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We report the combination of the Amsterdam density-functional relativistic quantum-chemistry program and
electron-momentum spectroscopy to interpret electronic structures of molecules. We calculate momentum
profiles of molecular orbital using the two-component relativistic theory. The momentum profiles of the
complete valence shell orbitals of I2 and Au2 molecules are obtained in comparison between the nonrelativistic
and relativistic calculations. The theoretical results show that relativistic effects have significant influences on
the momentum distributions for valence orbitals of I2 and Au2. In order to verify the validity of the calcula-
tions, the high-resolution experimental momentum distributions of the 5P3/2 and 5P1/2 states of xenon are
presented in comparison with relativistic quantum-chemistry theories.
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I. INTRODUCTION

Relativistic effects generally exist in high-Z atoms and
molecules containing high-Z atoms. However, for a long
time, it had been considered that it is not significant in the
valence-electron structures of atoms and molecules since the
valence electrons are well shielded from the nucleus and ve-
locity of them is far less than the velocity of light �1�. It was
not until the 1970s that scientists realized the importance of
relativistic effects in the research of atoms and molecules.
Relativistic effects principally include direct and indirect ef-
fects �2�. The direct relativistic effects may be divided into
kinematical effects, which do not cause a splitting of energy
levels due to the spin degrees of freedom, and into effects of
spin-orbit coupling. Kinematical effects, which make the s
and p atomic orbitals contract in the position space and en-
ergies of them decrease, are attributed to the high-speed
movement of electrons in the vicinity of a heavy nucleus. For
instance, the shrink of 1s orbital amounts to about 20% in
mercury �3�. The spin-orbit coupling effects inducing the
energy-level split are due to the coupling between spin and
orbital angular momenta. The indirect relativistic effects,
which are caused by the increased shielding of the nuclear
charge due to the contracted inner-shell orbitals, make the d
and f atomic orbitals extend in the position space and ener-
gies of them increase.

Molecules containing high-Z atoms usually play impor-
tant roles in functional materials, for example, using them as
catalyzers. To understand the relativistic effects on chemis-
try, enormous progresses have been made on relativistic
quantum chemical methods and calculations since 1980s
�4–9�. Variational relativistic methods can be roughly di-
vided into four-component, two-component, and one-
component relativistic methods �10�. The relativistic quan-
tum chemical calculations have been an important theoretical
implement for studying high-Z atoms and molecules contain-
ing high-Z atoms.

Electron-momentum spectroscopy �EMS�, based on the
binary �e ,2e� ionization reaction, has been developed as a
powerful and informative experimental tool for study of the
electronic structure of atoms and molecules �11–13�. Al-
though EMS, which can obtain both the orbital binding spec-
tra and the electron-momentum profiles for each individual
orbital, has been used to investigate relativistic effects for
many years �14–19�, the applications were mainly limited to
the heavy atomic targets due to the complexity of relativistic
effects in a molecular target. We report momentum profiles
of molecular orbitals using two-component relativistic calcu-
lations.

In this work, we combine the powerful EMS technique
and the current relativistic quantum-chemistry computations.
We anticipate that this combination will provide an accurate
testing method for the relativistic computational methods. An
interface program is coded for reading the required informa-
tion of electronic wave functions, and then these data are
used to generate the momentum distributions for each orbital
through our newly developed NEMS program �20�. The brief
methodological introduction is presented first, and then the
various theoretical momentum distributions of Xe 5P3/2 and
5P1/2 states are compared with our high-resolution experi-
mental �e ,2e� measurements in order to verify the validity of
theoretical methods we employed. And then, the relativistic
and nonrelativistic calculations for momentum profiles of va-
lence shell orbitals of I2 and Au2 are reported. The calculated
results show that the relativistic effects have significant in-
fluences on the momentum profiles of the valence shell elec-
trons of molecules containing high-Z atoms.

