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ABSTRACT

We report on the high-resolution photodetachment spectroscopy of the cryogenically cooled anionic tellurium dimer (Te,”). The high-
resolution resonant photoelectron spectrum yields an accurate electron affinity of 16 689.7(92) em™! or 2.0693(11) eV for Te,. Two resonant

states of Te,” anions have been identified, positioned at 1092(17) cm™! below and 250(11) ecm™

! above the photodetachment threshold,

respectively. The spectra of resonant two-photon detachment (R2PD) and autodetachment from a specific vibrational level through a Fesh-
bach resonance exhibit notable non-Franck-Condon behaviors. Using the spectroscopic data from the current experiment, the equilibrium
bond distances and spectroscopic constants of the ground state and two electronically excited states of Te,~ were determined.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0190983

. INTRODUCTION

The electronic configuration of main group VIA elements
(O-Te) is ns’np*. Their diatomic molecules typically exhibit many
complicated electronic states due to the six valence electrons, cou-
pled with active chemical properties.' * Among these species, the
tellurium dimer possesses significantly relativistic effects and strong
spin-orbit coupling effects, contributing to further complicated
spectra.””'" Thus, the spectroscopic characteristics of the tellurium
dimer have attracted the attention of researchers.'”'” As early as
1940, the internuclear distance of the gas molecules Te, was mea-
sured to be 2.59 + 0.02 A via the electron diffraction photograph.'®
Berkowitz obtained the ionization potential of Te, (8.29 + 0.03 eV)
and the dissociation energy of Te, [Dy(Tez) = 62.3 kcal/mol] from
the photoionization-efficiency curve for the first time. Meanwhile,
the splitting value between the 0y state and the 1, state of the Te,

ground electronic state (*%; ) was determined to be 0.35 + 0.04 eV."”
However, Yee et al. observed a detailed vibrational and rotational
absorption spectrum of the A 0,-X 0; and B 0,-X 0; bands
of gaseous Te; using the Ar* laser, and they believed that the
ground state X 14-X 0, splitting value is within 2230 cm™! 18
Then, Barrow and Yee" and Li et al’’ also observed the zero-

field splitting [X; (3Z§, 0;) ~ X (%5, 1¢)] in the ground state of

the diatomic molecule Te; through spectroscopic experiments. Fur-
thermore, Berkowitz investigated the ionization energies of seven
electronic states of Tey (X*Tlg, 12, *Tlg 372, a* Ty, ALy, b42;, BZZg_,
and c'Z, states) using the photoelectron energy spectroscopy.”!
Meanwhile, Stone and Barrow first discovered a new transition band
attributed to B 1,-X 14 by analyzing the laser excited fluorescence
spectra of gaseous Te; and gave detailed spectroscopic constants
for the ground state of **Te;.”? The vibrationally well resolved
spectrum of Te, in rare gas matrices was also investigated by
laser-induced fluorescence techniques, suggesting that its spectro-
scopic constants were minimally perturbed by the solid medium.”
At the same time, Effantin et al. recorded laser-induced fluores-
cence bands of Te, by Fourier transform spectrometry in the range
5900-15 000 cm ™" with the 4067 A line of the krypton-ion laser and
identified a new electronic state (b 1Z;) above the ground state 7,
0;) by 9600.2 cm™".** In addition, Bowen group recorded the photo-
electron spectrum of Te,” and measured the electron affinity of Te;,
to be 1.92 + 0.07 eV.” David investigated the magnetic moment of
Te, molecule by the Stern-Gerlach magnetic deflection method.”®
Besides the diatomic Te, molecule, experimental investigations of
small tellurium clusters have been reported.”” Duncan group pro-
duced the tellurium clusters in the size range of 2-20 atoms through
laser vaporization and simultaneously obtained mass-selected
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photodissociation spectra using an ultraviolet laser.”® Analogously,
isolated tellurium clusters Te, (n = 2-9) were generated in a
supersonic molecular beam and their vacuum-UV-photoelectron
spectra were measured at a photo energy of hv = 83 eV
via a photoionization-photoelectron-photoion triple coincidence
method, revealing that the spectra of the odd-membered tellurium
clusters have a tendency to be split and broadened, in contrast to
those of the even-membered clusters.”

