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The outcomes and timescales of molecular nonadiabatic dynamics are decisively impacted by
the quantum coherences generated at localized molecular regions. In time-resolved x-ray diffrac-
tion imaging, these coherences create distinct signatures via inelastic photon scattering, but they
are buried under much stronger background elastic features. Here, we exploit the rich dynamical
information encoded in the inelastic patterns, which we reveal by frequency-dispersed covariance
ultrafast powder x-ray diffraction of stochastic x-ray free-electron-laser pulses. This is demonstrated
for the photoisomerization of azobenzene involving the passage through a conical intersection, where
the nuclear wavepacket branches and explores different quantum pathways. Snapshots of the co-
herence dynamics are obtained at high frequency shifts, not accessible with conventional diffraction
measurements. These provide access to the timing and to the confined spatial distribution of the
valence electrons directly involved in the conical-intersection passage. This study paves the way to
full three-dimensional imaging of conical intersections with ultrafast x-ray and electron diffraction.

The transient pathways of virtually all photophysi-
cal and photochemical processes in molecules are dic-
tated by conical intersections (Colns), degeneracy re-
gions in electronic potential energy surfaces where elec-
trons and nuclei move on comparable timescales and
become strongly coupled [1, 2|. Despite being ubiqui-
tous in molecules, accessing Colns experimentally has
been especially challenging [3, 4]. Recent advances in
extreme-ultraviolet (XUV) and x-ray light sources have
significantly increased the experimental capability to tar-
get different properties of these elusive nonadiabatic pas-
sages. It is now possible to record the precise timings of
Colns with attosecond transient-absorption spectroscopy
[5, 6] or XUV photoelectron spectroscopy [7], measure the
transport of electronic coherences through Colns [§], or
distinguish between coupled nuclear and electronic dy-
namics with ultrafast electron diffraction [9, 10]. Tech-
niques directly accessing the quantum coherences gener-
ated at Colns have also been put forward [11-13].

Real-space imaging of the evolution of the electronic
charge densities at Colns is a long-standing dream. With
(sub-)femtosecond hard-x-ray pulses from free-electron
lasers (FELs) [14] and laser-driven plasmas [15], x-ray
diffraction, a technique that provides spatial information
for structure determination, has recently entered the ul-
trafast regime [16-21]. While diffraction experiments at
third-generation synchrotron sources are typically per-
fomed in crystals, high-brilliance FEL sources are now
enabling ultrafast x-ray diffraction (UXD) from samples
of reduced size, such as nanocrystals [22], gases of aligned
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molecules [23], and macromolecules [24], with prospects
for single-molecule experiments [25].

In UXD, most x-ray photons are scattered elastically
off electronic state densities, with contributions from all
electrons in the molecule. This represents a challenge
when monitoring Colns, where most core and valence
electrons are inactive, and only a few valence electrons
are directly involved. Key temporal and spatial informa-
tion about Coln dynamics is encoded in the additional
UXD inelastic patterns [19, 26, 27]. These signatures di-
rectly stem from the localized quantum coherences gen-
erated at Colns. They are scattered off transition charge
densities, which map the few electrons involved in the
Coln passage without background contributions from the
remaining inactive ones. However, observing these dis-
tinctive coherence signatures in the UXD signal has not
been possible thus far. Frequency dispersing signals from
existing stochastic broadband FEL pulses does not allow
an effective separation of elastic and inelastic scattering.
As a result, the coherence contributions are buried be-
neath the much stronger elastic scattering off state den-
sities.

Here, by frequency dispersion of time-resolved x-ray
diffraction signals, and further employing a covariance-
based protocol [28-36] with state-of-the-art stochastic
FEL pulses, we separate the inelastic signatures due to
Coln coherences from the dominant, less distinctive elas-
tic features. This is exemplified for randomly oriented
nanocrystals of azobenzene molecules undergoing photoi-
somerization through a Coln [27] in a powder diffraction
setup. The signal allows us to monitor the molecular
coherences emerging during the nonadiabatic dynamics,
revealing a confined distribution of transition charge den-
sities representing small distances in the molecule. This
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sities 6(r) during the Coln passage, we assume the pow-
der diffraction setup shown in Fig. 1(a). Stochastic x-
ray pulses, with variable central time 7" and momentum
_ kx, are scattered off randomly oriented nanocrystals of
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Figure 1. Time- and frequency-resolved CUPXD sig- =& - éX|2 s / Ax(w; —w)e” wT [gpop(q’ W) 4 Geon(q,w))
nal of azobenzene molecules. a, Experimental setup. 472 2

