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X-ray four-wave mixing in molecules
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An effective core-exciton Hamiltonian is constructed for nitroanilines which includesote hole
transitions of both nitrogen atoms. The wavevector and frequency dependent third order
susceptibility ) is calculated and used to predict the frequency-domain pump—probe spectra
which show both photobleaching and excited state absorption components. Signatures of electron
delocalization and differences among the para-, meta-, and ortho-isomers are discus20d2 ©
American Institute of Physics[DOI: 10.1063/1.1429950

I. INTRODUCTION have been reported on time-resolved x-ray diffractiolf
and time-resolved x-ray absorptioh®where the material is

Recent advances in synchrotron radiation intense lighfirst excited by an optical pump pulse followed by the x-ray
sources have opened up a new era in soft x-ray spectroscogytobe. However, intense x-ray pulses are typically still long
The dramatic improvements of spectral resolution in x-raycompared with a core hole lifetime<(10 fs) determined by
absorptiof? and x-ray photoemission spectitzave revealed nonradiative Auger decay, so that time-resolved nonlinear
a fine structure which provides the most valuable informa-spectroscopy experiments require x-ray pulses shorter than
tion on electronic states and vibrational couplings in corethe core hole lifetime. 650 attosecond soft x-ray pulses have
excited states. been produced by high harmonic generation but the intensi-

Third generation synchrotron radiation sources, whichties are still too weak for carrying out nonlinear spectro-
are extremely bright in the vacuum ultraviolet, soft x-ray, scopy*’
and hard x-ray regions, also make it possible to obtain reso- In our previous papers® we have developed a unified
nant x-ray emission and resonant Auger emission spectra icorrelation-function theory for x-ray nonlinear spec-
solid crystals, thin films, gaseous molecules, and adsorbatésoscopies based on nonlinear response functidiiRF's),
on surfaceé-®Both are coherent second order quantum prowhich are given by combinations of multitime correlation
cesses described by the Heisenberg—Kramers formula, arfidnctions of the current density operator. Their frequency
the signal intensities depend on both of the incoming x-raydomain analogs are the nonlinear susceptibiliti€s used to
energy and the emitted x-r@puger electron kineticenergy.  describe stationary experiments. NRF's are expressed as
The correlations between the incoming and the emission ersums ofLiouville-space pathwayswvhich provide an intui-
ergies in these spectra provide more information on the eledive picture for the time evolution of the density matrix.
tronic states and the relaxation dynamics of the core excited In this paper we apply this formulation to calculate the
states in various systems than linear techniques, such agationary x-ray four-wave mixing signals of para-
x-ray absorption and photoemission. nitroaniline (pNA), meta-nitroaniline(mNA), and ortho-

As the intensity of the x-ray beam increases, the nonlinmitroaniline (o0NA) (Fig. 1). Nitroanilines are typical push—
ear response of the material to the x-ray field may be obpull, donor—acceptor molecules, and the mechanism of
served. The lowest order x-ray nonlinear spectroscopies aiatramolecular charge transfer upon the core excitation has
sum and difference frequency generatiGéecond-order  been extensively studied by x-ray photoemission and absorp-
Four-wave mixing (third-ordey techniques include third- tion spectroscopie€ 22 Intramolecular charge transfer
harmonic generation, pump—probe, hole burning, photonstrongly depends on the spatial coherence of the excited
echo, transient grating, and coherent Raman scatteringtates.

(CRS. Conceptually resonant x-ray and Auger emission  Core excited states are usually strongly localized around
spectroscopies are also related to third-order nonlineathe excited atom due to the attractive core hole potential for
spectroscopies,® even though technically they are linear, the excited electron. This suggests that the x-ray absorption
i.e., the signal intensities of resonant x-ray and Auger emisspectrum may be calculated using th&lding block picture

sion processes are proportional to the incoming x-ray intenk.e., the spectrum is simply given by the sum of the absorp-
sity, where the x-ray photon or Auger electron is spontanetion spectrum for blocks of atoms or group of atoms in a

ously emitted by the material. molecule?®?* The success of this approach depends heavily

Rapid progress has also taken place in the developmeiin the degree of coherence of core excited states. We exam-
of intense femtosecond short x-ray pulses. X-ray pulses age the information contained in four-wave mixing spectra
short as 300 fs have been report&iNumerous experiments and demonstrate that x-ray pump—probe spectroscopy should
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FIG. 2. Parameters d o of pNA determined by fitting the eigenvalues of

Flyo with MNDO-SCF calculation. The values in parentheses are the ener-
gies of the AOs.

