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Abstract

Near-zone Forster resonant energy transfer is the main effect responsible for excitation en-
ergy flow in the optical region and is frequently used to obtain structural information. In the
hard X-ray region the Forster law is inadequate because the wavelength is generally shorter
than the distance between donors and acceptors and, hence, far-zone resonant energy trans-
fer (FZRET) becomes dominant. We demonstrate the characteristics of X-ray FZRET and its
fundamental differences with the ordinary near-zone resonant energy transfer process in the
optical region by by recording and analyzing two qualitatively different systems - high-density
CuO polycrystalline powder and SFg diluted gas. We suggest a method to estimate geomet-
rical structure using X-ray FZRET employing as a ruler the distance dependent shift of the

acceptor core ionization potential induced by the Coulomb field of the core-ionized donor.
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Resonant energy transfer (RET) occurs when an electronically excited donor transfers energy
to an acceptor. The RET process constitutes the main energy exchange mechanism in systems
ranging from color centers in crystalline materials to photosynthetic light-harvesting machiner-
ies and fluorescent proteins.!™ In the optical region, RET is governed by the near-zone Forster
mechanism*° and provides an analytical tool, the “spectroscopic ruler”,>® to estimate the donor-
acceptor separation between coupled chromophores. However, as we show here for the first time,
RET in the hard X-ray region is essentially a far-zone phenomenon where the finite propaga-
tion time of the photons is of crucial importance due to the small wavelength of the X-ray pho-
tons. The RET process is mediated by photon exchange between a donor (D) and an acceptor
(A), where the finite propagation time of the photons results in a retardation effect described by
the parameter kR, where k is the wavenumber of the photon and R is the donor-acceptor sep-
aration. The original theory of RET was developed by Avery,” and by Gomberoff and Power?®
based on general quantum electrodynamics (QED). In later works®!? the RET rate was identi-
fied as v(R) o R™° (1 + 3 [(kR)* + (kR)4]), which behaves as v(R) o« R™? for large R and
is vastly different from the Forster rate>* ~(R) oc R7°. We note that QED and classical elec-
trodynamics give the same R-dependence of the transfer rate.!! Contributions to the transfer rate
arising from the near-, middle- and far-zone terms decay with R as 1/R®, (kR)*/R® oc k*R~* and
(kR)*/RS < k*R™2, respectively.

Retardation effects can be safely neglected in the optical region due to short propagation dis-
tances according to the well-known Forster near-zone RET rate y(R) o« R~°. However, in the
X-ray region the photon wavelength is below typical donor-acceptor separations; for instance
kR = 8.6 for the first coordination sphere in CuO at Cu-Ka radiation. Contrary to the optical
region, where the Forster RET mechanism is valid, the RET process in the X-ray region is essen-
tially a far-zone RET (FZRET) process. We report here experimental observations of this process
in the X-ray region, by studying high energy X-ray FZRET from a core-ionized donor atom to an
acceptor atom. In order to use the FZRET process as an analytical tool to measure donor-acceptor

separations we need an appropriate spectroscopic label of the acceptor atom. This label arises nat-



urally in the two-step core ionization of the acceptor atom A shown schematically on Fig. 1(a,b).
The ionization of the core level of the donor atom D by an incoming X-ray photon (Fig. 1(a)), leads
to a sudden increase in the Coulomb field by the positively charged donor 1s core-hole D*. In the
spirit of the ESCA model'? (ESCA - Electron Spectroscopy for Chemical Analysis) this added
charge shifts the ionization potential 1Y, of the 1s level of the acceptor atom I;, = I, + A by an
amount A = ¢/ R. Within the realm of this model and with the donor atoms starting from the third
row the FZRET process gives the possibility to record the K photoelectron lines of lighter atoms
of the molecule and to estimate the donor-acceptor distances R using simple relation between
R and the shift. We note that despite that the ESCA model neglects core hole relaxation induced
screening of the charge distributions, it has been shown applicable to a wide variety of compounds,
including SFg and other fluorine compounds. > Let us also note that there is no Coulomb shift A in
multi-atom resonant photoemission (MARPE),!*!* where core-ionization of the donor is absent.
The energy fiwp released in the course of the core-hole annihilation 2p — 1s is resonantly trans-
ferred to the acceptor atom, ejecting its core-electron to the continuum (Fig. 1(b)). We measure
the energy of the ejected electron E, and compute its binding energy as BE = hwp — Fq — ¢,
where ¢ is the work function of the material. The element-specific resonant value /;; = BE of the
binding energy determines unambiguously the type of the acceptor and provides an estimate for
the donor-acceptor separation from A = I}, — I?, = ¢/R as R = q/A. Note that I, should be
measured independently by direct ionization of the acceptor.

