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The importance of including long-range electron-molecule
interactions in treatments of photodetachment/photoionization
is demonstrated. A combined experimental and computational
study of CN™ detachment is presented in which near threshold

anisotropy parameters (f) are measured via photoelectron

imaging. Calculated [ values, based on an EOM-IP-
CCSD/aug-cc-pVTZ Dyson orbital, are obtained using free particle and point dipole models. The
results demonstrate the influence of the molecular dipole moment in the detachment process, and
provide an explanation of the near threshold behavior of the overall photodetachment cross section

in CN™ detachment [J. Chem. Phys. 2020, 153, 184309].



Photoelectron angular distributions (PADs) represent sensitive probes of bound electronic
structure and meta-stable excited states (electronic resonances) for systems with a single negative
charge. The anisotropy parameter, 3, describes the PAD in relation to the electric vector of a
linearly polarized photon in a single photon detachment. B encodes all of the details of the
detachment process, but disentangling the contributing factors is not trivial. Usually a distinction
is made between direct detachment (sudden electron ejection to the continuum) and indirect
detachment (electron loss via autodetaching excited anion states). The final states of the electron
ejected via these processes are different, giving rise to different PADs. Differences between the
expected B for photoelectrons ejected via direct detachment and experimental measurement are
then used to infer the existence of a resonance. Unfortunately, calculations of B are challenging
and the results obtained with simple models are often in quantitative disagreement with
experiment. In this contribution, we use CN~ detachment to highlight this problem and to show
how computational treatment can be improved.

Within the dipole approximation, cross-sections for direct detachment, which describe the
probability of photoelectron ejection in a certain direction, are expressed in terms of photoelectron
matrix elements

Dy = (g [#) m
where p is the dipole-moment operator, u is a unit vector along the polarization of light, ¥/ and
WY =1denote the initial (anionic) and the final (neutral) state, and P& is the wavefunction of the
ejected electron with momentum k. Both W/ and WY~ are many-body wavefunctions, but their
explicit knowledge is not required for computing matrix elements of dipole moment operator --
the expression for photoelectron dipole moment can be written in the following (equivalent, under

the assumption of strong orthogonality) form:



Dy = —u({p(m)|r|yE () )

where ¢4 (r) is a one-electron function, called a Dyson orbital, which contains all the necessary
information about molecular states before and after photodetachment:
$%(1) =N [ W}, ...NH¥YN(Q,...,N)d2 ...dN (3)

This rigorous quantum-mechanical result, which stems from the indistinguishability of the
electrons, allows one to interpret electron ejection from correlated many-body system within a
one-electron framework. The concept of the Dyson orbital (or generalized overlap) goes beyond
Koopmans' approximation, while retaining the insight associated with a one-electron-like
treatment. In particular, Eq. (2) gives rise to dipole selection rules for photodetachment (and
photoionization), as illustrated for atomic detachment in Figure 1.

In atomic detachment, the angular momentum of the Dyson orbital defines the angular
momentum of the outgoing electron. The relative weights of different partial waves can be
understood by Wigner threshold law.!? In the case of molecular photodetachment Dyson orbitals
have complicated shapes, yet, general trends in PADs can be predicted by representing molecular
Dyson orbitals as a linear combination of atom-like orbitals. 3

Quantitative treatments for f must include two essential parts: (1) accurate representation of the
parent electronic structure, including accurate and balanced treatment of electron correlation in the
initial and final states as well as orbital relaxation resulting from the removal of the excess electron,
and (2) an accurate description of the photoelectron state. The first requirement can be satisfied by
using high-level treatments of many-body wave-functions, such as, for example, equation-of-
motion coupled-cluster methods, to compute the Dyson orbital associated with the detachment
transition.”” The second requirement, accurate treatments of the free-electron state, is more

difficult to achieve. The simplest approximation assumes that the photoelectron does not



Figure 1. Dipole selection rules in photoionization/photodetachment. Angular components of
the Dyson orbital are shown in the left-hand column and angular components of the photoelectron
wave function are shown in the right-hand column (amplitudes illustrated on the surface of a
sphere). In accordance with angular momentum conservation (A€ = +1), ionization/detachment
from an s-orbital (first row) yields a pure p-wave. Detachment from a p-orbital (2™ and 3™ rows)

yields interfering s- and d-waves.

experience the effect of remaining neutral core and, therefore, can be approximated by a plane
wave (free particle solutions to the Schrodinger equation). This neglect of the interactions between
the continuum electron and molecular core is often justified by the photoelectron state’s large size
relative to the molecule. Using this treatment of photoelectrons, one can easily compute
photoelectron matrix elements (and, consequently, differential and overall cross sections for
photodetachment) for a given Dyson orbital.!®!? This approach is implemented in the ezSpectra
suite of programs,'? in which the ezDyson!'” module provides a convenient means to calculate

values from ab initio Dyson orbitals.



