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The binding energy spectra and the momentum distributions of the outer valence orbitals of W(CO)6 have been

studied by using electron momentum spectroscopy as well as non-relativistic, scalar relativistic and spin-orbital rela-

tivistic DFT-B3LYP calculations. The experimental momentum profiles of the outer valence orbitals obtained with the

impact energies of 1200 eV and 2400 eV were compared with various theoretical calculation results. The relativistic

calculations could provide better descriptions for the experimental momentum distributions than the non-relativistic

ones. Moreover, a new ordering of orbitals 10t1u, 3t2g, and 7eg, i.e., 10t1u < 3t2g <7eg <10a1g, is established in this

work.
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1. Introduction

The theory of relativity and quantum mechanics
are two of the most important scientific theories of
the 20th century. While the latter was instantly ap-
plied to the chemistry research and produced quan-
tum chemistry, the relativistic effects were consid-
ered to be “of no importance in the consideration of
atomic and molecular structure and ordinary chemical
reactions”[1] for a long time. Indeed it was not until
the 1970s that the importance of the relativistic effects
on atomic and molecular structure and in chemistry
was fully appreciated.[2−7]

The relativistic effects in high-Z atoms and
molecules containing high-Z atoms not only cause en-
ergy levels to shift and split, but also influence the
electronic wave function. To understand the rela-
tivistic effects in chemistry, enormous progress haa
been made on relativistic quantum chemical meth-
ods and calculations since the 1980s.[6,8−13] The rel-
ativistic methods can be roughly divided into the
four-component, the two-component and the one-
component relativistic methods.[14] The relativistic
quantum chemical calculations have been an impor-
tant theoretical implement for studying high-Z atoms

and molecules containing high-Z atoms.[15,16]

In the experimental aspect, one of the most widely
used methods to study the relativistic effects is pho-
toelectron spectroscopy (PES),[17] which can measure
the spin–orbital splitting energy and the branching
ratio for spin–orbital splitting components as a func-
tion of the photon energy. Electron momentum spec-
troscopy (EMS),[18−20] also known as (e, 2e) spec-
troscopy, is another powerful tool to investigate the
relativistic effects. It can measure both the orbital
binding energy and the electron momentum distribu-
tion for each individual orbital.[21−23] The observed
momentum distributions can be directly compared
with the theoretical calculations under the assump-
tions of Born, binary encounter and plane-wave im-
pulse (PWIA) approximations. This feature gives
EMS the abilities to measure orbital electron densities
and to evaluate basis sets and computational methods
for the quantum chemistry. Although EMS has been
used to investigate the relativistic effects for many
years,[4,5,24−27] the applications were mainly limited
to heavy atomic targets due to the complexity of the
relativistic effects in a molecular target. Recently,
a new method was developed, which can combine
relativistic quantum chemistry theories with EMS
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to study valence-electron structures of molecules.[28]

With this method, molecules containing high-Z atoms
could be studied using the EMS method.

The volatile transition metal carbonyls, tungsten
hexacarbonyl (W(CO)6), well-known as a precursor in
the organometallic chemistry and as a model for the
bond between CO and metal surfaces,[29] is an ideal
molecular target for the gas phase EMS study on the
relativistic effects in a molecule containing a high-Z
atom. The previous EMS investigation of W(CO)6
was performed together with Cr(CO)6 and Mo(CO)6
by Rolke et al.[30] with an impact energy of 1200 eV.
They reported only the highest occupied molecular or-
bitals (HOMO) t2g. A discernable discrepancy at the
low momentum region was found between the exper-
imental momentum profiles and the calculations us-
ing non-relativistic methods. Rolke et al. ascribed
the discrepancy to the distorted wave effects. How-
ever, our recent work showed that the discrepancy was
mainly due to the vibrational effects.[31]

In the present work, we report the momentum
distributions associated to all the outer valence or-
bitals of W(CO)6 except the HOMO with the impact
energies of 1200 eV and 2400 eV with a higher res-
olution and a higher statistical accuracy. The influ-
ence of the relativistic effects is carefully considered
to account for the high-Z W atom (Z = 74) in the
W(CO)6 molecule. The experimental momentum pro-
files are compared with the theoretical ones derived
from the non-relativistic (NR), the scalar relativistic
(SR) and the spin–orbital relativistic (SO) calcula-
tions using our new method.[28] The orbitals in the
binding energy region from 14.5 eV to 17 eV assigned
in the previous PES[32] work are reassigned based on
the electron momentum distribution analysis. The re-
sults show that the relativistic method can provide a
better description to the experiments than the non-
relativistic one.

