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ABSTRACT: Stimulated (coherent) and spontaneous (incoherent) non-
linear X-ray signals are expressed using a spatially nonlocal response tensor
which directly connects them to the time evolving current j and charge o
densities rather than to electric and magnetic multipoles. The relative
contributions of the 6A” and j - A minimal coupling terms, where A is the
vector potential, are demonstrated. The two dominate off-resonant and
resonant scattering, respectively, and make comparable contributions at near

resonant detunings.

1. INTRODUCTION

Recent development of bright ultrafast coherent X-ray sources,
such as free electron lasers (XFEL)" or high harmonic generation
(HHG),” has triggered intense research activity aimed at the
experimental realization of all-X-ray nonlinear spectroscopy.”~>
Combined with other advances in single molecule spectroscopy
and ultrafocusing of beams,””® this opens up new opportunities to
create real time movies of chemical reactions.

This article applies a nonlocal response formalism based on the
minimal coupling Hamiltonian of light-matter interaction to the
X-ray regime. Extending the standard response function
theories’™'" using the minimal coupling Hamiltonian permits
one to include the spatial variation of the exciting electric and
magnetic fields. The nonlocal response approach has several
merits. First, in the hard X-ray regime, the dipole (long
wavelength) approximation may fail for certain material
transitions. Deviation from the dipole approximation may also
be observed at longer wavelengths when the current densities are
highly delocalized. A nonlocal description that implicitly
accounts for all higher multipoles is then called for. Expansion
of the current into electric and magnetic multipole moments is
possible but becomes tedious when higher multipoles are
needed, while the nonlocal description leads to expressions that
are only marginally more complicated than the dipole case.
Second, the nonlocal response tensors are expressed in terms of
physically intuitive elementary quantities: time dependent
current and charge densities. Third, nonlocal response tensors
encompass both the contribution of current j and charge o
densities, while the o term is neglected in the dipole
approximation. This allows us to describe pure ¢ interaction
pathways, usually used in off-resonance diffraction applications
or pure resonant j pathways that when integrated over space
correspond to the standard resonant nonlinear optical pathways
in the dipole approximation. Pathways that depend on both j and
0, and are relevant at intermediate detunings, can be accounted
for. In near resonant diffraction, these mixed charge/current
contributions are known as anomalous diffraction."

The outline of this paper is as follow. First, we review the
nonlocal response description of nonlinear spectroscopy. Formal
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expressions are derived for heterodyne detected (coherent,
stimulated) signals as well as for spontaneous emission
(incoherent) signals. In section 3, we use this formalism to
simulate various heterodyne (stimulated) signals for thiophene at
the sulfur K-edge. These include X-ray absorption (XAS) and
stimulated X-ray Raman spectroscopy (SXRS). Spontaneous
scattering signals are then discussed and formally linked to two-
photon absorption in section 4.

2. NONLOCAL DESCRIPTION OF X-RAY
SPECTROSCOPY

The nonlocal response formalism starts with the minimal
. ) . e 1S
coupling field-matter interaction Hamiltonian:

Hy(t) = = [ drj()-AGe, ) = S=o(0)8 (s, 1)

13,14

(1)
where e and m are the electron charge and mass and A(r) is the
vector potential.

i() = ~—(r)rlp + p'Ir) ()

i Tl' r)— I'T r
- @V () = (V) @) o

is the current density operator, and

(€©)

is the charge density operator. Here, y'(r) and w(r) are the
electron field Fermion creation and annihilation operators at
position r. Also, p is the momentum operator. Note that the
required molecular poperties, namely, the charge and the current
densities are independent of the choice of origin.

We consider signals given by the rate of change of the photon
occupation number N; in the detected field mode s:

o(x) = ey () (r)
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Figure 1. Current densities calculated using eq 10 for different typical wavelengths. (a) Valence excitation (5.96 eV) in biphenyl. (b) C K-edge excitation
(282 eV) in cysteine (top figure is on an expanded scale). (c) S K-edge excitation (2.47 keV) in thiophene. The valence excitations for biphenyl have
been calculated at the CIS/6-31G* level of theory, while the core excitations in cysteine and thiophene have been calculated using RASSCF (restricted

active space self-consistent field) described in more detail in Section 3.

S(k, {a}) = [ d((Np, (1)) @

Here, N; is the number operator for photon in the mode s. Also,
|0)) denotes Liouville space vectors, and ((AIB }) = Tr(A'B) is
the scalar product in Liouville space.” Here, p;(t) denotes the
total (field and matter) density matrix, and p(t) is the matter
density matrix. The set @; represents the parameters used in a
specific signal (time delays, incoming wave vectors, etc.). These
are specified in the following applications.

