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Molecular Auger Resonance Raman Effect: A High Resolution Study on the Resonance Auger Decay
of HBr after the Br 3d — Spn Rydberg Transition
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High resolution resonance Auger spectra of HBr are recorded with the photon energy tuned to the
HBr Br 3d — 5pr resonance which is broadened by the molecular ligand-field splitting. The spectra
show the characteristics of the Auger resonance Raman effect: The resonance Auger peak positions
move linearly with the photon energy, and the lifetime broadening does not contribute to the widths of
the resonance Auger peaks. Moreover, the ligand-field splitting effects are also absent from the reso-
nance Auger spectra. The prospect for high resolution studies on molecular inner shell decays, using res-
onance Auger spectroscopy to eliminate both lifetime and ligand-field effects, is discussed.

PACS numbers: 32.80.Hd

Spectator resonance Auger decay is usually explained
as a two-step process [1,2]. First, a core electron is excit-
ed to an unoccupied orbital, creating a core hole. Then,
with the excited electron remaining in the unoccupied or-
bital as a spectator, the core hole is filled with a valence
electron and the energy released ionizes another valence
electron. However, this process can also be treated as a
two-electron excitation process which is usually called
“shakeup” in photoelectron spectroscopy. In this picture,
an atom or molecule absorbs an x-ray photon, which ex-
cites a valence electron to an unoccupied orbital (the
spectator electron), and simultaneously ionizes another
valence electron with the same kinetic energy as in the
Auger decay. When the photon energy is tuned to the
resonance between a core level and the unoccupied orbit-
al, the cross section for such a two-electron process is
enhanced by several orders of magnitude [3]. Thus, from
this perspective, the spectator resonance Auger process is
actually a one-step resonant two-electron excitation pro-
cess. Its cross section is enhanced by the core to unoccu-
pied resonance, but the core hole does not contribute to
its width. As first shown by Crasemann and co-workers
for the Auger decay of deep Xe 2p level (Epi,~4786
eV), the peak width in such a process is determined by
the photon width (~2.5 eV) and is narrower than the
lifetime width of the Xe 2p hole (—3.0 eV) [4,5], and the
phenomenon was termed the Auger analog of resonance
Raman scattering [4] since these two processes are treat-
ed similarly in resonant scattering theory [3,6,7]. Thus
the resolution of the resonance Auger study is not limited
by the core hole inherent lifetime width.

The above resolution aspect of the resonance Auger de-
cay has great significance for high resolution studies on
inner shell processes. For example, the lifetime width for
Xe 4d (Epin~69 eV) is 0.13 eV, and for I 44 of I,
(Epin~58 eV) is ~0.20 eV [8]. Both the available elec-
tron analyzer resolution [9,10] and more recently the
photon resolution from synchrotron radiation [11] can

deliver widths narrower than the above lifetime width in
the relevant energy range. However, the resolution in
conventional photoelectron and normal Auger spectrosco-
py is ultimately limited by the lifetime width. This is a
severe limit to our ability to elucidate the dynamics of
inner shell processes, especially for molecules. For exam-
ple, the vibrational frequency of I, is only ~0.03 eV [12]
while the I 4d lifetime width of I is ~0.2 eV [8], and
such vibrational splitting can never be resolved in the
photoelectron and Auger spectra. In contrast, resonance
Auger spectroscopy, with its width limited only by instru-
ment width (photon and analyzer width) and by the life-
time width of the valence shakeup state, is ideal for high
resolution study on inner shell processes, since the life-
time widths of such states are very small, as shown re-
cently by Baltzer et al. in their recent high resolution He
II photoelectron study on the 20-30 eV binding energy
region of N,, which is dominated by valence shakeup
states with a width of ~20 meV [13].