2. Experimental and theoretical

methods

In a symmetric non-coplanar (e, 2e) experiment,
the target molecules are ionized by an electron beam
with high enough energy (∼ keV) and the two outgo-
ing electrons have almost equal kinetic energies and
equal polar angles θ (θ1 = θ2 = 45◦) respect to the
incoming electron beam. The momentum of the elec-
tron prior to being knocked out can be determined

through the out-of-plane azimuthal angle φ between
the two outgoing electrons using equation

p =
[
(2p1 cos θ − p0)2 + 4p2

1 sin2 θ sin2

(
φ

2

)]1/2

, (1)

where p0 is the momentum of the incident electron and
p1 (p1 = p2) is the momentum of one of the two outgo-
ing electrons. The plane wave impulse approximation
is usually used to describe the collision under the con-
ditions of high impact energy and high momentum
transfer. Under the PWIA, the EMS differential cross
section for randomly oriented gas-phase molecules is
given by[18]

σEMS ∝
∫

dΩ

4π

∣∣〈 e− i prΨN−1
f |ΨN

i

〉∣∣2 , (2)

where e− i pr is the plane wave function for the elec-
trons,

∣∣ΨN−1
f

〉
and

∣∣ΨN
i

〉
are the total electronic

wave functions for the final ion and the initial tar-
get molecule, respectively. The

∫
dΩ indicates the

spherical average, which accounts for the random ori-
entations of the gas phase targets. Using the target
Kohn–Sham approximation (TKSA) in the framework
of the density functional theory (DFT),[33] equation
(2) can be reduced to

σEMS ∝
∫

dΩ
∣∣ψKS

j (p)
∣∣2, (3)

where ψKS
j (p) is the momentum space Kohn–Sham or-

bital for the j-th electron. According to Eq. (3), EMS
is able to image the electron density of an individual
orbital selected according to the binding energy.

The details of our high resolution EMS spectrom-
eter have been previously reported.[34,35] In short, our
spectrometer takes the symmetric non-coplanar ge-
ometry. A double toroidal energy analyzer and po-
sition sensitive detectors are used to analyze the elec-
tron energy and the electron angles. An electron gun
equipped with an oxide cathode is used, which works
at much lower temperature than the generic filament
cathodes. Since the oxide cathode is easily deacti-
vated in an atmosphere of active gas, an additional
vacuum chamber is specially designed for mounting
the electron gun. The chamber, which has a hole of
2 mm in diameter for electron beam passing through,
is evacuated to the base pressure of 10−6 Pa by us-
ing a molecular turbo pump. The energy resolution
highly depends on the emitting current of the cath-
ode due to the space charge effects. In the present
work, an energy resolution ∆E of 0.68 eV (full width
at half maximum (FWHM)] is obtained by controlling
the emitting current.
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The Amsterdam density functional (ADF) 2008
program[12,36,37] can perform relativistic and non-
relativistic DFT calculations for atoms and molecules.
The relativistic calculations include the scalar rel-
ativistic and the spin–orbital relativistic methods.
The latter is one kind of two-component relativistic
method, which can provide the spin–orbital splitting
components. The scalar and the spin–orbital rela-
tivistic methods are incorporated via the zero order
regular approximation (ZORA).[38] By means of the
ADF, all calculations in the present work are per-
formed using the standard hybrid Becke 3-Parameter
Lee Yang and Parr (B3LYP) functional.[39] The NR
calculations use the triple-zeta with one polarization
(TZP) function basis sets with a frozen core shell
up to the 4d level, while the relativistic calcula-
tions including the SR and the SO calculations use
the ZORA/triple-zeta with two polarization (TZ2P)
function basis sets without a frozen core. The opti-
mized geometry of W(CO)6 calculated by Ehlers and
Frenking[40] is used for all the calculations, where the
W–C bond length is RW−C = 2.0597 Å and the C–
O bond length is RC−O = 1.1655 Å. The electronic
wave function in the ADF program is constructed us-
ing the fragmental molecular orbital[12] and the dou-
ble group representation[41,42] with the Slater type ba-
sis sets. The theoretical momentum distributions are
generated using our NEMS[43] program. The molecu-
lar orbital generated using the spin–orbital relativistic
ADF calculation has the form