An ensemble of molecules is excited by an off-resonant x-
ray pulse with variable central time 7" and wavevector kx.
The pulse encounters azobenzene molecules undergoing pho-
toisomerization from a cis to a trans geometry. The signal
scattered along different ks directions is recorded by a pixel
array detector placed far from the sample. The time- and
frequency-dependent x-ray diffraction signal is obtained by
varying the x-ray pulse arrival time and spectrally dispers-
ing the signal at every pixel point. The resulting rotationally
averaged CUPXD signal [Eq. (5)] is shown in arbitrary units
for a pulse duration of 7 = 22fs, time delay 7" = 50fs, and
(right, bottom) wr = 0eV on the gz—¢y plane or (right, top)
frequency dispersed at ¢ = 3.3 A™!. b, Loop diagrams [43] for
UXD off a nonstationary state of azobenzene molecules with
the two electronic states g (ground) and e (excited). Popula-
tion and coherence contributions are shown.

reflects the n7* character of the excitation, with con-
tributing orbitals localized around the nitrogen atoms.
Implemented in a crystal, covariance UXD can offer
background-free, full three-dimensional reconstruction of
transition charge densities at Colns. Our approach,
based on energy dispersing the diffraction signal to iso-
late inelastic coherence contributions, can be analogously
applied to ultrafast electron diffraction [9, 10, 37].

The effectiveness of the covariance UXD signal is
demonstrated for the photoisomerization of azobenzene,
a textbook photochemical switch with cis and trans iso-
mers, as shown in Fig. 1(a). Azobenzene can be switched
selectively with high quantum yield between both ge-
ometries on a femtosecond timescale [38-40]. With
its derivates, azobenzene has found application in pho-
topharmacology or optogenetics, to control the activity
of pharmaceutical compounds [41] or neurons [42]. Un-
derstanding the primary events of its transformation is
thus of broad relevance.

(1)
with the diffraction momentum transfer ¢ = ks — kx, the
frequency difference w, = ws —wx, and the fine-structure
constant « (see Methods for details). Atomic units are
used throughout unless otherwise stated. Ax(t) and
Ax (w = [dt Ax(t)e“" are the complex time and fre-
quency envelopes of the pulse vector potential Ax (r,t) =
éx Ax (t—T) e*x T e iwx(t=T) with central frequency wx,
while éx and € are the polarization unit vectors of the
incident and scattered x-ray photon, respectively. pop
and G0 are later defined as the population and coher-
ence contrlbutlons to the charge densities in reciprocal
space [19], o(q) = [d®r&(r)e 4", We assume a pow-
der d1ﬁ’ract10n 5etup, where x-ray pulses scatter off a
powder of randomly oriented crystallites of dimensions
between several hundreds of nanometers to a few microm-
eters [15]. The charge densities o(q) = [ df2q/(47) 5(q)
accessed by the signal are thus rotationally averaged over
the momentum-space solid angle 24, and only depend on
the modulus ¢ = |q|.

The charge-density contributions from populations and
coherences are exemplified in Fig. 1(b) for the two rel-
evant electronic states in azobenzene photoisomeriza-
tion. This is highlighted by expanding the wavefunc-
tion |[W(2)) = >, ci(t) |xi(t))[¢i) in the basis {[¢)}
of adiabatic electronic states, with time-dependent nor-
malized nuclear wavepackets |x;(t)) and state ampli-
tudes ¢;(t). The resulting charge densities (5(q,t)) =
(W (t)lo(@)[¥(t)) = Opop(q:t) + Feon(g;t), with Fourier
transform opop(q,w) + Feon(q, w), are then given by the
sum of diagonal charge densities stemming from states’
populations [diagrams (i) and (ii) in Fig. 1(b)],

ZO’“ q,t Z |Cz ‘O'zz( )|Xi(t)>a
(2)

Upop q,t




and transition charge densities associated with the quan-
tum coherences [diagrams (iii) and (iv) in Fig. 1(b)],

Geon(0,t) = Y G5u(a,) = D> 5 (1) ealt) (s (D)6 (@) xa (D))
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3)
The modulus square in Eq. (1) results in
the sum of three contributions, S(q,wr,T) =
Spop <Q7 WR, T) + Scoh (Q7 WR; T) + Shet(q7 WR; T)7 which
contain a'pop(% t)&pop(qa t/), Ocoh (Qa t)&coh((b t/), and
their interference Gpop(q,t)Fcon(g,t’), respectively. The
interference contribution Shet(g,wr,7’) can be viewed
as a heterodyne-detected coherence term, with the pop-
ulations acting as a local oscillator. This is analogous
to the setup employed in Ref. [45], where the scattering
off unexcited molecules served as local oscillator for the
dynamical signal.