Corresponding to the aforementioned experimental studies,
theoretical research studies on the diatomic molecule Te, have also
been conducted.’’** For example, Balasubramanian and Ravimo-
han carried out complete active space MCSCF(CASSCEF)/first-order
configuration interaction (FOCI) calculations on 22 electronic states
of Te,. They corrected and predicted the properties of a number of
electronic states observed or unobserved in previous experiments.*’
Next, Ferber and collaborators developed a quasi-relativistic method
of ab initio calculations on molecular excited states and electronic
transition moments within the relativistic effective potential approx-
imation. They applied this method to calculate the radiative lifetime
of low-lying rovibrational levels of the A0}, B0}, and B1, states of
*9Te,.** A new atomic natural orbital type basis set including high
angular momentum functions up to / = 6 was constructed for tel-
lurium. Employing this set in combination with the multi-reference
configuration interaction (MRCI) method, the potential curves and
spectroscopic constants of the ground and excited states of Te, ™
were predicted.”

Although there are extensive studies on the Te, molecule, no
high-resolution spectroscopic research of anionic tellurium dimer
has been reported. In the current work, we investigated the resonant
photoelectron spectroscopy of a cryogenically cooled Te;™ anion
utilizing the high-resolution slow-electron velocity-map imaging
(SEVI) method.”® !

Il. EXPERIMENTAL AND THEORETICAL METHODS

The experiments were conducted on a home-built apparatus,
a slow photoelectron velocity-map imaging spectrometer equipped
with a cryogenically cold ion trap (cryo-SEVI). The details of our
spectrometer can be found elsewhere.”” % Briefly, Te,™ anions were
generated in a laser vaporization source by the laser ablation of
a rotating and translating arsenic telluride target with the second
harmonic (532 nm) light pulse of an Nd:YAG laser (Continuum
Surelite II-10). The produced tellurium dimer anions were carried
by the helium gas with a background pressure of ~0.3 MPa. Neg-
atively charged clusters were guided into the radio frequency (RF)
ion trap by a hexapole ion guide and then cooled through collisions
with the buffer gas (He:H, = 4:1) in the trap. The temperature of the
ion trap was maintained at 15 K. The trapped anions were cooled
down to their ground vibrational and electronic states after suffi-
cient collisions. Following a cooling period of 45 ms, the anions were
ejected from the cold trap into an orthogonal Wiley-McLaren type
time-of-flight (TOF) mass spectrometer.”® The Te,” anions with
m = 260 were selectively filtered with a mass gate, were focused
into the interaction region of velocity map imaging (VMI), and
were then photodetached by a tunable laser from the signal light
of an optical parametrical oscillator (OPO, 405-709 nm, linewidth
~6 cm™') pumped using a Quanta-Ray Lab 190 Nd:YAG laser oper-
ating at 20 Hz. The photodetached electrons were projected onto
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a 2D position-sensitive detector via a set of electrostatic lens and
recorded using a charge-coupled device (CCD) camera.”” Since the
distribution of outgoing photoelectrons exhibits a cylindrical sym-
metry,” the maximum entropy velocity Legendre reconstruction
(MEVELER) method was used to reconstruct the 3D photoelec-
tron distribution from the projected 2D image,"*"’ yielding the
electron energy distribution. The spectrometer was calibrated using
the known spectra of **Te™.*> The energy resolution of our cryo-
SEVI spectrometer is better than 0.1 meV near the photodetachment
threshold.”

