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Manipulating Core-Excitations in Molecules by X-ray Cavities

Bing Gu,m* Artur Nenov,> * Francesco Segatta,? Marco Garavelli,® T and Shaul Mukamel®>*

! Department of Chemistry and Department of Physics and Astronomy, University of California, Irvine, 92697, USA
2 Dipartimento di Chimica Industriale ”Toso Montanari”,
Universita degli studi di Bologna, Viale del Risorgimento 4, 40186 Bologna, Italy.

Core-excitations on different atoms are highly localized and therefore decoupled. By placing
molecules in an X-ray cavity the core-transitions become coupled via the exchange of cavity photons
and form delocalized hybrid light-matter excitations known as core-polaritons. We demonstrate
these effects for the two inequivalent carbon atoms in 1,1-difluoroethylene. Polariton signatures in
the X-ray absorption, two-photon absorption, and multidimensional four-wave mixing, signals are

predicted.

Hybrid light-matter states between the material polar-
ization and cavity photon modes, known as polaritons,
are created when the light-matter coupling strength g is
larger than the decay rate of the cavity mode and the
decoherence rate of the molecular transition (the strong
coupling regime). When the cavity mode is in the vac-
uum state, the effective coupling strength for an assem-

bly of N identical molecules is & = gV Nj,g = 4/ 2’20"’&,

where gq is the electric permittivity of vacuum, w. the
cavity frequency, p the transition dipole moment, and
V. is the cavity mode volume [1]. The v/N factor is re-
sponsible for cooperative superradiance [2, 3]. Cavity
polaritons in the visible and infrared regime have long
been studied in atoms and were recently experimentally
reported in molecules [4-11]. Molecular electronic and
vibrational polaritons have been experimentally shown
to alter the electronic, optical, and chemical properties
of molecules including photoisomerization, electronic en-
ergy transfer, electron transfer, and ground-state reac-
tion rates [9]. These findings had triggered intensive the-
oretical investigations [3, 6, 12-30].

Thin-film optical cavities in the hard X-ray regime
have been recently employed in the study of collective
Méssbauer signals of ®"Fe nuclei (14.4keV) [31-33] and
tantalum L-edge X-ray spectra (9881eV) [34]. A ~ 41eV
effective light-molecule coupling strength for low-finesse
X-ray cavities has been reported [34]. X-ray cavities
in the soft X-ray regime can be formed by alternating
nanometer layers of materials with different indices of
refraction, and are on the horizon. For high-reflectivity
mirrors, the cavity photon modes satisfy (n + %) A =L,
where L is the cavity length and A, is the wavelength of
the cavity mode. For carbon K-edge (~300 eV), it cor-
responds to L ~ 10nm.

Here we study molecular polariton effects in the X-ray
regime whereby a high-finesse X-ray cavity mode couples
to molecular core-excitations. We demonstrate that lo-
calized excitations from inequivalent carbon core-orbitals
in 1,1-difluoroethylene can be coupled by the exchange of
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an X-ray cavity photon, leading to hybrid core-excitation
with X-ray cavity photon modes. Rich exciton-polariton
physics has been observed in the optical regime. This
includes long-range transport [35, 36], enhanced opti-
cal nonlinearity, modified chemical reactions, polariton
lasers, optical transistors, and phase transitions [9]. Our
study suggests that similar phenomena may be expected
for core-polaritons in the X-ray regime. X-ray cavities
enable long-range transport of core-excitons or core-holes
despite their highly localized nature as long as the light-
matter coupling strength is stronger than their decay
rates [35, 36]. We predict signatures of core-polaritons in
the X-ray absorption spectrum, in two-dimensional (2D)
X-ray four-wave mixing signals: photon echo and double
quantum coherence, and in the two-photon absorption.
Time-domain 2D spectroscopic techniques provide a ver-
satile tool for exploring the optical properties of matter
[37, 38]. Multidimensional X-ray spectroscopy enabled
by X-ray lasers [39] can [40-42] capture electron dynam-
ics on the attosecond (as) time scale, and can reveal the
correlations among core-excitations.

