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The le and 3a; bands of the ammonia molecule have been studied using the high-resolution electron
momentum spectroscopy at impact energies of 1200 and 600 eV. Several slices of 1e and 3a; bands
in the different binding energy ranges were selected, and their electron-momentum distributions were
carefully compared. The discernable difference among the distributions of the selected slices of the
le band shows that the Jahn-Teller effect indeed influences the electron momentum distribution of the
le orbital of ammonia. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4766202]

. INTRODUCTION

The Jahn-Teller effect of ammonia (NH3) molecule, a
textbook example for investigating vibronic coupling effect,
has been studied for many years.'"' Photoelectron spectra
(PES) of ammonia have clearly shown that the le band has
a non-symmetric irregular profile." =1 Woywod et al. inves-
tigated the spectroscopic and dynamic aspects of Jahn-Teller
and pseudo-Jahn-Teller interactions in NH3™. Their theoret-
ical simulation of the vibronic structures of le band agreed
with the PES very well.?

Electron momentum spectroscopy (EMS),?-?? based on
the kinetic complete (e, 2¢) reaction, is a powerful tool to
investigate the electronic structures of atoms and molecules.
It can measure the binding energy spectra and the electron
momentum distributions for each orbital at the same time.
Compared with the PES, EMS can provide the direct informa-
tion about the vibronic effect on the electronic wavefunction
by measuring the electron momentum distribution. Recently,
Chen and co-workers reported the electron momentum spec-
troscopy study of Jahn-Teller effect of cyclopropane, which
showed its influence on the electron-momentum distribution
due to the geometry change.”

The electronic structure of ammonia has been investi-
gated using the EMS method several times. However, the pre-
vious EMS studies mainly focused on the comparison of the
experimental electron-momentum distributions and the theo-
retical calculations.?*?” The Jahn-Teller effect was not inves-
tigated due to the low detection efficiency and the low energy
resolution of the spectrometers at that time. In the present
work, we use our high-efficiency and high-resolution spec-
trometer to examine if there is any dependence of the elec-
tron momentum distribution on the vibrational structure in the
3a; and le orbital transitions. Several slices in the energy-
momentum intensity map were selected and carefully com-
pared for revealing the Jahn-Teller effect.

Il. THEORETICAL AND EXPERIMENTAL METHODS

The details of our high resolution EMS spectrometer
have been reported previously.?®° Therefore, only a brief
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description is given here. A specially designed electron gun,
which has a barium oxide cathode working at a lower tem-
perature than the generic tungsten filament, generates a colli-
mated electron beam with a lower energy spread and a lower
divergence angle. Under the symmetric non-coplanar geome-
try, the target atom or molecule is ionized by the high energy
electron impact. The scattered and the knocked-out electrons
are analyzed and coincidently detected with nearly equal ki-
netic energies and equal polar angles 6 (6; = 6, =45°) by a
double toroidal energy analyzer and two position sensitive de-
tectors. The momentum of the electron before being knocked
out from the molecule is determined through the azimuthal
angle ¢ between the two outgoing electrons:

2

p= [(2p1 cos§ — po)* + 4p? sin® 0 sin’ @ﬂ , (1)

where pg and p; are the momenta of the incident and the out-
going electron, respectively. With the standard calibration run
for the Ar 3p orbital, the energy resolution was measured as
AE = 0.7 eV (full width at half maximum, FWHM) at the
impact energy of 1200 eV. The azimuthal angle resolution is
A¢ = £0.84° (one standard deviation) and the polar accep-
tance angle is A9 = £0.53°.%

Under the condition of high impact energy and high
momentum transfer, the plane wave impulse approximation
(PWIA) can be used for calculating the differential cross sec-
tion of (e, 2e) reaction. With the further target Kohn-Sham
approximation, the differential cross section has a very simple
and concise form for the randomly oriented gas-phase target
atoms or molecules:*?

o o [ a2y

2

)

where W}.(S (p) is the jth Kohn-Sham molecular orbital in the
momentum space and [d$2 stands for the spherical average
for the random orientation of molecules.

