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Vibrationally resolved photoelectron-spin-polarization spectroscopy of HI molecules

N. Bowering, M. Salzmann, M. Miiller, H. -W. Klausing, and U. Heinzmann
Fakultiit fiir Physik. Universitat Bielefeld. D 480-0 Bielefeld, Germany

and Fritz H-aber In-stitut der Max Pla-nck Ge-sellschaft. D /00-0 Berlin 33, Germany
(Received 4 September 199I)

The photoemission from HI is studied separately for different vibrational levels of the -H final ionic

states using spin-resolved photoelectron spectroscopy with circularly polarized light. Constant-ionic-
state measurements of the cross sections cr and the polarization parameters A indicate that all channels

are strongly influenced by autoionization resonances. By combining these data, sums of partial contri-
butions to a are analyzed in detail to obtain specific information on the coupling of the resonances to
the outgoing partial waves eA. . Apart from generally similar trends, the results show pronounced varia-

tions for different vibrational levels.

PACS number(s): 33.20.Ni, 33.60.Cv, 33.80.Eh, 33.10.Gx

Molecular photoionization dynamics can be probed by
studies of the photoelectron-spin polarization. To that
end, experimental and theoretical methods were developed
in recent years. Energy- and angle-integrated measure-
ments of the polarization parameter A were parried out
with circularly polarized synchrotron radiation [1]. The
general nonrelativistic theory of Cherepkov [2] was ap-
plied in the first ab initio calculations of the polarization
parameters to the spin-orbit ionization region of HI [3]
and to the open continuum for HI and HBr [4]. As com-
pared to the atomic case, however, molecular photoioniza-
tion is more complicated due to molecular vibration and
rotation, and methods directed at analyzing related polar-
ization structures are beginning to emerge. A theoretical
treatment including rotation explicitly in both initial and
final states was given by Raseev and Cherepkov [5] and
applied to Hl in Ref. [6]. By resolving the rotational
spacing in the excitation step, the angle-integrated photo-
electron polarization was examined recently for the spin-
orbit autoionization region of HI [7]. Here, we report on
polarization measurements where the molecular vibration
has been resolved for the final ionic states.

Owing to their related nature it can be expected that
the spin-polarization parameters should exhibit a depen-
dence on vibrational excitation in a similar fashion as the
spin-independent dynamical photoionization parameters tr

(partial cross section) and p (angular distribution param-
eter). In general, only if special features are present in

the photoionization spectra (like autoionization or shape
resonances) have pronounced variations been observed for
the diA'erent vibrational levels of a final ionic state with
respect to the cross section branching ratios and the asym-
metry parameters P (for a review, see Ref. [8]). In partic-
ular, Carlson has first reported a strong variation of P in

the ionization of N2 and Oq due to the influence of au-
toionization [9]. For HI, Carlson et al. [10] have also ob-
served a more isotropic dependence for P for v I as com-
pared to v 0 for the HI+ X Hy2 final ionic state. On
the other hand, for Hq no strong v dependence was found
in a wide energy range as reported recently [11]. Like-
wise, as was also noted before [2], a vibrational depen-
dence might occur for the degree of photoelectron-spin po-
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FIG. I. &ibrationally resolved photoelectron spectrum for
Hl+ X'11 final ionic states. The data (typical relative errors of
I0%) are corrected for the spectrometer transmission charac-
teristics.

larization. To examine this, the Spx ionization of HI was
chosen, since the spin-orbit splitting of HI+ II is large
and significant population of vibrationally excited states
occurs in the range of I 1-13-eV photon energy [12].