We consider a system of N molecules coupled to a
single X-ray cavity mode described by the Hamiltonian
H = Hy+Hem+ Him(t) + He where the n-th molecular

Hamiltonian HIE/?) = jc{gef} Wi |50 ()], the cav-
ity Hamiltonian Hc = hw.a'a, and the cavity-molecule
coupling Hopm = Zﬁf:l —p™ - E(r,,t). Here u(™ is the

ips . - . hwe ike T
transition dipole moment and E(r) = iy /52%-ecae™ " +

H.c. is the electric field operator where a (a') is the bo-
son annihilation (creation) operator for the cavity mode,
k., e. are the cavity mode wave vector and polarization,
respectively, H.c. stands for the Hermitian conjugate.
We focus on the single- and double-core carbon K-edge
excited states, labeled e and f, respectively. Double-
core excitations of the same carbon atom are excluded,
as they are blue-shifted by tens of eV with respect to
doubly core-excited states on different atoms [43]. This
shift can be attributed to the reduced electron shielding
caused by the first core-excitation which shifts a second
core-excitation from the same atom to the blue. The
electric-dipole coupling Hy v (t) describes the interaction
of the molecules with external laser pulses.

For N > 1 and |kc~(rn—rm)| < 1, it is con-
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venient to introduce the collective core-exciton states
|Eop) = Tlﬁzg:leikn gD - g=D M g(nt1) .y de-
scribing a superposition of a single excitation shared by
all molecules and similarly |F),x), where k = 27j/N,j =
0,---,N —1. Here a and g run over the singly and dou-
bly excited states, respectively. Up to double excitations,
the cavity-molecule coupling can be represented by (see
Sec. S1 for details)

HCM = Z \/Nneag ‘Ea0> <G| a—+ Z Z K’fu,ea |Fﬂk> <E0¢k| a

k  p,a
+ Z Z Kewg |e&")e(ﬁm)> (e(ﬁm)| a+H.c.

n#Em a,y

(1)

where |G) = [g(V) ---¢g(™)). Equation (1) implies that
the transition from the ground-state to the delocalized
core-exciton states |Enq) is enhanced by v/N whereas
the coupling between excited states |Eqx) and |Fjgy) does
not show such cooperativity [3]. The bright state |Eqo)
is invariant under exchange of any two molecules. The
dark states |Eqr) , k # 0 do not contribute to the absorp-
tion spectrum. Nevertheless, the transitions between the
single-polariton and the dark biexciton states are coupled
to the cavity mode by the |Fay) (Eqr| @+ H.c. term even
for k # 0. Note that bright polariton states can relax
to the dark states due to e.g. vibronic couplings, disor-
der, and cavity loss [3, 44]. The third term in Eq. (1)
represents the coupling between the singly and doubly
core-excited states from different molecules (Sec. S1).

Figure 1 depicts the ground state structure of 1,1-
difluoroethylene optimized at the Mgller-Plesset second-
order perturbation level, and compares the simulated
and experimental X-ray absorption near edge structure
(XANES) in the [280, 296] eV spectral range. This
molecule has two inequivalent carbon atoms with bound
pre-edge transitions separated by a few eV. The elec-
tronic structure computations are detailed in Sec. S2,
and the spectroscopic simulations in Sec. S3 [45] The
simulated XANES spectrum (without any shift) is in ex-
cellent agreement with experiment in the [280,296] eV
spectral range. The spectrum has four main features.
The 285.6eV and 289.5eV peaks are associated with ex-
citations from the 1s core orbitals of the carbon atoms in
the CHy and CFy groups to the anti-bonding 7* orbital,
respectively. A broader peak at 293eV, arises from a
pair of close lying transitions from CHs to Rydberg (Ry)
orbitals. Finally, we find a red shoulder to the 289.5eV
band at 288.4eV, associated with a transition from CHs
to a ¢* anti-bonding orbital localized in the CHy frag-
ment. The ~ 4eV energy splitting between the CHsy
— " and CFy — 7* peaks shows that functionalization
with electron withdrawing groups such as fluorine makes
core-excitations more energy-costly, thus inducing a few
eV blue-shift. The K-edge spectrum is dominated by the
core-excitations of CHs.