The FZRET signal is collected from all acceptor atoms accessible to the donor, as follows from

the expression for the spectral density of the FZRET rate v(BE):

+

Re\PT (L4 (R + (B))
Y(BE) = I'1aq %: (R) 7[(BE — (1Y, + %))2 + F2]6 " v

where the sum runs over all acceptor-donor pairs. Here [ is the attenuation length (I ~ 27 um for
hiwp =8 keV'>1® for Cu0), I'.q is the radiative rate (typically about 1 — 10 fs~1), I is the total

decay rate of the core ionized donor atom, and Ry is the Forster radius. Note that there is no



interference between core-excited states localized on different donor atoms in contrast to resonant
X-ray Raman scattering'”-'® and MARPE. !° In the case of solid samples acceptors are taken from
a surface layer with a thickness of about the electron inelastic mean free path (= 100 nm). In the
optical region the main contribution to the RET rate -(BE) originates from the nearest coordina-
tion spheres because the near-zone Forster RET rate quickly drops down as 1/RS. The picture
changes drastically in the X-ray region where the far-zone term k*/R? dominates (Fig.1(c)) and
significantly enhances the signal from the outer coordination spheres, where the number of ac-
ceptors grows as an area of a sphere o< R? and reduces the decay of the FZRET rate by factor
R~2¢ %/, The weak decrease of the FZRET rate gives a unique opportunity to distinguish the
dominant contributions through the shift of the acceptor ionization potentials. One can expect a
large shift A ~ 1/Ry ~ 10 eV when the nearest neighbors within the first coordination sphere
Ry ~ 0.15 nm contribute the most, and a negligible shift when the outer coordination spheres
R > 5 nm dominate. To clarify this question we experimentally study two qualitatively different
systems: polycrystalline CuO powder and diluted SFg gas at low pressure (10~ mbar).
Experiments were conducted at the GALAXIES high brightness hard X-ray beamline (photon
energy in the range 2.4-12 keV) of the SOLEIL synchrotron (France) coupled with newly opera-
tional HAXPES endstation with high transmission and resolution.?*?! Our first studied system is
a polycrystalline powder of CuO semiconductor, where the FZRET process occurs between a Cu
donor and an O acceptor. The sample was prepared as a pellet of high purity powder. Measure-
ments were done at 1° incidence angle compared with the photon propagation axis. The photon
polarization axis is collinear to the spectrometer lens axis and at 89° of the CuO sample surface.
This sample is characterized by a high density of oxygen acceptors available for a given copper
donor. We do not expect to observe a spectral shift (i.e. A = 0) because the dominant contri-
bution is coming from the outer coordination spheres with large R. The second system is the SFg
gas, where resonant energy transfer occurs between a S donor and a F acceptor. The photons go
through a gas cell, in which the pressure was kept at about 103 mbar, corresponding to a concen-

tration of molecules of about n = 2.4 x 10'3 cm™2 at T=300K. This corresponds to a pressure in
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Figure 1: Scheme of resonant energy transfer following core ionization of the donor. (A) Core
ionization of the donor atom (D) by X-ray photon forms a positively charged core hole. The donor
core hole induces a Coulomb shift < 1/R of the acceptor ionization potential (B) and the energy
released in the 2p — 1s donor relaxation is resonantly transferred to the acceptor, ejecting its core
electron to the continuum. (C) Near and far zone regions in (w, R) plane. Red area above the
liw = ¢/R line shows a region where the far-zone RET term k*/R?* dominates the transfer rate.
The energy values presented on the panels A and B correspond to SFg.



the SCIENTA spectrometer chamber of about 10~° mbar. The geometry of the cell is a cylinder
of lcm X lcm (length x diameter) equipped with Imm x lcm slits in the direction of the spec-
trometer lens axis to collect the photoelectrons. The mean distance between molecules in this cell,
R. = (3/(4mn))"/3 = 2.1 x 10® A, is much larger than the bond length (~ 1 A). This is why
the intramolecular RET rate exceeds at least two orders of magnitude the extramolecular RET rate
(see the Supporting Information for explanations and computational details), resulting in a large
Coulomb shift A ~ 11 eV.