In Appendix A, we employ a quantum description of the
detected field modes to obtain

i
S(k, o)) = [ drdt (@) AN, (1)) .
The physical matter quantity that determines this signal is the
gauge invariant electron current density"’

J(xr) =j(x) = —A(r)o(r) ©

Assuming a classical optical field, we can recast eq S as

Sk, {a)) = + [aAEPO)-AG, 0 o

(@I = TeEesp, (=i [ L)) ©

Here, exp, is the time ordered exponential, p, is the stationary
density matrix, and the interaction Liouvillian

L, (r,t) = Him(r, t) is

L) = = [d @A, D) = ~=6@R (1)
2mc )
The tilde denotes the commutation superoperator associated
with a Hilbert space operator O, 0X = [0,X]. Equation 7 is
known as the heterodyne detected signal, which represents the
change of transmission of an incoming probe field.
Specific signals can be obtained by expanding the exponent in
eq 8 pertubatively in L, (t). We refer to the nth-order term as

L") We should then collect terms in powers of A. Since £, (t)

int *
(eq 9) is both linear and quadratic in A, .[:5::3 will contain
contributions to all orders between A" to A*". The common
practice is to use the 6A coupling for off-resonant processes and

e . 16 .
the j - A coupling for resonant processes. = Hereafter, we examine

the relative contributions of both terms, discuss the validity of the
above approximations, and present some four-wave mixing
signals that involve both resonant and off resonant contributions.

To first order in A, the gauge invariant current density (eq 8) is

1 @) =~ [asdu(GIG®)] () Als, @)e1p,))

_ i((g(r)h)eq))A(l‘; ) (10)

where

G(t) = 0(t) Z ' Yye @ttt (]
w' (11)

A sum-overstates expression for J(I)(r,a)) for an incoming
Gaussian pulse is given in Appendix B. By displaying the total
current density J(r,t) that generates the detected field, we can
visualize the contribution of different regions in the molecule to
the response. In Figure 1, the first-order current densityj(l) (r,w)
given in eq 10 is displayed for various excitation wavelengths.
The total current density is delocalized for optical transitions and
becomes more localized for deeper core transitions. This is
connected to the localization of the molecular orbitals of the
states involved in the transition: The j term in eq 10 has a spatial
extent comparable to the underlying core orbital, while the o
term, negligible at resonance, has a contribution that extends
over the molecule.

Higher-order nonlinear current densities ](2), ](3), etc., which
depend on various interaction delays between pulses, can provide
a real space visualization of multidimensional signals.

2.1. Stimulated (Heterodyne-Detected) Third-Order
Signals. Below, we give the expressions for time- and wave
vector-resolved signals for impulsive pulses based on the results
of references 13 and 14. Indices i, ii, and iii are used to denote the
first-, second-, and third-order contribution in £, ,, respectively.
The third-order nonlocal response function is given by

SOk, kkky, tit,t;) = S + S + " (12)

s = (_—E)(_—C)(%)«a(ks — k)L, 0(8)IG(t,)

mc J\ 2mc

6k, — k1)12,15(t1)|peq>> (13)
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(225 ot - 11, 000167 ()60 (ki)
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\3
" = (2] 09167 190667 16 6] ), )
(15)

where I;; denotes the identity matrix in the i ® j direct product
space and is used to indicate the scalar product with the vector
potential of the associated space.

For classical optical fields, the heterodyne signal is given by

Sk, {a}) = é [k anddi et

SOk, kk,ky, titots)-(A(k, £) @ Ay(ky t — t,)
@A (kyt—t;—t,) @ Ak, t —t; —t, — 1))

(16)
where {@;} stands for all pulse parameters. Assuming that the
incoming pulses are temporally well separated, the interactions
with the various pulses have a controlled time ordering. In this
case, there are 22 possible interaction pathways (8 from S%, 12
from S*, and 2 from S') that can be represented by ladder
diagrams. Adding the possibility to interact with either the
positive or the negative frequency component of the vector
potential for each interaction yields 22 X 16 ladder diagrams. The
rules for calculating these diagrams in the dipole approximation
are given in ref 9. Some additional rules are needed to extend
them to the minimal coupling Hamiltonian and allow the
possibility to interact either with & or j (eq 1).

1. Each interaction with the current density brings a factor of
—i/h; each interaction with the charge density brings a
factor of —e/2mc (—e/mc if this interaction is the last).
Each interaction with the charge density o(r;) is
accompanied by §(r;,,—r,)5(t,).