Ψ(r) = Ψα(r)α + Ψβ(r)β, (4)

where α and β are the spin variables, Ψα(r) and Ψβ(r)
are the space wave function components for spins
α and β, respectively. The momentum distribution
|Ψ(p)|2 for the two-component molecular orbitals is
obtained by

|Ψ(p)|2 = |Ψα(p)|2 + |Ψβ(p)|2 , (5)

where |Ψα(p)|2 and |Ψβ(p)|2 are the momentum distri-
butions for α and β spin components, respectively.

The W(CO)6 sample is obtained commercially
and is of 99.0% stated purity. The sample is solid and
can sublime at room temperature. Since the volatil-
ity is not sufficient, we put the sample directly inside
the spectrometer with a sample probe placed near the
collision region. A heater with variable power, typi-
cally 0.4 W, is employed to control the density of the
gaseous molecules. The measurement proceeds with-
out further purifications. No impurity of the sample
is evident in the binding-energy spectra.

3. Results and discussion

The tungsten hexacarbonyl (W(CO)6) molecule
contains 158 electrons and has an Oh symmetry
point group. According to the scalar relativistic
B3LYP/TZ2P calculation, the ground state electronic
configuration can be written as

(core)78 (7t1u)6(1t2u)6(1a2u)2(8a1g)2(8t1u)6(5eg)4︸ ︷︷ ︸
inner valence

(9a1g)2(6eg)4(9t1u)6(10a1g)2(7eg)4(3t2g)6(10t1u)6(2t2u)6(1t1g)6(11t1u)6(4t2g)6.︸ ︷︷ ︸
outer valence

The valence shell contains 17 molecular orbitals and
can be divided into two sets: 6 inner valence and 11
outer valence orbitals. In the spin–orbital relativistic
ADF calculations, each degenerate molecular orbital
splits into two spin–orbital components.

3.1.Binding energy spectra

The ionization potentials measured by the PES[32]

and the present EMS, as well as the NR, the SR
and the SO orbital energies obtained in this work
for the outer valence orbitals, are shown in Ta-

ble 1. In the previous PES work,[32] W(CO)6 showed
many broad overlapping bands. The authors did
not assign a peak for the 10a1g orbital. They ten-
tatively assigned the peaks between 14.5 eV and
17 eV to molecular orbitals with the ordering of
7eg < 10t1u < 3t2g < 10a1g. However, our calcula-
tions with the NR and the SR methods give the or-
dering of 10t1u < 3t2g < 7eg < 10a1g, which is also
supported by our experimental electron momentum
distributions. We will further discuss it in Section
3.3.
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Table 1. Outer valence ionization potentials (IPs) for W(CO)6 molecule in unit of eV.