(a) para

=)

N2p,(NHp)

(b) meta

sulting parameters for pNA are shown in Fig. 2 and the mo-
lecular orbital(MO) energies are displayed in Fig(c3. For
mNA and oNA, we used the same parameters, assuming the
same transfer integrals between the N 2t site 1 and the
nearest(2.8 eV) and second nearest neighbor C atdifg

eV) in the benzene ring.

To identify the character of each MO, we show the AO
levels in Figs. 8a) and 3e): The C 2, AOs on the benzene
ring, the N 2, AO at the 1st site, and the N2 and O 2,
AOs located at the NOgroup in Fig. 1. The C2, AOs are
split into bonding and antibonding orbitals as showr(lin
Since the N p, AO level is far below the antibonding G2
FIG. 1. Molecular structure of(a) para-, (b) meta-, and(c) ortho-  MOs, the N D,(NH,) AO component is only slightly mixed
nitroaniline. with the unoccupied antibonding MOs, but is strongly mixed
with the C 2, bonding MOs. The Ng,(NO,) AO and the

. L . 2p, AOs are strongly coupled causing its antibonding state
be a powerful tool for investigating the spatial coherence Ofg*(NOZ) to be close to ther* (C=C+NH,) MOs. [see Fig.

the excited states. There are many x-ray four-wave mixin % .
techniques which, like pump—probe, depend on the third orgis(d)] Thus the * (NO) state is strongly coupled to the

I . . . 7*(C=C+NH,) MOs, so that there is a considerable

der susceptibilityy(®). These include transient gratings, co-
herent Raman, sum and difference frequency generation.
These may also be calculated using the present approach and
could give new insights into excited state coherence. Energy unoccupied MO

The core exciton model is presented in Sec. Il. Formal 4
expressions of(®) are given in the appendices. Numerical
calculations of x-ray linear absorption of nitroanilines are
presented in Sec. Il and the pump—probe spectra for the
various isomers are discussed in Sec. IV. Concluding re-

marks are given in Sec. V.

(c) ortho

7 *(C=C+NHo)

Il. THE CORE EXCITON HAMILTONIAN

Since the low lying valence states of nitroanilines mainly
consist of7r orbitals, we consider the atomic orbitéhO)
basis set shown in Fig. 1, which includes thp,2atomic
orbitals at each site. Using this basis set we construct the
following tight binding Hamiltonian for ther system,

Hvo= E fmC:nng(r—" E Z tmnCL(rCmr! (1)
m mn o
wheree,, denotes the energy of thgp2AOs at themth site
andt,, are the transfer integrals.
To obtain these parameters we first performed a MNDO-
SCF electronic structure calculation and computed the MO @ © @ @ @
level structure. These parameters are then determined by f|,§TG. 3. Energy level scheme showing the atomic orbit®s) and the

ting the eigenvalues dfly,o with that calculatiorf® The re-  molecular orbital{MOs).
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To describe the x-ray four-wave mixing process we also
need to take into account the double-core-excited states
reached by an excitation from the single core excited state
with an x-ray probe beam. Depending on their spin and or-
bital configurations, the double-core-excited states are clas-
sified into the following four subspaces:

(b)

1
11,1;a,8)=— Ea;Tag(CZTCI;i_CLCLT)|9>(CY<,3)

(53
. 1 T AT t AT
8,8;a,8)=— ﬁama&(cwcm_Calcm)|9>(“<ﬂ)
0.6
0.4 >
g 0.2 1 t T
$ 00 |1,§;a,ﬁ(pafa>=E(amcwaycm

+ag|chay ch))|g)(a<p) (50)

0.4
-0.6-
. : _ t t
FIG. 4. The coefficient& ., [Eq. (2)] for the unoccupied antibonding MOs |1,§,a,,8(ant|para) - \/E(amcﬂallcﬁ’i
of mNA: (a) to (d) in order of increasing energy. The N(1p2A0 compo-
nentA,,; are multipliedx 4. t T
ot P +ag|Co a11Cp)9). (5d)

amount of the N B,(NO,) AO component in the unoccupied For o=, we have
antibonding MOs[Fig. 3(c)].

