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Angle- and spin-resolved photoelectron spectroscopy with circularly and linearly polarized synchrotron
radiation were used to study the electronic structure of the hydrogen sulfide molecule. A strong effect of the
molecular environment appears in the spin-resolved measurements and, although less clearly, in the angular
distribution of the sulfur @ photoelectrons. The anisotropy and spin parameters of the three main spectral
components have been obtained. The validity of simple atomic models in explaining the results is discussed.
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I. INTRODUCTION the anisotropy parameters to be obtained between 180 and
260 eV. In addition, we measured the electron spin polariza-
The study of the electronic structure of atoms, moleculestion of S 20 using linearly polarized light.

and condensed matter as well as studies of the dynamics of H,S is important in geophysics for it plays a main role in
photoemission and the Auger process have been conductélte global cycling of sulfur in the Earth atmosphere, and it
using spin-resolved photoelectron spectroscopy, combinedas been observed in the atmospheres of Venus and other
with energy- and angle-resolved spectroscopy. For examplé@lanets, and in the interstellar mediui®]. From a funda-
the electronic structures of adsorbaték thin films[2], and ~ mental point of view, the molecular ground state gfS-has
the magnetic properties of solid8] have been investigated l:_)een stuc_iied _in detail because_ it shows prt_)nounced Io_caliza—
with this technique. In atoms, spin-resolved measurementdon of vibrations and clustering effects in the rotational
have been proved to be a valid alternative to coincidenc&tructure[9]. Since it is the congener of #, it is a good
techniques in order to acquire an expanded data set for th%ind'qat? for implementing wave functions of water. The
photoionization and Auger decay amplitudes. In particular! ot0|on|zat|on_of the S Zinner shell in S has been stud-
for closed shell atoms, the use of the measured values of tﬁ%gazztrg de);%zrlgii?ézlrlggéqcrggg égigﬁlsc?%lgﬁer;; levels
cross section, the anisotropy parameter, and the three spi . . S
parameters of photoelectrons and Auger electrons, allowed I%artr? : 0:?; Igilﬁr?:)l ‘leonm (;/lv : crﬁl aiorqgggi/o]regno?hu: ?)(tjhe\?;ltr? ;r;] dt he
complete determination of the dynamical quantities, i.e., maz, " knowledge, no spin-resolved or angle-resolved mea-
trix elements and phase shifts, characterizing the photoiong, ’

S ’ rements were available in the literature before our recent
ization process to be accomplishgdl. It has been proved ok [8].

recently by Schmidtket al. [5] that for closed shell atoms or We shall present here the spin polarization and the angular
atoms with a single electron shell measurements of the crosfistripbution of the three most intense components of the$S 2
section and anisotropy parameter together with the three spishotoelectron spectrum as measured by photoionization of
polarization parameters of photoelectrons are not always suH,S with linearly and circularly polarized light. It should be
ficient for the complete experiment since these parametenisoted that the use of circularly rather than linearly polarized
are not independent. For the case of the spin polarizatiofight affects only the geometry of the experiment when an-
parameters of molecules, no such dependence has begular distributions are concerned, whereas it changes the dy-
found so far, because the corresponding analysis is still in iteamics of the spin polarization of the photoelectrons. The
infancy due to the rare spin-resolved studies of moleculeswo mechanisms, known as “spin transfer” and “dynamical
found in the literature. polarization,” are responsible for the spin polarization in case

Spin-resolved studies of molecules are rarer in the literaef circularly and linearly polarized light, respectively
ture. Only the outer shell photoionization of 8] and HBr  [11,12; different parameters describe the spin polarization in
[7] has been reported in this respect. Recently, we showetthese two cases. Conversely, the same parameter, namely, the
how the properties of the inner $3hell in OCS and L5  anisotropy parameter, characterizes the angular distribution
molecules can be investigated by combining spin-resolvedf the photoelectrons in the cases of linearly and circularly
and angle-resolved measuremej@s polarized light. We use the dipole approximation, plausible