The advantage of directly accessing coherence dynam-
ics without population background contributions is ap-
parent in Fig. 2(a), where we display the evolution of
the charge densities in real and in momentum space.
Ab-initio nuclear-wavepacket simulations (see Methods)
of ultrafast azobenzene photoisomerization involving the
Coln passage [27], with the full inclusion of coupled nu-
clear and electronic degrees of freedom, were performed
on the basis of accurate two-dimensional potential en-
ergy surfaces [46] containing the ground state g and the
electronically excited nm* state e. The system is pre-
pared at ¢ = Ofs in the e state by a vertical excitation,
and the passage through the Coln, taking place at ap-
proximately 100 fs, moves part of the populations to the
g state, thereby generating a coherence between g and
e. While our two-dimensional effective Hamiltonian cap-
tures the reactive pathway through the Coln, additional
effects like vibrational relaxation to other modes might
come into play in a full-dimensional treatment. Never-
theless, the coherence will still emerge at the Coln. It
was shown recently that this coherence can be apprecia-
bly large and long lived even in full-dimensional simula-
tions of a much larger molecule with more decoherence
pathways [47].

The top left panel of Fig. 2(a) shows the real-space
transition charge density at ¢ = 190fs, with a clear lo-
calization at the nitrogen atoms stemming from the nz*
character of the e state. By highlighting the role of the
valence electrons directly involved in the Coln passage,
transition charge densities carry more distinctive and lo-
calized information than state charge densities, which are
spread through the entire molecule with strong contribu-
tions from inactive electrons. This is reflected in the
rotationally averaged, momentum-space charge densities
Gpop (¢, t) and Geon(gq,t), also shown in Fig. 2(a). The
population contributions are stronger at small ¢, in con-
trast to the coherences which, albeit weaker overall, have
similar magnitudes at varying momentum transfers and
become more prominent at large q.

When an incident x-ray photon interacts with the non-
stationary superposition state of Fig. 2(a), it can ex-
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Figure 2. Azobenzene charge-density photoisomeriza-
tion dynamics. a, Representative molecular structure of
azobenzene at the reactive Coln, with real-space transition
charge densities Re{ocon(r,t)} at ¢ = 190fs; and evolution
of the rotationally averaged, momentum-space charge densi-
ties, with contributions from the populations |Gee(q,t)| and
|649(q,t)| [Eq. (2)], and the coherence |Goon(q, t)| [Eq. (3)], all
in atomic units. The system is initially prepared in the e state,
with coherences and populations in the g state emerging dur-
ing the passage through the Coln starting at approximately
100fs. The spatial localization of the transition charge den-
sities at the nitrogen atoms is reflected by the similar mag-
nitude of Geon(g,t) at different values of q. b, Cuts along
q = 3.3 A7' of (left) |Gpop(q,t)| and (right) |Feon(g,t)| in
Fig. 2(a) (yellow, continuous), compared to the average tem-
poral envelope of the stochastic pulse of duration 7 = 22fs
and centered at 7' = 140fs (blue, dashed). The pulse dura-
tion is short compared to the quasi-static populations, so that
inelastic coherence scattering can be resolved in the CUPXD
signal at large frequency shifts.

