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Experimental observations of s-p coupling in copper dimer anions
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The photoelectron velocity-map image technique was employed to examine the one-photon detachment of
Cu monomer and dimer anions using a linearly polarized infrared femtosecond laser. While the photoelectron
angular distribution (PAD) in a single-photon detachment experiment of Cu~ shows no dependence on photon
energy, the dimer anion PAD does show a strong dependence on photon energy. As the laser wavelength increases
from 532 to 817 nm, the photoelectron angular distributions of the main one-photon detachment channel of the
prominent detachment channel of Cu,~ changes its direction from parallel to the direction of polarization for
the 532-nm laser to perpendicular to the direction of polarization for the 817-nm laser. Based upon a numerical
analysis of the anisotropy parameters, the relative contributions of the s, p, and d orbitals are obtained. The
fully occupied d orbitals contribute less to the detachment amplitude. The contribution of the p waves to the
detachment amplitude increases with the photon energy, while that of s waves decreases, which is in agreement
with the prediction of the Wigner threshold law. The relative contributions of the different partial waves, s
and p, to the detachment amplitude are altered by the excess energy of the detached electron, resulting in the
determined shape of the photoelectron angular distributions. Our one-photon photodetachment experiments on
the energy-dependent angular distributions of the copper anionic dimers indicate that s-p coupling is important

to the photodetachment of copper dimer anions, especially at increased photon energies.
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I. INTRODUCTION

Recently, metal clusters have drawn considerable attention
for their use in new applications and have led to a new field
of cluster physics aimed at understanding how their properties
arise and change with cluster size [1-3]. A jellium model (JM)
had been proposed to account for the electronic shell structure
of various metal clusters [4—7]. Although the model has been
successfully applied to describe the ionization potentials in
some metal clusters, such as Na, [8] and Cu, [9], in others,
the ionization potentials have deviated significantly from the
simple model [10—-12]. For example, in Al, clusters, the degree
of s-p correlation changes dramatically and oscillates with
cluster size. The largest s-p hybridization exists in Al3~
anions, while the smallest hybridization exists in Aly~ [12].

The introduction of a velocity-map imaging technique [13]
led to increased interest in these methods for exploring the
dynamics of photoionization and photodissociation of neutral
species [14] and the photodetachment from negatively charged
ions and clusters [12,15] in the gas phase. The integration of
mass selectivity and photoelectron velocity mapping provides
a valuable approach for investigating the size-dependent
evolution of the electronic structure and dynamics of clusters
[12,16]. The photoelectron angular distributions (PADs) carry
the signature of the electronic structure of the anion, the
neutral species, and the symmetry of the wave function for
the detached electron [17,18], which may provide insight
into the partial-wave composition of the molecular orbitals
through which the detachment process occurs [12,19-21]. The
PAD is characterized using an asymmetry parameter that is
typically energy dependent [22]. The final-state interactions
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in the photodetachment process [23] can be understood
through the energy dependence of the asymmetry parameter.
PADs are typically well described by the single-electron
model [23,24] in which the orbital angular momentum of the
incoming photon is coupled only to the detaching electron
neglecting all interactions involving the neutral core. Thus,
emission from an s orbital yields a 8 value of +2, while
emission from a p orbital (or higher orbital angular momentum
state) results in two partial waves that can interfere to
yield any B value between —1 and +2. However, electron
correlations could be significant near the autoionization and
autodetachment resonances and could induce a twist in the
spectral dependency of the asymmetry parameters, as has
been predicted theoretically [25] and observed experimentally
near the autoionizing resonances of two-photon-excited iodine
atoms [26]. Significant electron correlations in either the
initial bound or final continuum state change the asymmetry
parameter from that predicted by the single-electron model
[27]. Electron correlations in the continuum state are called
“channel coupling.” Remarkable deviations in the asymmetry
parameter can provide a convenient probe for autodetachment
resonances. Experimental probing of such a deviation from the
single-electron model is necessary in anions whose electronic
structure and dynamics are largely determined by the electron
correlations [28]. Recent photodetachment experiments of
sodium cluster anions have indicated that PADs obtained using
this method deviate strongly from the predictions of single-
electron models, indicating that the correlated multielectron
effects play a distinct role in the photoemission process [29].