II. THEORETICAL AND EXPERIMENTAL DETAILS

In the symmetric noncoplanar �e ,2e� experiment, the tar-
get molecules are ionized by a electron beam with a high
enough energy, and two outgoing electrons have the same
kinetic energies and the same polar angles � ��1=�2=45°�
relative to the incoming electron beam. The momenta of
electrons prior to being knocked out can be determined
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through the out-of-plane azimuthal angle � between the two
outgoing electrons by the formula

p = ��2p1 cos � − p0�2 + 4p1
2 sin2 � sin2��

2
��1/2

, �1�

where p1 and p2 �p1= p2� are the magnitudes of the momen-
tum of each of the two outgoing electrons and p0 is the
momentum of the incident electron. Under the conditions of
high impact energy, high-momentum transfer, and negligible
kinetic-energy transfer to residual ion, the plane-wave im-
pulse approximation �PWIA� gives a good description for the
collision. Under the PWIA, the EMS differential cross sec-
tion for randomly oriented gas-phase molecules is given by
�11�

�EMS �	 d�

4�

�e−ipr� f

N−1
�i
N�
2, �2�

where e−ipr is the plane wave for electrons. 
� f
N−1� and 
�i

N�
are the total electronic wave functions for the final ion state
and the target molecule ground �initial� state, respectively.
The d� indicates the spherical average due to the randomly
oriented gas-phase target. Using the target Kohn-Sham ap-
proximation �TKSA� of density-functional theory �DFT�
�21�, Eq. �2� is greatly simplified by

�EMS �	 d�
� j
KS�p�
2, �3�

where � j
KS�p� is the momentum space Kohn-Sham orbital for

the jth electron. The integral in Eq. �3� is known as the
spherically averaged single electron-momentum distribution.
To this extent EMS has the ability to image the electron
density of individual “orbitals” selected according to their
binding energies.

The details of the EMS spectrometer used in this work
have been previously reported elsewhere �22�. It employs a
symmetric noncoplanar geometry and uses a double toroidal
energy analyzer and position sensitive detectors to achieve
the energy and angle multichannel detections. To achieve
higher resolution both in energies and electron momenta, sig-
nificant modifications have been implemented on the spec-
trometer. In brief, an electron gun equipped with an oxide
cathode, which worked at much lower temperature than the
generic filament cathodes, was used to generate the electron
beam with low-energy spread and small divergence angle.
The passing energy was set to 50 eV from 100 eV for in-
creasing energy resolution. Since the oxide cathode is easily
poisoned by active gas, an additional vacuum chamber was
especially designed to mount the electron gun. This chamber
is evacuated to a base pressure of 10−7 Pa by a 600 L/s
molecular turbo pump, with a hole of 2 mm in diameter
connecting to the main chamber. Owing to these measures
and optimization of electron optics using the Monte Carlo
simulation, the angle resolutions, 	
= �0.84° and 	�
= �0.53°, were obtained through the standard calibration run
for argon. In the present work, the energy resolution, which
highly depends on the emitting current of the cathode due to
the space effects, was 	E=0.65 eV �full width at half maxi-
mum �FWHM�� through controlling the emitting current.

The nonrelativistic and relativistic calculation methods
used in present work were performed using DFT along with
the standard hybrid Becke 3-Parameter Lee Yang and Parr
�B3LYP� �23� functional by means of the Amsterdam
density-functional �ADF� 2007 program �9,24,25�, which can
perform relativistic and nonrelativistic calculations for atoms
and molecules. The relativistic calculations include scalar
relativistic and spin-orbit relativistic methods. The latter is
one kind of two-component relativistic methods which can
provide spin-orbit splitting components. The scalar and spin-
orbit relativistic methods are incorporated via the zero-order
regular approximation �ZORA� �26�. The nonrelativistic cal-
culations used triple-zeta with one polarization �TZP� func-
tion basis sets, while the relativistic calculations including
scalar and spin-orbit relativistic calculations used ZORA/
triple-zeta with two polarization �TZ2P� function basis sets.
The optimized geometries of I2 and Au2 were used for all the
calculation.