To investigate the resonance, the spectrometer can be changed
from the standard SEVI mode to the scanning mode.’! In the scan-
ning mode, the photoelectron signals and the residual Te,~ anions
were both recorded using a high-speed oscilloscope connected to the
phosphor screen due to their different arrival time on the phosphor
screen. We acquired the positions of resonance peaks via monitoring
the ratio of the photoelectron signal intensity to the residual anion
beam intensity as a function of the wavelength of the photodetach-
ment laser. Each data point was an accumulated result of 50 laser
shots.

To interpret the observed spectra, we also conducted multi-
reference configuration interaction (MRCI) calculations using the
Molpro software package.”” The spin-orbit coupling has been
included in the calculations. The correlation consistent basis set
aug—cg—p(\/QZ—PP for Te with the ECP28MDF pseudopotential was
used.”

lll. RESULTS AND DISCUSSION

A. High-resolution photoelectron spectra
and Franck-Condon analysis

Figure 1(a) displays the photoelectron image and the bind-
ing energy spectrum at the wavelength of 480 nm. In the present
work, vibrational hot bands are eliminated due to the ion trap kept
at a low temperature of 15 K, leading to a significantly improved
photoelectron spectra resolution. The spectrum contains two promi-
nent electronic bands (X; and X;). Based on the known electronic
structure of Te, from the NIST database,”” peaks X; and X, can
be assigned as transitions from the anion ground state *IT3/, to the
two splitting states (05, 1) of the neutral ground state 32;.‘)‘33‘33‘3‘5
The two electronic bands contain a series of approximately equally
spaced peaks, which are the vibrational progression of the Te-Te
stretching. For these peaks, we use 0 and 0’ to label the transition
from the ground vibrational level of the ground electronic state of
Te,” [*TI312] to that of the two splitting states (05, 1) of the neu-

tral ground state (32; ), respectively. Transitions to the respective
vibrational excited states of the two splitting states of Te, are rep-
resented by v, v/ = 1-5. The gap between the 0 and 0’ peaks is
determined to be 1980(16) cm ™" in the current work, which is in rea-
sonable agreement with the value obtained from the NIST database
(1974.9 cm™")***’ and our theoretically predicted gap (1918 cm™)
via multi-reference configuration interaction (MRCI) calculations
using the Molpro software package.”

It is noteworthy that the weak band preceding peak 0 in Fig. 1
is attributed to the *I1;/, state of Te, . The II;,; state is a metastable
state since it cannot decay into the ground state I3/, via an elec-
tronic dipole transition. We observed that the buffer gas collisions
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FIG. 1. (a) Non-resonant photoelectron spectrum and image of Te,~ at 480 nm. The double arrow indicates the polarization of the photodetachment laser. Two main electronic
bands from the Te, ™ ground state are band X4 [(32; )05 « 23] and band X, [(325 ) 1¢ < 2II3p]. The vibrational quantum number of the final states is marked on the

top. The inset shows a series of peaks from a metastable state 2ITy, to (32g‘ )03, which was obtained under a different condition. (b) The red vertical lines are from the

Franck-Condon simulation.

in the cold ion trap cannot efficiently quench this excited either. Its
intensity depends on the laser ablation ion source conditions and
the buffer gas density in the ion trap. It is challenging to obtain a
stable signal of “IT};,. To acquire a good spectrum for this state, an
ablation-laser intensity ~10 m]J/pulse was used, much higher than
the typical intensity of a few mJ/pulse we used. As depicted in the
inset of Fig. 1(a), a series of peaks related to the photodetachment
channel from 21—[1/2 to (32; ) 0; were observed. The energy level
of the 2Ty, state was determined to be 1498(17) cm~! above the
ground state 2 I13.