In this work, a photoelectron imaging technique is used to
probe the electronic structure of small copper anion clusters.
Given their interesting electronic structures and promising
applications in catalysis, optoelectronics, and nanophotonics,
clusters of group IB elements (Cu, Ag, Au) have recently
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found particular interest. Early research suggested that the full
d subshell makes little contribution to the electronic structure
and geometry of the cluster (both anionic and neutral) as
predicted theoretically [30,31]. Within the framework of the
JM, the Cu 4s electrons are delocalized at the geometric
boundaries of the cluster. Therefore, over the range of binding
energies in which the density of states in the Cu clusters
is dominated by the 4s derived states [32], the electronic
structure should be similar to that of alkali metal clusters. The
two main peaks in the photoelectron spectroscopy experiment
(from the three outer-shell electrons in Cu, ™) were assigned
to the bonding o and antibonding o* molecular orbitals of
Cu; [28]. The symmetries of the molecular orbitals should be
similar to the JM orbitals (¢ <> s; 0* <>p) [33]. Although
some characteristics of these clusters are determined by their
s valence electrons, the close proximity of the d orbitals
significantly modifies their structural, electronic, and optical
properties [27]. Copper clusters prove particularly challenging
from a computational standpoint because the relevant atomic
3d wave functions are nodeless, making these valence orbitals
highly localized. In addition, the s-d energetic separation is
the smallest for Cu; the d electrons significantly alter various
properties of the Cu clusters due to their strong hybridization
with the sp electrons [27].

In a femtosecond one-photon detachment of the Cu anions,
the PADs of the main detachment channel in Cu™ are indepen-
dent of the laser wavelengths, as reported in the literature [28].
However, in the Cu, ™ systems, the PADs change significantly
with the laser wavelength. The relative contributions of the
s, p, and d orbitals are obtained by analyzing the anisotropy
parameters. The relative contributions of the various partial
waves to the detachment amplitude are altered by the excess
energy in a detached electron, thus altering the shape of the
PAD. Our report is an investigation of the energy-dependent
angular distribution of copper dimer anions via femtosecond
one-photon photodetachment.

Ablation Section
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II. EXPERIMENTAL SECTION

In the present study, the copper anions are formed from a
laser vaporization metal cluster source in which the second-
harmonic output (532 nm) of a neodymium-doped yttrium
aluminum garnet laser (YAG laser, Quantel Brilliant) with
a pulse duration of 5 ns operating at 20 Hz is focused
on a rotating and translating copper rod to form a plasma.
The metal plasma is then cooled using a helium carrier
gas (99.9%) at a stagnation pressure of 0.4 MPa and is
expanded into a vacuum through a pulsed valve (General
Valve Corp.). As shown in Fig. 1, the central portion of the
negative ions are extracted perpendicularly and accelerated
into a McLaren-Wiley time-of-flight mass spectrometer using
a —1.4-kV high-voltage pulse. Mass selection is achieved
via three electrodes with a time-delayed, pulsed electric field
applied to the central electrode. The mass-selected negative
ions are then refocused onto the center of a time-delayed,
pulsed velocity-mapping two-stage electric field and are pho-
todetached using a time-delayed femtosecond laser pulse. The
detached photoelectrons are accelerated and velocity focused
toward a position-sensitive detector. After flying through a
40-cm field-free region, which is shielded against stray mag-
netic fields by a p-metal tube, the photoelectrons are mapped
onto a two-stage microchannel plate (MCP) detector backed
by a phosphor screen. Images on the screen are captured
using a thermoelectrically cooled charge-coupled device video
camera (LaVision Inc., Imager QE). All photoelectron images
are reconstructed using the PBASEX program [34,35], which
can yield both the photoelectron energy spectra and the PADs
[36,37].