In the X-ray cavity, the core-excitations are modified
by coupling to the cavity mode. Figure 2 (top) illus-
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FIG. 1. The XANES spectrum of 1,1-difluoroethylene and
the corresponding (left) Feynman diagram. k denotes the in-
coming pulse wave vector. (right) The transitions involving
the carbon K-edge in CHy (CF3) are represented by yellow
(purple) sticks. The agreement with experiment [46] are ex-
cellent.

trates the XANES of core-polaritons at cavity frequen-
cies w. = 290eV close to the CFy — 7* excitation for
varying coupling strength. At gv/N = 2.45 eV/Debye
(eV/D), we observe a vacuum Rabi splitting of two po-
lariton peaks. The transition dipole is in the order of
0.1 D. The Rabi splitting is increased with the coupling
strength, and the lower polariton further mixes with CHo
excitations leading to enhancement and redshift of the
CHy — 7* transition.

To unveil the polaritonic nature of the core-excitations
in the X-ray cavity, we have decomposed each polariton
state into the CHy, CF5y and the cavity photon compo-
nents. These are depicted in the lower panels in Fig. 2.
Since the core-excitations localized at CHy and CF5 are
decoupled, each excitation is either purely CHs or CFq
type. To decompose the polariton states, we introduce
the projection operators P, = > ., lea)(€a| where
o = { cavity photon, CHs, CFs }. The o-component in
a polariton state |¥) is computed as P° = (¥|P,|V).
As shown in Fig. 2, without cavity (¢ = 0), all exci-
tations are either purely CHy (yellow) or CFy (purple)
type. As the coupling is turned on, the two ~290eV
excitation contain mixed CFg and photon (brown) char-
acter, reflecting a hybridization of the CFy — 7* and
the cavity photon, resembling the polariton states in a
Jaynes-Cummings model. As g increases, the polariton
states further mix with CHs-excitations, leading to de-
localized core-excitations from both CHy and CF5. The
delocalization can be clearly observed in the decomposi-
tion of the polariton states ~290eV. These delocalized
excitations involving both C atoms arise from an effec-
tive coupling between their core excitations induced by
exchanging cavity photons even when the cavity is in the
vacuum state. When the cavity frequency is detuned far
from any resonance in the bare XANES w. = 288eV
(bottom row of Fig. 2), no substantial changes in the
spectrum are observed at g = 2.45 eV /D. Nevertheless,
as g gets stronger, we observe similar delocalized core-
excitations involving both CHy and CF5 at e.g. 290€eV.
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FIG. 2. XANES of 1,1-difluoroethylene in an X-ray cavity for varying coupling strength. Lower panels show the decomposition
of each polariton state into CHz, CF2 and photon components. The top row is for cavity frequency w. = 290eV close to

a specific transition, and the bottom row for cavity frequency w. = 288eV detuned from the main core-transitions.

The

dependence on N is solely through the (collective) coupling strength gv/N.

For nonlinear X-ray signals, we focus on the single-
molecule N = 1 strong coupling case. Single-molecule
strong coupling requires a substantial field enhancement,
and its realization may benefit from an ensemble of aux-
iliary emitters [47]. The signals for large N can depend
on many collective dark states that are neglected here.
Doubly core-excited dark states |e”el™) in different
molecules also need to be taken into account. Such states
do not show up in bare nonlinear spectroscopy due to de-
structive interference [48, 49]. The cavity mode mediates
an effective coupling even for otherwise non-interacting
molecules, and the two-core-exciton states from different
molecules will influence the bipolariton manifold. Below
g,e, f label the ground, single-polariton, two-polariton
states, respectively, see Fig. 3 for the level scheme.