change energy with the molecule and be inelastically scat-
tered. The faster the molecular dynamics, the larger the
x-ray inelastic frequency shift is. Although population
terms are much stronger than coherences, their evolution
is in general much slower [Fig. 2(a)], and they predomi-
nantly lead to elastic photon scattering. If the pulse pro-
vides the high spectral resolution needed to separate elas-
tic and inelastic scattering, coherence dynamics can then
be isolated. For coherent pulses, the spectral and tem-
poral resolutions of the x-ray diffraction signal in Eq. (1)
would be simultaneously determined by the pulse enve-
lope Ax(t — T') and limited by Fourier uncertainty. To
effectively detect inelastic coherence scattering, the pulse
should cover an adequate range of coherence dynamics
within its duration 7, as illustrated in Fig. 2(b). If the
populations remain approximately constant within this
time window, their contribution to inelastic scattering at



large frequency shifts is minor, and the coherences are
better resolved. However, existing FEL sources based on
the self-amplified spontaneous emission (SASE) mecha-
nism produce stochastic pulses with spiky intensity pro-
files. This generates ensembles of stochastic signals for
each pulse realization which, upon averaging, do not pos-
sess the spectral resolution necessary to separate elastic
and inelastic scattering.

To overcome this obstacle with existing x-ray FEL
sources, we introduce the covariance ultrafast powder x-
ray diffraction (CUPXD) signal

C(Q? w;hw;% T) = <|AX(Wé1)|2 S(‘L w;27 T)>
— (IAx (W) *) (S (g, wla, T)),

obtained by averaging the product of each stochastic sig-
nal and the spectral intensity of the specific pulse gener-
ating it over independent pulse realizations. Covariance
signals do not require additional measurements and can
be obtained experimentally at the data-processing stage.
To simulate the performance of CUPXD, we model the
x-ray pulse envelope Ax(t) = 2w f(t)u(t) as the prod-
uct of a broadband stochastic function f(t) (see Meth-
ods) and a long (narrow-band) temporal gating enve-
lope u(t) = e=*/7*) /\/27 of duration 7. The model
employed here was shown to reproduce the stochastic
temporal and spectral spikes displayed by experimental
SASE FEL pulses, with the average pulse duration 7 and
spectral bandwidth ¢ independently set by u(t) and f(t),
respectively [36, 48].

The average signal (S(q,w},T)) calculated with the
above model does not provide any frequency information
(see Methods), and cannot spectrally separate elastic and
inelastic contributions. In contrast, the CUPXD signal,

(4)

C(q,wr,T)
‘ 2

(
(t=7)*
o /dte7 T2

ein(t—T) [(}pop(q, t) + &coh(qa t)]

(wr—w)?7?

dw —iw = =
:‘ goVATe 1 e T[op0p(q,w)+ocoh(qvw>]’»

()
recovers the same expressions as for a single coherent x-
ray pulse, with Ax(¢) now replaced by the average tem-
poral envelope |u(t)|? = e*t2/72/(27r), and the frequency
difference w’ by the Raman frequency wr = wsa — ws1-
The average-pulse duration thus acts as a control pa-
rameter providing the spectral resolution needed to sep-
arate elastic and inelastic contributions and, at the same
time, the temporal resolution necessary to follow ultra-
fast molecular dynamics. The powder diffraction signal
in Eq. (5) assumes long-range order within each ran-
domly oriented nanocrystal [22], such that the contri-
bution from pairs of molecular sites dominates over the
single-molecule one. Our azobenzene Hamiltonian is set
up for the gas phase, and isomerization within a crys-
tal might be different [49], but its dynamics would be
analogously captured by CUPXD.

2
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Figure 3. Temporal and spectral resolution of
the CUPXD signal in azobenzene. The signal

C(q,wr,T) [Eq. (5)] and its three components Cpop(q, wr, T'),
Chet (¢, wr, T), and Ceon(q,wr,T) are displayed in arbitrary
units for ¢ = 3.3 A= and 7 = 22fs as a function of time de-
lay T and Raman frequency wr. Elastic scattering off quasi-
stationary populations dominates the narrow spectral region
around wr = 0eV. At higher Raman frequencies, due to the
drop in Chop (g, wr, T'), the inelastic signal allows access to the
coherence dynamics with significantly reduced background.

A representative section of the CUPXD signal in
azobenzene is shown in Fig. 1(a) for an average pulse
duration of 7 = 22fs; others are presented in the Supple-
mentary Fig. S1. To highlight the information encoded
in the diffraction patterns, we display in Fig. 3 the time-
and frequency-resolved CUPXD signal for a fixed, suf-
ficiently large value of ¢ = 3.3 A=, In analogy with
the three components already identified for S(q,wr,T)
in Eq. (1), the covariance signal in Eq. (5) can be re-
cast as the sum of three contributions, C(q,wr,T) =
Cpop(q; WR7T) + CCOh(q7wR7T> + Chet(q,“RaT)- The
total signal C(q,wr,T) exhibits strong elastic scatter-
ing within a narrow frequency region around wr =
0eV, mostly determined by contributions from quasi-
stationary populations. These reflect the slow evolution
of Gpop(g,t) displayed in Fig. 2(b), which leads to nar-
row elastic spectral features in 5p0p(q, w). These are con-

