light, respectively. The important parameters for the deSC”P'Served as the energy dispersing element with the additional
tion of the intensity difference are the dipole matrix elementsan lar resolution of the photoelectrofacceptance cone
and the relative phase shifts. gu utl P P

The determination is usually carried out with a fixed po—iso)' The overa_lll energy resolution was set to abqut 300
larization of the incoming light and a variation of the emis- MeV: The experiment was performed iniametal ultrahigh-
sion angle. A restriction of this type of experimental arrange-Yacuum chamber to DroV'?flmagnet'C shielding, and the base
ment is given by the limited range of the detection anglePressure was below>310™ ™ mbar. It is equipped with a
being further reduced due to the refraction of the escapin§ombined low-energy-electron-diffraction Auger system for
photoelectrons at the electrostatic surface barrier. Measuréurface characterization. An situ transfer between the ul-
ments at a fixed detection angle with a rotating electricafraviolet photoemission spectroscopy stage and scanning tun-
field vector enables one to avoid this restriction due to theheling microscopy(STM) enables to investigate theame
possibility to use the whole angle range of 180°, giving asample in order to determine the topography.
significantly more accurate set of data. A W(110 crystal served as a substrate for the growth of

Additionally, information on quantum-mechanical quanti- Gd films. It was cleaned by heating in oxygen and flashing
ties are usually obtained with a more or less larger experiup to 2600 K. The Gd films were deposited by means of an
mental or theoretical effort. Being in contrast, the theoreticaklectron-beam evaporator using tungsten crucibles. The
description of the latter type of angle resolving photoemis-growth rate was typically set to 0.5 layer per minute. The
sion experiments as well as the experimental procedure ageparation procedure was based on the investigations in
relatively simple. This method is suitable to be carried out inRef. 2. Smooth G@O00Y) films were prepared by evapora-

a laboratory because it does not need a sophisticated expetion of more than 30 ML, with the substrate held at room
mental setup like synchrotron radiation sources. It may theretemperature, and subsequent annealing at 700 K for 2 min.
fore play an important role for an understanding of the pho-The topography was checked by STM. During Gd deposition
toemission process. the pressure stayed below<30 1% mbar. The surface was

Here we report on a method to provide information aboutexposed to hydrogen by a high-precision leak valve. The
the dipole matrix elements and phase shifts being essentiamount is characterized in Langmuir (£00 ¢ torr s), and
for the theoretical description of the photoemission processot corrected by the ion gauge correction factor.
in a relatively simple way and with a pronounced accuracy. Photoelectron spectra from the ®6801) surface, being
This can be achieved by means of photoelectron spectrogxposed to 1-L hydrogen, are shown in Fig. 1. The spectra
copy with linearly polarized light using the ability of a con- are taken at room temperature for different detection angles
tinuous rotation of the electric-field vector. This method is 6. A pronounced feature at a binding energy of about 4 eV
exemplarily demonstrated at the system hydrogen omppears. The energy widtfull width at half maximum of
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The photoelectron intensitly (with the detector being at
infinity) for atomic orbitals which are excited by a linearly
polarized radiation source can be calculated via the differen-
tial cross sectiomo/dQ*°
i do 4= 5 )
Izd_Q:?aaOhV|<¢Ekin,k|€’r|¢n/x>| ) (1)
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wherea is the fine-structure constaraty the Bohr radiusk
the direction of the outgoing electroathe polarization vec-
tor, andr the position vector at angle®and ¢. The initial
real atomic orbital is given by
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whereY , (0, ) is a spherical harmonic and(m) are the
JK'\ 60° 1 coefficients needed to form real orbitals such thatis s,

0 L) Ty, p,, etc. The final state is writt¢has a partial-wave expan-
sion

binding energy [eV]

FIG. 1. Photoelectron spectra for different detection andles be,, k=4T > i//e_i‘s/’Yf,vm,(ﬁk,qﬁk)
Variations in binding energy, pointing to a dispersion, as well as in /'m’

intensity, are present. XY, (0,6)Re. @)
/ /’m/ y Kin +/ ’ .