The ADF program constructs the electronic wave function
using the fragmental molecular-orbital �9� and the double
group representation �27,28� with the Slater-type basis sets.
The calculation of electron-momentum profiles needs Fou-
rier transforms and spherical averaging due to the randomly
molecular orientations in the gas phase. Therefore, we devel-
oped a program named ADFCOVT, which was coded using
FORTRAN90 to handle the scalar and the spin-orbit relativistic
electronic wave functions of the molecules, and the extracted
information was used as the input file for the NEMS program,
which is capable of computing spherical averaged electron-
momentum distributions and handling the atomic basis func-
tions in a general analytic way, no matter what is their quan-
tum number for the angular momentum and which type
�Gaussian or Slater� of basis sets they are. The molecular
orbital generated using the spin-orbit relativistic ADF calcu-
lation has the following form:

��r� = ���r�� + ��r� , �4�

where � and  are the spin variables and orthogonal with
each other. ���r� and ��r� are the space wave-function
components for the spins � and , respectively. The momen-
tum distributions 
��p�
2 for the two-component molecular
orbitals are given by


��p�
2 = 
���p�
2 + 
��p�
2, �5�

where 
���p�
2 and 
��p�
2 are the momentum distributions
of for the spin � and  components.

III. RESULTS AND DISCUSSION

A. Experimental and theoretical studies on Xe 5p orbitals

The binding energy spectrum of xenon summed over all
azimuthal angles in the range of 8–34 eV at impact energies
of 1200 eV plus binding energies are illustrated in Fig. 1. It
can be seen that the 5P3/2 �12.13 eV� and 5P1/2 �13.44 eV�
states are well separated with the energy resolution 	E
=0.65 eV, which is much better than previous work 	E
=1.6 eV by Cook et al. �14�. The peaks located at the higher
binding energies mainly consist of the 5S state and its satel-
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lite lines. The detailed assignment for these peaks can be
found in Ref. �15�. In order to obtain the experimental mo-
mentum distributions for state 5P3/2 and 5P1/2 individually,
the binding-energy spectra at different azimuthal angles are
fitted with two Gaussian peaks in the region of 8–16 eV.
Each Gaussian peak is represented by dashed lines, while
their sum, the overall fitted spectrum is indicated by the solid
line. Since the extracted experimental momentum distribu-
tions are in the relative scale, here we compare the ratio of
5P3/2–5P1/2 with the theoretical calculations to avoid the
uncertainty of normalizations. The experimental cross-
section ratios of 5P3/2–5P1/2 obtained by this work and pre-
vious work �14� at impact energy 1200 eV are compared
with different theoretical ratios in Fig. 2. It can seen that the
nonrelativistic calculation �thin dash line 4� predicted a con-
stant ratio of 2, totally insensitive to the momentum p, which
is inconsistent with the experimental ratios. However, all
relativistic calculations can well describe the experimental
ratios as the function of the momentum p. The curve 1 is our
PWIA calculation using relativistic DFT-B3LYP method, and
the distorted-wave impulse approximation �DWIA� �curves

2� and PWIA calculations using relativistic Hatree-Fock
�HF� �or Dirac-Fock �DF�, curve 3� method are taken from
the work of Cook et al. �15�. The agreement between our
PWIA calculations and previous PWIA work �curves 1 and
3� indicated the correctness and feasibility of our theoretical
calculations. The theoretical momentum distribution of 5P1/2
within PWIA has a zero point at p=2.15 a.u., and therefore
PWIA ratio curve has a singularity at that point. PWIA cal-
culations as well as DWIA describe the experimental ratio
quite well in the low-momentum region p�1.0 a.u. How-
ever, in the high-momentum region p�1.2 a.u., the DWIA
calculation gives a better description of experimental results
than PWIA. It should be noted that the relativistic DWIA
calculation of Cook et al. �15� was at the impact energy of
1000 eV and hence would show more distorted effects than
expected at the higher energy of 1200 eV.

