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Spin propensity in resonant photoemission of transition metal complexes
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Resonant photoelectron spectroscopy (RPES) has been used to probe electronic structure properties of the
closed-shell [Fe"(CN)¢]*~ and open-shell [Fe™(CN)s]3~ prototype transition metal complexes in aqueous
solution. Site-selective Fe 2p (L-edge) RPES maps provide new insight into spin-coupling processes at the
core-excited metal centers, with autoionization of [Fe(CN)¢]*>~ showing a dramatic (~4 x ) singlet versus triplet
final-state enhancement. This shows that RPES provides unique opportunities to study spin-dependent electronic

properties in transition metal based functional materials.
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I. INTRODUCTION

Resonant photoelectron spectroscopy (RPES) belongs to a
class of core-hole spectroscopy methods capable of probing
local electronic structure and ultrafast charge transfer dynam-
ics [1,2]. As such, RPES has provided valuable contributions
to our understanding of, for example, materials relevant to
solar energy conversion [3—6]. It is known from early studies
that resonant excitations can probe the electronic properties of
different core-excited states, where the subsequent autoion-
ization processes can manifest significant spin-selectivity
[7-11]. Specifically, resonant photoemission studies of small
molecules with open-shell ground states and/or degenerate
frontier molecular orbitals, including 30, and NO,, have been
shown to probe spin-selectivity, which has been rationalized
by spin propensity selection rules [12—-14].

Resonant core-hole spectroscopy techniques, including
x-ray absorption spectroscopy (XAS) and resonant inelastic
x-ray scattering (RIXS), have been used to probe the local
electronic structure properties of many different transition
metal systems, including magnetic surfaces [15,16], photocat-
alysts [17,18], molecular magnets [19,20], and biochemical
species [21,22]. Specifically, transition metal complexes are
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widely used in photochemical applications [23] and as molec-
ular magnets [24] due to their ability to sustain a variety of
spin and oxidation states [25]. Valuable information about
both the metal and ligand electronic structure properties of
various transition metal complexes have been studied by RIXS
[26-28] and RPES [29,30].

As a further step toward a comprehensive understand-
ing of electronic and spin properties of transition metal
complexes, we here present high-resolution RPES maps prob-
ing the central iron atom in the prototype transition metal
complexes [Fe(CN)¢]*~ and [Fe™(CN)¢]*~. This enables
a detailed electronic structure comparison between the Fe!l
closed-shell and Fe™ open-shell forms of otherwise chem-
ically identical molecules. We show that RPES mapping
of the metal site provides a detailed probe of the local
electronic structure and, in particular, it provides unique in-
sight into the spin-selectivity of different oxidation states
encountered in the resonant decay processes. This is not
accessible by other resonant core-hole spectroscopy tech-
niques such as XAS or RIXS. This paper evaluates spin
propensity as a continuous function of photon energy, en-
abling a detailed experimental exploration of the coupling
between electronic arrangements in the intermediate and
final states.

Both [Fe!'(CN)g]*~ and [Fe (CN)g]>~ complexes have an
octahedral geometry where the central Fe atom is influenced
by a strong and highly symmetric ligand field. In accordance
with ligand field theory, the partially occupied 3d orbitals
split in energy, producing two well-separated sets of orbitals,
designated as >, and e, [31] (see Fig. 1). The strength of
the t,4/e, energy splitting means it is energetically favorable
for the molecules to be in a low-spin configuration with
doubly occupied 1, and unoccupied e, orbitals. In the Fe'
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FIG. 1. Illustration of the electronic structure, resonant excita-
tion, and participant decay of the Fe complexes. The red marking
indicates an electron for the closed-shell [Fe (CN)¢]*~ and a hole
for the open-shell [Fe™(CN)s]*~. (a) An isolated Fe ion with degen-
erate 3d orbitals. (b) The ground state (GS) of [Fe/™(CN)g]*~/3~
where the octahedral ligand-field splits the 3d into t,, and e, orbitals.
(c) The core-excited intermediate state (IS) after an Fe 2p — e, pho-
toexcitation with the resulting participant decay indicated. (d) The
oxidized final state (FS) with an additional hole in the ,,, where
representative plots of the ,, and e, are inset.

ground state, the Fe atom is therefore in the valence singlet
configuration 1|(t2g)6(eg)0). The Fel ground state, however,
has a partially unoccupied 7,,, described by the 2|(t2,)°(e,)°)
valence doublet state. This option to have a hole in the ;, is
indicated in Fig. 1.