The angle-, energy-, and spin-resolved experiment was
carried out with circularly polarized synchrotron radiation
emitted out of plane at the storage ring BESSY using the
apparatus described in detail previously [13]. The photo-
electrons emitted at the magic angles are analyzed with a
hemispherical spectrometer and the spin-polarization pa-
rameter A [characterizing the spin-polarization com-
ponent A(8) parallel to the photon momentum] is deter-
mined using a subsequent Mott detector. Constant-ionic-
state intensity data were recorded at a spectrometer reso-
lution of DE =80 meV and an optical resolution of

0.17 nm while spin-polarization measurements were
performed at hE = 180 meV and hA, 0.5 nm for intensi-

ty reasons.
A representative photoelectron spectrum with vibra-

tional excitation of HI+ X-0; is shown in Fig. 1. It is in

contrast to the Hel spectrum [14] which reflects direct
ionization only and does not show levels with v ) 1. The
"non-Franck-Condon" population of vibrationally excited

Rl I @1992The American Physical Society



R12 N. BOWERING et al.

levels arises due to the influence of electronic autoioniza-
tion resonances converging to the HI+ A X[gp state as dis-
cussed in detail elsewhere [12]. In Fig. 2 the partial pho-
toionization cross sections o obtained for the levels v =0
and v =1 are displayed. The absolute cross section scale
(-20% error) was established by matching our data to
those of Carlson etal. [15] at higher photon energies as
described elsewhere [16].

The data of Fig. 2 exhibit a pronounced structure due to
autoionization resonances. Two different regions can be
distinguished for each vibrational level: Region I occur-
ring between the two 11 ionization limits is dominated by
spin-orbit autoionization of Rydberg states converging to
the II~/q v=0 and v 1 limits, respectively. Region II
above the H]~~ limits is mainly influenced by electronic
autoionization. Here, striking differences are observed for
the v =0 and v 1 levels, whereas the two spin-orbit com-
ponents each show similar structures. The results for re-
gion I are in agreement with those of Carlson etal. [10]
obtained at slightly higher resolution. Only the coarse
resonance structures due to the series with (5pn)' II~/q
core and ndtr, b' Rydberg electron orbitals are visible in
contrast to the high-resolution total yield results obtained
with frequency-converted laser radiation [17,18]. Howev-
er, here the vibrational levels are separated and the analo-
gies in the structures for the 113/q v 0 and v 1 channels
become apparent when the energy scale is shifted by the
vibrational excitation energy for the v 1 channel. The
correspondence of the coarse intensity variations indicates
that the preeminent spin-orbit autoionization processes
take place for v 1 state in a similar fashion as for the
v =0 state (i.e. , Av 0 seems to dominate, see also data of
Ref. [10]). For region II partial cross sections have not
been reported before. A broad resonance structure cen-
tered near 12.4 eV is observed for the intense v 0 chan-
nels, in agreement with total yield results [19,20]. The

& =1 states also exhibit broad features; in addition, several
narrower resonances are superimposed in the energy re-
gion of 11.6-12.1 eV. The broadened nature of the reso-
nances can be attributed to strong predissociation of the
Rydberg states with A '-Z+ core [12,19,20]. From the
effective quantum number and in analogy to the lighter
hydrogen halides [19,21], the broad resonance in the v =0
channels is assigned to dz Rydberg states, whereas the
resonance structure near 11.8 eV could be due to pn Ryd-
berg states. The cross sections indicate that the coupling
via the resonances must be considerably different for v =0
and v =1 final states, as was also found in the correspond-
ing autoionization structures for HCl [22].

The spin-polarization results obtained for the v =0 and
v 1 final ionic states are summarized in Fig. 3. We con-
centrated on the final ionic states HI II3/p v =0,

II3/p v 1, and II~/q v 0, since these states could be
separated unambiguously (see Fig. 1). For HI+ II~g
states, small admixtures from vibrationally excited levels
of HI+ II3/p cannot be ruled out completely, although
background polarization contributions to the polarization
were always subtracted by measurements at energies
above and below each photoelectron peak. Measurements
for vibrationally excited states required typically 2-4 h of
data accumulation per data point.