We have computed time-domain heterodyne-detected

J

The 2D PE signals are displayed in Fig. 3. There are
three contributions to the spectra: stimulated emission
(SE) and gound-state bleaching (GSB) (the first two dia-
grams in Fig. S1), and the excited state absorption (ESA,
the last diagram in Fig. S1). The four XANES features
discussed earlier give rise to four traces along Q; (i.e.,
CH; excitations at 285.6eV, 288.4¢e¢V and 293.0eV and
CF3 excitations at 289.5e¢V) with a characteristic cross
peak pattern, that reflects the correlation between vari-
ous transitions. The cross peaks result from the fact that
they share a common ground state, and that the core ex-
citations are both anharmonic wy. # wey and coupled
Wfg F Weg + Werg. ESA signals related to double core-
excitations from the same carbon atom do not cancel the

(

2D X-ray four-wave mixing signals of core-polaritons.
These allow us to track the time-evolution of the polari-
ton states and reveal correlations between transitions.
The total electric field is decomposed into three pulses
E(t) = Eg(t) =+ Eg(t + Tg) + E1 (t —+ T1 + T2) + C.C. where
T} is the time-delay between the j-th and j + 1-th pulse.
Labeling the wave vectors of the incoming pulses as k;,
we first discuss photon echo (PE) signal at —k; +ka +ks.

The 2D PE spectra are sketched by the Liou-
ville space pathways represented by Feynman dia-
grams [37], depicted in Fig. S1. The 2D corre-
lation spectra are obtained by Fourier transforming
the delays Tj (coherence time) and T3 = ¢ (de-
tection time) in the polarization Spg(Qs,Q1;T2) =
fO‘X’ a7, fooo dT; <PPE (T37 T27 T1)> engT3+iQ1T1.

(

respective GSB and SE signals, consequently, cross-peaks
appear symmetrically below and above the diagonal.
Transitions involving CHs and CF5 cores are quartically
coupled due to spatial vicinity of the two carbons, i.e., ex-
citations of CHs core depends on the occupation number
in CFy. The associated ESA exhibit a ~1.5 eV red-shift
(289.6 eV /284.0eV and 285.6 ¢V /288.0eV) or a blue-shift
(289.6eV/294.5eV and 293.0eV/291.0eV) with respect
to the corresponding off-diagonal GSB which makes the
ESA appear in the 2D spectra. At g = 2.45¢eV /D, the po-
lariton splitting is reflected in the additional cross peaks
between the polariton states and bare molecular states.
Similar features are seen in the stronger coupling case
shown in Fig. 3 where additional hybrid polariton states
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Level scheme and the 2D photon echo spectra Spr(Qs,Q1; 72 = 0) for 1,1-difluoroethylene in an X-ray cavity with

we = 290eV for different coupling strengths as indicated. We use attosecond pulses with central frequency 290eV and 20eV

bandwidth.

containing excitations from both carbon atoms are cre-
ated.

We now turn to the double quantum coherence (DQC)
signal at k; + ka — k3 [50-54], represented by the dia-
grams shown in Fig. S2. The correlations between single-
and two-polaritons can be obtained either by Fourier
transform of the time-delays T3 and T at a fixed T7,
Spqc (23, Q9;T1) or by Fourier transform of the time-
delays Th and T at a fixed T3 Spqc(Q2, 21;T3). In DQC,
the polariton system is in the coherence |e) (g| during 77,
and is then promoted to |f) (g| during T». The system
can be either |f) (e| or |e) (g| for the detection time T3.
The peaks in Spqc(Q2, Q1; T3) reveal correlation between
weg and wyy. For a harmonic system where wyg = weqy
and for uncorrelated transitions where wy, = weg + werg,
the DQC signal vanishes as the two contributions to DQC
interfere destructively. This makes DQC suitable for re-
solving anharmonicities and correlated transitions.

