THE JOURNAL OF

PHYSICAL CHEMISTRY

Letters

pubs.acs.org/JPCL

Observation of Rhenium Anion and Electron Affinity of Re

*)-;-)i

Xiaolin Chen' and Chuangang Ning

"Department of Physics, State Key Laboratory of Low-Dimensional Quantum Physics, Tsinghua University, Beijing 100084, China
*Collaborative Innovation Center of Quantum Matter, Beijing 100084, China

ABSTRACT: It was believed that the rhenium anion Re™ was not stable, just like Mn™.
We report the observation of Re™ in the laser ablation ion source and the further
confirmation via the high-resolution photoelectron spectra of Re™. The ground state of
Re™ ions is 5d%s” °D,. The electron affinity of rhenium is determined to be 487.13(51)

cm™ or 60.396(63) meV.

he complex nature of the negative ions of transition

elements is noticeable along the Mn, Tc, and Re sequence
in the VIIB group. The electronic configuration of the neutral
VIIB atoms in the ground state is nd>(n + 1)s?, with n being 3—
S. The half-filled d-sub shell and full-filled s-sub shell make their
neutral atoms not easily accept electrons to form negative ions.
It is well established that a stable Mn~ ion cannot be
formed.' ™ For the homologous 4d (Tc) and 5d (Re) elements,
it is still unclear whether the elements can form stable negative
ions. The semiempirical method for the electron affinity (EA)
values of transition elements predicted that both EA values of
Mn and Tc were close to 1 eV, whereas the EA of Re was ~1.6
eV.> However, O’'Malley and Beck predicted that the Re~
(5d%s” °D,) level is slightly unbound (on the order of 10 meV)
by the high-level relativistic configuration-interaction calcu-
lations. Similar calculations for the binding energies of the
Tc™(4d°5s* °D)) levels suggest that the binding energy values
range from 636 meV for ] = 4 to 460 meV for ] = 0, whereas the
calculations confirm that the Mn™ ion should be unbound by
>1 eV. Recently, Wu et al. predicted the EA of Re to be 0.017,
—3.936, and —3.950 eV using the theoretical B3LYP,
CCSD(T), and MP2 methods, respectively.” Scheer et al.
reported the measured EA values of Re as 0.15(10) eV via the
self-surface ionization method.” However, the self-surface
ionization method cannot provide unambiguous evidence of
the existence of stable Re™. The mass spectroscopy cannot
exclude the possibility of an isobar contamination due to the
same mass number of other species. This was the status for Re
when the newest review of binding energies for atomic ions
appeared in 2004.° It was still an open question whether Re~
and Tc™ were stable before the present work. The radioactivity
of Tc adds an extra challenge to measure its EA. In this work,
we report the observation of Re” and the high-resolution
photoelectron spectroscopy of Re™. The spectroscopic data
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provide the unambiguous evidence of the existence of stable
Re™ ions.

Negative ions themselves are a unique species. Their
electronic structures are intrinsically different from those of
neutral atoms or positive ions.” The electron affinity (EA) is
one of the fundamental parameters of an atom. The measured
accuracy of EAs of atoms has steadily improved over the past
almost 50 years.””” However, the uncertainty of EAs for many
transition elements still remains ~10 meV due to the low cross-
section of p-wave threshold photodetachment and the
complicated electronic structures of transition elements.”
Recently, our group has significantly improved the accuracy
of EA values for transition metals via the slow-electron velocity-
map imaging (SEVI) method.'”™'® For example, the electron
affinity of Nb was measured as 0.91740(6) eV via SEVI
method, which has been improved by a factor of >400 with
respect to the previous work.'” The accurate experimental EA
value of Re measured in the present work could serve as a
benchmark for developing more accurate theoretical methods
for Re™.