In this work, we extend the investigation we began inin our experimental conditions, to describe the photon-atom
H,S, by reporting angle-resolved measurements that alloweihteraction.
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squares fitting procedure to the experimental spe(trth
line in the figurg. Voigt functions were used, and the value
of 88 meV[14] of the natural width of the Kr & hole was
imposed in the fitting procedure. The lower panel of Fig. 1
shows the S R photoionization spectrum. As discussed in
previous investigation§8,1(] the shape of the S@photo-
electron spectrum is determined by three factors: spin-orbit
splitting of the 2 hole, vibrational excitations in the residual
ion, and molecular field splitting of the Sz, hole. The last
results from the breaking of the spherical symmetry offithe
055 1060 1065 1070 1075 1080 1085 electrons by the molecular field havi@, symmetry, which
removes the degeneracy of the states with different projec-
tions of orbital angular momentum along tlg, axis. The
most intense transitions are associated with the ion in its
ground vibrational statgl10,15, and only these will be con-
sidered in this papglinesA, B, andC in Fig. 1). To resolve
the different components of the peaks, we applied a least
squares fitting procedure to the experimental spe(trt
and broken lines in Fig.)lutilizing asymmetric Voigt func-
tions. Asymmetric distortion of the line shape due to postcol-
lisional interaction was included using the method of van der
: 3 Straten[16]. Previously determined values of the lifetime
=t B oo ST e S width (70 me\), vibrational period300 me\}, and molecu-
288 292 296 300 304 308 312 316 lar field splitting(110 me\j [10,15 were used in the fit. The
Kinetic Energy [eV] values of the Gayssian width as retqrned by the fit, _about
65—75 meV, are in good agreement with the expected instru-
FIG. 1. Photoionization spectrum of Kd3top) and S D shell ~ mental broadening.
of H,S (bottom) as measured at the magic angle with 200 eV lin- The apparatus we used for spin-resolved measurements
early polarized light. The continuous and dashed curves are thbas been described elsewhg8ell], and only a few details
result of a least-squares fitting procedure. Lines labAleB, andC will be given here. The measurements were performed at the
in the bottom panel are associated with thgSHon in its ground  elliptically polarizing undulator beamline 4.0J27] which
vibrational state. was set to deliver alternatively linearly and circularly polar-
ized light(100% polarizatiop at a resolving poweE/AE of
Il. EXPERIMENTAL SETUP about 1000. In these conditions, a photon flux of approxi-
mately 132 photons/s was delivered on the$isample. An
All the measurements reported in this work were per-electron time-of-flight (TOF) detector combined with a
formed at the Advanced Light Source in Berke(&A). Two  spherical Mott polarimeter of the Rice type, operated at
different experimental apparatuses were used. 25 KV, carried out the spin-resolved analysis. The geometry
The angular distributions were measured at beamlinef the experiment was selected to measure the polarization of
10.0.1, using the Scienta SES 200 high-resolution electrothe spin component of the electrons along the photon propa-
static analyzer. Photoelectron spectra were obtained at eighation direction and for electrons emitted in the plane per-
different photon energies between 180 eV and 260 eV, wittpendicular to the photon propagation direction and at 45°
the S 7 threshold in HS at about 170 eY10]. The beam-  with respect to the horizontal plane. Instrumental asymme-
line was set to have about 50 meV photon resolution; in thigries of the Mott polarimeter were eliminated by rotating the
condition, a photon flux of 28 photons/s, 100% linearly light polarization by 90°%from horizontal to verticglwhen