To date the potential of using such effects for high
resolution studies (eliminating the core hole lifetime
broadening) has been barely tapped. Little work has
been done to study this effect on shallow, narrow core lev-
els [14], and to our knowledge this effect has not been re-
ported for molecules. In this communication, we report a
high resolution study on the spectator resonance Auger
decay and the observation of the Auger resonance Raman
effect, with its special characteristics in a molecular envi-
ronment, for HBr after the Br 3d — 5pr transition. The
widths obtained for the resonance Auger peaks were
~0.15 eV, an order of magnitude narrower than previous
studies on deeper levels [4,5].

The experiment was performed at the Aladdin Ring of
the University of Wisconsin, using a Grasshopper mono-
chromator with an 1800 g/mm grating [15]. A high puri-
ty sample of gaseous HBr bought from Aldrich was
leaked into the gas cell to interact with synchrotron radi-
ation. The electron signal was kinetically analyzed by a
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McPherson ESCA 36 cm mean radius electron energy
analyzer [10], and detected by a position sensitive detec-
tor [16]. Details of the calibration for both the photon
energy and the peak position will be reported in another
publication [17].

The Br 3d pre-edge excitation of HBr was previously
studied by Shaw er al. [18]. The Br 3d — o* transition
is marked by a broad peak in the electron energy loss
spectrum (EELS) due to the dissociation of HBr after
the excitation, and the atomic decay of the Br* atom pro-
duced in the excitation has to be taken into consideration
[19]. However, the Rydberg transitions are marked by
sharp peaks in the 73-78 eV energy region, as shown in
Fig. 1, and dissociation should not be a factor for these
resonances. The resonance Auger decay of HBr corre-
sponding to these Rydberg resonances is thus a molecular
process. Because of spin-orbit interaction of the 3d hole,
each pre-edge excitation is split into two components,
3ds;; and 3d3/;. In the molecular environment of HBr,
the deficiency of electron density along the H-Br bond (z
axis) further splits the 3ds, into three components and
the 3di; into two components. Observation of such
ligand-field splittings in the Br 3d photoelectron spectra
of HBr was reported very recently [20]. Comparison be-
tween the Br 34 pre-edge EELS spectrum and the photo-
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FIG. 1. The ligand-field splitting of the Br 3d — Spr transi-
tion in HBr (EELS) spectrum digitized from Ref. [18] as
shown in the bottom curve, in comparison with the ligand-field
splitting of Br 3d PES of HBr as shown in the top curve. The
binding energy fo the PES spectrum is moved for better com-
parison with the EELS spectrum.

622

electron spectrum of HBr proved that the pre-edge struc-
ture in Fig. 1 is dominated by ligand-field splitting. This
conclusion was further supported by a scattered wave xa
(SW-Xa) calculation which showed that the peaks in
Fig. 1 are dominated by the ligand-field splitting com-
ponents of the HBr Br 3d — 5pr transition, mixed with
much weaker 3d— 5po and 3d — 4dr transitions [20].
The resonance Auger decay with photon energy tuned to
these ligand-field components of the Br 3d — Spr reso-
nance shown in Fig. 1 is the subject of this Letter.

In Fig. 2, we compare part of our MVV normal Auger
spectrum of HBr with the off resonance spectrum at
hv=74.5 eV, and the resonance Auger spectra. The nor-
mal Auger spectrum has been shifted by +4.6 eV kinetic
energy so that a direct comparison of all these spectra can
be easily made. At Av=74.5 eV, only the valence 4so
and inner valence photoelectron peaks are visible [21].
However, at hv=74.6-74.9 eV, the spectra are dominat-
ed by three narrower resonance Auger peaks 4, B, and C
(overlapping with the weaker inner valence peaks).
These peaks are all shifted by ~+5 eV relative to the
much broader (~0.5 eV) normal Auger peaks, and the
energy separations among the three final states in the res-
onance Auger spectrum are almost the same as those in
the normal Auger spectrum [22]. Such correspondence
between resonance Auger and normal Auger peaks has
been found before for Kr 3d resonances [23], with the 5p
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FIG. 2. The resonance Auger decay of HBr following the Br
3ds;— Spr resonance.
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spectator resonance Auger peaks also being 5 eV higher
in kinetic energy than their normal Auger counterparts.