Orbital No. Orbital
Experimental

NRd) SRd)
SO

EMS PESa) orbital IPsd)

11 4t2g 8.6 8.56 7.35 7.29 4e5/2g 7.14

12u3/2g 7.36

10 11t1u 13.4 13.27 11.45 11.83 13u3/2u 11.69

11e1/2u 12.10

9 1t1g 14.20 12.62 12.76 11u3/2g 12.76

11e1/2g 12.77

8 2t2u 14.3 14.42 12.76 12.91 3e5/2u 12.90

12u3/2u 12.91

7 10t1u 14.88b) 12.97 13.17 11u3/2u 13.13

10e1/2u 13.27

6 3t2g 15.0 15.2b) 13.22 13.35 3e5/2g 13.34

10u3/2g 13.36

5 7eg 15.7 15.54b) 13.49 13.52 9u3/2g 13.52

4 10a1g –c) 13.71 14.27 10e1/2g 14.27

3 9t1u 17.9 17.84 15.83 16.00 10u3/2u 15.97

9e1/2u 16.08

2 6eg 16.14 16.24 8u3/2g 16.25

1 9a1g 20.2 20.2 16.67 17.32 9e1/2g 17.32

a) From Ref. [32]. b) Our new orbital assignment (see text).
c) The peak was not assigned from the PES in Ref. [32].

d) The calculated ionization potentials are lower than the experimental result due to the asymptotic error of the DFT method.

There is no orbital directly related to peak 8, so we assign peak 8 as the summation of satellite lines.

The momentum–energy density map of W(CO)6
in the region from 5 eV to 25 eV with the electron
impact energy of 1200 eV is presented in Fig. 1(a).
The qualitative characteristics of each orbital can be
immediately obtained from this map, which is very
helpful for the orbital assignment. The binding en-
ergy spectrum shown in Fig. 1(b) is obtained by sum-
ming over all φ angles from the momentum–energy
density map. With the guide of the PES, eight Gaus-
sian functions are used to fit the experimental bind-
ing spectrum. The ionization potentials of the eight
peaks determined in the present EMS measurement

are 8.6 eV, 13.4 eV, 14.3 eV, 15.0 eV, 15.7 eV, 17.9 eV,
20.2 eV and 23.5 eV, respectively. Peak 1 corresponds
to the HOMO 4t2g orbital. Overlapped peaks 2–5 cor-
respond to orbitals 11t1u, 1t1g+2t2u+10t1u, 3t2g and
7eg+10a1g, respectively. Peaks 6 and 7 correspond to
9t1u+6eg and 9a1g, respectively. There is no orbital
that is directly related to peak 8, because the next
orbital energy is ∼31 eV obtained using the scalar
relativistic calculation. Therefore, peak 8 is assigned
as the summation of satellite lines resulted from the
breakup of the orbital picture.

Fig. 1. (a) (colour online) Binding energy–momentum density map of W(CO)6 measured with the impact energy of

1200 eV plus binding energies. (b) Experiment binding energy spectrum summed over all azimuthal angles, the dashed

and the solid curves represent individual and summed Gaussian fits, respectively. The positions of individual transitions

determined based on the high-resolution PES[29] are shown as bars labeled with numbers 1–8.
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3.2.Outer valence orbitals 11t1u, 1t1g,

2t2u, 10t1u, 3t2g, 7eg, 10a1g, and

their ordering

Peak 2 at 13.4 eV, peak 3 at 14.3 eV, peak 4
at 15.0 eV and peak 5 at 15.7 eV in the binding en-
ergy spectrum shown in Fig. 1 are not well separated.
They are associated with the ionization from 11t1u,
1t1g, 2t2u, 10t1u, 3t2g, 7eg and 10a1g orbitals and the
energy separations of these orbitals are very small. It
is a difficult task to assign these seven orbitals to the
four peaks. In addition, the ordering of 10t1u, 3t2g
and 7eg has been in dispute. Our calculations suggest
the order of

I: 2t2u < 10t1u < 3t2g < 7eg < 10a1g,
while the PES work[32] proposed the order of

II: 2t2u < 7eg < 10t1u < 3t2g < 10a1g.
The difference between the two sets of orderings lies in
the energies of 10t1u, 3t2g, and 7eg. Although the en-
ergy resolution of our spectrometer is not high enough
to resolve these orbitals, it has a unique power to iden-
tify orbitals and give their ordering. A novel analysis
method to study the ordering of orbitals was previ-
ously developed and successfully provided a strong
support for the correct ordering of 8a′ and 1a′′ in
propene.[44] Based on that method, we cut two en-
ergy slices at 14.8–15.2 eV (defined as left) and 15.2–
15.6 eV (right) in the map shown in Fig. 1 and define