For an accurate determination of the electron affinity (EA)
of Te;, the photoelectron spectrum was further measured near the
photodetachment threshold at a photon energy of 16758 cm™". As
displayed in Fig. S2, the full width at half maximum (FWHM) of
the EA peak is 9.2 cm™, which was used to estimate the uncer-
tainty. As a result, the EA value of Te, was determined to be
16689.7(92) cm™! or 2.0693(11) eV, with a significantly improved
accuracy compared to the value 1.92(7) eV reported by Snodgrass
et al. previously.” The uncertainty is mainly due to the rotational

broadening. Several of these peaks can be observed at different pho-
ton energies, and the binding energies provided in Table S1 are
obtained from the most accurate measurement spectra in which a
given vibrational peak exhibits the lowest kinetic energy. In addition,
the anisotropy parameters (S values) for the observed vibrational
peaks in the overview spectrum measured with 480 nm photons
are also summarized in Table S1. The angular distributions with
values ranging from —0.4 to —0.9 suggest an (s + d)-wave for the
outgoing electron, which is consistent with the detachment from
a m-orbital.

The dissociation energy (Do) of Te; ™ can be obtained by using
the following energetic relation:

Dy(Te; ) = EA(Tez) — EA(Te) + Do(Tey). (1)

Having determined EA(Te;) in the present experiment and uti-
lizing the literature values of 1.970861(9) eV for EA(**Te)* and
2.625(12) eV for Dy(Te;),” we calculated the value of Dy(Te;”) to
be 2.724(12) eV. The fundamental vibrational frequency of Te;”
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FIG. 2. Comparison of the resonant photoelectron spectrum at 532 nm (18 797 cm~", red curve) with the non-resonant photoelectron spectrum at 480 nm (20 833 cm~',
black curve). The weak peaks located before peak 0 are due to the metastable state 1.
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FIG. 3. Photodetachment spectrum of Te,~ by measuring the total electron yield as a function of photon energy from 15560 to 18 350 cm~" using the OPO signal light. The
pink dashed arrow indicates the electron affinity of Te, or the detachment threshold.
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was determined to be 217(13) cm™" from the spectrum at the pho- The Franck-Condon (FC) profile in Fig. 1(a) contains the
ton energy of 16 848 cm™", in which the hot bands were remarkably information of the potential curves both for the anionic and for
enhanced through resonance. Refer to Fig. S1 of the supplementary the neutral tellurium dimers. Given the well-known spectroscopic
material. constants of neutral Te, from the NIST database,””””" ** and the
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FIG. 4. Resonant photoelectron energy spectra of Te, ™ at the positions of peaks 7-32 in the photodetachment spectrum. Panels (a)-(m) contain resonant photoelectron
spectra with different vibrational excited states for the first electronically excited state (56% 2ITs), + 43% *35) of Te,~. Below the photodetachment threshold, these weak
peaks related to the resonant two-photon transition (black curves) are multiplied by certain factors. Panels (n)—(z) contain resonant photoelectron spectra with different
vibrational excited states for the second electronically excited state (57% *3, + 42% 2I135) of Te,~ above the photodetachment threshold. The vertical dotted line indicates

the EA(Tey).

determined fundamental vibrational frequency as well as the disso-
ciation energy Dy of Te;™ in the present work, the Franck-Condon
(FC) simulation for two prominent bands in Fig. 1(a) can be per-
formed by adjusting the equilibrium bond length (r.) of Te,™ via the
PASCAL program to best reproduce the experimental spectra.”"’
The FC simulation has taken into account the Wigner thresh-
old law.®” Within the Morse potential, the harmonic vibrational
constant w, and the dissociation energy Dy have the following
relations:
2VOD0

- 200 2
We 2Do — v ( )

3)

Here, vy represents the fundamental vibrational frequency, with vo
= we — 2WeXe, Where wy. is the anharmonic constant. As shown in
Fig. 1(b), the simulated peak positions and intensities are in excellent
agreement with the experimental data, suggesting that the estimated
equilibrium bond length 7., we, and wey. for the ground state of
Te,” anions are reasonable. The spectroscopic constants for Te;™
were determined to be 7. = 2.669(5) A, w. = 218(13) cm™}, and WeXe
=0.54(6) cm ™!
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FIG. 5. Schematic potential energy curves for the ground state of Te;~ (2II3y),
the metastable state of Te,~ (2I1412), the two electronically excited states of Te;~
(56% 2I13, + 43% *3a and 57% “Sgp + 42% 2T13p), the neutral Te, ground
state [(°X; )07 ], and the excited state [(*X;)1].

