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Vibrational structure in core-level photoelectron spectra: Periodic trends
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High-resolution (-0.1 eV) core-level photoelectron spectra of gas-phase SiH4, PH3, GeH4, and AsH3
have been recorded using monochromatized synchrotron radiation. These spectra, multiconfiguration
self-consistent-field calculations of the vibrational profile, and the core-equivalent model all show that
core-level vibrational structure decreases dramatically, both down a group of congeneric molecules and
across a periodic row of isoelectronic molecules. The theoretical calculations also show that the
Franck-Condon factors do not change for relatively shallow core levels (e.g., Si 2p, 2s or Ge 3d, 3p) but
increase significantly for deep core levels (e.g., Si 1s ).

PACS number(s): 33.60.Fy, 33.70.Fd, 33.70.Jg

Resolved vibrational splitting on a core-level photo-
electron spectrum was first observed by Gelius et al. in
the C ls photoelectron spectrum of CH4 [1,2]. Very re-
cently, high-resolution (-0.1 eV) Si 2p photoelectron
spectra of gas-phase silicon molecules (e.g. SiHz, SiD4,
SiF~) have enabled us to resolve and characterize vibra-
tional splitting and broadening [3—6]. The core-
equivalent model has been widely used to interpret not
only the above resolved splitting [7], but also a large
number of spectra where unresolved vibrational splitting
dominates the observed linewidth and line shape (e.g., the
C, N, and 0 ls linewidth for adsorbates on Ni(100)
[8-10].

However, the importance of vibrational splitting and
broadening on core-leve1 photoelectron spectra of gases,
solids, and adsorbates is still generally not appreciated, as
illustrated by two very recent examples. On one hand, vi-
brational contributions have often not been considered.
For example, we have shown [11] that Si-H vibrational
splitting has to be considered when interpreting the
broad complex Si 2p spectrum of H adsorbed on silicon
surfaces [6]. Very recently, experimental Ge 3d spectra
of H adsorbed on Ge show unexpectedly that the Ge
linewidths are narrower than those for Si 2p, despite the
fact that the Ge 3d linewidth is supposed to be broader
than Si 2p [12]. On the other hand, vibrational contribu-
tions are sometimes used to rationalize any unexpected
broadening on a medium-resolution (b,E-0.4 eV) I 4d
spectrum of HI, which is not due to vibrational structure
as previously assigned [13]. Clearly, it is critical to un-

derstand trends in vibrational effects on core levels, espe-
cially with the high resolution now achievable with
monochromatized synchrotron radiation.

In this paper we present high-resolution (-0.1 eV)
core-level photoelectron spectra of several molecules, and

Franck-Condon vibrational profiles from multicon-
figuration self-consistent-field (MCSCF) calculations, to
show the relative importance of vibrational structure:
first, for isoelectronic species (e.g., SiH4, PH3) across a
row in the Periodic Table; second, for analogous congen-
eric molecules (e.g., CH4, SiH4, GeH4) down a row of the
Periodic Table; and third, for different core levels (e.g. , Si
2p, ls) in the same molecule.

The core-level spectra (Si 2p of SiH~, P 2p of PH3, Ge
3d of GeH&, and As 3d of AsH3) were recorded at the
Canadian Synchrotron Radiation Facility (CSRF) located
at the 1-GeV Alladin storage ring using a high-resolution
photoelectron spectrometer [3—6, 14, 15] recently
equipped with a guantar 3395A position-sensitive detec-
tor. This enabled us to record excellent spectra in a few
minutes. The electron resolution (hE/E= 1/720) gave
an effective electron resolution of 0.04—0.05 eV at the
30—40 eV kinetic energy used for the spectra. The
grazing-incidence grasshopper monochromator [16] used
a 1800-groove/mm grating, which gave a practical
minimum photon resolution of 0.07 A at 25-pm slits [0.04
eV at 80 eV for Ge 3d and As 3d, 0.11 eV at 130 eV (Si
2p), and 0.14 eV at 170 eV (P 2p)]. Samples of SiH~,
PH3, GeH4, and AsH3, obtained commercially with high
purity, were introduced directly into the gas cell of the
spectrometer. The experimental core-level spectra were
deconvoluted with a Lorentzian-Gaussian line shape us-

ing a nonlinear least-squares procedure constrained to
use only one peak shape split by the metal spin-orbit and
vibrational splitting [4,5].