B. Relativistic effects in I2

The iodine molecule I2 has D�h point-group symmetry
and its electronic configuration in the ground state with
single group representations can be written as

�core�92�2�g�2�2�u�2�3�g�2�2�u�4�2�g�4.

With the double group symmetry using in spin-orbit relativ-
istic ADF calculations, its electronic configuration in the
ground state can be written as

�core�92�15Jg
1/2�2�15Ju

1/2�2�16Jg
1/2�2�16Ju

1/2�2

�8Ju
3/2�2�17Jg

1/2�2�8Jg
3/2�2.

In the ground state, the 14 electrons are arranged in five
orbitals of D�h point group and seven orbitals of double
group, respectively.

The binding energies of each valence orbital are shown in
Table I. Single group orbitals 2�g, 2�u, and 3�g are corre-
sponding with double group orbitals 15Jg

1/2, 15Ju
1/2, and

16Jg
1/2, respectively. The single group orbitals 2�u and 2�g

are split into two double group orbitals 16Ju
1/2, 8Ju

3/2, 17Jg
1/2,

and 8Jg
3/2 due to the relativistic effects �see Table II�.

The inner valence orbitals 2�g and 2�u are formed by 5s
atomic orbitals of iodine atom, and other orbitals 3�g, 2�u,
and 2�g are formed by 5p atomic orbitals of iodine atom.
Compared with previous photoelectron spectrum �PES� work
�29–31�, the binding energies calculated by spin-orbit rela-
tivistic method all underestimate the respective experimental
binding energies by �2.6–2.8 eV, which is due to the fact
that Xc functionals in DFT calculations fail to give the cor-
rect dispersion interaction in the large r region �32�.

In Fig. 3, the momentum profiles using nonrelativistic,
scalar relativistic, and spin-orbit relativistic methods are
compared for the orbitals 2�g, 2�u, 3�g, 2�u, and 2�g. The
scalar relativistic and spin-orbit relativistic calculations gen-
erate the same momentum distributions for the orbitals 2�g,
2�u, and 3�g except that the nonrelativistic calculations have
stronger intensity in the low-momentum region. The scalar
relativistic and spin-orbit relativistic calculations predict a
stronger intensity than nonrelativistic calculations in the
high-momentum range for these orbitals. These phenomena

FIG. 1. Binding energy spectra of xenon at the impact energy of
1200 eV.

FIG. 2. Cross-section ratios of xenon 5P3/2–5P1/2 measured at
the impact energy of 1200 eV in present work and previous work in
comparison with theoretical calculations �1� present PWIA work
using B3LYP relativistic method, �2� DWIA using DF method from
Ref. �15�, �3� PWIA using DF method from Ref. �15�, and �4�
PWIA using nonrelativistic calculations.
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can be explained with the reason that the constriction of 5s
and 5p atomic orbitals of iodine atom in position space due
to the relativistic effects results in the constriction of 2�g,
2�u, and 3�g orbitals of I2 molecule, and therefore these
orbitals are more extensive and dispersive in momentum
space.

The spin-orbital interactions remove the degeneration of
2�u and 2�g orbitals. The momentum distributions of the
16Ju

1/2 and 8Ju
3/2 split from the 2�u orbital are illustrated in

Fig. 3�d�. The differences of momentum profiles among non-
relativistic, scalar relativistic calculation for 2�u, and the
sum of spin-orbit relativistic calculations for 8Ju

3/2 and 16Ju
1/2

are slight. It is interesting to note that the spin-orbit relativ-
istic calculations predicted a higher intensity for 8Ju

3/2 than
for 16Ju

1/2 in the low-momentum region. There is a similar
phenomenon for the 2�g orbital in Fig. 3�e�. However, the
spin-orbit relativistic calculations predicted a noticeable in-
tensity for 17Jg

1/2 in the low-momentum region of p
�0.25 a.u. It is a quite exceptional result because the non-
relativistic and the scalar relativistic calculations, as well as
the two-component relativistic calculation for 8Jg

3/2, predict
zero intensity at the momentum origin. This can be explained
in that the 17Jg

1/2 orbital not only is split from the 2�g orbital
but also have some components from the 3�g orbital, which

has a maximum intensity at the momentum origin �see Table
II�. The high-resolution EMS experiments should be able to
provide a test for this result.