More rigorous treatments of the free-electron state entail solving the one-electron Schrodinger
equation with an effective Fock-like potential representing the molecular core. While such
advanced treatments can capture the effect of the perturbation of the core on the free electron (for
example Ref. [9]), the calculations are far from routine and the respective codes are not black-box.
Here we show that the simplest plane-wave model can be significantly improved by including the
effect of a point dipole. These results provide a simple physical illustration of the effect and suggest
a possible route to building hierarchical improvements for the plane-wave model of
photodetachment.

This work presents the experimentally measured variation in f as a function of excitation energy
in the near threshold region for the CN~ (X" 1£%) - CN(X' 2%) + e~ transition. CN™ is chosen
for a number of reasons. The threshold energy is well known,'® neutral CN has a relatively high
dipole moment,'* and there are no accessible, near threshold resonances.'> ' We show that free-
electron model predictions significantly deviate from the experimental results at low photoelectron
energies. On the other hand, including a point dipole in the treatment of the continuum clearly
demonstrates the importance of interaction between the residual polar neutral CN and the
photoelectron. We further show that the model also offers an explanation for the recently reported
temperature dependent changes in the overall detachment cross section for CN™.!7

Photoelectron images for CN™ detachment were collected using photon energies ranging from
3.87 eV to 4.40 eV (Experimental and data processing/analysis details can be found in Supporting
Information, SI1). Each image contains a single electronic band, from the anion ground state to
the neutral ground state (X" 12T —X' 227). There is no obvious vibrational structure visible within
this band, consistent with the similarity between the neutral and anion ground state equilibrium

bond lengths and the large vibrational frequencies.!® At photon energies significantly above
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Figure 2. (a) Mean B vs eKE for the CN~( X 1£%) - CN (X 2Z%) + e~ transition. Each point
represents an average over at least 12 measurement and the error bars are one standard deviation
from the mean. (b) The dashed line shows computed B as a function of eKE using the Dyson orbital
associated with the transition and in the free electron (zero dipole moment) limit. (c¢) The solid
curves show the computed P as a function of eKE for detachent from the CN~ (yielding X*%" state

of the neutral) as the the dipole moment (D) is increased from 0 to 0.5 a.u.

threshold, the photoelectron intensity shows a distinct preference for polarization along the electric

vector of the radiation. Broadly speaking, this is the expectation for detachment from a 6-molecular



orbital. However, the degree of polarization within the PAD shows marked variation as a function
of photon energy.

The PAD for linearly polarized, sudden, one photon detachment is represented as
1(0)x1+PP,(cos0). P,(cosB) is the second Legendre polynomial and B is the anisotropy
parameter which quantitatively describes the distribution. Figure 2 shows mean  values recorded
at different photon energies (hv) for CN™ detachment. The data are displayed as a function of
electron kinetic energy (¢KE), which increases linearly with hv according to eKE = hv — EA.
Since the images show a single detachment transition, the electron affinity (EA) of CN (3.862
eV)!? is used to determine the eKE and calibrate the detector. Each point in Figure 2a incorporates
at least 12, and on average 34 measurements of . The error bars reflect one standard deviation
from the mean within these measurements, giving an idea of the repeatability of the data. Positive
B values indicate polarization of the photoelectron distribution along €&p, with the limiting B = +2
representing a parallel distribution. As seen in Figure 2a, 3 shows a relatively rapid rise from near
zero (isotropic) at very low eKE to around 1.8 at eKE > 0.4 eV.

Qualitative Expectations

The data of Figure 2 are associated with the CN‘( X' 1Z+)—>CN (X' ZZ+)+e‘ transition. The
associated Dyson orbital (shown in Figure 3) is computed using EOM-IP-CCSD'® wave-functions
of the neutral and CCSD wavefunction of the anion, with the aug-cc-pVTZ basis set. The
calculations were carried out using the Q-Chem package.'® The orbital is of o character and its
shape can be described as s-like, suggesting production of a photoelectron of predominantly p,
character. Such an outgoing photoelectron wavefunction would produce an angular distribution
with a highly positive B. However, the cylindrical symmetry introduces some p character into the

Dyson orbital and hence, a non-negligible s-wave component in the outgoing wave function. This



effect should be most obvious in the near threshold limit due to the centrifugal barrier to
detachment. The observation of a near isotropic distribution (f = 0) close to threshold, which
becomes more polarized as the electron kinetic energy increases is qualitatively consistent with
detachment from the o-type orbital.