polarized, was delivered to the sample. The Scienta analyzéinearly polarized light was used, and by inverting the helic-
was operated at 50 meV resolution; thus an overall 70 me\ty of the circularly polarized light, approximately every
instrumental (analyzer plus photonbroadening was ex- 10 min. The appropriate data files were later recombined to
pected. Spectra were measured at four different anglegjive the final results. Figure 2 depicts a typical spectrum
namely, 0, 54.79(magic anglg 65°, and 80°. In order to measured with 210 eV linearly polarized light. The spin-
account for possible variations of the efficiency of the Sci-unresolved photoelectron spectrum, measured with a second
enta analyzer operating at different orientations, a gas mixregular electron TOF analyzéwithout a Mott detector is
ture of H,S and Kr, rather than pure,8, was used in the shown in the bottom frame of the figure, corresponding to
experiment. The Kr 8@ photoelectron lines with well known the sum of spectra measured with vertically and horizontally
anisotropy parametdil3] were measured together with the polarized light. In the middle panel, the spectra of electrons
H,S S 2 photolines, and were used in the calibration of thewith spin parallel(empty squaresand antiparalle{full tri-
data. As an example, we report in Fig. 1 the spectra that wangle$ are shown. Data have been converted from flight
measured at the magic angle with 200 eV linearly polarizedime to kinetic energy and grouped at intervals of 50 meV.
light. In the upper panel, the Krd3photoionization spectrum The spectra were analyzed using the same fit technique we
is shown. The peak areas were obtained by applying a leasimployed for the angle-resolved spectfall and broken
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FIG. 2. S D photoionization spectra as mea-
sured with 210 eV linearly polarized light. Bot-
tom: total intensity; the continuous curves are the
2 result of a least-squares fitting procedure. Middle:
El spin-resolved spectréspin paralleld] and anti-
g parallel ¥ to the photon propagationTop: spin
; polarization, calculated from the peak ar®and
iz the individual data pointS.
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lines in the lower pangl values of about 200 meV for the tially to the photoionization process is usually restricted to
Gaussian width were given by the fits at the different meathe valued <5.
sured photon energies. The areas of the peaks obtained from For inner molecular shells, one may think of introducing
the fitting procedure were used to determine the spin polamtomic or atomiclike models to describe them. Using an
ization for the individual photoelectron lines. Additionally, atomic model is a valid approximation in the case of th&H
we performed a single-channel analygig], where the spin  molecule, because of the localized nature of thepS@re
polarization was determined for each point of the spectrumorbitals and the absence of shape resonances arounggthe
The results of the two methods are compared in the top pansulfur edgg18]. In H,S, the sulfur atom is in the closed shell
of Fig. 2 (full and empty circles, respectivélyand demon- configuration of argon, and the photoionization cross section
strate good agreement. The error bars of the spin polarizaticior the 2 levels of second row elements depends only
values in the figure include both statistical and systematieveakly on the nuclear charge. Thus calculations for the 2
errors. shell of Ar in [19] will be compared to the experimental
results in this paper.
Il RESULTS We show in the lower part_of Fig. 3 the anisotropy param-
' eters that we measured at different photon energies for lines
A. Angular distributions A, B, and C (asterisks, full circles, and empty circles, re-