The DQC Spqc(Q2,:;T5) are shown in Fig. 4 for
varying cavity coupling strengths. The vertical axis
shows the doubly core-excited states |f) that can be
reached from |g) through an excited state |e). Promi-
nent contributions at Qq/Qs = 285.6eV/573.9eV and
289.5eV/573.9eV arise due to the coupling of CHy— 7*
(285.6eV) and CFy — 7* (289.5€V) transitions to the
CH,,CFy = =* transition [55]. Similarly, peaks at
289.5eV/584.1eV and 293.0eV/584.1eV arise due to
the coupling of CFy — 7* (289.5eV) and CHs— Ry
(293.0€V) transitions to the CHy, CFy = #*, Ry transi-
tion. In the strong coupling regime, the polariton states
manifest as a doublet around Q; = 290eV. Additional
peaks are clearly observed between these single-polariton
states and the f-manifold. Core-polaritons also modulate
the doubly core-excited states by mixing them with the
two-cavity-photon state and single-core-excitation single-
cavity-photon state. For example, a noticeable red-shift
can be observed for the CHy,CFy = #* transition from
the slices of the DQC at 2, = 285.5¢eV.

The correlations between wy. and wy, are revealed
in the DQC signal Spqc(€2s,€22;T1) displayed in Fig. 4

(bottom row). States from the doubly excited manifold
coupled to the singly excited manifold are characterized
through a set of four peaks along 3 for a given 9
value [56]. For example, the quartet of peaks along the
Qo = 573.9¢eV are associated with two peaks at 285.6 eV
and 289.5eV coinciding with the CHy— 7* and CFg
— 7* transitions and two red-shifted peaks at 284.4eV
and 288.3eV corresponding to the CHo— 7" with CFq
excited and CFy — 7* with CHs-excited. [57] The 1.2eV
splitting between each pair of corresponds to the value
of the quartic coupling between both transitions. Under
strong coupling, core-polariton doublets can be observed
along €3 due to the wy. resonances. The splitting does
not directly correspond to the polariton resonances be-
cause both e and f manifolds are modified by the cavity
mode.

Similar information about the correlations of single
and double excitations as provided by DQC can be ex-
tracted from the two-photon absorption signal, discussed
in Sec. S4. This signal does not require coherent X-ray
pulses and is thus easier to implement experimentally.

In summary, we have demonstrated how molecular
core-excitations can be manipulated by coupling to the
vacuum field in an X-ray cavity. Localized excitations
from the two carbon atoms in 1,1-difluoroethylene are
coherently coupled by the exchange of an X-ray cavity
photon creating hybrid delocalized excitations. We iden-
tified the spectroscopic signatures of core-polaritons in
XANES, two-photon absorption, and multidimensional
X-ray spectroscopic signals. XANES directly probes the
hybrid core-polariton states with the polariton effects
manifested as mode splitting, redistribution of oscilla-
tor strength, and line shifts, depending on the cavity
frequency and coupling strength. Correlation between
polaritonic excitations are revealed by the PE, and infor-
mation about the two-polariton manifold can be read-
ily extracted from the DQC and two-photon absorp-
tion signals. This study shows how to manipulate core-
excitations in molecules by strong coupling to a cavity
in the X-ray regime. Many interesting phenomena dis-



covered for exciton-polaritons in the optical regime such
as long-range transport [35], modified chemical reaction
rates [58], enhanced nonlinearity [36] suggest analogous
extensions for core-polaritons in the X-ray regime. Re-
laxation dynamics of core-polaritons is also expected to
differ significantly from the bare core-excitations. Collec-
tive effects found in Mdossbauer resonance in iron includ-
ing electromagnetically induced transparency and Lamb
shift [32, 33] may show up in molecules as well.
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FIG. 4. 2D double quantum coherence spectra

|Spc (2,915 T5)|  (upper row) and |Spqo(Qs, Q2371
(lower) in an X-ray cavity with w. = 290eV at different
coupling strengths g as indicated. A small time delay 1075
as is used for both T3 and T} to avoid cancellation of the two
DQC diagrams.
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