We measured the FZRET signal for both systems, CuO and SFg, at two different excitation
energies far above the core-ionization thresholds, and found profiles to be identical independently
of the incoming photon energy in order to eliminate possible artifacts and post-collision interaction
(PCI) effects.?? The position of the FZRET resonance in the binding energy scale is the key pa-
rameter responsible for the accuracy of our measurements. The energy of this peak is defined with
the accuracy +1.2 eV for CuO and +1.0 eV for SFs. For SFy the measurements were performed
at 2700 and 2800 eV while for CuO they were performed at 9100 and 9400 eV. For this latter sys-
tem, we measured the Cu 1s, Cu 2p, O 1s core lines, valence band positions and X-ray absorption
spectrum at the Cu K-edge for calibration purpose. Based on this calibration, the O 1s ionization
potential and average work function are found to be I.P.(O1s) = 529.4 eV and ¢ = 4.9 eV, re-
spectively. The Cu K-edge position is measured at 8986 eV and is shifted by ~ 6 eV relative to the
pure crystalline Cu position at 8980.48 eV.? The K,; and K, lines are found at 8047.8 eV and
8027.8 eV, respectively, in perfect agreement with the values 8047.82 eV and 8027.84 eV given
in reference.?* For SFg, the energy transfer from S to F is obtained by exciting sulphur above its
K-shell ionization threshold located at 2490.1 eV.? The FZRET peak corresponds to the ioniza-
tion of the F 1s orbital (I.P.=694.6eV %) by the unresolved S K412 doublet which has the energy of
2309.3 eV.? To test the influence of pressure, we measured the spectra at two different pressures
(5x10~%mbar, 1.5x10~>mbar). The results show no difference within the error bar.

For the CuO system, we prove that we indeed observe RET from Cu to O on Fig. 2. The O

1s lines occur only when the excitation energy exceeds the minimal energy 8986 eV necessary to



open the Cu K, emission channel. These lines are located at 7513.5 eV and 7493.5 eV, and copy
the shape of the Cu K, » lines known to be at 8047.8 eV and 8027.8 eV.?® Experimental FZRET
profiles for CuO and SF¢ are shown in Fig. 3(a) and Fig. 3(b), respectively. For the CuO system,
the oxygen FZRET peak is not shifted relative to the direct photoionization peak. On the contrary,
for SF there is a 10.9 eV shift of the fluorine FZRET peak. To explain the absence of the shift in
the CuO case, we computed the RET rate (see equation 1) from all acceptor-donor pairs inside a
spherical volume defined by the cut-off radius R, around the acceptor O atom (Fig. 4(a)). When
we take only four nearest neighbors into account within R. = 0.21 nm, we clearly see that the
RET signal is shifted by 7.4 eV. If we include donors up to R, = 0.50 nm, a second peak shifted
by 3.5 eV emerges, as well as a transition region between the two peaks. By further expanding
the cut-off radius up to 5.0 nm, we see that the dominant contribution becomes almost unshifted.
We get convergence at . = 50 nm where the RET signal is represented by a single unshifted
peak. The absence of the shift is a direct evidence that the RET profile is formed by remote shells
where A(R) — 0. It is interesting to compare our expectations with the Forster RET theory
(equation 1 with kR = 0). Forster RET theory contradicts experiment and predicts the shift of the
signal (Fig. 4(b)) without any contributions from the acceptors located farther than 1 nm from the