Although the qualitative agreement is good, the finer physics of the detachment process are only
revealed through a quantitative treatment.  can range from > 0 to +2 for distributions polarized
parallel to gp. The extent of the polarization depends on a number of factors including, but not
limited to the nature of the parent orbital. Other factors which influence the final distribution are
the presence of excited but unstable anion states and long range interactions between the neutral
residue and outgoing electron.

Quantitative Treatment

Figure 3. Dyson orbital (isovalue = 0.02) for the CN~( X 127)—>CN (X 22%)+e" transition.

The dashed black line of Figure 2b represents Bs calculated using the EOM-IP-CCSD/aug-cc-
pVTZ Dyson orbital of Figure 3. The B values are determined using ezDyson,'® !? treating the
electron as a free particle. The calculations are in excellent agreement with the qualitative
expectations outlined above (B rises very rapidly from zero at threshold). However, the quantitative

agreement with experiment in the near threshold region is poor.



Deviations between expected and measured PADs often indicate a mediating resonance
(metastable anion state). However, there is sufficient theoretical evidence that this is not the case
for CN~ detachment. Both CAP-EOM-CCSD!¢ and R-Matrix scattering calculations'> show the
lowest excited anion states of CN are too high in energy to affect the near threshold PADs.

Photoelectron Matrix Elements

The quantitative treatment of the [ rests on calculating the photoelectron matrix
element, D, (8, ¢y), where the laboratory frame PADs, 1(8)|D, (8ydy)|?x1+BP;(cos 8y). For
photodetachment via a linearly polarized photon, D, (B,dy) is only required for two directions,

0x=0 and /2, for a given linear momentum k. In practice, the problem boils down to evaluating
the molecular frame integrals, (Lp§1|rY1,m|¢d), where Y, ;, is the projection of the photon angular
momentum onto the molecule frame axes, ¢¢ is the Dyson orbital for the detachment transition,

and ¢! is the photoelectron wave function. These molecular-frame integrals are evaluated over
the spatial coordinates of the electron. Subsequent transformation to the lab frame and averaging
over molecular orientations allows determination of B for isotropically averaged molecular
orientations,'% !1-20

In the following, we assume that the EOM-IP-CCSD/aug-cc-pVTZ treatment of the parent
orbital is accurate so that the main discrepancies between prediction and experiment must arise
from the treatment of the continuum wave function.

Effect of the Molecular Dipole Moment

In the free-electron approximation, the photoelectron wave function is given by the plane wave,
which can be represented in terms of the partial waves (pure angular momentum solutions of the

free-particle solutions of the Schrodinger equation). Expanding the plane wave in terms of

spherical harmonics,?!



YE! = 45, T (k)Y PY (R)e's @)
allows decomposition into the individual, pure orbital angular momentum components (partial
waves) of the photoelectron wave function. This also allows simplification of the photoelectron
matrix element calculations (via the angular momentum selection rules).

The free-electron approximation ignores any interaction between the departing electron and the
neutral residue. This is justified when the longer range contributions to the effective potential fall
faster than 1/r2, or for high angular momentum components to the photoelectron wave function.
However, the electron-dipole interaction varies as 1/r%, has a significant bearing on the continuum
wave functions, and hence PADs associated with detachment producing polar molecules.

Approximating the molecular dipole as a point dipole allows simple demonstration of the effect
on the continuum. Details are found in the supporting information (SI2) The photoelectron wave
function can be expanded in terms of the solutions of the point dipole Schrodinger equation (which
are known, although not necessarily that familiar to experimental chemists! Details are found in

Supporting Information, SI12).%* 3

This shows that the dipole moment mixes orbital angular
momentum components with the effect that orbital angular momentum is no longer a conserved
quantity (£ is no longer a good quantum number). For the point dipole, A, representing the
component of the orbital angular momentum on the dipole axis is still a good quantum number.
To represent the orbital angular momentum, in place of the integer £ quantum number, the non-
integer L% is used, where N is an integer index. Each L}, therefore correlates to a pure £,

combination in the zero dipole limit. The effect of the dipole moment on the continuum state is

illustrated in Figure 4 for A = 0.
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Figure 4. Effect of increasing dipole moment on the photoelectron state, contours represent the
amplitudes of the point dipole functions. The left column represents the effect of a point dipole
(located at the white dot in the center of each plot) on the continuum function correlating with a
free electron s wave. The right column show the effect of a point dipole on the continuum function
correlating to a py electron wave. The (selected) dipole moments are shown to the left in atomic

units.