Depending on the level scheme and field frequencies, some
diagrams may be neglected by invoking the rotating wave
approximation (RWA), which simplifies the calculation. More-
over, the position of the detector will select only a subset of
diagrams for a given phase matching direction. In the dipole
approximation, the signal is generated along the directions + k;
+ k, + k;. In the nonlocal formalism, the pulses can come with a
finite k space envelope (ultrafocused fields), and each diagram
represents an emission in a cone. It is then necessary to sum over
all the modes that the detector receives taking into account its
position and spatial extent. For plane wave fields, one can
eliminate the k space integrals in eq 16 but the signal will still
depend on the incoming wave vector. This applies for example to
diffraction.

2.2. Incoherent Scattering Signals. Fluorescence and
diffraction are spontaneously emitted (scattering) signals. We
assume that the detected field mode is initially in the vacuum
state, and the field+matter density matrix prior to detection is
lpr(£))) = lpu(t))) ® 10,)). If the matter is initially in its ground
state, only the J(r)a, contribution in eq 31 (Appendix A) survives
the RWA. A zero-order expansion of the density matrix in eq §
gives a vanishing signal. The density matrix must be expanded at
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least to first order in the interaction with the spontaneous modes.
The second interaction with the detected mode yields a
nonvanishing field density matrix element and the trace over
the field degrees of freedom no longer vanishes.

) = £(=4) feaufio) - S a0ra0, 1)
x6()(10) - 5o-a) A, 1= 1)

Xlpp(t = 1) ® 0)) (17)

where j,(r) =j(r) - A,(r) and 6,(r) = 6(r) - A,(r). Here, A with no
subscript stands for externally applied field modes.

We have calculated all elements of this expansion using the
matrix elements given in Appendix A. By tracing out the detected
mode, the signal is finally recast in terms of purely matter
correlation functions:

h 2 ’ . s ’
e et () AJG()] (),

3
€L w,

lp(t = t)))
N (—i)«i(rs)~Aslg<ts>a<r;>lp<t — )NACAG, £ £)

Ssle (ks) =

# (= Je @IS Al = DA, 1)

N (—_e)( )((a(rs)IQ(ts)ﬁ(r;)lﬂ(t - 1))

Z¢
2mc J\ mc
A A(r, HACA(Y, t—t)

(18)

The density matrix may be expanded further in the incoming
classical fields as it was done in the previous section. The signal is
finally obtained by replacing the discrete sum over field modes by
its mode density Y, - L* [dw, (w}/7°¢):

_ a)s ’ 1 2 3
Ssle(ks) - 2607[2C3fl fdrdrsdtdts(ssle + Ssle + Ssle) (19)
Sie = (((x) €™ MG ()] (r))-€lp(t — 1)) (20)
s = (55 )66 0ot - et ¢ = 1)

# (= Joe )G @elote - eAG, 0
e

s3 =

sle —

(-] owigwateit - )
£) (22)

Here, €, is the polarization vector of the detected photon. In the
absence of a polarized detection, one has to sum over
polarizations.

Equations 19—22 may be used as a starting point for a
pertubative expansion of the matter density matrix |p(t—t,)}) in
the incoming fields thus yielding various types of multidimen-
sional signals. The system may be excited by an arbitrary
sequence of pulses and then evolves freely until the time t—¢,
where the measurement process starts as given by eq 22.

X €-A(r, t)e -A(r), t —
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Figure 2. Wave vector-dependent X-ray absorption spectroscopy (XAS) signal (eq 23) at the sulfur K-edge of an oriented thiophene molecule versus the
frequency and direction of the incoming linearly polarized Gaussian beam along the unit vector e,. On the right, XAS signals are displayed for some
selected directions of the incoming pulse.

3. NONLINEAR SPECTROSCOPY AT THE SULFUR
K-EDGE OF THIOPHENE

Core hole states in molecules can be calculated with, for example, - = / dkdk((o(k + k))lp )A(-k)-A(-k,)
the ASCF method, time-dependent density functional theory e

Suas(ly @) = & (102, (~RIG(@)] (k) A (k)R )

(TDDFT), and complete active space self-consistent field (23)
(CASSCF)-based method (for a broader overview see ref 5 The k, dependence comes from the vector potential of a plane
and references therein). While TDDFT is very efficient for larger wave with wave vector k;: A (k) = A;6(k — k,). From this
molecules, CASSCF-based methods can be readily applied to expression, one can readily see that & only contributes a
smaller molecules, providing a good balance between accuracy, frequency-independent background. However, its variation with
flexibility, and calculation time. As a multiconfiguration method, k, can still provide information about the molecular structure in
it allows us to capture the involved valence states properly. the off-resonance regime where the current densities can be
Moreover a CASSCF calculation can be augmented with a neglected.