In Fig. 3, generally the so-called nonrelativistic rela-
tionship of equal magnitude but opposite sign for the A
parameter for the two spin-orbit states [2] is fulfilled re-
markably well, except for the energy region of 11.3-11.6
eV. In region I, the polarization values are smaller by
about a factor of 2 for II3/q v 1 as compared to

II3/g v 0 (the values for the parameter P are also small-
er [10]),whereas for region II of electronic autoionization
this trend is reversed. In contrast to the fairly weak varia-
tions observed for o (Fig. 2) the structures found for A
are quite pronounced. The polarization values decrease to
almost zero for all ionization channels at 11.7-12.0 eV.
For HBr ~II; v 0 [21] a similar drop to small polariza-
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FIG. 2. Partial photoion ization cross sections for H I +

X IT; v 0, l final ionic states. Ionization limits are indicated by
vertical lines.
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FIG. 3. Photon energy dependence for the polarization pa-
rameters A for HI+ final ionic states.



VIBRATIONALLY RESOLVED PHOTOELECTRON-SPIN-. . . R13

tion values occurs in the region between the dn and pn au-

toionization resonances. When comparing the polariza-
tion data for the H3/2 v =0 and v =1 channels, the most
striking difference occurs at around 11.6 eV, whereas in

the energy region from 11.9-12.4 eY the values are simi-
lar.

For further data analysis it is instructive to consider the
outgoing partial waves eli, involved and to discuss the re-
sults in terms of partial contributions with respect to A. . (1
is the projection of the electron orbital angular momen-
tum l on the molecular axis. ) The electronic autoioniza-
tion process of interest here is described by

HI(Ssa) (Spa) (Spn) 'Zo++hv HI (Ssa) (Spa)(5pn) (nla)'Z+, (nln) 'II

HI+(Sscr) (Spcr) (Spn) II3/2, II~/2+e (ela, eln;elb),

with '11 resonant states yielding only ela and elb partial
waves while 'Z+ resonances give rise only to outgoing eln
waves. The dominant contributions should come from d,

p, and s waves. The resonant states HI* are subject to
predissociation due to crossings with repulsive states with
a 11 core in analogy to the predissociation of the A Z+
ionic state [12]. In studies of this process for HCl [23]
and HBr [21] it was found that for the '11 resonances ion-
ization predominates over predissociation, whereas the
'Z+ states are more strongly predissociated. Therefore,
for HI where the predissociation is even stronger the reso-
nant cross section should be dominated by '11 states.

a and A can be combined to obtain additional informa-
tion on the photoionization process. Just like the total
cross section a, within the nonrelativistic theory [2] [rota-
tionless case, Hund's case (a)] the polarization parameter
A does also not contain phase-shift difl'erences of the out-

going partial waves and depends only on the partial cross
sections a, a„and as. The formulas for a and A of Ref.
[4] yield sums and differences of partial waves:

cr(b, n) =as+cr /2=(0. 5+'A)cr,

cr(a, n) a +a,/2 = (0.5 + A )a,
cr(b', a) =as —a = + 2Acr,

(2)

(3)

for a given final state of an ionic doublet, here 113/2. (The
lower sign refers to II~/2 states. ) Two of the three parti-
tions above are linearly independent; in each case one par-
tial contribution aq is eliminated.

The fact that 8 is positive for H3/2 states and negative
for fi~/2 states reflects that the eb contributions are larger
than the ea contributions throughout the energy range ex-
amined here. In Fig. 4 the partial cross-section contribu-
tions of Eqs. (1) and (2) are shown for HI+ 113/2 v=0
and ~ =1 final ionic states. It is apparent that the dz reso-
nance in the i =0 channel causes a strong enhancement of
the czb partial contribution; i.e., it couples mainly to ed8'

waves (since l =2 should be the dominant angular
momentum). The resonance is almost absent for a
+a,/2. Similar results were obtained for the partial sums
for the II~/2 v =0 channel (not shown). In region I the
partial sums are large for both v =0 and v =1. This could
be caused by large contributions from elm waves. The res-
onance structures for region II of the H3/2 v=1 final
state become more distinct in Fig. 4 than in the cross-
section data of Fig. 2. Since in contrast to the i =0 chan-
nels the contributions to the vibrationally excited states
are almost exclusively caused by autoionization (see also
Ref. [12]) and since the resonances should be mainly of
'H symmetry, the cr partial cross section should be small
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FIG. 4. Energy dependence for sums of partial contributions

a~ to the cross sections for Hl+ X-HI/. I =0 and I = l final ion-

ic states (open circles, oh+ o /2; solid circles, o +o,/2).