In the presence of linearly polarized monochromatic fields,
the expression for the angular-resolved differential one-photon
detachment rate can be expanded as a function of the angle, 6,
between the detection and laser field directions based on the
Legendre polynomials [24]:

1(0) = Io{1 + B2 P2[cos(0)]}, (M

Velocity Mapping Section

FIG. 1. (Color online) Schematic drawing of the experimental setup.
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in which B, is the anisotropy parameter and P»(x) = (3x* —
1)/2 is the Legendre polynomial.

Linearly polarized laser wavelengths of 532, 577, 586,
675, 708, and 736 nm are generated in a commercial optical
parametric amplifier (Quantronix/Light Conversion, TOPAS)
pumped by the fundamental output (centered at 817 nm with
a 30-nm FWHM bandwidth and a 70-fs pulse width) of a
solid-state femtosecond laser at a 20-Hz repetition rate with
10 mJ/pulse. The laser pulse width is determined via single-
shot intensity autocorrelation. The laser pulses at 408 nm are
the second-harmonic generation of the fundamental output
(817 nm) with a thin type-1 BBO crystal. The pulse energies
at these wavelengths are maintained at approximately 200 wJ
in the interaction region. The laser beam is focused with a
50-cm focal-length lens with a polarization direction parallel
to the detector plane. The focus size is measured using the
pinhole method. The laser intensity in the interaction region is
carefully controlled to prevent multiphoton detachment.

III. RESULTS AND DISCUSSION

The raw photoelectron images obtained from the single-
photon detachment of the Cu~ anions by the 577 nm
(2.15 eV) and 408 nm (3.04 eV) femtosecond laser (a) and
(e), the corresponding reconstructed images (b) and (f), the
photoelectron spectra (c) and (g) and the PADs of the outermost
rings in the images (d) and (h) are summarized in Fig. 2.
The prominent peaks of Cu~ in Figs. 2(c) and 2(g) are
assigned to the removal of an electron from the fully occupied
4s orbital of the anion to the ground state of the neutral
atom, which corresponds to the (Cu 3d 1045125, 2 < Cu~
3d'%45218y) transition. This peak is centered at an electron
binding energy of 1.24£0.06 eV. Considering the energy
width of a femtosecond laser (approximately 0.06 eV at
817 nm, for example), the binding energy of 1.24 +0.06 eV
obtained in our single-photon detachment experiment is close
to the value of 1.23540.005 eV obtained using a narrow
bandwidth nanosecond laser [38,39].

The outgoing electron in the single-photon detachment of
Cu~ (3d'%4s2'Sy) can be described using a pure p-wave func-
tion. The anisotropy parameters of the photoelectron image at
these two wavelengths, 8,, as shown in Figs. 2(d) and 2(h),
are approximately 1.97 +0.03 and 2.04 £ 0.04, respectively,
which match that in Sobhy’s experiment (2.0 &= 0.06) at 400 nm
[21] and that in Aravind’s experiment (1.94 4= 0.05) at 532 nm
[28]. The other two inner rings in the images in Figs. 2(e) and
2(f) and the corresponding peaks at higher binding energies
in Fig. 2(g) are due to the spin-orbit coupled transitions, Cu
3d°4s2?D5), < Cu~ 3d'%4s5%!S, with a binding energy of
2.6240.02 eV [39] and Cu 3d°4s22D>/? «<— Cu~ 340452 1S,
with a binding energy of 2.88 +0.02 eV [39]. These results
are in good agreement with those of previous reports. The two
2D transitions result from the detachment of a 3d electron and
produce partial p and f wave functions with an anisotropy
parameter value near zero.