Following photoexcitation, in which the absorption of an
x-ray photon leads to the promotion of an Fe 2p electron to the
first unoccupied Fe 3d orbital (e, for Fe'! or 1, for Fe"), one
of the possible relaxation processes is participant decay [1].
Here, the photoexcited electron and a second valence electron
participate in an autoionization decay process in which one of
the electrons is emitted and the other repopulates the Fe 2p
core hole. The kinetic energy of the emitted electron can be
measured, and the molecule is left in an oxidized final state.
Molecular orbital plots showing the character of the #,, and e,
orbitals in this final state are inset into Fig. 1.

Given that the participant decay channel is only possible
when the incident photon precisely matches an electronic
transition, the participant intensity is therefore an indication
of the coupling strength between a particular intermediate
core-excited state and the resulting final state. RPES allows
the exploration of this energy landscape where the intensity
at any point is governed by the Kramers-Heisenberg equation
[32]. The two main classes of spectral features in RPES result
from direct photoemission (through the photoelectric effect)
and autoionization, of which participant decay is a specific
example.

This article applies the principle of spin propensity in the
final state of RPES, pioneered for the case of small gas-
phase molecules [12—14], to a transition metal complex with
a significantly more complicated electronic structure. In this
work, we demonstrate how the application of spin propen-

sity selection rules in RPES can help to explain the spectral
features of open-shell transition metal complexes more gen-
erally, and we highlight how two-dimensional RPES mapping
can be used to uncover otherwise experimentally inaccessible
information.

II. RESULTS AND DISCUSSION

Liquid-jet RPES measurements of aqueous solutions
of K3Fe(CN)g and K4Fe(CN)g were conducted using the
SOL?PES experimental station [35] and the U49/2-PGM-1
beamline [36] at the BESSY II synchrotron radiation facility.
Further experimental details can be found in Appendix A.
The Fe 2p L-edge spectra are presented in Fig. 2, where
the top and bottom series of plots show measurements of
[Fe'(CN)s]*~ and [Fe™(CN)g]*~, respectively. The unpro-
cessed RPES maps, showing the valence-band PES measured
as a function of incident photon energy, are shown on the left
in panels (a) and (b). High-resolution spectra, shown in (c) and
(d), were measured both off and on key resonances visible in
the x-ray absorption spectra, shown in (e) and (f). The plots at
the right of the panel, (g) and (h), show RPES difference maps
created by subtracting the pre-edge valence-band spectrum
from the raw data in (a) and (b). This separates the Fe resonant
enhancements from the direct photoemission signal, which is
dominated by photoemission from the water solvent.

For [Fe''(CN)g]*~, the lower-energy peak in the XAS at
~711 eV is dominated by 2p — e, transitions, both with
and without #,, — e, shakeups. The higher peak at ~713 eV
originates from a mix of transitions into metal and ligand
states, which include w back-bonding and spin-forbidden
singlet-triplet transitions that have a notable intensity due to
spin-orbit coupling [27,37,38]. For [Fe'(CN)4]3~, the spectra
are more complicated due to the open-shell nature of the
molecule. The first resonance at ~v = 707.5 eV corresponds
to excitation into the 7, hole, while the structure in the XAS
above ~710 eV is from eg-related excitations. The shape has
been explained through a combination of multiplet effects,
back-bonding, and o donation. The lowest-energy transition
in this complex series of e,-derived transitions is the 2p — e,
resonance [27,37,39].

The nonresonant valence-band features of [Fe'(CN)g]*~
and [Fe™(CN)¢]>~ have previously been described from a
molecular orbital perspective [40]. For RPES, however, it is
helpful to extend this picture by considering each enhance-
ment, at a particular location in the two-dimensional map, as
a unique coupling of a core-exited state and a final state. Very
broadly, the RPES data can be separated into two binding en-
ergy regions. At low binding energy (< 10 eV), the spectra are
dominated by participant enhancement of the ,, highest occu-
pied molecular orbital (HOMO) (labeled in Fig. 2). At higher
binding energies, in addition to participant enhancement of
valence-band features, we also observe “spectator”/resonant
Auger enhancements [41]. The “spectator” Auger, where the
photoexcited electron remains in the unoccupied orbital and
does not participate in the Auger decay process, will follow
a constant kinetic energy trajectory (45° angle in the maps),
increasing in intensity when on a resonant transition. This
paper, however, focuses entirely on the low binding energy
participant enhancements.
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FIG. 2. Fe 2p L-edge RPES of [Fe"'(CN)¢]*~ (top) and [Fe"(CN)s]*~ (bottom). (a),(b) RPES maps (raw data). (c),(d) Spectra measured
off-resonance and on selected resonances in the partial electron yield x-ray absorption spectrum, shown in (e),(f) (a vertical integration over
the RPES map). The #,, and e, resonances are marked. (g),(h) Difference maps showing the RPES signal after subtracting the off-resonance
valence-band spectrum [gray spectrum in (c) and (d)], which is largely dominated by the valence band of water. Binding energies were
calibrated using the nearby water 2a, peak at 30.9 eV [33] (see the spectra in the supplemental material [34]).