B. Feshbach resonant photodetachment

Normally, the vibrational transition intensities in the photo-
electron spectra are governed by the Franck-Condon principle.
However, the intensity of the vibrational peaks of Te,™ appears
abnormal at a few specific photon energies. Figure 2 shows the com-
parison of the photoelectron spectra at hv = 18797 cm™" (532 nm)
and hv = 20833 cm ™! (480 nm). Peaks 0 and 0’ in the photoelectron
spectrum at 532 nm are significantly enhanced. This phenomenon
is typically attributed to resonant enhancement. To search for the
detailed information for the resonant energy levels of Te, ", the res-
onant photodetachment spectrum was recorded by scanning the
detachment laser wavelength across the detachment threshold from
642.67 to 544.96 nm and monitoring the total electron yield. As

ARTICLE pubs.aip.org/aipl/jcp

shown in Fig. 3, dense sharp peaks were observed and labeled as
1-32 across the detachment threshold. To interpret these sharp
peaks, we conducted MRCI calculations for the possible electronic
states of Te, ™. Our calculations predicted that there are two excited
states of Te,” near its photodetachment threshold. One is situ-
ated 1.82 eV above the ground state. This state exhibits significant
mixing of 21'[3/2 and %35/, terms due to the spin-orbital coupling

< effect. The leading terms of the contributions are 56% 21'[3/2 and
Q2 43% *¥3/,. The other is positioned 2.01 eV above the ground state
5 g i . with a composition of 57% *Z3/2 + 42% *T13/. These peaks in Fig. 3
3 Hond v . Te (P,,)+Te(P) can be grou.ped into two ne_arly equally spaced series, whlch_are
LU related to vibrational excitations of the two electronically excited
/ o states of Te;™ (56% *Ils/, + 43% *23, and 57% 3/ + 42% Tl32).
2 6 Te, (% (5 1) The wavelengths, photon energies, and energy shifts relative to
1 B ot gths, p gles, gy

1sthy oo Te, (X, (%) 0,) peak 1 of these vibrational Feshbach resonances are summarized

4— Te; (57% 423 2 +42% 21—[“) in Table S2.
3——Te, (56% I, , + 43% ‘%, ) We assigned peak 1 with an energy 1092(17) cm™ below the
2 Te, (X,’M, ) photodetachment threshold as the vibrational ground state of the
1—Te; (X, 1) first electronically excited state of Tex™ (56% 3/, + 43% *%3)2) and

peak 14 above the photodetachment threshold by 250(11) cm™" as
the vibrational ground state of the second electronically excited state
of Te;™ (57% X3/, + 42% *Ils3). The vibrational progressions for
these states can be fitted by Eq. (4) to yield w, = 111.3 + 0.5 cm™"
and w.y. = 0.44 + 0.03 cm™! for the first electronically excited state
and w, =94.2 + 0.5cm ™' and weXe = 0.55 + 0.04 cm™! for the second
electronically excited state. The vibrational energy E, of the Morse
potential is given by

E, 1 1\?
E—we(w 5)—we)(e(v+ 5) (4)

By tuning the detachment laser to the wavelengths corresponding
to the resonant peaks (7-32) in Fig. 3, two series of resonantly
enhanced photoelectron spectra were obtained, as depicted in Fig. 4.
Figures 4(a)-4(e) show the resonant photoelectron spectra below
the photodetachment threshold, in which the bands containing a
few broad peaks at the low binding energy side are from the res-
onant two-photon detachment (R2PD): Te,” in the ground state
was resonantly excited to the first electronically excited state of
Te,™ anion and was then photodetached by a second photon. When
the photon energy exceeded the photodetachment threshold, the

TABLE . Spectroscopic constants of Te, ~ anion and neutral Te,?.