this H-induced state is equal to 0.4 eV and is similar to that The photoelectron intensity of the hydrogen-induced state
of the surface state being energetically located near thwas determinedcf. Fig. 2a)] as a function of the vector
Fermi edge* indicating a well-ordered and clean t6p01)  potential of the incoming radiation, and is shown in Fi0)2
surface. This surface state is made responsible for extraordiepen circles The electric-field vector of the light was ro-
nary surface magnetic propertiésg., Refs. 5 and)6Offer-  tated by the angler in the plane perpendicular to the direc-
ing adsorbates like hydrogemand oxygeft® suppresses the tion of propagation. Forr=0°, the light is morep polarized,
Gd surface state as well as the surface magnetization. whereas fora=90° it is s polarized. The intensity exhibits

In Fig. 2(a), photoelectron spectra of the H-induced statemaxima at 0° and 180°, respectively.djz-like orbital sym-
are presented for different anglesof the E-field vector of  metry of this state was previously deduced byetal.” from
the incoming linearly polarized photon beam with respect tathe observation that the constant initial state spectra were the
the plane of incidencea=90° denotes the case f&  same for both the hydrogen-induced state and the Gd surface
polarized light. We find that at this angle the intensity of thestate. Using the equations above and dipole selection rules
H-induced state nearly vanishes, whereas the intensity is sigt/'= =1 andAm= = 1,0 the dipole matrix element for such
nificantly enhanced for morp-polarized light. a d,z initial state can be calculated to be

|
(e, kler|d2)=Bm{e'R[1/10 sinf(e, cos p+ e, sin ¢)—e,\/2/5 coso]
+e'91R\/9/4( sin 6(5 cod 6— 1) (e, COS P+ €, Sin ¢)
+€,(5 cos #—3 cosh)]}. (4)

In normal emission §=0) this expression is determined by loses intensity with increasing detection angle, and shifts in
€, being proportional to coa. The intensity using a rotating energy, directly pointing to a nonvanishing dispersion. For
electric-field vector is thereforecos « [cf. Eq. (1)]. This  higher angles additional structures at 1- and 5.5-eV binding
behavior is demonstrated by the solid line in Figh)2 pre-  energy appear. The highly localized Gd surface state Bear
senting a fit with a cdsfunction. is nearly dispersionless. In contrast, the H-induced states
Dispersion effects of the parallel momentum componenpossess different binding energies when varying the photo-
k, from the outgoing electron was investigated by rotatingelectron detection anglé. Thek; dispersion directly points
the sample with the radiation source and analyzer kept fixetb an overlap of the hydrogen wave functions within the
in space. The photoelectron spectra for angles betwken overlayer, or hybridization with the Gd bulk bands.
=0° and 60° were already shown in Fig. 1. Whereas in The dipole matrix element contains the radial pd®s
normal emission the spectrum is dominated by the hydrogerand R; as well as phase shifts, and ; [see Eq.(4)]. In
induced structure at about 4-eV binding energy, this featurerder to obtain information about these properties the photo-
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FIG. 2. (a) Photoelectron spectf@ormal emissiopfor the hydrogen-induced structure as a function of the rotation anglethe linear
polarizer.(b) Photoemission intensities of the maximum for the H-induced feature at about 4-eV binding energy depending on the rotation
angle « of the incoming linearly polarized radiation; the solid line represents a fit with ftostion. The spectra were taken in normal
emission.

electron intensities were determined at a fixed detection (e et dn
angle #=45° as a function of the rotation of the-field kin ‘ -
vector. The spectra in Fig. 3 are shown for special values of =(—i) "Y' 1X, 1, +€e% 11X, 1)), (5)

a at which the maximum and minimum intensities are

reached for the peak 2 at 4.7 €¥.0 eV in normal emission £ this experimental geometry theXefunctions are given
with «=170° and 80° as well as for the feature 1 at 1 eV an

structure 3 at 6 eV, witle=140° and 50°, respectively. The Y

intensity values are summarized in Fig.(#: peak 1;0:

peak 2;e: peak 3. The curves for peaks 1 and 3 show the X, _1x=R[sin 6(sin a+ \/1_/2 cosa)

same shape, which may be caused by emission from orbitals ]

with the same symmetry, but being different from the —2 cos6(sin a— 112 cosa)], (6)

d,2-like state (peak 2. Equation(4) can be expressed in
terms of quantities, .1, :*°

intensity [arb. units]

intensity [arb. units]

ol L . 1 , | rotation angle o

FIG. 4. Photoemission intensities of the maximum for the three
peaks labeled in Fig. 3. The shapes of curves 1 and 3 are the same
FIG. 3. Photoemission intensities at a fixed detection amfigle one, but different to that of curve 2. The solid line represents a fit as