These dominant resonance Auger peaks confirm our
previous assignment, based on a SW-Xa calculation, that
the pre-edge peaks in Fig. 1 are dominated by the
ligand-field components of the Br 3d— Spr excitation
[20], and peaks A, B, and C in Fig. 2 are thus due to the
Auger decay with a spectator electron on the Spr orbital.
Peaks A'-D’ are relatively weak and their intensity varies
from hv=74.7 to hv=74.9 eV. These peaks are due to
the spectator Auger decay following the Br 3d— 5po
and 4dr resonances, both of which are mixed with the
5pr transition but are much weaker [20].

There are several important features of the resonance
Auger spectra which are best illustrated using peak A.
First, the resonance Auger width of 0.15 eV is much nar-
rower than the normal Auger peak width of 0.5 eV. The
normal Auger decay 3ds,— 4prn~2 '£7% is split into
three peaks [21] due to ligand-field splitting, and its line
shape resembles that of the Br 3ds/; photoelectron peak
[20] as shown in the left-hand side of Fig. 3. In contrast,
peak A is narrow and sharp with a clearly defined weak
peak on the low kinetic energy side (Fig. 3, top right).
With a photon width of ~0.1 eV used in our experiment
at 74.72 eV, we could excite both the As;; and I3/, com-
ponents of the 3ds;,— Spr transitions (Fig. 1). Could
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FIG. 3. Comparison among the HBr photoelectron spectrum
(Br 3dsp, top left), MVV normal Auger (3dsp— 4pn~2 'z,
bottom left, digitized from Ref. [22]), and resonance Auger
spectra [3d ~'Spx'— (4px =2 '=*)(Spx') for both spin-orbit
components, top right and bottom right].

A1 and A4 be due to the ligand-field splitting in the reso-
nance Auger process, i.e., the splitting of the 3d As/; and
I3/, decay similar to the normal Auger peaks?

Detailed analysis rules out this possibility. As the pho-
ton energy sweeps across the 3ds;,— Spr band in Fig. 1,
different ligand-field components will be excited [20], and
there should be a corresponding change in the line shape
of peak A1 and A, if they are indeed due to ligand-field
splitting. For example, at hv=74.6 and 74.7 eV, peak
A1 should then be due to the As/; component and peak 4
to the I3/, component of the 3ds;;— Spn transition (see
Fig. 1). For hv=74.6 eV, the transition is largely due to
the As/; component, and peak 41 should be favored in in-
tensity. For hv=74.7 eV, the transition is largely due to
the IT3/; component, and the intensity of peak 41 (rela-
tive to peak A) should thus drop dramatically. Such a
change is not observed in the experiment. Similarly at
hv=74.8 and 74.9 eV, the component 3ds/»Z,,— Spr is
excited and there should be a shoulder at the high kinetic
energy side (~0.12 eV) of 4. Such a change is again not
observed in the experiment. Moreover, if peaks A1 and
A are due to ligand-field splitting, the separation between
them at hv=74.72 eV should reflect the separation be-
tween As/, and Iy of the 3ds, state (~0.19 eV) [20].
This separation should be increased at hv=75.74 eV
(Fig. 1) to ~0.23 eV [20], reflecting the separation be-
tween As/; and Iy, of the 3d3/; state. Such increase was
observed in both MVV normal Auger spectrum [22]
(comparing 3ds;; and 3d3/; decay) and Br 3d pre-edge
excitation [18] (comparing 3ds/, and 3d3;— 5pr transi-
tions; see Fig. 1). But the separation between 41 and A4
is 0.20 eV for both hv=174.72 eV (3ds/; spectator decay)
and hv=75.74 eV (3d3, spectator decay).