multireference pertubative expansion to obtain highly accurate Figure 2 depicts the signal (eq 23) versus the frequency and
X-ray spectra.'” the direction of an incoming Gaussian beam. The beam central

The low lying core states of the sulfur atom of thiophene make frequency is tuned at the sulfur K-edge, 2.48 kﬁeV, andzizs assumed
it a good marker for hard X-ray spectroscopy. The valence states .to be .ultr:.ibr‘oadbanc.fl (tefls _Of eY are achievable™). In the
are calculated with the package MOLPRO™ at the C ASSCE(6/ impulsive limit, t.he s1gnal %s given 1n.eq 23. We used the sl%m-
5)/cc-pVTZ level of theory. To take into account the necessary overstate expression given in Ap per%dlx D, eq 45. Th? trans.ltlon
relativistic corrections for the sulfur 1s electrons a second-order at 24,88 eV p ossesses a stro.ng maximum when the incoming x
Douglas—Kroll—Hess Hamiltonian'®2° is employed. The sulfur polarized beam is incident with an angle of 7/4. The symmetry of
1s core excited states are then obtained in a subsequent restricted the angular dependence is due to the o, symmetry plane. The

. . ) o signal depends on the molecular orientation.
?ctlve space f:alculatlon (RASSCF) The S(1s) orbital is rotated 3.2. Stimulated X-ray Raman Signals. Stimulated X-ray
into the active space resulting in a RASSCF(8/6)/cc-pVIZ Ra t (SXRS)23’24' techni that probes th
i here the S(1s) orbital is restricted to single man spectroscapy 188 tecanique Fat probes Tie
calculation, where ) ) & electronic manifold through core excitation, making use of the
occupancy. The S(1s) molecular orbital coefficients are frozen in

- O ultrafast and broadband nature of X-ray pulses.
the wave function optimization to guarantee convergence to a The technique uses a pump—probe configuration where each
core hole state rather than a valence state. The resulting lowest

_ 1ana v pulse interacts twice with the sample. It first creates a core
lying core hole transition is 2485 eV (compared to the excitation that can evolve for a short time before a second

experiment,”’ 2471 eV), which corresponds to an error <1%. interaction with the same pulse destroys the core hole and
All relevant quantities necessary to compute the nonlocal generates a valence excitation. During the delay 7 between the
response are directly obtained from the MCSCF wave functions two pulses, the system is prepared in a superposition of valence
as described in Appendix C. states and the signal is recorded as a function of this delay. The
3.1. X-ray Absorption of Oriented Thiophene. We have beam geometry is displayed in Figure 3(a) (we assume two
simulated the transmission from an oriented thiophene at the Gaussian pulses), and the level scheme is given is Figure 3(b).

sulfur K-edge (2.48 keV): Both pulses are tuned at the sulfur K-edge (2.47 keV).
3962 DOI: 10.1021/acs.jctc.6b00279
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Figure 3. (a) Beam geometry used to measure the SXRS signal
corresponding to the diagrams in Figure . (b) Energy levels of thiophene
excited in SXRS.

All pulses are modeled as impulsive Gaussian beams
propagating along the z axis and linearly polarized along y as
given in Appendix E. Various beam configurations may be
employed to monitor the spatial behavior of the current and
charge densities. The diagrams describing the SXRS signal are
given in Figure 4 Diagram (a) is a .Efi) process that is dominant
near resonance. In the impulsive limit, the time integrals are
eliminated, and the signal is simply proportional to the response

function defined in eq 16. Using the diagrams in Figure 4, the
SXRS signals is>*

Ssxrs(7) = —R / f dtdt,dt,dt,drdrdr,dr,

X(S8rs(7) + SFus(7) + SErs(7) + Srs(7))
(24)
1

Ssxrs(®@) = W f dSsxps(v)e ™" (25)

The final sum-overstates expressions used to calculate the signals
are given in Appendix D, eqs 52—55. The time integrations
appearing in eq 24 calculated for Gaussian pulses yield the final
signal given in Appendix F, eq 60 The laser frequencies are tuned
at the S K-edge and detuned by a value of Aw. The SXRS signals
calculated for three values of Aw (0, 15, and 40 eV) are displayed
in Figure S.

Figure 5 depicts contributions i, ii, and iii to the signal. The ii
contribution contains two terms (eq 53 and 54) that are referred
to as jjo and ojj. The joj term does not contribute in SXRS
because we assume that the two pulses do not overlap. By
analogy, contribution iii may be referred as jjjj and the i one by
oo. The relative contributions of the jjjj, 66j, joo, and oo terms as
a function of the detuning are given in Figure 6. One can observe

Ssxrsiw), Aw= 0eV

y T ¢ AN !