MCSCF calculations were performed within the com-
plete active space self-consistent-field approximation, us-

ing the SIRIUS program [17]. By varying the M—H bond
length (M=Si, Ge), potential surfaces were obtained for
the ground and core-hole states of SiH4 and GeH4 and
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TABLE I. Experimental and calculated adiabatic ionization potentials (IP), vibrational frequencies, and Franck-Condon factors.

IP (eV) v (eV) Franck-Condon factors

Molecule

SiH4

Core
level

Si 2p

Expt.

107.32

Theory

106.62

Expt.

0.295

Theory

0.304 v'=0
v'=1
v —2

Expt.

66.3
29.1

F 1

Theory

72.3
24.5
2.6

SiH4 Si 1s 1851.4 0.333 v'=0
v'= 1

v —2
v —3

44.7
37.3
13.6
2.7

GeH4 Ge 3d 37.09 36.19 0.261 0.294 v'=0
v'= 1

91.5
8.5

87.2
12.0

GeH4 Ge 3p 129.07 0.295 v'=0
v'=1

87.3
11.9

PH3 P 2p 137.05 0.298 v'=0
v'=1

82.9
17.1

AsH3 As 3d 48.59 0.263 v'=0
v —1

95.3
4.7

CH4 C 1s 290.71 290.26 0.391 0.436 v'=0
v'=1
v =2

63.0
29.0
6.0

66.8
23.0
7.2

'L. Asplund, U. Gelius, S. Hedman, K. Helenelund, K. Siegbahn, and P. E. M. Siegbahn, J. Phys. B 18, 1569 (1985).

Franck-Condon factors do not dift'er substantially be-
tween the very shallow Ge 3d core level and the Ge 3p
level (or between Si 2p and Si 2s). The result shows con-
clusively that the very small vibrational structure on the
Ge 3d leve1 is not due either to its low binding energy or
symmetry. However, the large change in the Franck-
Condon profile between the Si 2p and Si ls levels (Table I)
shows that very deep core levels wi11 show more
significant vibrational structure. The Si 1s vibrational
structure will probably never be resolved because of the
large inherent linewidth ( )0.5 eV) [20] and even larger
photon widths at the present time. Fifth, the experimen-
tal line shape for the GeH4 and AsH3 spectra are about
70%%uo Lorentzian because the inherent linewidth dom-
inates the spectra. These linewidths (0.25 eV for Ge 3d
and 0.23 eV for As 3d) should be no more than 0.03 eV
broader than the inherent linewidth, although we do not
fully understand why the line shapes are not 100%%uo

Lorentzian as observed for the molecular I 4d lines at
similar experimental resolutions [11,14]. It is possible
that other vibrational modes contribute to these spectra.
In any case, these linewidths are much larger than earlier
theoretical values [20] and larger than other measured 3d
widths of Zn, Ga, and Kr of (0.05, 0.12 [21], and 0.10
eV [22], respectively. In the Si 2p and P 2p spectra, the
instrumental width of )0. 1 eV dominates the observed
spectra, leading to a more Gaussian line shape (80%
Gaussian for PH3). Inherent Si 2p and P 2p widths are
(50 meV [3,23].

CH4

1.094

NH3

1.030

NH4

1.034

HF

0.917'

NeH+

0.991

SiH4 PH3 PH4+ HCl

1.481 1.420 1.42 1.275' 1.280b

GeH4 AsH3 HBr KrH

1.525 1.520 1.414' &.421b

SnH4 SbH3 HI XeH+

1.7108 1.7039 1.609' 1.603'

'K. P. Huber and G. Herzberg, Constants ofDiatomic Molecules
(Van Nostrand Reinhold, New York, 1979).
R. Klein and P. Rosmus, Z. Naturforsch. A 39, 349 (1984).

'S. A. Rogers, C. R. Brazier, and P. F. Bernath, J. Chem. Phys.
87, 159 (1987).

TABLE II. Bond lengths (in angstroms). Most data are from
Structure Data of Free Polyatomic Molecules, edited by K. H.
Hellwege and A. M. Hellwege (Springer, Berlin, 1987), unless
noted otherwise.
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The above trends in vibrational structure can also be
readily rationalized by examining bond lengths for core-
equivalent molecules or molecules close to being core
equivalent (Table II). Note the large change in bond
length (-0.06 A) between CH~ and NHz (or NH3), and
SiH& and PHz+ (or PH3). In contrast, there is less than a
0.01 A change in bond length between GeH4 and AsH3,
and between SnH4 and SbH3. The bond lengths for the
hydrogen halides and their core equivalents (expect for
HF) are all very similar, suggesting little or no vibrational
structures as observed already for HI [11].