I (p)left =
∫ 15.2

14.8

∑
i

ρi (p)
1√
2πai

× exp

[
− (E − εi)

2

2a2
i

]
dE,

I (p)right =
∫ 15.6

15.2

∑
i

ρi (p)
1√
2πai

× exp

[
− (E − εi)

2

2a2
i

]
dE,

∆I (p)theo = I (p)right − I (p)left , (6)

where ρi(p) is the theoretical momentum profile (in-
corporated with the experimental momentum resolu-
tion) of the i-th orbital, εi is the ionization potential
of the i-th orbital obtained from the PES, and ai is
the i-th FWHM divided by 2

√
ln 4. Here, all FWHMs

equal to 0.88 eV. The main contribution in this energy
region is from orbitals 1t1g, 2t2u, 10t1u, 3t2g, 7eg and
10a1g, so other orbitals’ contribution is not included
in the calculation.

Correspondingly, the experimental data are given

by

∆expt (p) =
15.6∑

E=15.2

Iexpt (E, p)−
15.2∑

E=14.8

Iexpt (E, p), (7)

whereIexpt(E, p) is the experimental intensity shown
in the map of Fig. 1 and momentum p is related to φ

by Eq. (1). As illustrated in Fig. 2, it is unanimous
that ordering I describes the experimental data bet-
ter than ordering II, so the correct order should be
2t2u < 10t1u < 3t2g < 7eg < 10a1g.

Fig. 2. Measured and calculated differences of the mo-

mentum profiles in the energy regions of 14.8–15.2 eV and

15.2–15.6 eV with the impact energies of 1200 eV and

2400 eV plus the binding energies. The calculation us-

ing the SR method has been folded with the experimental

momentum resolution. See text for details.

Based on our new ordering, peak 2 is tenta-
tively assigned as the HOMO-1 (11t1u). As shown
in Fig. 3(c), the overall profile of the experimental
distribution agrees with the NR, the SR and the SO
calculations. However, there is obvious discrepancy in
the region of 0.7 a.u.< p < 1.2 a.u.

The experimental momentum distribution of peak
3 shown in Fig. 3(c) is quite different from the momen-
tum profile of HOMO-2 (1t1g, Fig. 4(a)), while it is
close to the summed theoretical momentum profile of
2t2u and 10t1u. It can be seen that all calculations of
2t2u+10t1u underestimate the measured intensity in
the momentum region of 0.5 a.u.< p < 1.0 a.u..

Figure 3(e) illustrates the experimental momen-
tum distribution of peak 4 in comparison with the
theoretical one of 3t2g. The underestimation of the
measured intensity is obvious in the high momentum
region.

In the above assignment, one important issue is
which peak contains the HOMO-2 (1t1g). If we sim-
ply added the theoretical momentum profile of 1t1g
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into peak 2 or 3, the obtained intensities would be
overestimated too much. The high resolution PES[32]

shows that the ionization peak related to 1t1g is
quite broad, so it may be mixed with peaks 2, 3
and 4. The detailed explanation needs high level
calculations of the Frank–Condon factors, the ion-
ization potentials and the pole strengths. However,
it is still a challenge to do high level many-body
calculations due to the size and the relativistic ef-
fects of W(CO)6. So we estimate the mixing coef-

ficients for the best agreement between the theoret-

ical and the experimental momentum distributions.

The admixture of 11t1u+1t1g×0.33 (0.5×13u3/2u for

the SO method), 1t1g×0.33 (0.5×13u3/2u for the

SO method)+2t2u+10t1u and 1t1g×0.33 (11e1/2g for

the SO method)+3t2g theoretical momentum profiles

reproduces the experimental momentum profiles of

peaks 2, 3 and 4, as shown in Figs. 3(b), 3(d), and

3(f).