When photoionization from unoriented molecules is con—i\?zcut';'ﬁéyi’nizsct?rgfe a:jredh;\{glg ;hneeﬁecsalﬁﬂgﬁgjg lél;g/v
sidered within the dipole approximation, the angular distri- he same valueg o V\[/)hereas Iinelg ha,s svstematically a
bution of the photoelectrons is expressed by the same formlﬁ- ' y y

s that apl t e photsionzaton of aioms. 1 Ineary 11 1% MOV ale oI5 ot e prolon eneges e
polarized light is used, then 9 q

tively reported by Kukket al.in OCS[20]. The discrepancy
do o B between theory and experiment is not that large, and can be
d0 a1t 5(3 cos6-1) |, (D) related either to the difference between the free Ar atom and
the S in the Ar configuration, or to the molecular environ-
0 being the angle between the light polarization vector andnent. If the unresolve&+C doublet is considered, depicted
the photoelectron directiony the total (angle-integrated in the top panel of Fig. 3, the calculations are in a very good
cross section, and the so-called anisotropy parameter. As in agreement with the experimental result. As we showed in our
the atomic casey is the sum of squares of dipole matrix previous papef8], and will show in the next section, the
elements, ang3 is expressed through the products of thespin polarization of the photoelectrons is also correctly re-
matrix elements and cosine functions of the phase shift difproduced by the Ar calculations when linBsandC are not
ferences characterizing the photoionization process. For motesolved, indicating that the effects of the molecular environ-
ecules a large(in principle infinite number of partial waves ment vanish when the experiment is somehow integrating
is allowed for the electron in the continuum, am@nd can  over the different orientations of the angular momenta. Thus,
have quite complicated analytical expressions. In practicethe fact that the anisotropy parameter of liés the same as
however, the number of partial waves contributing substankine B rather than as lineB+C would suggest some influ-
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FIG. 3. Anisotropy parameter as a function of
the photoelectron kinetic energy. Experimental
points are for the ground vibrational state of
(x=A)S 2p4/, and (@ =B, O =C) molecular field
split S 2p5/, in the lower panel, and for the unre-
solved doublet B35((70) in the upper panel. Full
lines are calculations for Ar2photoionization.
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ence of molecular effects, although such effects are relatively 7
small Pin=7"_~ )
' 1+p/4
B. Spin polarizations for linearly polarized light. In our notation, a positive spin

e . polarization means that the electron is preferentially emitted
tha??hfgrsthiﬁ ag?;:g;géﬁrgiﬂzn’ k|1tolt2 g%ﬁ’gfgg;ﬂ?gg] fro with its spin antiparallel to the photon propagation direction.
unorienteg mpolecules is descri%ed by the same formulrf:lwe are using here the notation of the spin parameters
L y ?A,y, 7) introduced by Cherepkoj21]; different notations
valid in atoms. In the properly chosen geometry of our ex- . .
. . have been used by Huaft2] and Heinzmanf22]. Like the
periment, they take the simple forms . .
anisotropy parametes, the three spin parametefs v, and
A+ 92 7 are combinations of the matrix elements and phase shifts
circ:_—l+ﬁl4 €) 2 characterizing the photoionization process. Thus the same
considerations about the complexity of their analytical forms
for circularly polarized lighte=+1 for the photon helicity ~ and the validity of the atomic approximation that we draw

and for B in the previous section do apply, and we shall compare
Photon Energy [eV]
200 210 220 230 240 250 260
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0.4 S 2py, _
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01F JIUUR . i FIG. 4. Spin polarization as a function of the
ool ¢ N 4’1:;_ photoelectron kinetic energy as measured with
o1l + ------------ linearly polarized light. Experimental points are
e for the ground vibrational state ¢f=A)S 2p,,,
' ; i y t g * lower panel, and®=B, O =C) molecular field
0.0 . split S 23, and unresolved doubletpg, (),
S2p,, . .
- upper panel. Full lines are calculations for Ap 2
i photoionization.
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T T T T T
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our results with the spin polarization calculated for Ar by evident in the spin polarization than in the angular distribu-

Cherepkov. tion. This can be understood on the basis of some qualitative
If the anisotropy parameter is known, measuring the spirconsiderations. In general, the spin polarization parameters,

polarization of the photoelectron with linearly and circularly as well as theB parameter, are not very sensitive to the

polarized light will allow » and (A+vy/2) to be obtained details of the atomic potential or to the many-electron corre-

from formulas(2) and(3). However, to obtain independently lations. However, occasionally in molecules, contrary to at-

the values ofA and y, the spin component of the electron oms, one or more of the dipole matrix elements or phase

along its propagation direction should be measured, whiclshifts can vary sharply in some energy regi@s in thes”

requires a more sophisticated experimental setup, like the usdape resonances in CO ok Molecule, making some of

of a Wien filter. the parameters different from the corresponding atomic ones.
We report(with the same notation as in Fig) &he spin  That can more strongly affect the spin polarization of photo-

polarization of linesA, B, C, and the unresolved doublet electrons, which depends on all the parameters, than the an-

B+C (empty squaresin Figs. 4 and 5, as we measured it gular distributions that depends on one parameter, nargely,

with linearly and circularly polarized light, respectively, to- only.