— total

X i |
Y aii

1TV @ E

* A A |8 A A

10 12
Ssxrsiw), Aw= 15

0.30 3
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0.20
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0.10
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0.00}
- 0.05k

A

6 (B) 10 12

Scxasl), Aw= 408/

0.06f
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0.03¢
0.02
0.01¢
0.00¢
- 0.01f

é ]:U 1‘2
(c)
Figure S. SXRS signals defined in eq 25 for different detuning value of
the X-ray beam. One can observe that, when the exciting beams are not

fully resonant, several terms must be considered to compute the total
signals.

that the contributions of i and ii are small compared to iii when
the pulses are resonant but dominate off-resonance. The relative
strength of each contribution and its variation with frequency
detuning is plotted for the valence excitation at 11 eV. Similar
behavior is observed at other frequencies.

3.3. Time-Resolved Two-Photon Induced Fluores-
cence. Recently, Takamasu and co-workers™ have reported
two-photon absorption of a 5.6 keV XFEL beam in germanium
detected by X-ray fluorescence and discussed the relative

TTM
e §(r) )
')}l ')} (g

}/7

v) (gl i(r: v) (gl

ol gb
il ls) o

lg) (gl

(a) (b)

()5 iﬁLr

[v) (g]

lc) (gl ;
o(ri)
l9) (gl l9} (gl

(c) (d)

Figure 4. Diagrams used to calculate the SXRS signal defined in eq 24 In the nonlocal picture, one has to include interactions with the charge density (a),
(b), and (c) on top of the contribution with only current density interaction (a). Diagram (a) corresponds to the standard SXRS signal in the local
limit.** The full signal contains four more diagrams corresponding to the first two interactions acting on the bra on the density matrix.
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Figure 6. Different contributions to the SXRS signal (eq 24) as a
function of the detuning. Near resonance, the jjjj process is strongly
dominating the other ones. One can observe that other contributions
than jjjj dominate off-resonance and that there exists an intermediate
regime in which several terms must be considered.

contribution of the j - A and 6A* terms. We now apply the
nonlocal description to study these relative contributions. The
analysis is very similar to the scattering discussed above: both are
two-photon processes (up/down vs up/up).

Fluorescence™ is a spontaneous incoherent signal, and we
thus use eq 19 as a starting point. Diagrams representing different
contributions to the signal are given in Figure 7(a) and (b), and a
schematic of the pulses geometry is given in Figure 7(c).

Two photons (one visible, one X-ray) are first absorbed by the
molecule, and the process is repeated after a delay 7. The jjjj
contribution to the signal is represented in diagram (a):

STPA(K, 7)) = — f dr, ... dedt .. dt, (G (£) PG (1)

& 2he ek
7 (1) "G (1)] ()G ()] (1) G()f ()G(t,)
f(ri)lpeq))A(rz, t—t —T)A(y, t—t — 17— t,)

XA(n, t — t,

s_Ts_tZ_T)

XA(ry, t — (26)

ts_Ts_tZ_T_tl)

In a similar way, the contributions of diagrams involving the
charge density (Figure 7 (b)) are

/ dr, ... drdt . d (G (£)*HG (L)

TPA
Sn'rr

K, 7) !
0 T) =
‘ 2he,clk]

7 (1) G (1)a(n)G ()5 (n)ln, )

XA(ry, t —t,— 1)-A(ry, t — £, — 1)

XA, t—t,—7,—7)A(y, t—t,— 7, — 7)
(27)

TPA
Sio

 2heyclk
NG (1) ()G (L) (HG(2)6(n)ln,))

XA(r, t—t, —1)Al)t—t —1)

k, 7) / dr, ... drdt .. dt (G (£) MG (L) ()

XA(rl,t—ts—Ts—T)'A(l‘l,t—ts—Ts—T)

(28)

However, the general spontaneous signals presented in eq 22
can be used to calculate other spontaneous signals. For example,
homodyne detected signals for samples much larger than the
wavelength of the incoming beams can be considered. Diffraction
type measurements when one focuses on the k space distribution
of the emission can also be calculated.

4. DISCUSSION

We have implemented a nonlocal response formulation of
nonlinear X-ray signals based on the minimal coupling
Hamiltonian for the light—matter interaction. The matter enters
through the charge and current densities thus offering a real-
space picture of the electron dynamics in the molecule. The focus
has been put on X-ray spectroscopies because the dipole
approximation is more likely to fail when the wavelength is
comparable to the molecular size. In this article, we have
demonstrated that the extension of the transition current
densities scales with the incoming wavelength. However, the
dipole approximation fails to consider nontrivial beam spatial
variation and the charge densities contributions.