Indeed, as analyzed in the introduction, ligand-field
splitting should disappear from the resonance Auger
spectra. The final states of a spectator resonance Auger
decay are valence double excitation states. The different
ligand-field components of the 3d— Spx transition only
serve to resonantly enhance the intensity of these states,
while the energy and the linewidth of these states are
determined by the photon energy and width [4]. The
doublet 41 and A4 are probably due to the coupling be-
tween the spectator electron and the two valence electrons
on 4pr [24]. They are definitely not due to ligand-field
splitting based on the experimental results. Similar fine
structures have also been observed in the resonance

TABLE 1. Kinetic energy (eV) for MVV 5pr spectator
Auger peaks in Fig. 2.

Peak A Peak B

Photon energy (eV) (4pzr~2'2¥)(5px') (4px~2'A)(5px')
hv=74.6 46.23 47.43
hv=17477 46.30 47.50
hv=7438 46.45 47.63
hv=749 46.51 47.69

623



VOLUME 72, NUMBER 5

PHYSICAL REVIEW LETTERS

31 JANUARY 1994

Auger spectra of Kr after the Kr 3d — 5p transition [23].

Second, the linewidth of 0.15 eV, although not nar-
rower than the Br 3d lifetime linewidth of ~0.1 eV [18],
is significantly narrower than the linewidth of each com-
ponent of the triplet in the normal Auger spectrum of
0.20 eV, or the photoelectron linewidth of 0.20 eV (Fig.
3). The latter two broad linewidths arise because of the
significant contribution from the lifetime linewidth. The
resonance Auger linewidth of 0.15 eV is due only to a
photon width of 0.1 eV and an analyzer width of ~0.1
eV, with no contribution from the lifetime linewidth.

The third effect is shown qualitatively in Fig. 2. The
peak positions of the resonant Auger peaks move to
higher kinetic energy with increasing photon energy. The
positions for peaks A and B are detailed in Table I.

Thus for molecular resonance Auger decay, the
ligand-field splitting does not contribute to the spectral
structure, the lifetime width does not contribute to the
linewidth, and the peak positions shift linearly with the
photon energy. The latter two effects are expected from
previous studies of the atomic resonance Auger Raman
effects [4,5].

The elimination of the ligand-field effect from reso-
nance Auger decay is quite significant for high resolution
study of inner shell processes involving d and f levels.
Recent high resolution studies have shown that ligand-
field splitting can greatly complicate the elucidation of
the photoelectron, normal Auger and pre-edge photoab-
sorption spectra of these levels [20,25]. By eliminating
both lifetime broadening and ligand-field splitting, the
resonance Auger spectroscopy offers an ideal way to
study the electronic and vibronic effects in the inner shell
process with a resolution limited only by instrument
widths.

In summary, we have observed experimentally for the
first time that the molecular ligand-field splitting effects
are eliminated in the resonance Auger decay, in addition
to the elimination of lifetime broadening.

The authors would like to thank Dr. Bingxing Yang
and Dr. S. Aksela for helpful discussion, and to thank the
staff at the Synchrotron Radiation Center (Stoughton)
for their technical support. We are grateful to the Na-
tional Science Foundation for the grant (DMR-9212658)
to the SRC, and the Natural Sciences and Engineering
Research Council (NSERC) of Canada for financial sup-

port.

*To whom correspondence should be addressed.

[1] W. Eberhardt, G. Kalkoffen, and C. Kunz, Phys. Rev.
Lett. 41, 156 (1978); T. A. Carlson, D. R. Mullins, C. E.
Beall, B. W. Yates, J. W. Taylor, and F. A. Grimm, J.
Chem. Phys. 89, 4490 (1988).

[2] D. W. Lindle, P. A. Heimann, T. A. Ferret, M. N. Pian-

624

castelli, and D. A. Shirley, Phys. Rev. A 35, 4605 (1987).