Our experiment was carried out using a high-resolution
photoelectron imaging apparatus. Its details have been
previously described.'” In brief, the apparatus consists of a
laser ablation ion source, a Wiley—McLaren-type time-of-flight
(TOF) mass spectrometer, and a photoelectron velocity-map
imaging system.'® The rhenium negative ions were produced by
the pulsed laser ablation ion source operated at 20 Hz
repetition rate. The 532 nm light from a pulsed Nd:YAG laser
(~10 m]J/pulse) was focused onto a rotating and translating
rhenium metal disk. The ions were extracted and accelerated in
a time-of-flight (TOF) mass spectrometer. The Re™ ions were
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selected by a mass gate and then were photodetached by a
tunable dye laser in the interaction region of the velocity-map
imaging system. The outgoing photoelectrons were projected
onto a phosphor screen enhanced by a set of microchannel
plates and recorded by a CCD camera. The polarization vector
of the linearly polarized dye laser beam is parallel to the screen.
The distribution of the projected photoelectrons has a
cylindrical symmetry respect to the polarization. As a result,
the 3D photoelectron distribution can be reconstructed from
the projected 2D image. In the present work, the reconstruction
was done by the maximum-entropy method.'” The imaging
voltage —650 V is used for the full energy spectrum
measurement. It is —150 V for the electron affinity measure-
ment. The energy resolution is 3.3 cm™" for the kinetic energy
E, 25 cm™, which is a typical E, for the present EA
measurement.

In addition to the photoelectron energy spectrum, the
photoelectron angular distribution (PAD) can also be obtained
from the photoelectron imaging technique. For a one photon
detachment with linearly polarized light, PAD can be described
by the formula®

do. = M(1 + ﬂ(i cos> 0 — l))
dQ 4r 2 2
Here 6 is the outgoing direction of the photoelectron relative to
the polarization axis of the laser and oy, is the total
photodetachment cross section. /3 is the asymmetry parameter.
It ranges between —1 < f < 2. For a given transition, the value
of f# depends on the kinetic energy of photoelectrons.
Figure 1 shows the mass spectrum of anions produced via the
laser ablation of a pure rhenium metal disk. The natural
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Figure 1. Mass spectrum of rhenium and rhenium hydride anions
produced via the laser ablation source.

abundances of the isotopes of rhenium are '®Re 37.40% and
'87Re 62.60%, respectively. The four mass peaks in Figure 1 can
be assigned as '*Re”, H'*Re”, '™Re”, and H'¥Re”. The
'87Re™ peak was selected for measuring the electron affinity of
Re. The selected peak may contain a small amount of H,"**Re™
due to the same mass number. The contribution of H,'®*Re™
should be <5% via the analysis of the intensity ratios according
to the natural isotope abundance.

As shown in Figure 2, the energy spectrum of Re™ measured
at the photon energy hv = 16387.35 cm™" has five well-resolved

2736

1 hv=16387.35cm™

MIN

Relative Intensity

L L L —1 v v v v T
12000 13000 14000 15000 16000

Binding Energy (cm™)

Figure 2. Photoelectron spectrum of Re™ at the photon energy of
16387.35 cm™". The inset shows the photoelectron imaging. The
double arrow indicates the laser polarization. Peak c is related to the
transition Re(°D,,) « Re (°D,), which is used to measure the
electron affinity of Re.

peaks under the imaging voltage —650 V. These peaks are
related to six transitions, which are labeled as a—f. Peak f is
relatively weak, and appears as a shoulder of peak a. All related

Energy
1
(cm™ ) .
/ 712
15000 15058.19 A
14621.46 G,,
14216.86 5 6
14000 1382612 \ADde 6s
13000 a2
6
12000 11754.52 /D9,25d665
11583.96 ‘p
11000. a b el al e £ 52
_[ 0.00 6 5n 2
0 35/25d Bs
=
©
@
~
@
b
]
5
D,