The nonlocal formalism, that avoids the multipolar expansion,
may be used to describe both stimulated heterodyne-detected or
spontaneous incoherent signals. In this paper, we have calculated
X-ray absorption, stimulated X-ray Raman spectroscopy, and
two-photon induced fluorescence signals. The standard resonant
and off-resonant treatments that only retain the current densities
or the charge density, respectively, are recovered. In anomalous
X-ray scattering,'> both quantities must be retained and are
naturally included in the nonlocal formalism. Both current and
charge densities then contribute substantially to the signals.

The nonlocal description of light—matter interaction offers
many future possibilities. An obvious application would be the
design of interactions of matter with a strongly spatially varying
field. Such fields could be achieved experimentally at short
wavelength, using the progresses of beam ultrafocusing or of
nontrivial polarization state (such as radial or azimuthal
polarization). The important progress in near-field optics can
also lead to new exciting signals, using the near-field at the
vicinity of a nanoparticle for example. We note that nonlocal
effects already occur in spectroscopies that depend on the

ﬂ”- . .
() J(J

JV

DR

w
el

i(rh
J(rs

(a)

-
-

(b)

A
()

Figure 7. Ladder diagrams for two-photon fluorescence. As in Section 3.2, light—matter interaction is described by current densities (a) and charge
densities (b). (c) Beam geometry used to model the measurement of time-resolved two-photon absorption fluorescence.
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magnetic dipole, for example, circular dichroism. Additionally,
joint current and charge density interactions that can occur in
nonlinear optical experiments can be accounted for in the
nonlocal description.

B APPENDIX A: DERIVATION OF EQ 5

Using the Liouville—Von Neumann equation, the rate of change
of the occupation number is readily expressed as
N, =i/hL,(r)a a. Here, L, (r) is defined in eq 9 with
classical vector potential that are now replaced by their quantum
operators:

Ar) = ) Ag, + Afal
i

nh ik~
A(r) = 7381'61]('(
2ew,L (30)

We detect the field s mode, and g; is the polarization of this
mode. We then define j* = ja!, j~ = ja, ** = 6alal, 6° = 6, 6" =
oaa, and the corresponding Liouville space operators. Using
these definitions, the photon rate of change becomes

(29)

N = _é /drf+ (;’)-A:k(r)ajaS +j” (")'As(f)“j“s

= 5 (AL + (A, + 5 (AT ADaa
mc

€2Y)
These operator products can be simplified using
7t (r)-A¥(r)ala, = —jT-A¥(r) (32)
¥ (r)ala, = —206" (33)

and the following matrix elements:

{(ajalo)) = —1 (34)
((alaf10)) = 1 (35)
((aals®710)) = —20 (36)
((a/al5*"10)) = 20 (37)

Inserting these expressions in eq 4 leads to the signal given in eq
5.

B APPENDIX B: EXPRESSIONS FOR J(R,T) AND J(R,w)

In this appendix, we provide a sum-overstate expression for
J(r,w) defined in eq 10. At the linear order, the time-dependent
current density given in eq 8 is

| RIC))
—— [t GONG (0)-Alw, £ = £)ip,))

= {{o()lp DA )

(38)

If we assume an ultrashort pulse (Dirac § function in time), the
integral over ¢, is simplified and the current density becomes
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_/drlimg (1)-A(r, @)

® — @, + il

106 0) =+ X, ()

/drlij;g (1)-A(r, )
+

o+ w,, + il

- iagg(r)A(r, )

(39)

This is the formula used to compute the current densities
displayed in Figure 1. Alternatively, we can consider a temporal
Gaussian profile for the incoming pulse A(ry,t—t;) = A(r;)

2 2 .
¢"(=0)/20° =it o ¢ ¢ The current density is given by

100, 0) = =032 35, (6) [, ()-Aw)

% Re[ei(wL—wmg)t—Fmgtel /Zaz(rmg— i(wL—wmg))z)

(1 , r(ﬁ ~ (0 - il - wmg»))

(40)

B APPENDIX C: ELECTRON CURRENTS FROM MCSCF
WAVE FUNCTIONS

In this section, we briefly review how the electron currents from
eq 2 necessary for the spectra calculation can be obtained from a
configuration interaction (CI) type wave function. The electron
current j(r) can be expressed in terms of the full real valued
electronic eigenstates ¥; = W (x,r,...tx):