Aravind et al. [28] attempted to verify the influence of
electron correlations on the absolute photodetachment cross
section for Cu~ for photon energies above 3.5 eV predicted
by theoretical calculations [38]. No significant influence
from the channel-coupling effect on the PAD was found
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FIG. 2. (Color online) One-photon detachment results for Cu™ at
577 nm (left column) and 408 nm (right column). Raw photoelectron
images (a) and (e), inverse images (b) and (f), photoelectron kinetic
energy spectra (c) and (g), and angular distributions of the main
detachment channel (d) and (h). Double arrow lines in (a) and (e)
represent the direction of the laser polarization. Solid lines in (d)
and (h) are the best fitting results of the PAD to the expression
1(0) = Ip{1 + B2 P>[cos(9)]} in the angle range from 5° to 175°.

experimentally in the photon energy range of 3.46—4.6 eV [28].
Our experimental observations, as shown in Fig. 2, also suggest
a lack of evidence for the influence of electron correlations on
the absolute photodetachment cross section for Cu™.

In the case of Cu dimer anions, the photodetachment pro-
cess changes dramatically with the laser wavelengths, differing
completely from that of the Cu monomer anions as illustrated
in Fig. 3. The PADs of the prominent detachment channel at a
laser wavelength of 817 nm are perpendicular to the direction
of laser polarization, while at 532 nm, the angular distributions
are parallel. The corresponding anisotropy parameters of the
photoelectron image at these wavelengths are illustrated in
Fig. 4(a).

Due to the intrinsically broad energy resolution of fem-
tosecond lasers (approximately 0.06 eV at 817 nm), the
vibrational resolution in a femtosecond photodetachment of
the Cu dimer anion is unachievable. According to the results
of previous high-resolution photoelectron energy spectra, the
energy gap between the 0-0 and 0-1 transition is approximately
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FIG. 3. (Color online) One-photon detachment results for Cu, ™
at (a) 817, (b) 736, (c) 708, (d) 675, (e) 586, and (f) 532 nm.
Left column: inverse images; right column: corresponding angular
distributions of the main detachment channel. Double arrow lines in
left column represent the direction of the laser polarization. Solid lines
in right column are the best fitting results of the PAD to the expression
1(0) = Ip{1 + B2 Pr[cos(9)]} in the angle range from 5° to 175°.

266 cm~! (0.03 eV). The dominant detachment channel is
due to the transition of the Cu, ™~ ground state X’} (o7 0",
v’ = 0) to the Cu, ground state X 'S} (07, v’ = 0) [39].
According to the simple molecular orbital theory (MO), the
two s atomic orbitals (AOs) of Cu form a bonding o, MO
and an antibonding o; MO. The resulting electronic states

and configurations are Cuy~ X’} (07 o) and Cuy X 'of
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FIG. 4. (Color online) Excess energy-dependent anisotropy pa-
rameters of the principal one-photon detachment channel of Cu,™.
(a) Anisotropy parameters, (b) relative contributions of the s, p, and
d characters, (c) detachment cross-sectional predictions of s, p, and
d using the Wigner threshold law.

(crgz). Based upon the simple MO model, the formal bond
order should be one half for the Cu,™ ground state and one
for the Cuj, singlet ground state. Thus, one might expect Cuy ™
to have a smaller dissociation energy than the ground Cu,
singlet state. However, the anion bond energy of Cu,™ is
estimated to be 1.62 4+ 0.20 eV [39], which is more than 80%
of the neutral singlet bond energies of 2.02 £0.08 eV [39].
This result indicates that the simple s orbital bonding picture
does not adequately reflect the bond strengths for the diatomic
molecules of the transition metals. The contributions of the
3d and 4p orbitals to the ¥, MOs must also be considered.
For copper, the 3d shell is fully occupied and thus has little
direct influence on bonding, but the 4 p orbitals are available
and have energies near those of the 4s orbitals [40]. According
to the ab initio calculations [41], the 4s o orbital should be
extensively polarized in the dimer systems of Cu, and Cu, ™~
through the mixing of 4 p orbitals. This polarization decreases
the electron density between the two nuclei, reducing the
antibonding character of the 4s o, and resulting in an anion
bond energy that is nearly as strong as the (4sag)2 neutral
singlet [41]. The theoretical calculations indicate that the d-d
correlation and relativistic effects in the Cu neutral and anionic
dimers are relatively small, while the core s-p correlation is
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significantly more important to the spectroscopic constants of
CU.Q [42].