The neutral ammonia molecule has a pyramidal con-
formation with a Cj, symmetry. Its electronic orbital
configuration of the ground state can be written as
(1ap)*(2ap)*(le)*(3ap)?. According to the high resolution
photoelectron spectra of NH3,'? the 1e band has a very broad
width of 4.0 eV and there is nearly no resolved vibrational
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structure due to the Jahn-Teller interactions. Three slices in
the energy-momentum density map of the le band were se-
lected to investigate the Jahn-Teller effect on the electron-
momentum distributions. Compared with the congested and
irregular structures of the 1e band, in the high resolution PES
the 3a; band has a clearly resolved vibrational structure due
to the strong excitation of the umbrella mode v,, which is the
consequence of the transition from a pyramidal to a planar
equilibrium geometry upon ionization. The vibrational broad-
ening of the 3a, orbital is about 1.5 eV,!? and two slices were
selected for investigating the vibronic effects of NH3™ on the
electron-momentum distribution.

lll. RESULTS AND DISCUSSION

The observed momentum-density map of NHj3 under
the impact energy of 1200 eV is shown in Fig. 1(a).
The experiment was also conducted at 600 eV for check-
ing the validity of PWIA. The binding energy spectrum
in Fig. 1(b) was obtained by summing over all the az-
imuthal angles. The 3a; orbital which is centered at 10.9 eV
has a symmetric shape, while the 1e band is non-symmetric,
which is consistent with the PES results."*!'~!° In the bind-
ing energy spectrum there are five selected slices shaded with
different colors. The energy ranges for the two slices of 3a,

30 — . , . . . .

(@) |®1200
20 i
] {1000
10 i
_ . 800
> ] ]
o
2 01 Tl {s00
L. '. ]
o
10 T {400
-20 1 At {200
—
8 10 12 14 16 18 20 22
36000 < : : , : :
] (b) Expt. 1200 eV -
30000
’“T 4
'S 24000
o §
o)
(&)
N
. 18000
b =4
(72}
@ 12000 -
o
£ ]
6000 -
0+

Binding Energy (eV)

FIG. 1. Binding energy spectra of NH3. (a) Momentum-energy density map
of NHj3 at the impact energy of 1200 eV plus the binding energies. The inten-
sity scale is shown by the color bar. (b) Experimental binding energy spec-
trum summed over all azimuthal angles. The five shaded areas under the curve
are the selected slices of 3a; and le bands for investigating the Jahn-Teller
effect.
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band are 10.1—-10.7 eV and 11.1—11.7 eV. The ranges of
15.1-159 eV, 16.1-16.9 eV, and 17.1-17.9 eV correspond
to the three slices of 1e band. All of these slices have relative
high counts (>8000) to ensure the statistical accuracy.

The electron-momentum distributions for each orbital
were calculated using the density functional theory with
the hybrid Becke three-parameter Lee-Yang-Parr (B3LYP)
functional.! The standard correlation consistent basis set
aug-cc-pVTZ was employed.*? Theoretical momentum pro-
files were convolved with the experimental momentum reso-
lution at the impact energy of 1200 eV using a Monte Carlo
method.*® The experimental intensities were rescaled by over-
lapping the maximum intensity of the calculated distributions
and that of experimental distributions. The momentum dis-
tributions of each slice under different impact energies are
displayed in Fig. 2 in comparison with the theoretical cal-
culations. The distribution profiles at 1200 eV are the nearly
same as that at 600 eV, which shows that PWIA is a good ap-
proximation in the present experiment. As shown in Figs. 2(a)
and 2(c), the shapes of two slices of 3a; do not have dis-
tinct difference at impact energies of 1200 and 600 eV. How-
ever, there are appreciable differences among the three slices
of the le band in the low momentum region, which are pre-
sented in Figs. 2(b) and 2(d). In the low momentum region
(» < 0.2 au.), the slices at the higher binding energies
(17.1—17.9 eV) have higher intensities than those at the lower
binding energies.

The differences among the momentum distributions of
the selected slices in the le band are displayed more appar-
ently in Figs. 3(b) and 3(d). The intensity ratio of the selected
slices to the whole 1e band was plotted versus the momentum.
For le, the whole band includes the intensity from 14.5 eV
to 18.7 eV. For 3ay, the intensity in the binding energy range
9.7—12.3 eV was defined as the whole band. As shown in
Figs. 3(b) and 3(d), the difference among the selected slices
17.1-179 eV, 15.1-5.9 eV, and 16.1—16.9 eV is noticeable
in the low momentum region (p < 0.3 a.u.). There is a no-
table turn-up in the profile for 17.1—17.9 eV, while the pro-
files for 15.1— 5.9 eV and 16.1—16.9 eV hang down in this
region. For the 3a; band, the experimental ratios at differ-
ent momenta fluctuate around the dotted line, as shown in
Figs. 3(a) and 3(c). There is no evidently regular trend.