1

= LS -
J(r)—2 Zﬁ,,-y,,()—2

ij#i

Yo / dr,...dr(UVY — WV'¥)

ij#i
(41)

where the sum runs over all electronic states involved. Note that
the diagonal elements (i = j) do not contribute as the current for
any real valued, nondegenerate eigenstate vanishes. Here, p;; is
the density of matrix element of the electronic states. The wave
function is then further expanded in a multiconfiguration self-
consistent field (MCSCF) wave function

v=%4 @
l zm: e (42)

such that the transition current reads

j, () = f dryedry Y A, A (0,VD, — BV®,)

m,n#Em

where A,; is the CI coeflicients of state i, configuration m, and @,
its corresponding Slater determinant. The transition currents are
one-electron properties, meaning Brillouins theorem™® applies
and only combinations of determinants ®,, and @, differing in
exactly one orbital need to be considered. The contributing
determinants can be defined through

©) = a,a,1,) (43)
where a;ﬂand a, create and annihilate an electron in spin orbital y
and v, respectively. The current for MCSCF wave functions is
then determined by the molecular orbital pairs l//l(lm)(r) and
W (r) generated from configurations m and n:
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. 1 m n n m
i) =2 Yr Y Audy vy -y vy
b

m,n#Em

(44)
The time dependence of j enters through the coherences pj,
whereas the time-independent quantities (A and ) have been

obtained from the MCSCEF calculation.

B APPENDIX D: SUM-OVERSTATES EXPRESSIONS
FOR X-RAY SIGNALS

In this section, we provide explicit expression for the different
signals considered in this paper. The linear X-ray absorption
signal is defined in eq 23. We assume an x polarized plane wave
excitation A, (k) = e, A;6(k — k). We vary the incident angle on
the incoming pulse according to Figure 2. In the RWA
approximation, the signal is given by

. ok
i ) m(Rx(e)lksley).Aljm (Rx(e)lksley)‘Al
Saas(0 @) = = 3 = :

© = @, + il
[4
- ;Ugg(Rx(Q)lksley)ArAl (45)

where R,(0) is the rotation matrix around the x axis by an angle 6.

We give sum-overstate expression for the complete third-order
response function.

=SE+ S, +S,+S,

©) i
SYr, nnyry, ty, 6, 1) i T Siie + Sigi + S5 + See

(46)

S0 = (25 (25 (om0t

2mc

- Gmg(r)ggm,gm(tz)grfg(rz)> (47)

ii
Slif’

= (%)2("—6)(+jgm(r)gm g (1)), (1) G 1 (1) 0 (x1)

2mc
- jma (r)gclm,am(tS)j:g (r3)ga ,ag(tz)gag(rl)
- jam (r)gma,ma(tS)jmg (r3)gga,ga(t2)o-:;(rl)

= g DG )] (£) G )7 ()
(48)

2mc

s=(7) (1)(+jgm (G 1) (56 (8], (5)
- jma (r)gam,am(tS)o-:g(rS)ga ,ag(tl)jug (1‘1)
- jum (r)gmu,ma(t3)6mg(r3)gga,ga(tl)j; (1'1)

= g DG g (BTG o )] (1))
(49)
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i _
Sjl]i -

. 3
(3) [+jgm<r>ggm,gm<t3>;m<r3>gag,ag<tz>jﬂ(rgg:g,cg(tojcg (x)
= o DG, em(t5)),, (1) G ac(02)], (1) G (1) (1)

= Jom (r)gum,am(t3)jmc (rS)gcu,ca(tZ)j:; (rz)gcg,cg(tl)Lg (1'1)

- jma (r)gmu,ma(t3)j:g (r3)gag,ag(t2)juc (rl)gcg,cg(tl)jcg (rl)

H i O Gman() () G o (B (1) G (1)) (1)

* g (r)gma,ma(t3)j:C (r3)gac,ac(t2)jag (rl)ggc,gc(tl)j:; (1)

e DG e me (), (1) G (1)) ()G (1)), (1)

= g DG mg 7 (206 ()] ()G )] (1)

(51)

In Section 3.2, the SXRS signal is calculated using the following
expressions, derived from the diagrams in Figure 4.

jii
SSXRS -

= D3 (AL £ = 0)j, (1)-Ay(xy £ = 7)

cc'v
emnlt™) iw(rz)'AIk(rz, tz)icg(rl)'A1(r1: t)
efimcr8t+ilucrvt37imwt2+imcgtlfiwl_(tlftz)_,’_jvc (rz)'Al(rzy tz)

]. (fl)'A;k(l‘p tl)ei"’cvt+i"’cgt3+i’”c'vtzi”’c'gtl+i"’L(t1tz)]
4

(52)