gether with the Ar calculations. For both polarizations of the From the measured values gf Py,, and P, we ob-

light, the spin polarization of lineB andC is different over tained the values ofy and A++y/2 summarized in Table |I.

a broad range of photon energies, whereas the variations for For the photoionization of p atomic shell, the anisotropy

the unresolved doublet are smoother. The Ar calculations ca@and the spin parameters satisfy the simple relations

correctly reproduce the experimental results of knand the

unresolved doublet, whereas they fail to describe the single B(2p12) = B(2p312),  M(2P1s2) = = 27(2Ps3p),

lines B and C. This is analogous to what we observed in (4)

carbonyl sulfide with circularly polarized ligli8]. By com- Y(2P12) == 2¥(2p3n),  A(2P1) = — 2A(2P3)0) -

paring Fig. 3 with Figs. 4 and 5, it is clear that the effects of

the molecular environment on lin&andC are much more We can then discuss the validity of such an approximation by

TABLE I. Spin parameters for the ground vibrational state of thep§,2A) and the molecular field split Sp3,5(B,C) as measured at
different photon energies.

Line A Line B Line C
Photon EnergyeV) 7 A+yl2 7 A+yl2 7 A+yl2
195 -0.370.07) 1.01(0.20 0.33(0.08 -0.480.12 0.03(0.03 -0.430.08
210 -0.490.09 1.00(0.17 0.38(0.08 -0.220.08 0.17(0.09 -0.720.13
220 1.01(0.19 -0.060.03 -0.870.149
230 -0.420.08 0.83(0.14 0.15(0.10 -0.21(0.07 0.26(0.09 -0.750.13
240 -0.580.10 0.89(0.15 0.27(0.09 -0.420.08 -0.100.08 -0.680.12
260 -0.430.08 0.79(0.14 0.19(0.05 -0.510.10 0.01(0.09 -0.290.06
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TABLE Il. Comparison between the spin parametgrand the anisotropy parameter for the ground
vibrational state of the S{,,(A) and the unresolved doublepz, (B+C) at different photon energies.

Photon energyeV) B(A) B(B+C) n(A) -27(B+C)
195 0.39(0.05) 0.48(0.03 -0.370.07 -0.370.07)
210 0.71(0.05 0.78(0.03 -0.490.09 -0.550.08
230 0.90(0.05 0.93(0.05 -0.420.08 -0.410.13
240 1.07(0.05 1.08(0.05 -0.580.10 -0.170.12
260 1.16(0.10 1.18(0.06) -0.430.08 -0.21(0.07

checking the first two equalities for lines and the unre- the electron spin polarization than on the angular distribu-

solvedB+C. The values are reported in Table II. tions. When the measurements do not resolve the molecular
It can be seen that the agreement for the anisotropy pdield structure introduced by the symmetry breaking of the

rameters is good at higher photon energies, whereas the seuolecule, then a simple atomic model describes the photo-

ond relation in(4) is satisfied only at lower photon energies. ionization process to a good approximation. For a better un-

Again, the deviations from the simple atomic model morederstanding of the effects of the molecular field on the spin

strongly affect the spin than the angular distribution paramypolarization of photoelectrons, a further theoretical study is

eter. They parameter in atoms is more sensitive to changesiecessary with the molecular field included into the calcula-

in the phase shifts rather than in the matrix elements of théon.

photoionization process, whereg@ss sensitive to both. Thus

the deviations from the simple atomic behavior that we ob- ACKNOWLEDGMENTS

serve at different photon energies would suggest a deviation

of both the phase shifts and the matrix elements from such a This work has been funded by DOE, Office of Science,
model. Office of Basic Energy Sciences, Chemical Sciences, Geo-

sciences and Biosciences Divisions. The ALS is supported
by the Director, Office of Science, of the U.S. Department of
Energy under Contract No. DE-AC03-76SF00098. We would
We have measured the angular distribution and the dylike to thank E. Arenholz, A. Young, and B. Rude for their
namical spin polarization of the photoelectrons from thesupport at the ALS beamlines 4.0.1 and 10.01. E.K. acknowl-
photoionization of the S2shell in H,S molecule using lin- edges financial support from the Research Council for the
early polarized light. The anisotropy parameter andhjfesdd ~ Natural Sciences of the Academy of Finland. N.A.C. ac-
A+vy/2 spin parameters were obtained at different photorknowledges financial support from the DFG-RFBR, Grant
energies. We observed much stronger molecular effects oNo. 03-02-04015.