. _ t ot
The MOs|a) with energye,, are given by 1.1;0,a)=—a3181/C41Cq([9), (63
10
8,8;a,a)= _aBTaSLCZTCZ¢|g>- (6b)
= Anlm), 2 == 2%
@)= 2 Aanlm) @

Altogether there are 42 double-core-excited states.

where|m) stands for the @, orbital at themth site, and the Using our 51 state active space we finally construct the

coefficientsA,,, are obtained by diagonalizinglyo. We  total model Hamiltonian,

denote the electron creation operator for th&O with spin - ~ A

o by c! . The coefficient®,,,, of mNA for the unoccupied

antibonding MOs are displayed in Fig. 4. 1
In the following calculations we assume that both pumpg _2 z €.Ch Coot = > D u(eaniazay)

(7a)

g
T
T

o
(@)

and probe x-ray energies are scanned across the dore- 2 aydyazay 5o
excitation energies to the antibonding MOs. Since these mol- wet of e e (7b)
ecules have two nonequivalent N atoms, we need consider a0~ ap0! Y ago! Fagos

two N 1s core orbitals located at the site 1 and 8. We denote
the creation operator for the core electron atltiesite with — © _
spin o by afﬂ, (1=1,8), where 1 and 8 represent the states ¢ 1fTs
where a N § core hole is localized at site 1 in Fig. 1 (NH 1
and site 8 (NQ), respectively. The LUMO-HOMO gaf® +5 > u(l;malal ag.a,, (70
eV) is large, allowing us to focus solely on the four unoccu- : N
pied antibonding MOs for: Altogether our model has thus
six relevant orbitalg2 core+ 4 valence. QCU: E (@ an)(1- amaw)c \Copt -
We next construct the effective space of active global 1518 aray o a2
electronic states. Denoting the ground state of#thsystem (7d)

by [vag, the molecular ground statg) is The first terms inH, and H. represent the energies of the

|g>=aLaLa;r_3Ta£l|vac). (3) MOs (e,) and the core states), respectively, and the sec-

ond terms represent the Coulomb repulsion between the va-

lence electrons and between the core holes, respectﬁl’gjy.

|1;@)=5(ag;cl, +ag cl))lg), (48 s the attractive Coulomb potential between the core hole and
] 1 the excited electron.

|8;a) = 3(ag;cl, +ag,ch))g), (4b) In Eq. (7) we assume on-site Coulomb interactions

with @=1, ... ,4runs over the antibonding MO. (Hubbard model, see Appendix) DThe on-site Coulomb in-

The model has 8 single-core global excited states

Downloaded 04 Feb 2002 to 128.151.176.185. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



1880 J. Chem. Phys., Vol. 116, No. 5, 1 February 2002 S. Tanaka and S. Mukamel

TABLE I. Parameter values used in the calculationeV).

Fhm=—f drj(r)-A(r,t)dr, 9)

Uc Uc Uc

o & e U Ug (LD (88 (18 v ¥’ ¥ ~ _ _ o
whereA(r,t) is a vector potential of the radiation fielp(r)

3.4 4029 4079 80 60 150 150 30 001 0092 0.184s the atomic current—density operator defined by

u

&This value ofy, is used for avoiding a fictious divergencelip(w).

(Jaken from Ref. 35 i(n=3 &R, (10

Yi=<Ye-
whereR, denotes théth atomic position,

teractionsu, andu, and the Coulomb repulsion for the core

L S _ . T _
holes uc(I;m) parameters in Eqs(7a) and (7c) are then ll__% (JLa816CeoTH.C) (1=1,8), 1D
given by
10 and the coefficient§, , are
uu(ala2;a3a4):uui21 Azl,iAzz,iAa3,iAa4,i ' (83 ) eh [ o
JLa= i | TPV i(r) (123
ULv(al;az):ULAzl'LAazyL. (8b)
= WAy (12b)

These parameters are listed in Table I.
The active energy level scheme is schematically depicteth Eq. (12), u, is the strength of the atomic current density
in Fig. 5. The energy levels for the single N (NO,) core  operator for the transition of the Nsore electron at thih
excited state lie above the N INH;) single core excited site. The ratio ofu; andug given in Table | was adjusted to
state, because of the difference of the ionization potential ofeproduce the experimental x-ray absorption spectra. We
the N Is orbitals. (See Table )l In addition, the level spac- only retain on-site atomic transitions and neglect the cross
ings are also different, because of the difference of the corgansitions between orbitals at different atomic sites.
potential effect mentioned earlier.
Since the repulsive Coulomb potential is much stronger
Whe.n the two core holes are Iocated_ on thg same Sltﬁl. X-RAY ABSORPTION IN THE NITROGEN
(Il.I;«,B8) 1=1 or 8) than on different sites|{,8;a,3)), 1 s REGION
we expect the energy levels for the former states to be highet.

The coupling of the molecule with a resonant radiation  1he eigenstates Cﬁ'tot are obtained by diagonalizing the

7
field is 51x51 I:Itot matrix represented in the basis set of E,

(4), (5), and(6). The absorption spectra were calculated us-

ing the transition matrix element of the current density).