The contour lines of Figure 4 represent the amplitude of the LY and LI wave functions, with the
point dipole located at the origin (indicated by the white dot), with the positive end to the left. The
illustrations are for eKE = 0.1 eV and three selected dipole moments (indicated to the extreme left

in atomic units). The first column represents the effect on the continuum function correlating with



the free particle (zero-dipole moment) limit s-wave (£ = 0,A = 0), while the second column
represents the function correlating with to a po wave (£ = 1,4 = 0). The first row of Fig. 5
illustrates the free particle amplitudes. Increasing the dipole moment mixes different ¢
components, distorting the pure-angular momentum wave, an effect that clearly increases with the
magnitude of the dipole moment. The effect is greatest for lower, zero-dipole limit € values (i.e.
the s and p waves) due to the centrifugal contribution to the effective potential. Higher £ waves
are suppressed near the point dipole origin.

To quantify the effect of the point dipole on the PAD we can proceed as follows (More details
are found in Supporting Information, SI3). By direct analogy to the free electron case (4), the
photoelectron wave function is expanded in terms of the solutions of the point dipole Schrodinger
equation,

L&n

Wi = 4 Ty X fuakr)Qy (P, (K)e'™ (5)
The point dipole angular functions, Q 1A can be further expanded in terms of spherical harmonics

Qua = 2ozo A Yea (©)
The expansion coefficients, A 1,0 AT€ the eigenvector coefficients of the tridiagonal matrix
<Y{”,/1’ (Hr(pr)l’gz — 2D cos 91‘ |Y€,A(9r¢r)) (7)
D represents the strength of the dipole moment and 6; is the angle between the dipole axis and the
electron’s position vector. The eigenvalues are L (LflV + 1), where L% is non-integer for D > 0.
The radial functions in (5) are
fnalkr) = aN/‘LT\/E]'L%V (kr) (3
ay, 1s a normalization constant, k is the electron momentum, and j 2 (kr) is a spherical Bessel

function.



Figure 2c shows the results of substitution for the point dipole expansion of the photoelectron
wave function in the calculation of the photoelectron matrix element. The calculations are
performed using the Dyson orbital of Figure 3, as in the case of plane-wave treatment (by ezDyson)
above. Results are shown in the solid lines of Figure 2c, which represent the variation in  with
eKE for different dipole moment values D (in atomic units), between 0 and 0.5 a.u.

The D = 0 results (solid red line) are identical to the ezDyson calculation of Figure 2b (dashed
black line). This is to be expected, the point dipole expansion is exactly equivalent to the plane-
wave expansion in the limit of zero dipole moment. However, as D is increased the effect on the
angular distributions is clear. In the near threshold region, B rises less steeply as the dipole moment
increases, following the essential trends in the observed behavior.

Assessment of the Point Dipole Approximation

Using the point-dipole approximation, we have illustrated how the electron-dipole interaction
affects photodetachment. The angular and radial components of the photoelectron wave functions
are separable, and A is a good quantum number, allowing relatively simple evaluation of the
photoelectron matrix elements. Although the model and experimental data are in excellent
agreement for D = 0.3 a.u., this should be viewed with caution. The actual dipole moment of CN
is 1.45 D,'* 0.57 a.u., and the point dipole model effectively over-estimates the effect of the
neutral-residue’s dipole moment.

From the perspective of the photoelectron, a point dipole should be a reasonable representation
at large distances. However, calculation of the photoelectron matrix element integrals (especially
for low eKE and lower angular momentum components) involve integrands with significant
contributions near the origin, precisely where the point dipole approximation is least appropriate.

Similarly, the continuum functions used depend only on the dipole moment of the neutral CN



molecule at equilibrium. This neglects perturbation of the neutral charge density distribution by
the outgoing electron, and effectively assumes the remaining bound electrons rearrange more
rapidly than the photoelectron is ejected. The extent of these effects on the calculated B requires
further investigation.

Another complicating factor is the use of a fixed dipole. The fixed dipole limit for a dipole bound
state is 1.625 D (0.639 a.u.)**? but molecular rotation has long been known to increase the dipole
moment actually required to bind an electron.?62% It is not easy to incorporate the effect of
molecular rotation. On the one hand, the electronic excitation is rapid compared to the timescale
of rotation and the photoelectron matrix elements are determined using the continuum associated
with the neutral CN molecule at a particular orientation. On the other hand, as the electron departs
the continuum functions may well be affected by rotation of the molecular dipole. The net result
is presumably to effectively lower the dipole moment used in the determination of the
photoelectron matrix element.