[31 T. Aberg and J. Tulkki, in Atomic Inner-Shell Physics,
edited by B. Crasemann (Plenum, New York, 1985),
Chap. 10.

[4] G. S. Brown, M. H. Chen, B. Crasemann, and G. E. Ice,
Phys. Rev. Lett. 45, 1937 (1980).

{51 G. B. Armen, T. Aberg, J. C. Levin, B. Crasemann, M.
H. Chen, G. E. Ice, and G. S. Brown, Phys. Rev. Lett. 54,
1142 (1985).

[6] C. J. Sparks, Phys. Rev. Lett. 33, 262 (1974).

[7]1 K. Himaildinen, D. P. Siddons, J. B. Hastings, and L. E.
Berman, Phys. Rev. Lett. 67, 2850 (1991).

[81 J. N. Cutler, G. M. Bancroft, D. G. Sutherland, and K.
H. Tan, Phys. Rev. Lett. 67, 1531 (1991).

[9]1 P. Baltzer and B. Wannberg, Uppsala University Institute
of Physics Report No. UUIP-1182, 1982 (unpublished).

[10] J. D. Bozek, J. N. Cutler, G. M. Bancroft, L. L. Coats-
worth, K. H. Tan, D. S. Yang, and R. G. Cavell, Chem.
Phys. Lett. 165, 1 (1990).

[11] S. Aksela, A. Kivimiki, A. Naves de Brito, O. P.
Sairanen, S. Svensson, and J. Viyrynen (to be published).

[12] K. P. Huber and G. Herzberg, Constants of Diatomic
Molecules (Van Nostrand-Reinhold, New York, 1979).

[13] P. Baltzer, M. Larsson, L. Karlsson, B. Wannberg, and
M. Carlsson-Géthe, Phys. Rev. A 46, 5545 (1992).

[14] S. Aksela and co-workers have very recently observed the
Auger resonance Raman effect in the Kr 34 and Xe 44
resonance Auger decay of Kr and Xe atoms, respectively
(personal communication).

[15]1 G. M. Bancroft, J. B. Bozek, and K. H. Tan, Phys. Can.
43,113 (1987).

[16] Z. F. Liu, G. M. Bancroft, L. L. Coatsworth, and K. H.
Tan, Chem. Phys. Lett. 203, 337 (1993).

[17] Z. F. Liu, G. M. Bancroft, K. H. Tan, and M. Schachter
(to be published).

[18] D. A. Shaw, D. Cvejanovié, G. C. King, and F. H. Read
J. Phys. B 17, 1173 (1984).

[19]1 P. Morin and I. Nenner, Phys. Rev. Lett. 56, 1913
(1986); Z. F. Liu, G. M. Bancroft, K. H. Tan, and M.
Schachter, Phys. Rev. A 48, 4019 (1993).

[20] Z. F. Liu, G. M. Bancroft, K. H. Tan, and M. Schachter,
J. Electron. Spectrosc. Relat. Phenom. (to be published).

[21] M. Y. Adam, M. P. Keane, A. Naves de Brito, N.
Correia, P. Baltzer, B. Wannberg, L. Karlsson, and S.
Svensson, J. Electron. Spectrosc. Relat. Phenom. 58, 185
(1992).

[22] B. Wannberg, S. Svensson, M. P. Keane, L. Karlsson, and
P. Baltzer, Chem. Phys. 133, 281 (1989).

[23] H. Aksela, G. M. Bancroft, and B. Olsson, Phys. Rev. A
46, 1345 (1992).

[24] For the (4px? '=*)(5pr') state of HBr*, the 4pn, and
4pry, are each occupied by one electron and their spins
are opposite to each other, giving a state of '=*. Suppose
the spectator electron is on Spny; its spin can either be
parallel to the electron spin on 4pnx or to that on 4pm,.
The two cases will have slightly different energy.

[251 J. N. Cutler, G. M. Bancroft, and K. H. Tan, J. Chem.
Phys. 97, 7932 (1992).