For [Fe(CN)g]*~ the t, participant enhancement is ob-
served at ~6.0 eV binding energy, appearing strongly on both
resonances. These enhancements correspond to the valence
doublet final state 2(t,,)°. For [Fe(CN)g]*~, there are two
notable binding energy features at 8.6 and 7.3 eV. These
are assigned to participant enhancements of the '(r,)* and
3(tag)* (singlet and triplet) final states, respectively. Inter-
estingly, despite being enhancements of the same molecular
orbital feature, their relative intensities depend on the in-
termediate core-excited state. Figure 3 shows vertical line
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FIG. 3. Evolution of the participant enhancement of the '#,, and
31y, final states (FS) as a function of photon energy. These final
state spectra are vertical constant binding energy (BE) line profiles
extracted from the [Fe' (CN)4 ]3>~ RPES map [Fig. 2(b)]. CE denotes
core-excited intermediate state.

profiles extracted from the RPES map (0.5-eV-wide inte-
grations, centered on the two features), which highlight the
intensity evolution of the singlet and triplet state as a function
of photon energy. On the ,, resonance (hv =707.5 eV),
the valence singlet dominates. On the rising edge of the e,
XAS feature (up to hv ~ 711 eV) the valence triplet is more
intense, but at its peak (hv = 712.6 eV) the singlet appears
slightly more intense. At higher photon energies, both are of
similar intensity. Quantification of the relative intensity of the
singlet compared to the triplet for [Fe'(CN)¢]*~, as derived
from fitting Voigt functions to the spectra in Fig. 2(d), can be
found in Table I.

This complex picture of multiple core-excited (intermedi-
ate) states and final states following participant enhancement
of the f, is depicted in Fig. 4. In the closed shell Fe'
case [Fig. 4(a)], the 2p — e, excitation can only produce
the single valence doublet intermediate state 2|(f)%(e,)").

TABLE I. Ratio of valence singlet/triplet participant intensity in
[Fe™(CN)s]*~, from peak fitting the spectra in Fig. 2(d).

Photon Energy [eV] Ht29)/* (12)
706.0 (pre-edge) 1.36 £0.78
707.5 (t2g) 3.93+0.13
711.0 (e,) 0.82 +0.07
711.6 1.17 £ 0.08
713.8 0.94 +0.10
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FIG. 4. Generalized state diagram depicting the relative ener-
gies and valence configurations in Fe 2p RPES of (a) closed-shell
Fe'" and (b) open-shell Fe™" low-spin complexes. The ground state,
core-excited intermediate states, and final states following participant
decay are shown. k denotes the wave vector of the emitted photo-
electron. Gray dashed arrows indicate final states with diminished
intensity.

Following participant decay, the 2p core-hole is repopulated
and a f, electron is emitted producing the valence doublet
?|(t24)° (e,)°) final state.

The open-shell nature of [Fe''(CN)g]>~ allows the elec-
trons to be arranged with several spin-multiplicities, in both
intermediate and final states, as is depicted in Fig. 4(b).
First, the 2p — 1, excitation can create the valence singlet
intermediate state !|(72,)%(e,)°). Second, the 2p — e, exci-
tation can either create a valence singlet, 1|(tzg)5(eg)1), or
triplet, 3|(124)°(eg)'), depending on the spin of the electron in
the e, level. After participant decay, two distinct final states
are possible depending on the arrangement of the remaining
I, electrons: the valence triplet 3|(tzg)4(eg)0) or the higher-
energy singlet '|(1,)*(e,)°). The latter singlet state has two
configuration options whereby two out of three ,, orbitals
are fully populated (as shown in the diagram) or, alternatively,
one orbital is fully populated and two are half-populated. Den-
sity functional theory calculations of [Fe™(CN)g]*~ predict a
1.66 eV energy splitting between the valence triplet and the
higher-energy singlet (with two doubly occupied 1, levels)

final states. This calculation, further detailed in Appendix B,
provides a reasonable match with the 1.3 eV splitting
of the 1, participant features experimentally observed in
the RPES measurements.