In order to distinguish the differences between 8Ju
3/2 and

16Ju
1/2 and 8Jg

3/2 and 17Jg
1/2 more clearly, the branching ratios

of 8Ju
3/2 to 16Ju

1/2, 8Jg
3/2 to 17Jg

1/2 are shown in Fig. 4. Non-
relativistic theory suggests that the branching ratios are inde-
pendent of the momentum and equal to 1. However, the
branching ratios derived from the spin-orbit relativistic cal-
culations deviate from the value of 1. We find that the inten-
sity for 16Ju

1/2 is smaller than for 8Ju
3/2 in the momentum

region p�0.9 a.u. and greater in the momentum region p
�0.9 a.u.; the intensity for 17Jg

1/2 is greater than for 8Jg
3/2 in

the region p�0.2 a.u. and p�0.95 a.u. and smaller in the
momentum region 0.2 a.u.� p�0.95 a.u. The theoretical
studies �2� demonstrate that the intensity of momentum dis-
tribution for a large total angular momentum j in the low-
momentum region is greater than that for small j component,
and the case is inversed in high-momentum region due to the
relativistic effects. Our calculated results are consistent with
the theoretical predictions �2�.

C. Relativistic effects in Au2

The gold molecule Au2 contains 158 electrons and has
D�h point-group symmetry. Its ground-state electronic con-

TABLE I. Binding energies �eV� of the valence orbitals of I2.

Nonrelativistic Scalar relativistic Spin-orbit relativistic �two-component relativistic� PES �Refs. �29–31��

2�g −19.631 −20.412 15Jg
1/2 −20.376

2�u −16.535 −17.977 15Ju
1/2 −17.942

3�g −10.469 −10.244 16Jg
1/2 −10.336 12.94

2�u −8.944 −8.706
�16Ju

1/2

8Ju
3/2 �−9.095 11.81

−8.397 11.01

2�g −7.119 −6.983
�17Jg

1/2

8Jg
3/2 �−7.264 9.983

−6.627 9.356

TABLE II. The percentage �%� of single group orbital in the double group orbital representation for I2 and
Au2.

I2

15Jg
1/2 15Ju

1/2 16Jg
1/2 16Ju

1/2 8Ju
3/2 17Jg

1/2 8Jg
3/2

2�g �99� 2�u �100� 3�g �96.78� 2�u �98.42� 2�u �99.94� 3�g �3.13� 2�g �99.94�
2�g �3.10� 2�g �96.72�

Au2

20Jg
1/2 20Ju

1/2 11Ju
3/2 11Jg

3/2 12Ju
3/2 21Jg

1/2 5Jg
5/2

4�g �92.16� 3�u �90.56� 3�u �64.96� 2�g �88.78� 3�u �34.98� 4�g �7.12� 2�g �99.92�
3�g �7.64� 4�u �9.17� 2�u �34.94� 3�g �11.06� 2�u �64.94� 3�g �79.8�
5�g �0.06� 5�g �12.94�
5Ju

5/2 21Ju
1/2 12Jg

3/2 22Jg
1/2

2�u �99.94� 3�u �9.16� 2�g �11.08� 4�g �1.18�
4�u �90.64� 3�g �88.84� 3�g �12.4�

5�g �86.98�
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figuration with single group representations can be expressed
as

�core�136�4�g�2�3�u�4�2�g�4�2�u�4�3�g�4�4�u�2�5�g�2.