Experimental
Electronic state energy (cm™) re (A) we (cm™) WeXe (cm™)
M), 0 2.669(5) 218(13) 0.54(6)
Tey™ 56% T3/, + 43% 423/, 15598(14) 3.01° 111.3(5) 0.44(3)
57% 4335 + 42% T3/, 16 940(6) 3.05" 94.2(5) 0.55(4)
Te Czp) 0f 0 2.5574 247.07 0.5148(9)
? () I, 1974.9 2.5530 250.033 0.5155

Spectroscopic constants of neutral Te; are obtained from the NIST database.

®The equilibrium bond lengths are from quantum chemical calculations.
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0 « 0 peaks of the photoelectron spectra in Figs. 4(f)-4(m) were sig-
nificantly enhanced, which were contributed by the fast autodetach-
ment through the Feshbach resonance.” Figures 4(n)-4(z) show
the resonance-enhanced photoelectron spectra above the photode-
tachment threshold associated with the second electronically excited
state of Te;™ (57% s/, + 42% *Tl372). Figure 5 illustrates the princi-
ples of the R2PD and the autodetachment via a Feshbach resonance
related to the present measurements. The potential energy curves
in solid lines are for Te,”, while the curves in dashed lines are
for Te;. When the photon energy is below the EA threshold of
Te,, two photons are required to photodetach Te,™ in the R2PD
process. The initial photon resonantly excites Te,~, and the subse-
quent photon facilitates the detachment of the excited state. Once
the photon energy surpasses the EA threshold of Te;, a resonant
autodetachment occurs if the photon energy matches the transi-
tion to a quasi-bound state of Te,” from its ground state. This
Feshbach-resonance process is elucidated in Fig. 5 through the
representation of blue arrows. The quasi-bound state has a vibra-
tionally excited core, and its vibrational energy is higher than the
binding energy of the electron. The quasi-bound electron was then
thrown out due to the vibronic coupling in the autodetachment
process.

Table I summarizes the spectroscopic constants of the ground
state (21'13/2) and the two electronically excited states (56% 21'[3/2
+43% *232 and 57% *Z3, + 42% *Tl32) of Te;” determined in the
present work, along with the corresponding spectroscopic constants
of two splitting electronic states (3Z§) Og+ and (32§) 1¢ of the neutral

counterpart obtained from the NIST database.””

IV. CONCLUSIONS

In conclusion, we investigated both non-resonant and high-
resolution resonant photoelectron spectra of cryogenically cooled
Te,” via the slow-electron velocity-map imaging (SEVI) method.
The electron affinity of Te, was measured as 16 689.7(92) cm™!
or 2.0693(11) eV. Two Feshbach resonant states were observed
via the photodetachment spectrum of Te,”, and their vibrational
ground states were located at 1092(17) cm™! below the photode-
tachment threshold and 250(11) cm™! above the photodetachment
threshold. The acquired series of resonant photoelectron spectra at
the vibrational Feshbach resonances enhance our understanding of
the autodetachment dynamics in Te,”. Furthermore, our experi-
ment yielded spectroscopic constants for the ground state and two
electronically excited states of the Te,” anion, serving as a valu-
able benchmark for further theoretic investigations of the tellurium
dimer anion.

SUPPLEMENTARY MATERIAL

The supplementary material contains a summary of all the
observed vibrational peaks and their corresponding assignments
in the non-resonant photoelectron at 480 nm, along with the
anisotropy parameters (f values) for the observed vibrational peaks;
a summary of the resonances observed in the photodetachment
spectrum of Te; ", the corresponding wavelengths, photon energies,
and energy shifts with respect to peak 1; and the photoelectron
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kinetic energy spectrum measured near the photodetachment

threshold at a photon energy of 16 758 cm™".
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