The influence of molecular rotation can be tested through measurements at different
temperatures. Accurate control of the ion temperature is currently beyond the capability of our
instrumentation. However, near threshold measurements of the overall detachment cross section
(o) for CN™ have recently been reported at two temperatures, 16 K and 295 K.!” The overall cross

sections at a given photon energy are the sum of the cross sections for all rovibronic channels

(a{l::_)j ’k), which are related to the photoelectron matrix elements as (Supporting Information, S14)

"_gt non2 9 )
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P(J",T) is the population of the J" rotational level of the anion at temperature T, C; {)” ({’ is a

Clebsch-Gordan coefficient, and k is different for each open channel. The integrals over 6, and

¢ are performed in the molecule frame. In Ref. [17] the experimental data is fit to the expression
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Figure 5. Experimental'’ (gray solid lines) and point dipole results (dashed lines) of the overall
detachment cross section, ¢ as a function of photon energy. (a) and (c) are for 16 K, while (b) and

(d) refer to 295 K. The dipole moments (D) are given in atomic units.
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The scaling factor, A, allows comparison with experiment, and the integrals of (9) for each
channel are replaced with an n'" power dependence of the channel’s electron kinetic energy.

The experimental cross section trends are reproduced in the gray solid curves of Figure 5, using
the reported n = 0.46 at 16 K (Figure 5a). In Figure 5b, the 295 K results are represented using n
= (.7, a compromise between the values reported from two different sets of apparatus.'” Figures
5¢ (16 K) and 5d (295 K) show the overall cross section results of the point dipole model. The
dashed curves represent the variation in ¢ with photon energy for dipole moments, from D = 0.0
to D = 0.5 a.u. in increments of 0.1 a.u. The dipole moment clearly alters the near threshold
behavior. As the dipole moment increases, ¢ rises more rapidly. Comparisons with the experiment
are made in Figures 5a and b. The factor A is used to scale the two treatments, but otherwise no
fitting is involved. At 16 K, the best agreement between the point dipole model and experiment is
clearly at D = 0.4 a.u. (orange curve). At 295 K, however, the best agreement lies somewhere
between 0.2 a.u. and 0.3 a.u. (green and purple). Increasing temperature, and hence rotation are at
least partly why a reduced dipole moment value gives rise to agreement with the experimental data
for both B and o.

The eKE dependence of the cross section

In the asymptotic limit, the photoelectron wave function (") can be broken down into a
superposition of pure orbital angular moment components (partial waves). If ¢! is purely s-wave
in character, n in (10) = 0.5, while p = 0. If ¢ is purely of p-wave character, n = 1.5 and p = +2.

Within the free-electron approximation Figure. 1 shows that we should expect s-wave character in



¢! arising from p-character in the parent wave function while p-wave character in ¢ arises from
s-character in the parent wave function.

The free-electron treatment can be used to infer the effective character of the parent orbital. For
CN7, the almost instantaneous rise of B to near the limiting +2 indicates a predominantly s character
parent orbital with a minor p-component. Increasing the dipole moment (of the neutral CN) will

not alter the anion parent orbital, but does lead to mixing of angular momentum character of the

continuum wave functions. This is seen in (6), where more than one 4,1 , for a given L% is non-
N’

zero. Of particular importance is that the (majority) s-character of the parent produces increasing
s-character in ¢ as the dipole moment increases. This leads to a slower rise in p (with eKE) at
higher dipole moment and more s-wave-like threshold behavior of the overall detachment cross
section. More pertinently, in the context of (10), the lower the temperature, the greater the amount
of s character mixed into ¢!, and the lower the value of n.

Summary and Conclusions

The usual expectation for detachment from an anion o orbital is a PAD with a positive B. This,
rather low resolution, expectation is indeed borne out in the presented CN™ detachment data. On
the other hand, the usual approach to quantitative prediction of the angular distribution (employing
the free-electron approximation) clearly fails to recapture the finer details. Modeling the most
important long-range interaction (electron-molecular dipole) with a point dipole description of the
continuum clearly show how the detachment process is affected by a polar molecule. While the
point dipole model is too simplistic to give full quantitative accuracy, it clearly shows that proper

treatment of the PAD for anion detachment cannot ignore long range effects.
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