Fig. 3. Measured momentum distributions of peaks 2–5 compared with calculated PWIA momentum distributions

of orbitals: (a) peak 2 compared with 11t1u, (b) peak 2 compared with 11t1u+0.33.×1t1g, (c) peak 3 compared with

2t2u+10t1u, (d) peak 3 compared with 0.33.×1t1g+2t2u+10t1u, (e) peak 4 compared with 3t2g, (f) peak 4 compared

with 0.33.×1t1g+3t2g and (g) peak 5 compared with 7eg+10a1g. Theoretical momentum profiles are calculated using

the NR, the SR, and the SO DFT-B3LYP methods.
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It is interesting to note that the sharing of the
theoretical intensity of the 1t1g orbital among peaks
2, 3 and 4 can largely remove the discrepancy between
the experiments and the theories. The exact reason is
not clear. One possible explanation is that this orbital
has a large broadening in the ionization spectrum.

In Fig. 3(b), it can be seen that the relativistic
methods including both the SR and the SO provide
excellent predictions for the experimental distribution,
while the NR overestimates the measured intensity in
the low momentum region of p < 0.8 a.u. and some-
what underestimates the measured intensity in the
momentum region of 0.8 a.u. < p < 1.5 a.u. Gener-
ally, the high momentum region usually corresponds
to the small r region in the position space. Therefore,
the extensive and dispersive distribution in the exper-
imental momentum profile shown in Fig. 3(b) means
that the 11t1u or the 1t1g orbital shrinks in the po-
sition space. The 1t1g orbital is almost all from the
CO π orbital and is hardly affected by the relativistic
effects. As shown in Fig. 4(a), the theoretical momen-
tum profiles for 1t1g calculated using the NR and the
SR, and the sum of spin–orbital splitting components
11e1/2g and 11u3/2g calculated using the SO are al-
most the same. So the shrinkage in the position space
mainly happens in the 11t1u orbital.

In Fig. 3(d), the summed theoretical momen-
tum distributions calculated using the SR and the SO
methods are in excellent agreement with the experi-
mental results, while the NR method underestimates
the measured intensity in the low momentum region
of p < 0.6 a.u. Figure 4(a) demonstrates that there
is no difference between the relativistic and the non-
relativistic calculations of 1t1g. To distinguish the
orbital underestimated, 2t2u or 10t1u, the theoretical
momentum profiles of both orbitals with the NR, the
SR and the SO methods are shown in Fig. 4(b). The
theoretical momentum profiles of 2t2u generated us-
ing three different methods are almost the same, so
the relativistic effects do not influence the electron
distributions of 2t2u. It can be seen that the underes-
timation of the measured intensity in the low momen-
tum region by the NR method primarily occurs for the
10t1u orbital. Therefore, the enhanced experimental
momentum distribution in the low momentum region
means that the 10t1u orbital expands in the position
space due to the relativistic effects.

Figure 3(e) illustrates the experimental momen-
tum distributions of peak 4 in comparison with the
theoretical momentum profiles of 3t2g. The three dif-

ferent theoretical methods produce almost an identical
distribution. It means that the relativistic effects have
little influence on the electron distributions of 3t2g. In
Fig. 3(f), the discrepancy in the momentum region of
0.5 a.u.< p < 2 a.u. can be largely removed, if the
1t1g orbital is included. However, the experimental
intensity in the low momentum region of p < 0.5 a.u.
is still evidently higher than all theoretical results. A
likely reason is the intensity leakage from the next s-
type orbital 10a1g, which has a much higher intensity
in the lower momentum region (see Fig. 3(g)).

Fig. 4. Theoretical PWIA momentum distributions

for (a) 1t1g, curve 3 denotes the summed 1t1g spin–

orbital splitting components 11e1/2g and 11u3/2g; (b) 2t2u
(curves 1, 2 and 3) and 10t1u (curve 4, 5 and 6), curve 3 de-

notes the summed 2t2u spin–orbital splitting components

3e5/2u and 12u3/2u, curve 6 denotes the summed 10t1u
spin–orbital splitting components 11u3/2u and 10e1/2u;

(c) 7eg (curves 1, 2 and 3) and 10a1g (curves 4, 5 and

6).