Considering the possible contribution of the p orbital to
the emitting photoelectron in the detachment of Cu,~, the
detached electrons may have an angular momentum of O or
2 (I£1, 1 is the orbital angular momentum of the detached
electron), i.e., the s and d waves should be mixed in the final
state. Reichle er al. [43] presented an approach to extract the
complex partial-wave amplitudes of the final continuum state
as a function of the electron energy. The PADs are fitted to
the partial-wave decomposition of the n-photon detachment
rate as follows [43]:

2

Liax
10) o |y f"Y100(0.9)| 2)
L=0

in which L denotes the angular momentum of the outgoing
electron and Y, represents the corresponding spherical
harmonic. As in the case of an ideal linear polarization and
isotropic initial state, only terms with zero projection of
the angular momentum contribute to the sum. The complex
amplitudes fé") are determined in the fit. The parity of the
final state is defined by the number n of absorbed photons, and
either an odd or even L contributes to the sum in Eq. (2). The
number of fitting parameters is Ly,x or Ly, = 1 for the odd or
even final-state parity, respectively. For photodetachment from
a superposition of s and p states, the angular dependence may
be expanded as a linear combination of one s- and one p-type
function [44]; the one-electron model from such an s-p mixed
stationary state can be expressed as follows:

Vi) = fsls) +/1 = f21p), 3)

in which f; is the fractional s character of the |y;) state
(0 < f; < 1). Any relative phase factors for the s and p con-
tributions to the |1;) state are absorbed into the corresponding
kets. From a pure s state, the final accessible one-photon
detachment state is a p state, which has a wave function that
can be expressed as +/3/2P;(cos 8), in which the factor /3/2
is added as normalization coefficient. From a pure p state,
a mixed state ; of s and d orbitals can be reached from a
one-photon absorption as described by Eq. (4).

lvi) = (s) + fald)/y/ 1+ f3, )

in which f; is the fractional d character of the [;) state

(0 < fy < 1). The factorv'1 + fd2 is added as a normalization
coefficient.
Substituting Egs. (3) and (4) into Eq. (2) yields Eq. (5):

2 2
10) x (1 — f7) |———"=| +

fsﬁPl(cow)
Jie s ?
(5)

By fitting experimental results with Eq. (5), one can obtain
the relative contributions of s, p, and d components, which
are expressed by the formulas (1 — ff)/(l + fdz), ff, and (1 —
2 f2/(1 + f3), respectively. The relative contributions of the
s, p, and d waves at different laser wavelengths are illustrated

(Is) + fald))
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in Fig. 4(b). The contribution of the d partial wave is much
smaller than those of the s and p waves.

Previous research determined that the detachment process
near the negative ion threshold follows the Wigner threshold
law [45-48]. Near the detachment threshold, the photodetach-
ment cross section has the form o; o« EL1Y/2 in which L is the
angular momentum of the outgoing electron and E is the excess
energy. The short-range final-state interactions can affect the
range of the validity of the Wigner law, but do not alter its form
[46]. As mentioned in Refs. [12] and [47], near the detachment
threshold, partial waves with less orbital angular momentum
such as the s wave dominate the photodetachment amplitude.
As the excess energy increases, the contribution of the p
and d wave components to the detachment signal becomes
prominent. When the excess photoelectron energy exceeds
more than tens of meV above threshold, the Wigner law
typically begins to fail [47]. There were also some exceptions
[46,48]. In the case of CI~, the detachment cross section
also followed the Wigner law with electron energy around
0.125 eV [46]. For inner-shell electron detachment of He™ and
S~, Bilodeau et al. [48] found the cross section behaviors for
both s and p components were surprisingly consistent with
the Wigner threshold law with the excess energy more than
an order of magnitude greater than the range found in valence
photodetachment. For s-wave detachment, the Wigner law was
found to be valid up to 3 eV kinetic energy above threshold,
and the d-wave channel gave even better agreement over this
energy range [48]. This unprecedented range of validity for the
Wigner law was inconsistent with standard threshold law cor-
rections [47] and has remained difficult to explain up to date.