IV. CONCLUSIONS

[1] G. Schonhense, A. Eyers, and U. Heinzmann, Phys. Rev. Lett.[9] V. G. Tyuterev, S. A. Tashkun, and D. W. Schwenke, Chem.
56, 512(1986. Phys. Lett.348 223(2001J).

[2] P. G. Steeneken, L. H. Tjeng, I. Elfimov, G. A. Sawatzky, G. [10] M. R. F. Siggel, C. Field, L. J. Saethre, K. Bgrve, and T. D.
Ghiringhelli, N. B. Brookes, and D.-J. Huang, Phys. Rev. Lett. Thomas, J. Chem. Phy4.05 9035(1996.

88, 047201(2002. [11] G. Snell, B. Langer, A. T. Young, and N. Berrah, Phys. Rev. A
[3] M. Maiti, M. C. Malagoli, A. Dallmeyer, and C. Carbone, 66, 022701(2002.
Phys. Rev. Lett.88, 167205(2002. [12] K.-N. Huang, Phys. Rev. 22, 223(1980.

[4] G. Snell, B. Langer, M. Drescher, N. Miller, B. Zimmermann, [13] D. W. Lindle, P. A. Heimann, T. A. Ferrett, P. H. Kobrin, C. M.
U. Hergenhahn, J. Viefhaus, U. Heinzmann, and U. Becker, Truesdale, U. Becker, H. G. Kerkoff, and D. A. Shirley, Phys.

Phys. Rev. Lett.82, 2480(1999. Rev. A 33, 319(1986.

[5] B. Schmidtke, M. Drescher, N. A. Cherepkov, and U. Hein- [14] M. Jurvansuu, A. Kivimé&ki, and S. Aksela, Phys. Rev.64,
zmann, J. Phys. B3, 2451(2000. 012502(2003).

[6] N. Bowering, M. Mdller, M. Salzmann, and U. Heinzmann, J. [15] S. Svensson, A. Ausmees, S. J. Osbornem, G. Bray, F.
Phys. B 24, 4793(199)). Gel’'mukhanov, H. Agren, A. Naves de Brito, O.-P. Sairanen,

[7] M. Salzmann, N. Béwering, H.-W. Klausing, R. Kuntze, and A. Kivimaki, E. Némmiste, H. Aksela, and S. Aksela, Phys.
U. Heinzmann, J. Phys. 7, 1981(1994. Rev. Lett. 72, 3021(1994.

[8] G. Turri, G. Snell, B. Langer, M. Martins, E. Kukk, S. E. [16] P. van der Straten, Z. Phys. D: At., Mol. Cluste& 35
Canton, R. C. Bilodeau, N. Cherepkov, J. D. Bozek, A. L. (1988.
Kilcoyne, and N. Berrah, Phys. Rev. Lett92, 013001 [17] A. T. Young, Nucl. Instrum. Methods Phys. Res.467, 549
(2004 (2001).

022515-6



SPIN- AND ANGLE-RESOLVED SPECTROSCOPY OF PHYSICAL REVIEW A 70, 022515(2004)

[18] H. Nakamatsu, T. Mukoyama, and H. Adachi, J. Chem. Phys. Berrah, J. Phys. B33, L51 (2000.
95, 3167(199)). [21] N. Cherepkov, J. Phys. B4, 2165(1981).

[19] N. A. Cherepkov, J. Phys. B2, 1279(1979. [22] U. Heinzmann, Appl. Opt19, 4087 (1980.
[20] E. Kukk, J. D. Bozek, J. A. Sheehy, P. W. Langhoff, and N.

022515-7