/-
SSXRS -
o

X AJ(r, t — 7)-Ay(y t, — 7)

(-0 = i - 1)

X [ivc(fz) -AT(rZ, tz)jcg(fl) 'Al(l'p tl)

o i g i By i, by tiw gt~ iwp (t,—t,)

+ jvc(r2)~A1(r2, tz)icg(rl) 'A;k(l'p t)

e—ia)wt+iwcgt3+iw[/utz—iw£rgt1+iwL(t1—t2)]

(83)

Srs = 2 i, (1)-A3(r, ¢ = 0, (1) xy 1 = D))
c'v

((—fm%ma(rz - e, - 1)

x AT(I’Z, tz)'Al(rll tl)e_i”)c’gH’i“’c’u’}““’wh"’“”cg’l
e
+ (_Z_Wq/g(r)‘s(’z = )8ty — tl))
x A,(r, £,)A%(x, tl)e—imwt+iwcgt3+iw{rvfz—iwcrgrl]
(54)
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s = 2 (-0 = e - 1)

v

X AL(r, t — 7)-Ay(ry t; — 7)
[(—ZLW%(@&(Q - 0ot = 1))

* —i@, t+ i@, t3— i@, ty +iw,,t,
X Al(fv tz)'Al(rl! tl)e 10 gt¥i@ by =ity ly +ideh

(_ﬁ%(m(fz ~ r)5(t, — tl))

* —i@ ity ity —id
X Ay(ry, t,)Af (1, e BT RETRTI

(83)

B APPENDIX E: IMPULSIVE GAUSSIAN BEAMS

The monochromatic linearly polarized Gaussian beam propagat-
ing along the z axis in the paraxial approximation is given by

"o

, e—rz/wz(z)e—i(kz—wt)—ikrz/ZR(z)+iC(z) T ce
w(z)

Alr,z, w) = A

(56)

where w(z) is the beam waist, R(z) is the radius of curvature, and
{(z) is the Gouy phase.”” We further assumed an infinite
Rayleigh length. Thus, the beam divergence along the z axis is
neglected. This is justified by the small extension of a molecule
compared to a typical Rayleigh length (few microns). The

Gaussian beam has a much simpler expression:

2 2 .
Alr, z, ) = A" I gmitkz=on) 4o (57)

A Gaussian time envelope for the Gaussian beam is obtained
by choosing a Gaussian frequency distribution and carrying out

the Fourier transform of the previous equation:

A 2, 2 2 z\2 .
0 P /Woe_‘““ 2/ At (t—1=7) e—t(kz—wt)) + ce.

NbY

A(r, 2, t) =
(s8)

where At is the fwhm and 7 is the retardation of the pulse. In the
impulsive limit, the beam takes the form used throughout this

article to calculate integrated components of the current and

z
-7 ==
c

B APPENDIX F: FINAL EXPRESSIONS FOR SXRS

charge densities:

A(r, z, t) = 2w Ay ™ /w°5(t (59)

In this appendix, we give the SXRS signal (eq 24) using eqs
52—55 in Appendix D and the definition of the vector potential
given in Appendix E, eq 58 for a pulse with a finite duration.
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_ 2 2 2 k2 1 a1 —iw,, 7T,
Sexrs(7) = — 7o 0, R Zﬂgz'.Azﬂc'v.AQFuc.Alﬂcg -AjeT e e
cvc’
=03, i+ T )V + 0y =0, = 0 +i( T, 4T ) /4

- wc’g + i(l—‘c’v + rc’g)
2

e

20, — @,

c'v

X erfc(—id2

o0y Hi(T A1) + Qo= =, (T +T,)) /4

2(01 - Wy — @, + l(r;g + r;v))

8

X erfc(—i(rl 5

2 * 2 1 1 p% —iw,7-T,7
+ [lw,'Az[tC,g A, 'Alﬂcg Aje e
e—rrzz(wgv+i(l"b./g+l"[rv))z+(2u)2—w[rg—a)crv+i(l"[rg+l';rv))2/4
- Wy + i(l—;’g + l—::’v)
2

20, — @y

g

X erfc(—ia2

O (O (T 4T)) + (20— g =0, i 4T,,))* /4
2(1)1 - (ch - (Ucv + l(r;g + r‘cv)
2 (60)

where o; is related to the fwhm of the ith pulse by

At = 24/In2 6. The spatially integrated current densities g,
are given by p,,, = f drA{(r)j,.(r), where A(r) is the spatial
profile of the incoming beam. For example, for a Gaussian beam
incoming from the z axis, discussed in Appendix E,

A(r) = 1/\27 ¢ ik
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