The photodetachment of anions near the detachment thresh-
old has drawn attention because, in this energy range, the
electron-correlation effects and interferences become more
prominent. As suggested in Ref. [12], this threshold law is
not a strict relationship that can be quantitatively employed in
the higher excess energy range, but may provide qualitative
insight of how the relative weights of the partial waves vary
with the photoelectron kinetic energy. However, comparison
between threshold law prediction and experimental results
may provide indirect evidence for the existence of an s-p
correlation in the detachment of the Cu dimer anions. The
detachment cross-sectional predictions of s, p, and d using the
Wigner threshold law are illustrated in Fig. 4(c). The relative
contribution of the p wave increases with the excess energy,
while that of the s component decreases. In a metal cluster
anion system, the range of validity of the law, to the best of
our knowledge, has not been well addressed up to date.

One obvious phenomenon depicted in Fig. 4 is that, in the
range of photoelectron kinetic energy near 1 eV, the anisotropy
parameters (a), relative contributions of s, p, and d character
(b), and detachment cross-sectional predictions of s, p, and d
using the Wigner threshold law (c) change dramatically. The
aforementioned contribution from the fully occupied closed d
shell to the detachment is believed to be small, as illustrated
in Fig. 4(b). Comparison between Figs. 4(b) and 4(c) shows
that the Wigner threshold law provides qualitative insight into
the photodetachment process for copper dimer anions over
a substantial excess energy range, in our experiment, up to
1.6 eV. This is, to some extent, similar to the inner-shell
electron detachment of atomic anions [48].
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The above arguments also apply to Ag dimer anions because
both the electronic configuration and the structure of the Ag,™
are similar to those of the Cu dimer anions. Similar phenomena
should be observed in the photodetachment of Ag,~. In fact,
preliminary results of experiments we have conducted indicate
that the PADs of the main detachment of Ag,™ also change
significantly with the laser wavelength.

IV. CONCLUSION

We report the one-photon detachment of the Cu monomer
and dimer anion using a linearly polarized infrared femtosec-
ond laser. Photoelectron velocity-map imaging technique was
employed to examine the photoelectron angular distributions
(PADs). While the PAD in a single-photon detachment
experiment of Cu™ shows no dependence on photon energy,
the dimer anion PAD does show a strong dependence on
photon energy. As the laser wavelength increases from 532
to 817 nm, the PADs of the prominent detachment channel
change from parallel to the direction of polarization for the
532-nm laser pulses to perpendicular to the direction of
polarization for the 817-nm laser pulses, indicating that a
simple molecular orbital picture could not fully describe the
electronic structure of the Cu dimer anions. The contributions
of the d and p orbitals to the photodetachment process should
also be considered. Based on a numerical analysis of the

PHYSICAL REVIEW A 88, 033413 (2013)

anisotropy parameters, the relative contributions of the s, p,
and d partial waves are obtained. The fully occupied d orbitals
have a smaller contribution to the detachment amplitude. The
contribution of the p waves to the detachment amplitude
increases with photon energy, while that of the s waves
decreases. In the range of photoelectron kinetic energies near
1 eV, the relative contributions of the s and p character change
significantly, which is in good agreement with the prediction
of the Wigner threshold law. The relative contributions of the
various partial waves (s and p) to the detachment amplitude
are altered by the excess energy of the detached electron, and
as a result, alter the shape of the PAD. We report here on
the energy-dependent angular distributions of copper dimer
anions using femtosecond, one-photon photodetachment. Our
experiments indicate that s- p coupling plays an important role
in the photodetachment of copper dimer anions, especially at
increased photon energy.
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