Although these trends have only been elucidated here
for hydride molecules, they should be generally valid for
many other ligands. For example, we already know that

Si molecules such as SiF4 give more vibrational structures
than for Ge or Sn analogs [24], or Xe or I molecules
[11,14,15]. These trends then should hold widely for
many adsorbates, solids, and gases, although it must be
realized that so far we have only considered high-
symmetry molecules where the symmetric stretch dom-
inates the vibrational structures.

We would like to acknowledge the staff at the Syn-
chrotron Radiation Center (Alladin) for their technical
support. We are grateful to the National Research Coun-
cil (NRC) of Canada, and the Natural Science and En-
gineering Research Council (NSERC) of Canada for
financial support.

'Author to whom correspondence should be addressed.
[1]U. Gelius, S. Svensson, H. Siegbahn, E. Basilier, A.

Faxalv, and K. Siegbahn, Chem. Phys. Lett. 28, 1 (1974).
[2] U. Gelius, L. Asplund, E. Basilier, S. Hedman, K.

Helenelund, and K. Siegbahn, Nucl. Instrum. Methods B
229, 85 (1984).

[3]J. D. Bozek, G. M. Bancroft, L. L. Coatsworth, K. H.
Tan, D. S. Yang, and R. G. Cavell, Chem. Phys. Lett. 165,
1 (1990).

[4] J. D. Bozek, G. M. Bancroft, J. N. Cutler, and K. H. Tan,
Phys. Rev. Lett. 65, 2757 (1990).

[5] J. D. Bozek, G. M. Bancroft, and K. H. Tan, Phys. Rev. A
43, 3597 (1991).

[6] D. G. J. Sutherland, G. M. Bancroft, and K. H. Tan, Surf.
Sci. Lett. 24, 4897 (1992).

[7] W. L. Jolly and T. R. Schaaf, Chem. Phys. Lett. 33, 254
(1975), and references therein.

[8] N. M5rtensson, and A. Nilsson, Surf. Sci. 211, 303 (1989).
[9]A. Nilsson and N. Milrtensson, Solid State Commun. 70,

923 (1989).
[10] N. Mkrtensson and A. Nilsson, J. Electron Spectrosc. Re-

lat. Phenom. 52, 1 (1990).
[11]J. N. Cutler, G. M. Bancroft, and K. H. Tan, J. Phys. B

24, 4897 (1991).
[12]D.-S. Lin and T.-C. Chiang (unpublished).

[13]L. Karlsson, S. Svensson, P. Baltzer, M. Carlson-Gothe,
M. P. Keane, A. N. de Brito, N. Correia, and B.
Wannberg, J. Phys. B 22, 3001 (1989).

[14]J. N. Cutler, G. M. Bancroft, D. G. I. Sutherland, and K.
H. Tan, Phys. Rev. Lett. 69, 153 (1991).

[15]J. N. Cutler, G. M. Bancroft, J. D. Bozek, K. H. Tan, and
G. J. Schrobilgen, J. Am. Chem. Soc. 113,9125 (1991).

[16]K. H. Tan, G. M. Bancroft, L. L. Coatsworth, and B. W.
Yates, Can. J. Phys. 60, 131 (1982).

[17]H. A. Jensen, H. Agren, and J. Olsen, in MOTECC-90,
edited by Enrico Clementi (ESCOM Science Publishers B.
V., Leiden, Netherlands, 1990), Chap. 8, p. 435.

[18]J. S. Tse, Z. F. Liu, and G. M. Bancroft (unpublished).

[19]R. G. Cavell and K. H. Tan (unpublished).
[20] M. O. Krause, J. Phys. Chem. Ref. Data 8, 307 (1979), and

references therein.
[21]G. M. Bancroft and J. S. Tse, Comments Inorg. Chem. 5,

89 (1986), and references therein.
[22] G. C. King, M. Tronc, F. H. Read, and R. C. Brendford,

J. Phys. B 10, 2479 (1977).
[23] E. Z. Chelkowska and F. P. Larkins, J. Phys. B 24, 5083

(1991).
[24) J. N. Cutler, G. M. Bancroft, and K. H. Tan (unpub-

lished).