The calculated N 4 x-ray absorption spectra for pNA, mNA,
188;a B> and oNA are shown in Fig. 6, where the N &ore excita-
tions from N (NH,) atom and N (N®) atom are given by
the black and the gray line spectra, respectively. Hereafter
we denote the N atoms of NHand NG as N1) and N8),
respectively. We shall first focus on mNA. The absorption
spectrum consists of 8 lines: 4 blagkxcitations from N
(NH,) atom] and 4 gray{excitations from N (NG) atom|.
The peak positions and the intensity distribution of the black
and gray lines are different due to difference of the core
exciton effects.

To analyze these effects, we have calculated two density

matrices. The first is the single electron density matrix of the
a orbital,

Yises>

oy
|

Energy

=

Panm= 2 (@]ChyCnor|@). (13

I8 Pg:nm @re shown in the left column of Fig. 7 for antibonding
MOs. The axes are labeled by the site number shown in Fig.
1. We next consider the density matrix for the single-core
exciton state,

lg>

FIG. 5. Level scheme of the many electron states for the ground, single- pﬁnmE > <‘I’§|C;U,Cngrarga|_g|‘l’§>, (14
core-excited states, and double-core-excited states of nitroaniline. B oo’ -

Downloaded 04 Feb 2002 to 128.151.176.185. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 116, No. 5, 1 February 2002 X-ray four-wave mixing in molecules 1881

co b b v v by I, suggesting a strong core excitonic effect in this case. The
1st N(8) core excited statéh) is strongly localized on N®
group, while for the other excited stafé to ()] the excited
electron is more delocalized. Since the absorption strength is
determined by the N(8)2 AO component, the lowest peak
carries most intensity and is well separated from the other
weak lines, as seen in Fig. 6.

Our calculations reproduce well the experimental spectra
shown in the inset? especially the pre-edge spectral struc-
tures below the main peak at 404 eV. Above the main peak,
the transitions to the more delocalizedorbitals and to the
continuum states give the broad background in the experi-
ment. These are not included in our model.

We next compare the spectra of the three isomers. As
indicated in Sec. Ill, the core exciton effect is weak in the
N(1) core excited state. The excited core electron is delocal-
ized over the entire molecule, so that the N(%)absorption
lines(blackK in Fig. 6 are sensitive to the structural change of
the isomers.

In mMNA, the absorption line to the second I\ core
excited state is the strongest among the N(4 gksorption
lines (black), because it has the largest N(19,2A0 com-
ponent as mentioned in Sec. Ill. The N(1),2A0 compo-
nent for each state is determined by the hybridization
strength between the N(1)p2 and its nearest neighbor
C 2p, AO at the site 4. As found from Fig. 4, the second
excited state has the largest N(19,2A0 component by this
hybridization between the (02 AO at the site 4 and
N(1) 2p, AO.

In pNA, the NH, group is bonded with the C atom at the
site 2. In this case the hybridization between the N(f,) 2
AO at site 2 and the C[2 AO at the site 2 becomes large for
the first, third, and fourth excited state, while there is no

400 402 404 406 408 410 hybridization for the second excited state. As a result, the
B+l (ev) N(1) 1s absorption transition is allowed for these three
FIG. 6. The calculated Neix-ray absorption spectra féa) pNA. (b) mNA, states, and is forb@den for the second excited _state. For the
(c) oNA. The black and gray lines correspond to transitions from theS&Me reason, the first, second, and fourth excited states are
N(1) 1s and N(8) & core electron to the unoccupied antibonding MOs, active for the N(1) & absorption, while the third excited
respectively. Experimental spectf@ef. 22 are shown in the inset. state is dark.
In contrast, the core exciton effect is large for the
N(8) 1s core excitation, so that the excited core electron is
edstrongly localized N@ group, and is not affected by the
ddif'ference of the position of NHgroup. Consequently, the
transition to the N(8) & core exciton absorption dominates
the other transition, and the absorption line spe@ray) are
insensitive to the structural change of the isomers.
Since the distribution of absorption line intensities re-

|
o

400 405 410

— N

(b)

IIIIIIIIIII

Trrrr[rrrr

400 405 410

Intensity (arb. units)

400 405 410

where|\P§) is the global eigenstate of the single-core-excit
state, and¢ is an index for the eigenstate. The middle an
right columns in Fig. 7 show?¢ for the N(1) and N(8) single-
core excited states, respectively.