With double group symmetry using in spin-orbit relativ-
istic ADF calculations, its electronic configuration in the
ground state can be written as

�core�136�20Jg
1/2�2�20Ju

1/2�2�11Ju
3/2�2�11Jg

3/2�2�12Ju
3/2�2

�21Jg
1/2�2�5Jg

5/2�2�5Ju
5/2�2�21Ju

1/2�2�12Jg
3/2�2�22Jg

1/2�2.

Figure 5 illustrates the huge differences between energy lev-
els of Au2 using three different methods and complicated
interactions between single group and double group orbitals
because gold exhibits very strong relativistic effects. The
thickness of lines between electronic structures using scalar

relativistic method and spin-orbit relativistic method denote
the intensity of the interactions, which means percentages of
single group orbitals in double group orbitals.

The percentages of single group orbital in the double
group orbital representation for I2 and Au2 are listed in Table
II. Only the main single group orbital components �more
than 0.05%� are listed in the table due to the space limit. It
can be easily seen that one double group orbital corresponds
to or is split from one single group orbital �the percentage is
more than 96%� for I2. However, it is quite different for Au2

because of complicated single group orbital components in
one double group orbital representation. One double group
orbital cannot be simply ascribed to the split from one single
group orbital. For example, the double group orbital 21Jg

1/2

has three main single group orbital components:
4�g�7.12%�+3�g�79.8%�+5�g�12.94%�.

FIG. 3. �Color online� The spherically averaged momentum profiles for valence orbitals of I2.
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The atomic electronic structure of gold atom features a
filled 5d shell and a singly occupied 6s shell, i.e., 5d106s1,
and 5�g orbital of Au2 consists of two 6s orbitals of gold
atom, and other outer valence orbitals of Au2 consist of 5d
orbitals of gold atom. Based on these facts, the binding en-
ergy of 5�g orbital using nonrelativistic method is signifi-
cantly higher than that using scalar relativistic method and
inversely for other outer valence orbitals since relativistic
effects make the energy of s orbital lower and d orbital
higher. Table III shows the binding energies of each valence
orbitals of Au2.

There is no one-to-one correspondence between the
double group orbital and single group orbital. Therefore we
cannot simply consider one double group orbital corresponds
to or is split from one single group orbital for Au2. Here, for

convenience of comparing, we roughly choose the greatest
single group orbital component as the generating orbital for
each double group orbital.

The momentum profiles of valence orbitals of Au2 are
plotted in Figs. 6�a�–6�g�. The most inner valence orbital 4�g
reveals the remarkable relativistic effects in Fig. 6�a�. In the
momentum region p�1.0 a.u., the relative intensity using
nonrelativistic method is lower than that of the scalar rela-
tivistic methods, which indicates that the 4�g orbital of Au2
expands in position space under the relativistic condition.
The discrepancy of momentum profiles between 4�g of sca-
lar relativistic method and 20Jg

1/2 of spin-orbit relativistic
method results from the various components in the orbital
20Jg

1/2 �see Table II�.
Similarly, the shift and concentration toward the low-

momentum region under relativistic condition appears in
Figs. 6�b�–6�f�, suggesting that the 3�u, 2�g, 2�u, 3�g, and
4�u orbitals expand in position space. The different distribu-
tion between single group orbitals of scalar relativistic
method and the sum of double group orbitals of spin-orbit
relativistic method due to the various components in double
group orbitals �see Table II�. Especially, the 21Jg

1/2 orbital
consists of 12.94% 5�g, 79.80% 3�g, and 7.12% 4�g. There-

FIG. 4. The ratio of �a� 8Ju
3/2–16Ju

1/2 �b� 8Jg
3/2–17Jg

1/2 as a function of momentum for I2.
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FIG. 5. �Color online� Binding-energy levels of Au2 using non-
relativistic, scalar relativistic, and spin-orbit relativistic calculations
and interactions between single group orbitals and double group
orbitals.

TABLE III. Binding energies �eV� of the valence orbitals of Au2

with three methods.