The relative intensity of the singlet and triplet features in
the RPES can be explained through a spin-propensity rule
derived from the principle that transitions involving spin-
up/spin-down electron pairs are favorable over those with
aligned spins. Similar arguments have previously been dis-
cussed in the context of small gas-phase molecules [12-14].
Applying this selection rule to [Fe(CN)4]3~, following the
core-excitation into the #,, orbital, it is favorable to end in
the higher-energy singlet final state. This is reflected in the
intensity of the participant signal presented here, which for
the [Fe™(CN)¢]>~ 1, excitation shows that the valence singlet
final state has a propensity of 3.9 & 0.1 greater than that of the
triplet.

On the e, resonances, neither final state is diminished by
this propensity rule. On the rising edge of the e, resonance,
the RPES shows higher triplet participant intensity compared
to the singlet, indicating the lower energy triplet state is
favorable. At further increasing photon energies, the singlet
and triplet have comparable intensity. We propose that on the
leading edge of the e, resonance, there is only enough energy
to access the valence triplet core-excited state, whereas at
higher photon energies the higher-energy singlet core-excited
state can be accessed. It follows that the observed intensity
variation of the two final states is likely a manifestation of the
coupling strength between the intermediate and final states,
such that the coupling to the singlet final state is stronger
for the intermediate singlet state than the intermediate triplet
state. This highlights the powerful capability of RPES for
experimentally deconstructing complex L-edge XAS.

III. CONCLUSIONS

The results presented here highlight clear differences
between the aqueous solutions of [Fe"(CN)]*~ and
[Fe(CN)s]>~, beyond what can be extracted from stan-
dard x-ray absorption or photoelectron spectroscopy. The Fell
and Fe'' RPES manifests clear differences in both the occu-
pied and unoccupied electronic structure. We show that RPES
mapping can provide detailed information about the coupling
of different spin configurations in the intermediate and fi-
nal states. Spin propensity in the open-shell [Fe(CN)s]3~
complex is observed. Specifically, the participant enhance-
ment of the HOMO singlet state appears ~4x that of the
lower energy triplet when on resonance with the Fe 2p — 1,
excitation.

When compared to RIXS, the photon-in/photon-out ana-
log of RPES (photon-in/electron-out), the resulting final
states are different. In RIXS, no electron is emitted (the final
state is not oxidized) impacting the accessible spin multi-
plicities. While both techniques are powerful and provide
complementary information, the ability of RPES to probe
this different final state has remained underutilized until now.
The experimental observations of orbital degeneracy and spin-
propensity presented in this paper set out a platform for using
RPES mapping to resolve otherwise inaccessible spin config-
urations. This has particular significance to understanding the

033030-4



SPIN PROPENSITY IN RESONANT PHOTOEMISSION OF ...

PHYSICAL REVIEW RESEARCH 3, 033030 (2021)

fundamental electronic and spin properties of open-shell or
high-spin materials.
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APPENDIX A: EXPERIMENTAL DETAILS

Liquid-jet photoelectron spectroscopy measurements were
carried out with the SOL*PES ambient pressure x-ray photo-
electron spectroscopy (AP-XPS) experimental station [35] at
the U49/2-PGM-1 beamline [36] at the BESSY II synchrotron
radiation facility. The U49/2-PGM-1 beamline provides pho-
tons in the range of 85-1600 eV producing a 20 x 80 pm?
spot of linearly polarized light at the measurement position
at SOL’PES. This experimental station is equipped with a
Scienta HIPP-2 R4000 hemispherical analyzer, which was
positioned at the magic angle, i.e. 54.7° relative to the po-
larization axis of the incident x-ray beam. All measurements
were taken in swept mode with a pass energy of 200 eV with a
theoretical binding energy resolution of 450 meV. The energy
resolution of the beamline at the Fe L-edge was better than
280 meV.