volved with the broader Fourier transform e~°7"/4 of the
average pulse intensity, so that the spectral width of the
population term Cpop (g, wr,T) is set by 1/7. The faster
coherence dynamics Geon(q,t), also shown in Fig. 2(b),
are encoded in the inelastic scattering patterns at larger
Raman frequencies wg. These features are broader than
the pulse correlation bandwidth 1/7, and can thus be dis-
tinguished in the coherence contribution Ceon(q, wr,T).
Also the heterodyne term Chet(q, wr,T’) carries signa-
tures of the coherences, which are magnified by interfer-
ence with the larger population contribution. However,
this amplification is limited to elastic scattering within
a narrow region around wr = 0eV, due to the narrow
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Figure 4. Coherence contributions to the CUPXD signals in azobenzene. a, Sections of the CUPXD signal [Eq. (5)]
of azobenzene molecules at ¢ = 3.3 A~ and for selected values of the Raman frequency wgr. The total signal C(q, wr,T) (blue,
continuous) and the three contributions Cpop(q,wr,T") (yellow, dashed), Chet(q,wr,T) (green, dotted), and Ceon(q,wr,T)
(red, dotdashed), are compared. b, Filtered CUPXD signal at ¢ = 3.3 A~!, obtained by integrating the CUPXD signal after
having filtered out the spectral region [—Awr, Awr] of indicated width Awg. Filtered signals from C(q,wr,T) and their three
contributions are displayed, with the same line styles used in panel a. For large Raman frequencies wr, lying outside the spectral
width of elastic population terms, the population contribution Cpop (g, wr,T) is suppressed and the coherence contributions

become clearly visible.

spectral width of Gp0p(g,w). We notice that this hetero-
dyne term Chet(q,wr,T) is equal to the real part of the
product between [ d¢ e~ (t=T)*/* giwr (¢t=T) Fpop (¢, t) and
[ dt e~ (t=1*/7* giwn(t=T) 5\ (q,1)]*. For fixed ¢ and T,
the wg shape of Chet(q, wr, T') and its positive or negative
sign thus encode the phase of the molecular superposition
state encountered by the pulse at a given time delay.

At large Raman frequencies, elastic scattering from
slowly varying populations is significantly inhibited,
and the signal carries distinguishable, temporally re-
solved coherence signatures from Chet(q,wr,T) and
Ceon(q,wr,T). This is highlighted by the sections of
the signal displayed in Fig. 4(a). Up to wr = 0.1V,
the signal is dominated by the strong elastic scatter-
ing off populations. At the intermediate Raman fre-
quency wgr = 0.15eV, the role of the coherences starts
to emerge, magnified in Chet(g,wr,T) by the popula-
tions acting as local oscillator. At higher Raman fre-
quency, wg = 0.2eV, where scattering off populations is
highly suppressed, Chet(¢, wr,T) and Ceon(q, wr,T) be-
come comparable, and additional information can be ex-
tracted from the signal. For these high Raman frequen-
cies, the inelastic coherence terms are strongest around
170fs and 240fs, providing direct access to the timing
of the Coln passage, and reflecting the faster coherence
dynamics—hence stronger inelastic scattering—taking
place during these time intervals [see, e.g., Fig. 2(b)].
In Fig. 4(b), analogous information is obtained by inte-
grating C(q,wr,T) over frequency after having filtered
out a central spectral region of width 2Awg. In an ex-
periment, a proper choice of Awg will thus ensure that
population contributions are removed and the coherence
dynamics can be clearly viewed.