=45° for special values of the rotation angle(see text discussed in the text.

binding energy [eV]
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gion. The inner, i.e., true, emission angl@ can be deduced
from the outer, i.e., observed, angk''=6 using the
relation®*3

\/Ekin_VO sin 0in= Ein sin Hout, (9)

whereE,;, is the kinetic energy of the photoelectron, avgl
the inner potential being the difference in kinetic-energy in-
side and outside the surface barrier. The binding energy of
the hydrogen-induced structure corresponds to a kinetic en-
ergy of about 10 eV. Assuming a typical value for the inner
potential of Vo= —10 eV the maximum value for the detec-
tion angle 6°"'=90° corresponds to an inner angi"
=45°; i.e., the “observable” angle range is limited to this
value of 45°. The detection angle=45° (cf. Fig. 3 there-
fore corresponds to an inner angi®=30° which must be
used in Egs(6) and (7). A least-squares fit for thd,2-like
hydrogen-induced structurgurve 2 in Fig. 4 results inR
=2.4+0.3 andé;— 6,=310°+10°. In order to verify these
values, the intensity of the same feature was determined as a
FIG. 5. Photoemission intensities as a function of the detectiorfunction of the detection anglef. Fig. 1). These values are
angle 6. The angle scale is given by the emission angfeinside presented in Fig. 5. Calculating thé function for this ex-
the surface barrier, which can be deduced from the detection ang@erimental geometry and insertinR=2.4 and &;— 5p

intensity [arb. units]

emission angle 6"

taking into account the inner potentidg. (9)]. =310° into the equation results in the function which is
shown as a solid line in Fig. 5. There is a good agreement
X —1.9sin (5 co2 #—1)(sin a+ JV1/2 cos within f[he experlm_ental error, corroborating the flnc_hngs for
=18 ( )(sin & @) the ratio of the radial matrix elements and the relative phase
+c0s 6(5 cog 6—3)(sin a— 1/2 cosa)] shift.

In summary we have determined the electronic structure
() of hydrogen on G@001). By means of photoelectron spec-

using the simplificatiorR;=1 andR=R,/R;. The photo- troscopy with linearly polarized radiation in combination

electron intensity then is given by with the possibility to rotate the electric-field vector of the
incoming photon beam, the ratio of the radial matrix ele-
|ocx?/+lx+xﬁ_1x+2X?/+1XX§_lx cogS,,1—6,_1). mentsR=R,/R; as well as the relative phase shiif— 4,

(8)  were determined for the wave function of the hydrogen state
. : . with a binding energy of about 4 eV to h&=2.4+0.3 and
However, the angl® in these equations is not the detected 8~ 8,=310°+10°. The measurements of our investigation

one, as can be seen by the following consideration. In offy 5 fixed detection angle with a rotating electric-field vector
normal megsgr_ementﬁéﬁ 0) the detection anglé_wnh the  can be carried out over thehole angle rangef 180°, giv-
detector at infinity corresponds to a smaller one in or near thﬁ1g a significantly more accurate set of data in comparison to

crystal. This effect is due to the refraction of an outgoingmeasyrements with a fixed linear polarization and a varying
electron wave at the electrostatic surface barrier. When SUmission angle.

mounting this barrier, the momentum parallel to the surface

remains constant, the one perpendicular becomes reduced. We thank G. H. Fecher for a stimulating discussion, and
This phenomenon results in an increased emission angkcknowledge financial support by the DFG through Grant
(with respect to the surface normalutside the surface re- No. Wi 1277/3-2.
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