Figure 3(g) shows the experimental and the the-
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oretical momentum profiles of 7eg and 10a1g orbitals.
The theoretical momentum distributions obtained us-
ing the NR method overestimate the intensity in the
low momentum region, while the SR and the SO meth-
ods can provide better descriptions for the experimen-
tal results, which indicates that the relativistic effects
are important for the momentum profiles of 7eg and
10a1g. Comparing among the theoretical momentum
profiles of 7eg and 10a1g obtained using the NR, the
SR and the SO methods (Fig. 4(c)), we find that the
relativistic effects only change the momentum pro-
file of 10a1g. The lower intensity in the low momen-
tum region indicates that the 10a1g orbital shrinks
in the position space. In the momentum region of
0.5 a.u. < p < 1.3 a.u., all calculations underestimate
the intensity.

The discrepancies between the experimental and
theoretical results shown in Figs. 3(f) and 3(g) are
probably related to the Gaussian curve fitting and the
deconvolution procedures used in the present work,
as peaks 3, 4 and 5 in Fig. 1 are not well separated
and their Frank–Condon profiles may be asymmetric.
It is found that their summed theoretical momentum
distribution produces a very good description for the
summed experimental result, which partly supports
the above explanation.

3.3.Outer valence orbitals 9t1u, 6eg, and

9a1g

Peak 6 in Fig. 1 corresponds to the ionizations
from 9t1u and 6eg orbitals, which are too close to
be well resolved. In Fig. 5(a), the summed experi-
mental momentum distribution is shown together with
the theoretical momentum distributions calculated us-
ing the NR, the SR and the SO methods. It can be
seen that none of the calculated theoretical momen-
tum profiles is in good agreement with the experimen-
tal ones.

Peak 7 in Fig. 1 could be mainly attributed to the
ionization from the 9a1g orbital. Figure 5(b) shows
the experimental momentum distribution in compar-
ison with the theoretical ones. In spite of the poor
agreement between the experimental and the theoret-
ical results, the SR and the SO methods produce much
higher intensity in the low momentum region than the
NR method and make the curves closer to the exper-
imental distributions. The poor agreements between
the experiment and the theory shown in Fig. 5 are
probably due to the abundant vibrational and satel-
lite structures in the high binding energy region in the

BES (Fig. 1), which are also obvious in the PES.[29]

These structures make the shapes of peaks 6 and 7
in the BES broad and deviate from the Gaussian one.
As a result, the deconvolution procedures using the
Gaussian fitting technique can not well separate their
individual intensity distributions.

Fig. 5. Experimental and calculated PWIA momentum

distributions for (a) 9t1u+6eg and (b) 9a1g of W(CO)6.

The theoretical momentum distributions are calculated us-

ing the NR, the SR and the SO DFT-B3LYP methods.

With the Mulliken population analysis for each
orbital, it is interesting to note that those orbitals
with observable relativistic effects all have contribu-
tions from the W 5p or the W 6s electrons, while those
orbitals constructed using the electrons from the CO
ligands do not show any noticeable relativistic effect.

4. Summary

The experimental momentum profiles for the
outer valence shell of W(CO)6 were obtained with
the impact energies of 1200 eV and 2400 eV. The
theoretical results obtained using the non-relativistic,
the scalar relativistic and the spin–orbital relativistic
DFT-B3LYP methods were compared with the exper-
imental momentum distributions. In general, the rel-
ativistic calculations provided better descriptions for
the experiments than the non-relativistic ones, which
provided a direct evidence of the influences of the rel-
ativistic effects in the outer valence shell of W(CO)6.
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The relativistic effects made 11t1u and 10a1g shrink,
10t1u expand in the position space. There were no ob-
servable relativistic effect on orbitals 1t1g, 2t2u, 3t2g
and 7eg. In addition, the present work proposed the
orbital ordering of 10t1u < 3t2g < 7eg < 10a1g, which
was different from the previous PES work.
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