By suppressing the elastic (population) background via
frequency dispersion, the CUPXD signal offers a direct

access to the evolution of the transition charge densi-
ties, with distinctive spatial information on the local-
ized molecular events determining the Coln passage. The
elastic (wg = 0eV) CUPXD signal is shown in Fig. 5(a).
At each momentum transfer ¢, the signal is dominated by
the elastic population scattering, whereas coherence con-
tributions, both population-heterodyne and -homodyne,
are significantly weaker. The signal is strongest around
small momentum transfers, which reflects the underlying
behavior of the populations in g space [see, e.g., Fec(q, t)
and G44(q,t) in Fig. 2(a)] and the spread of the state
densities throughout the entire molecule. In contrast,
the inelastic CUPXD signal, displayed in Fig. 5(b) at
wr = 0.2eV, carries clear signatures of the temporal
evolution of the transition charge densities. For time
delays between 150 fs and 250 fs, additional features ap-
pear at large ¢, reflecting the homogeneous distribution of
Geon(q,t) in momentum space. As already seen in Fig. 4,
these attributes are most intense at intervals of faster
coherence dynamics, since they lead to stronger inelas-
tic scattering. This appears by comparing the signal in
Fig. 5(b) and the evolution of Gcon(g,t) in Fig. 2(a).
After inverting the CUPXD signal from momentum to
real space, the inelastic contributions offer clear insight
into the spatial distribution of the transition charge den-
sities, highlighting the valence electrons directly involved
in the Coln dynamics. Figures 5(c) and 5(d) depict the
modulus of the spatial Fourier transform
=) (5(q, 1)

. (t=T)*
/dq ol / dte—
(6)

21
obtained from the square root of C(q,wgr,T). For pow-
der diffraction, the variable r conjugated to ¢ spans the
distribution of real-space distances within the molecule.

G(r,wr,T)
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Figure 5. CUPXD signals accessing reciprocal- and real-space information on coherence dynamics in azobenzene.
a,b, The (a) elastic (wr = 0eV) and (b) inelastic (at wg = 0.2eV) CUPXD signals C(¢q,wr,T') [Eq. (5)], along with their three
components Cpop(q, wr, T'), Chet (g, wr, T, and Ceon(q, wr, T'), are displayed in arbitrary units as a function of time delay 7" and
momentum transfer amplitude ¢q. The elastic signal is dominated by population contributions at small momentum transfers.
In the inelastic signal at wg = 0.2eV, coherence signatures at large momentum transfers appear between 150 fs and 250fs, as
indicated by the white arrow. c,d, Spatial information encoded in |G(r,wr,T)| and |Gpop(r,wr,T)| [Eq. (6)] for (c) elastic
and (d) inelastic scattering. G(r,wr,T) contains contributions from the total charge density (5(q,t)) = Gpop(q,t) + Feon(q, t)
[Egs. (2) and (3)], while Gpop(r,wr,T’) is calculated from population-only terms. Elastic scattering is dominated by the
populations, whereas coherence features appear at small values of r for inelastic scattering, as highlighted by the white arrows.
This reflects the underlying coherence dynamics within confined molecular regions at the nitrogen atoms [see also Fig. 2(a)].

For comparison, we also display Gpop(r,wr,T), calcu-
lated by including only scattering population amplitudes
in Eq. (6), with the substitution (5(g,t)) — Fpop(q,t).
Figure 5(c) depicts G(r,wg,T) for the elastic-scattering
case of wg = 0eV. In this case, the role and localiza-
tion of the transition charge densities do not appear, as
they are hidden by the much stronger state densities,
stemming from all electrons in the molecule. In contrast,
by frequency dispersing G(r,wr,T’) and accessing inelas-
tic scattering, the spatial spread of the coherences and
its variation with time are apparent. For wg = 0.2€eV,
Fig. 5(d) exhibits new features at small molecular dis-
tances r, which reflect the localization of the transition
charge densities at the nitrogen atoms due to the nz*
character of the excited state [see Fig. 2(a)]. This allows
direct access to the primary events involved in the Coln
passage, revealing the evolution and localized nature of
the molecular coherences.

To summarize, we have shown how covariance UXD of
existing, stochastic FEL pulses can provide direct access

to electron densities around Colns. This is achieved by
separating the inelastic and elastic scattering, and thus
revealing the distinct coherence signature from the domi-
nating population background. We model the correlation
properties of existing stochastic x-ray FEL pulses based
on the SASE mechanism, and employ a covariance-based
analysis to recover the joint spectral and temporal res-
olutions needed for Coln detection and hidden by the
stochasticity of the pulses. The coherence contribution
appears more spread in ¢ space than the populations, re-
flecting the localized nature of the transition charge den-
sities at the nitrogen atoms. For a powder of nanocrys-
tals, the CUPXD signal shows that coherence contribu-
tions originate at small distances within the molecule,
but does not identify at what exact points the coher-
ences are localized. In crystals, the covariance diffraction
signal will feature Bragg peaks and can yield full three-
dimensional information on the localization and motion
of the transition charge densities.