Re™ ([Xel4f"5d°%s?) °D

Figure 3. Energy levels of Re related to the present measurement. The
ground state of Re is S/, The ground state of Re™ is °D,. The
electronic configurations of the final states of transitions a and c are
5d® 6s, which were plotted as blue lines, while the configuration of the
other states is 5d° 6s* plotted as black lines.

transitions are illustrated in Figure 3. The ground state of Re is
6Ss/, (3d°6s?), and the ground state of Re™ is *D,, (5d%6s®). The
six transitions are from the common ground state of Re™ to the
six different neutral states of Re. The accurate data of the
energy levels of neutral Re atoms are well known,”" which can
be taken as the fingerprints for the assignment. The peaks a and
c are results of photodetachment of a 6s electron. The
photoelectron detached from an s subshell produces a p wave,
which has a theoretical f§ value of 2. The observed f values of
peaks a and c are 1.3 and 1.7, respectively. The peaks b, d, e,
and f are results of the photodetachment from a 6d electron.
The photoelectron angular distributions are the mixed results of
the p partial wave and the f partial wave. Their f values depend
on the kinetic energy of photoelectrons.”” It should be noted
that the other open channels may have non-negligible influence
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on the measured f values, especially for those weak peaks,
because of the overlapped projections. The measured results
were summarized in Table 1. Because the transition energy

Table 1. Peak Positions, Assignments for the Re™ SEVI
Spectra, the Asymmetry Parameter # at the Photon Energy
of 16 387.35 cm ™', and the Electron Affinity of Re

peak levels (Re < Re”)  binding energy (cm™) S value
a Dy, « °D, 12249.9(9.0) 1.3
b Py, < °D, 14308.0(8.2) 02
c °D,,, < °D, 14703.99(51) 1.7
d *Gg), < °D, 15114.9(9.0) 0.1
e ‘G, < D, 15538.2(8.0) 0.6
f P, « °D, 12071.09°

487.13(51) cm™" or 60.396(63) meV

“It is a calculated value according to the binding energy of peak ¢ and
the energy gap between °D;,, and *Ps,.

electron affinity

from the anion ground state Re”(°D,) to the ground neutral
state Re(“S;/,) is out of the tuning range of our dye laser
system and the neutral Re atomic energy levels are well known
with a high accuracy, the relatively stronger transition ¢
[Re(°D,/,)«< Re™(°D,)] is selected as the target channel for
the present EA measurement.

A primary measurement of the binding energy of the
transition ¢ can help us to narrow down the range for
performing a series of low-kinetic-energy photoelectron
measurement to achieve a high accuracy of EA value. A series
of photoelectron spectra were measured with the photon
energy scanned from 14 720 to 14 740 cm™" with a step 5 cm™
at the imaging voltage —150 V. Hence the kinetic energy E; for
channel ¢ varied from 1S to 35 cm™'. Figure 4 shows the
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Figure 4. Binding energy of Re(°D,,) < Re (°D,) transition
measured as a function of the photoelectron kinetic energy. The
dotted lines indicate the +0.51 cm™ uncertainty.

binding energy of transition ¢ measured at the different kinetic
energy E,. The mean binding energy of peak c is 14 703.99
cm™" with an uncertainty 0.51 cm™". The uncertainty 0.51 cm™
has included the contribution of the laser line width 0.06 cm™.
By subtracting the energy 14 216.86 cm™ of Re (6D7/2);21 the
electron affinity of Re is determined to be 487.13(51) cm™ or
60.396(63) meV. This is the lowest reported EA value among
the transition elements that can form stable negative ions. The

accurate experimental EA value determined in the present work
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could serve as a benchmark for developing more accurate
theoretical methods for transition metals.

The stable negative rhenium anions were produced via the
laser ablation ion source. The high-resolution photoelectron
spectra provided an unambiguously confirmation of stable Re
anions. The electron affinity Re was determined to be
487.13(51) cm™ or 60.396(63) meV. The value determined
in this study could serve as a benchmark for developing
theoretical methods for transition metals, especially in VII B

group.
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