K;3Fe(CN)g and K4Fe(CN)g (from Sigma Aldrich) were
dissolved in deionized water to concentrations of 0.3 M and
0.4 M, respectively. The solutions were degassed before use.
They were pumped from a reservoir by an HPLC pump (Tech-
lab Model Economy) and injected into the vacuum chamber
through a fused silica capillary of 30 um inner diameter.
The laminar liquid microjet had a velocity of approximately
40 ms~!. We cooled the jet assembly down to 10°C using
a chiller (Julabo Model F12/ED) to reduce the water vapor
pressure and therefore the gas-phase spectral contributions.
Approximately 1 mm downstream, the liquid microjet was
hit by the synchrotron beam and the ejected photoelectrons
passed through a 0.5 mm orifice that forms the entrance to
the hemispherical electron analyzer at a distance of 0.5 mm
from the liquid microjet. This short distance ensures that de-
tected electrons did not suffer from inelastic scattering with
gas-phase water molecules surrounding the jet surface. The
pressure in the vacuum chamber during the measurements
was better than 2 x 10~* mbar, which was achieved by a
combination of cold traps — metal cylinders filled with liquid
nitrogen — and a 1500 Ls~! turbomolecular pump.

The binding energy of the valence-band resonant photoe-
mission was calibrated by setting the nearby water 2a; peak
to 30.9 eV [33] (see the spectrum in the supplemental mate-
rial [34]), which is unaffected by the spectral enhancements.

Peak fitting of the valence singlet and triplet states (following
participant decay) used Voigt functions where the Lorentzian
width was fixed to 0.05 eV and the Gaussian width was al-
lowed to vary in the fit. The shape of the valence band was
taken into consideration in the fit using an arbitrary series
of Voigt functions with no constraints — these components
are not used in any analysis, but they were included to allow
the background below the singlet/triplet peaks to be accu-
rately modeled in the fit. A Shirley background was used.
An example of this peak-fitting procedure is included in the
supplemental material [34].

The XAS presented in the manuscript are partial electron
yield spectra extracted by vertically integrating over the RPES
maps. This was done over the full binding energy range mea-
sured, from 2 to 36 eV. These raw datasets are included in the
supplemental material [34].

APPENDIX B: COMPUTATIONAL DETAILS

The GAUSSIAN 09 software package [42] was used to
perform density functional theory (DFT) calculations of
[Fe'(CN)g]>*~. The B3LYP* hybrid functional [43] [gen-
eralized gradient approximation with 15% Hartree-Fock
(HF)/13% Slater/72% Becke-88 exchange functional and
19% VWN3/81% LYPC correlation functional] and the def2-
tzvpd basis set [44] (from Basis Set Exchange [45]) were
used. The B3LYP* functional is a modification of the widely
established B3LYP functional with a reduced amount of HF
exchange which has been shown to be well suited for com-
plexes of first-row transition metals [43,46]. The water solvent
was modeled using a polarizable continuum model [47]. The
geometry was optimized in the ground state 2[Fe™(CN)g]*~.
Single point energy calculations were conducted using this
optimized geometry for the triplet 3[Fe!(CN)s]*~ and singlet
'[Fe(CN)]>~ final states. Both singlet final states were cal-
culated: one with two fully occupied t,, orbitals and the other
with one fully occupied and two partially occupied 1, or-
bitals. The difference in the self-consistent-field (SCF) energy
between the doublet ground state and the various oxidized
final-state configurations was used to determine the final-state
energies. The energies of these states are shown in Table II.

TABLE II. Table of energies from DFT calculations of the initial
ground states (GS) and final states (FS) of [Fe™(CN)¢]*~. Esce
denotes the self-consistent-field energy from the calculation. Egg is
the final-state energy (the difference in SCF energy of the initial and
final states). 'FS — °FS is the energy difference between the singlet
and triplet final states.

Escr Egcr Ers 'FS — 3FS

State (Hartree) (eV) eV) (eV)
GS
2[Fel[I(CN)6]3_ —1821.0711 —49553.88
°FS
3[FeV (CN)g 2~ —1820.8661 —49548.31 —5.57
'FS (2, 1), 1))

8> "2g> "2g _ _ _ _
I[Fe! (CN)e >~ 1820.8465 49547.78 6.10 0.53
'FS (2, 13,19,

g’ "2g> "2¢ _ _ _ _
I[Fe! (CN)e >~ 1820.8053 49546.65 723 1.66
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