While the stochastic model used here aimed at repro-



ducing the spiky temporal and spectral profiles of SASE
FEL pulses, more elaborate models could be used to sim-
ulate, e.g., shaped x-ray pulses available at FEL sources
[50]. By engineering suitable stochastic x-ray pulses, it
may be possible to highlight desired molecular-dynamics
features. A high temporal and spectral resolution
could be alternatively obtained by post-processing time-
resolved diffraction snapshots. In Ref. [20], the Fourier
transform of the time-dependent x-ray diffraction signal
was employed to separate contributions from different
molecular modes. For nonadiabatic dynamics, Wigner
or FROG spectrograms of the time-resolved diffraction
signal could be used instead [12], as shown in the Sup-
plementary Fig. S2, requiring however attosecond FEL
pulses [51, 52]. This differs from the covariance UXD
signals presented here, where the frequency information
is directly obtained in the experiment through frequency
dispersion. Our protocol for the separation of elastic and
inelastic scattering can be straightforwardly extended to
ultrafast electron diffraction [9, 10]. Similar to UXD,
the electron diffraction signal contains most valuable
contributions from mixed elastically and inelastically
scattered photons [37]. In contrast to UXD, however,
electrons are diffracted from the total (electron and
nuclear) charge density in the molecule. Dispersing the
electron diffraction signal as a function of energy, and
thereby isolating the inelastic scattering contribution,
will provide additional imaging information on Colns.
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Methods

Momentum-, frequency-, and time-resolved x-ray
diffraction signal. The diffraction signal in Eq. (1) involves
the off-resonant scattering of an x-ray pulse off a molecular
sample. This is characterized by the minimal-coupling light—
matter interaction Hamiltonian in the rotating-wave approx-
imation

Fine(r) = %/d?’r&(r) JA(r) + A ()]
(7)
= /dsr&(r) Al () - Ar),
where 6(r) is the charge-density operator and
27 eik‘r &k)\ (8)

b oy
A(r) = Zek Vion
PEY

the vector-potential operator. V4 is the quantization volume
and the sum runs over the modes k and polarization indices
A, with associated annihilation operators ag,x, polarization
vectors éﬁ, and mode frequencies wg. The wavevector- and
frequency-resolved diffraction signal S(ks, ws) is defined as the
integrated rate of change of the number of photons of wavevec-
tor ks, frequency ws, and polarization €s, within a differential
solid angle df2s and differential frequency interval dws:

S(ks,ws) A2 dws = /dt<d£S>. 9)

Here, N is the number operator of photons in the signal mode
ks. The derivative can be calculated by means of Heisenberg
equations of motion and using the commutator between ]\7S
and the light—matter interaction Hamiltonian of Eq. (7).
The expectation values are performed on both molecular and
field degrees of freedom. The latter are calculated assuming
coherent states, and the vector-potential operator A(r)
is replaced by the classical field Ax(r,t). In general, the
diffraction signal contains contributions originating (i) at
a single molecular site R,, associated with the two-point
matter correlation function (6(r — R,,t)o(r' — Ry,t')),
or (ii) from the cooperative interference of x-ray photons
scattered at pairs of molecular sites, given by products of
expectation values (G(r — R,,t)){(6(r' — R,/,t")) indepen-
dently carried out at different molecular centers [19]. For
a sample of oriented molecules with long-range order, such
as in a crystal, the cooperative two-molecule contribution
is dominant, leading to Eq. (1). The proportionality sign
therein accounts for a multiplication factor encoding the
number of molecules in the samples and their long-range
intermolecular structure [19].

Covariance UXD signals generated by a stochastic
pulse. Numerical techniques have long been applied to sim-
ulate chaotic fields available experimentally [48, 53-55]. The
envelope Ax(t) = 2w f(t)u(t) of the classical stochastic field
Ax (7, t) is modeled by the product of a stochastic broadband
function f(t) and a temporal gating function u(t) of dura-
tion 7. The function f(t) = [dw/(27m)§(w)e™*™) is defined
in terms of the broadband real spectral envelope §(w), mod-
eling the large average pulse bandwidth o, and a stochastic
phase ¢(w), with correlation length A. The latter is obtained
by interpolating a set of independent random variables ¢y
at the discrete frequencies wyr = kA. Each ¢y is uniformly



distributed in the interval [—m, ] with probability density
function
1 .
—, if
P(pr) =4 27
0, otherwise.