Nonrelativistic Scalar relativistic Spin-orbit relativistic

4�g −10.840 −10.239 20Jg
1/2 −10.500

3�u −10.177 −9.284 20Ju
1/2 −9.863

2�g −9.361 −8.316 11Ju
3/2 −9.492

2�u −9.059 −7.983 11Jg
3/2 −9.196

3�g −8.635 −7.664 12Ju
3/2 −8.227

4�u −8.341 −7.526 21Jg
1/2 −7.970

5�g −5.333 −7.200 5Jg
5/2 −7.758

5Ju
5/2 −7.394

21Ju
1/2 −7.355

12Jg
3/2 −7.158

22Jg
1/2 −7.119
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FIG. 6. �Color online� The spherically averaged momentum profiles for valence orbitals of Au2.
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fore, the intensity of 21Jg
1/2 in low-momentum region �p

�0.5 a.u.� is far stronger than that of 3�g in Fig. 6�e� and
weaker than that of 5�g in Fig. 6�g�.

The expansion of the 4�g, 3�u, 2�g, 2�u, 3�g, and 4�u
orbitals in position space under relativistic condition result
from the reasons that these orbitals are formed by 5d atomic
orbital electron, while d atomic orbitals extend in position
space.

The 5�g orbital, whose momentum profile is shown in
Fig. 6�g�, is the highest occupied molecular orbital �HOMO�
of the Au2 molecule. Contrary to the above-mentioned orbit-
als, the relative intensity for 5�g orbital using nonrelativistic
method is stronger than that using scalar relativistic method
in the low-momentum region �p�0.5 a.u.�, which implies
that the 5�g orbital shrinks in position space. This result is in
agreement with the explanation that the 5�g molecular or-
bital is composed of the 6s atomic orbitals, which shrink in
position space under relativistic effects.

IV. SUMMARY

This paper introduces the scalar relativistic and two-
component relativistic theory to analyze of EMS experimen-
tal momentum profiles. The relativistic quantum computation
can provide more accurate results than nonrelativistic calcu-
lations for a molecule containing high-Z atoms. As the en-
ergy resolution and collection efficiency of EMS experi-
ments improve, EMS is able of handling large molecules
with increasing accuracy. Although the relativistic quantum
chemistry succeeded in the calculations for the heavy ele-
ments at the end of last century, its application in the inter-
pretation of EMS experimental results is largely limited to
the atomic targets. The combination of high level relativistic
calculation and the high-resolution EMS experiment provide
us a powerful tool for investigating the electronic structures
of molecules with high-Z atoms.

Present work investigated the electronic structures and
momentum profiles for the valence orbitals of I2 and Au2
using nonrelativistic, scalar relativistic, and spin-orbit rela-
tivistic calculations. The comparison between calculations
and experimental momentum distributions for Xe 5P states
verifies the validity of the calculations. From present inves-
tigation, we can obtain the following conclusions. The rela-
tivistic effects make the valence molecular orbitals expand or
shrink in position space along with their component atomic
orbitals for the homonuclear diatomic molecules. The no-
table intensity for 17Jg

1/2 of I2 in the low-momentum region
p�0.25 a.u. is predicted using spin-orbit relativistic calcu-
lations, which does not exist in the nonrelativistic calcula-
tions. We have tried to measure the I2 sample with our spec-
trometer. However, it was found that there were discernible
changes on the polish surface of some copper and steel parts
in our spectrometer due to the exposition in the I2 vapor. It
would be worthy further EMS measurements on the I2 with
improvement of anticorrosion technique to test this result.
Au2 molecule exhibits very strong relativistic effects with the
large shift of binding energy and the complicated split of
spin-orbit coupling. The huge difference between the relativ-
istic calculations and nonrelativistic calculations for its va-
lence molecular-orbital momentum profiles is found. In con-
clusion, the relativistic quantum-chemistry theory is an
indispensable tool for the accurate analysis of EMS results of
molecules containing high-Z atoms.
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