I

compared to as and a in the region above the II~/2 v =1
limit. Therefore, in the range from 11.3-13.1 eV Fig. 4
shows essentially only the as and a partial contributions
to 113/2 v 1. Again, the as contribution dominates and
at around 11.7 and 12.6 eV it is more than twice as in-

tense as compared to a giving rise to relatively large po-
larization values.

In order to examine possible similarities in the photo-
ionization process for a sequence of vibrational levels for
the final states, six different levels were examined at pho-
ton energies of 12.28 and 12.16 eV. This corresponds to a
region where the differences in A between the v 0 and
v I channels are relatively small. The results are given
in Table I. Since the cross sections differ it is advanta-
geous to compare the fractional contributions to the
different partial at, sums in addition to the evolution of the
electron polarization. In all cases the as+ cr /2 contribu-
tion is largest and the sign of the polarization is consistent
with a dominance of as. For the data set at 12.28 eV
there are close similarities in the partial a~ fractions for
the various states, apart perhaps from II~/2 v 2. How-
ever, the variations in the results for the vibrational levels
of the set taken at 12.16 eV demonstrate that a close
correspondence happens only incidentally. Rather, these
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Final state A (%) o (Mb) o(b, tt')/ts o(a, tr)/a

Hyp
-Hyp

fI]/p

flil2
I1ip

'-I1]p

p~0
p~ 1

p~0
v~1
v ~2
p ~3

Photon energy: 12.28 eV (101 nm)

17.0 + 1.1 28.4+' 2.7 0.67+' 0.01
15.7 + 2.0 3.4+' 0.6 0.66+' 0.02

—11.0+' l. l 29.5 ~ 3.4 0.61 +' 0.01
—14.2+' 3.0 4.3+'0.8 0.64+' 0.03
—21.8 + 4.0 3.5+' 0.7 0.72+' 0.04
—12.3+' 5.5 3.7+ 0.7 0.62+' 0.06

0.33 +' 0.01
0.34+' 0.02
0.39 +' 0.01
0.36+ 0.03
0.28 +' 0.04
0.38 +' 0.06

113i2

-H3i2

'rI]gp

-n]/2
2-n]lt&

~iiz

p amp

V

i~ ~0
v~ 1

2

U 3

Photon energy: 12.16 eV (102 nm)

15.1
+' 4.9 24. 1 + 2.2 0.65+' 0.05

7.9+' 2.4 3.6+' 0.6 0.58+ 0.02
—5.3 +' 2.8 25.7 +' 2.8 0.55+' 0.03

—22.9+' 4.2 4.6+' 0.8 0.73+' 0.04
—19.9+' 3.6 3.4+' 0.7 0.70+' 0.04
—7.1+ 3.1 2.9+ 0.6 0.57 ~ 0.03

0.35 +' 0.05
0.42+ 0.02
0.45 +' 0.03
0.27 ~ 0.04
0.30+' 0.04
0.43 ~ 0.03

TABLE I. Comparison of polarization parameter 8, cross
section o, and fractions of o~ partial sums for different vibra-

tional levels of the l13t2 and H]g2 final ionic states at the same
photon energy [see also Eqs. (I) and (2)]. a(tt, o)/cr is obtained

by forming the difference of the last two columns.

results and the differences between the t =0 and v =I
channels at other photon energies confirm that due to the
presence of autoionization each channel has to be ana-
lyzed separately.

We have presented vibrationally resolved measurements
of the partial cross sections a and the polarization param-
eters 3 for photoelectrons from HI. Pronounced dif-
ferences observed for the various final ionic states can be
attributed to the presence of strong autoionization struc-
tures. The results exemplify the requirement of vibration-
al resolution for spin-polarization measurements in reso-
nance regions. By partitioning the contributions to the
cross section based on the data for o and A, the domi-
nance of outgoing t.IB waves for the region of electronic
autoionization is established quantitatively. This shows
that Il states give the main resonant contribution to the
ionization process.
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