donor atom due to the fast R~¢ decay.
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Figure 2: Experimental evidence for RET in X-ray photoemission spectrum for solid CuQO. 2D map
shows that O 1s peaks are formed only when photon energy exceeds Cu core-ionization threshold
at 8986 eV. The excitation energy fhiw is scanned across the copper 1s edge and we measure the
kinetic energy of the O 1s electrons emitted due to RET in the course of Cu K, , decay.
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Figure 3: Normalized to maximum experimental FZRET profiles and direct photoelectron spectra
of Ols in solid CuO (A) and Fl1s in the diluted SF4 gas (B). (A) The shift of the Ols line is absent
(within the accuracy of the measurements +1.2 eV) in condensed CuO, where the energy is trans-
ferred mainly to remote oxygen atoms (see Fig.4A). FZRET peak was measured after excitation of
Cu 1s by 9400 eV photons. The asymmetry of FZRET profile for CuO is caused by the asymmetry
of the Cu K, line explained earlier (see ref.?* and references therein). (B) The 10.9 eV shift of the
F'1s line 1s large because RET profile in diluted SFg is formed mainly due to the intramolecular
RET. FZRET peak was measured after excitation of S 1s by 2700 eV photons. One should notice
that the intensity of the FZRET signal is much weaker than the intensity of direct ionization (see
Figure 1 in Supporting Information).

In contrast to the CuO system, the SFy diluted gas shows a substantially shifted signal in
the experiment. The density of the acceptor atoms is high only in the first coordination sphere
of the donor atom, so we observe a signal shifted by 10.9 eV emerging from the intramolecular
FZRET process and allowing us to estimate the interatomic separation in the SFg molecule as
Rgr = 1.32 A . This can be compared with the reference value 1.56 A.? The main reasons
for the deviation of R is the rather large error in measurements of the shift A (+ 1 eV) (see
Supporting Information) and the neglect of screening relaxation in the simple ESCA model. The

contribution of the remote acceptors (extramolecular) is negligible in this case due to geometrical
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Figure 4: FZRET and Forster RET rate simulations for CuO crystal. We compute RET profiles
for several spherical volumes within the cut-off radius R.. (A). FZRET rate (equation 1 with
k = 2.15 a.u.) computed for the cut-off radius R, taken to be 0.21, 0.5, 5 and 50 nm. We
performed the simulations up to R.=100 nm, profile converges at R, = 50 nm and shows no shift
for R >50 nm. (B) Forster rate (equation 1 with £ = 0) converges at R. = 1 nm and predicts
shifted RET profile.
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considerations (see Supporting Information for details). It is important to note that even though we
observe intramolecular RET, it is a far-zone process due to the overwhelmingly large value of the
far-zone (kR)* = 13.5 term in the transfer rate. We also stress that the Forster RET mechanism is
completely inadequate in the hard X-ray region.

Comparing the two limiting cases, CuO polycrystalline powder and SFg diluted gas, we con-
clude that the shift observed in a FZRET process can be used for an estimation of the donor-
acceptor separations in diluted systems up to approximately 5 nm due to the small size of the shift
for large distances. The method is not suitable when there is a high density of acceptors in the
far-zone region, which is a typical situation in the condensed phase. The FZRET method can still
be applied to condensed phase studies if both donor and acceptor atoms are diluted in a solvent,
e.g. to measure separations between different admixtures in doped semiconductor films or dis-
tances to ligands in d-metal complexes in diluted solution. In this case, the donor-acceptor pairs
are identified through their 1s ionization potentials. The upper limit of applicability of this method
corresponds to the typical size of globular proteins, and FZRET studies of proteins containing spe-
cific donor and acceptor atoms, like iron and sulfur, could provide geometrical estimates. Though
the intensity of FZRET X-ray photoemission signals obtained after excitation of the donor by syn-
chrotron radiation is significant, there is still room for improvement of the resolution by using
intense and short X-ray free-electron laser pulses. This source also brings an opportunity to map
the structural dynamics of the core-ionized systems at the ultrashort timescale, providing a tool
similar to time-resolved Forster RET. "

In conclusion, we have demonstrated a far-zone resonant energy transfer phenomenon (FZRET)
in the X-ray region, and analyzed its characteristics for two different systems - diluted SFgs gas and
CuO polycrystalline powder. Several fundamental differences with the ordinary near-zone reso-
nant energy transfer process in the optical region are unravelled. The use of high energy photons
offers distinctive features as compared to optical photons in terms of large penetration depth, chem-
ical selectivity and localization of excitations at the atomic level. The Coulomb shift of the RET

resonance of an acceptor induced by core ionization of a donor may in these respects offer an op-
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portunity to explore local structure. In fact, through the application of a simple potential model we
argue that the FZRET experiment could be useful as a tool to estimate bond distances and other

geometrical information.
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