It is interesting to ask why the effects on the two or-
bitals are different. A possible reason is the vibronic cou-
pling. The ionization from the non-degenerate 3a; orbital only
excites the umbrella vibrational mode. Removing an elec-
tron from the degenerate 1e orbital excites several vibrational
modes intensively. To check the effects of different vibrational
modes, geometries distorted by the vibration of NH3 ™ were
used to calculate momentum distributions for the neutral non-
equilibrium system, which is similar to the method used by
Li et al.”® and Tossell et al.** The cation NH3* has a planar
equilibrium geometry in its ground state. The ionization from
the 3a; orbital results in the umbrella mode v, progression in
the high resolution PES.”!%!2 A series of geometries with
displacements equal to « times the normalized vibrational
eigen vector (o« = 0, £0.35, £0.7) were used to investigate
the influence on the momentum distributions. The normalized
vibrational eigen vector was defined as that its norm equals to
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FIG. 2. Electron-momentum distributions of the different slices of 3a; and le bands. The experimental distributions are compared with the B3LYP/aug-cc-
pVTZ calculations. The experimental momentum resolution has been convolved in the calculation. (a) Momentum distributions of the two slices of 3a; band
under 1200 eV. (b) Momentum distributions of the three different slices of 1e band under 1200 eV. (c) Momentum distributions of the two slices of 3a; band
under 600 eV. (d) Momentum distributions of the three slices of 1e band under 600 eV.
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FIG. 3. The intensity ratios of the selected slices to the whole bands plotted versus the momentum (a) for 3a; orbital under the impact energy of 1200 eV,
(b) for 1le band under 1200 eV, (c) for 3a; band under 600 eV, and (d) for 1e band under 600 eV. The error bars stand for one standard deviation.
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FIG. 4. The influence of geometry distortion along the vibrational modes
upon the electron-momentum distributions of the 3a; and 1e orbitals of NH3.
The profiles have been convolved with the experimental momentum resolu-
tion under the impact energy 1200 eV. (a) Momentum distributions of the
3a; orbital for the umbrella mode v;. (b) Momentum distributions of the le
orbital for the asymmetric stretching mode v3. (¢) Momentum distributions
of the le orbital for the bending mode v4. See text for the definition of the
scaled displacement «. The displacement vectors of the nitrogen atoms are
too small to display on the ammonia molecule models.

1 A2, The maximum displacement with a value of o = 0.7 cor-
responding to an increase of 1.5 eV to the total energy of the
cation ground state was determined by the vibrational broad-
ening in the high resolution PES.!” The total energy differ-
ence was calculated with the B3LYP/Aug-cc-pVTZ method.
As shown in Fig. 4(a), the change of the theoretical momen-
tum distributions is very small. This can roughly explain why
we cannot observe differences between the two slices of 3a;

J. Chem. Phys. 137, 174305 (2012)

band in Figs. 3(a) and 3(c). The momentum distribution of the
3a; orbital is insensitive to the v, vibrational mode.

For the 1e band, Haller et al. showed that it is dominated
by the strong Jahn-Teller activity of the asymmetric stretch-
ing mode v3 and the bending mode v4.> The theoretical
momentum distributions with different displacements related
to the two modes were shown in Figs. 4(b) and 4(c), respec-
tively. Unlike the umbrella mode v,, the two vibronic modes
remarkably change the momentum distributions, especially
the asymmetric stretching mode v3. The deviations from the
equilibrium geometry, no matter what the sign of « is, all
result in the higher intensities in the low momentum region
for both modes. This can partly explain the phenomena in
Fig. 3. Compared with the slice in 15.1—-15.9 eV, the slice
in 17.1—-17.9 eV is mainly contributed from the ionization
where the cation was excited to a higher vibrational state.
The more violent vibration will increase the intensity in the
low momentum region more notably. As a result, there is a
turn-up in Figs. 3(b) and 3(d).

From the comparison of 3a; and le bands in Figs. 3 and
4, it is reasonable to conclude that the observed difference in
the momentum distributions of the different slices of 1e band
was due to the Jahn-Teller effects. The accurate calculation
of the Jahn-Teller effect on the electron momentum distribu-
tion is still a challenge by far. Since NHj3 is one of the pro-
totype molecules of Jahn-Teller effect, present experimental
data will be a test bed for the future theoretical calculations of
Jahn-Teller effect on the electron momentum distribution.

IV. CONCLUSIONS

The electron-momentum distributions of several non-
adjacent slices in the two outer valence orbitals of NH3 have
been studied under impact energies of 1200 and 600 eV. For
the 3a; orbital, the momentum distributions of the two se-
lected slices display no observable difference. But for the le
band, there are notable differences among the momentum dis-
tributions of the three slices in the low momentum region,
which reveals that the Jahn-Teller effect indeed influences on
the electron momentum distribution of ammonia molecule.
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