- < <
TS PE ST, (10)

Satisfying the condition A4 <« 1/7 < o allows one to model the
stochastic temporal and spectral spikes displayed by experi-
mental SASE FEL pulses, as shown in Ref. [48]. The more
general case of stochastic phases uniformly distributed in a
generic interval [—a, a], with a < 7, was recently investigated
in Ref. [36].

The ensemble-averaged signals are calculated in terms of
two- and four-point field correlation functions,

= (A (wn) Ax (w2), (11)

= (Ax (w1) Ax (w2) Ax (ws) Ax (wa)).  (12)
To leading (second) order in (Ar), for the stochastic-pulse
model used here, these are given by [36]

Fo(w1,w2)

F4(w1, w2, UJ3,W4)

(w1 —wg)?7?
Fy(wi,ws) ~ §"(w1) glw2) A/mTe” = , (13)

~ G (w1) §(ws) §" (ws) G(wa) A*m7?
C(wi—w2)®7? (wa—wg)?7?
X (e 4 e 4

Fy(wi, w2, ws,ws)

_(w1-00)?7? (wa—wy)?7?
+e 4 e 4 —+ ..
(14)
The average pulse spectral and temporal intensities are inde-
pendently set by g(w) and u(t):

(| Ax(w)*) = AVrr|g(w)l?, (15)

(|Ax(t) /dw1 /@Fz whwz)eiiwziwl)t

— AVFolu().
Without loss of generality, we focus on the limit of extremely
broadband pulses, g(w) — 1.
Since the diffraction signal is quadratic in the amplitude of
the field, the signal averaged over independent pulse realiza-
tions can be expressed in terms of F»(wi,w2) and reads

Fr(w,w) =

(16)

3
<S(Q7 wR7T)> = |é: ’ éx|2 O:L'rru;s

/ /—AfTe
x e DT (G (g, —u)) (5(q,w)).

It offers temporal resolution determined by the pulse du-
ration 7, but it does not provide any frequency-resolved

u—w/)27'2
—— a7

information. The CUPXD signal in Eq. (5) is obtained
from Eq. (4) and the last line in Eq. (1) via the two- and
four-point field correlation functions in Egs. (13) and (14).

Wave-packet simulations. To model azobenzene photoiso-
merization, we perform exact nuclear-wavepacket simulations
according to the time-dependent Schrédinger equation

zh%w — [ = [Tq + \7] b (18)

We use two reactive nuclear degrees of freedom that de-
scribe the isomerization pathway. The first coordinate is
the Carbon-Nitrogen-Nitrogen-Carbon (CNNC) torsion angle
connecting the cis and trans minima at 0° and 180°, respec-
tively. The second coordinate is one of the two CNN bending
angles, while the other one remains fixed. Symmetry breaking
of these two angles is necessary to reach the minimum energy
Coln along the isomerization pathway. Detailed high-level
potential energy surfaces in this nuclear space were reported
in Refs. [27, 46]. After impulsive excitation of the vibrational
So ground-(g-)state wavefunction to the excited (e) state Si,
the Chebychev propagation scheme [56] was used for numer-
ical propagation with a time step of 0.05 fs on a discretized
spatial grid with 600 points in CNNC and 256 in CNN. Impul-
sive excitation of 100% of the population is an ideal case that
might not be feasible experimentally, leading to background
of elastic ground-state scattering in the diffraction patterns.
This is not an issue here, since frequency dispersion of the
signal generated with the stochastic FEL pulse separates the
coherence contribution from the background. The G-Matrix
formalism [57] was used to set up the kinetic energy opera-
tor Tq in M = 2 reactive coordinates r and s as described in
Refs. [58, 59|,

P iiaq { } (19)

r=1s=1

with the G-Matrix computed via its inverse elements

(@), = Do mi g g

i . 2
i=1 9qr 04s 20

To absorb the parts of the wavepacket exiting the grid along
CNN, and thus avoid artifacts, a Butterworth filter [60] was
used. In Sp, the filter was also employed at 0° and 360°
of torsion, to absorb the parts of the wavepacket that have
reached the product minimum.
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