Similarities of the left and middle columns, together
with the almost identical level spacings between these state%F .
as shown in Table Il, suggest that thélNcore hole does not ects the N p, AQ component for each core excited state,

effect the electronic states of the antibonding MOs, i.e., thd/® do not get any |r1format|0n on the degree of delocallze_l-
core excitonic effect is very weak for the(N core excita- tion of the core excited state without a theoretical analysis

tion. This is because the small N(1p2A0 component is based on an appropriate model. It will be shown below that

involved in the antibonding MOs. The intensity distribution x-ray pl_Jm_p—probe_ spectroscopy, in contrast, directly pro-
among the 4 black line spectra corresponds to the NfL) 2 vides this information.

AO component of each core excited state: the transition to

thg 2nd N1) core excited statef) is the strongest because IV. THE X-RAY PUMP—PROBE SPECTRUM

this state has the largest N(1p2A0 component among the

N(1) core excited states. On the other hand, the level sepa- In a pump—probe experiment the molecule is subjected
rations and the density matrix for the® core excited state to two beams: the pumpk(,w;) and probe K,,w,). The

are very different from the ground stafeee Fig. 7 and Table signal given by the difference in the probe absorption with
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FIG. 7. Density matrices for the ground stfe. (13)] and the single-core excited states for mN&—(d) ground state(e)—(h) N(1) 1s (NH,) core excited
states, andi)—(I) N(8) 1s (NO,) core excited states. Open circles: positive; solid circles: negative. The circle radius is proportional to the corresponding
density matrix element.
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TABLE II. The energies of the antibonding MOs, N(13,1and N(8) 5 Sincel 44(0) is large, the first terms iWv"' andW" domi-
smgle-core-excne_d stayes in mN/ eV). The energy differences from the nate the signal. Th&)l andw2 dependence of the first terms
lowest state are listed in parentheses. . . L .

is factorized, indicating the lack of correlations between

MO («) N(1) 1s N(8) 1s and w,. The simple product of.4(w,) andl¢y(w,) in the
- i Vi
123 40165 403.83 f!rst terms ofW gndW gives the sharp rgsona("rlega-.
—0.49 (0.74 402.31 (0.66) 407.37 (3.54 thE) peak when EIthe&)l or w, IS resonant with the transi-
0.39 (1.62 403.27 (1.62 407.54 (3.79 tion energy from the ground to one of the single-core excited
2.04 (3.27 404.92 (3.27 409.86  (6.03 states. On the other hand, in the second tesmandw, are

correlated throughl go(w,— 1), which gives a negative
sharp peak fow,=w;.

The pump—probe spectra of MNA are depicted in Fig. 11
and without the pump is a special case of heterodynewhere the pump is tuned to the I8 k-ray absorption peaks
detected four-wave mixing with three modes of the incomingn Fig. 6: (3) w;=401.65 eV,(b) 402.31 eV,(c) 403.27 eV,

fields? and(d) 404.92 eV. Sharp dips appear at same position of the
x-ray absorption spectra with the same intensity ratio of the
Wep(K1,01,kz,05) x-ray absorption spectra, except for the peakwgt w;
o w,lm E3 PO)(Ky, w,)/|Ey? shown by the arrows in Fig. 11. Similar spectra were ob-
tained for pNA and oNAnot shown.
alm B —ky, — w1k, 01, — Ky, —wq,Ky,w5).  (15) We next turn to the contribution of the ESA f) in

Figs. 8, 9, and 10, for the three isomers. These positive peaks
Yave characteristically different correlations betwegrand

w, compared to the bleaching signal: The peak positions
shift to satisfy energy conservatiom;=E.—E4 and o,

+ wo= Ef - Eg .

General formal expressions for the frequency and wave ve
tor dependent third order susceptibiligf*) are presented in
Appendix A. The Liouville space pathways showing the vari-
ous contributions to x-ray four-wave mixing under the rotat-
ing wave approximatioriRWA) for the three band core ex- B . .
. . . . . . t th t te the N(1pxk lect
citon model shown in Fig. 5 are given in Appendix B. y tuning the pump to excite the N(1)Lore electron

Explicit expressions for x-ray pump—probe spectra with twoand the probe to excite the N(8 Lore electron, we find
P P y pump-—p P that the spectra are sensitive to the degree of delocalization

incoming fields, which is a special case of Appendix B, are . g ;
given in Egs.(C2) and (C3). of the electron excited by the pump. If it is strongly localized

. at N(1), the pump-excitation should not affect the probe ab-
The x-ray wavelength corresponding to the & dore : ) .
o . : . . sorption at N8); the probe absorption spectra resembles the
excitation to the antibonding orbitals (~400 eV) is about . Co
. L .~ . N(8) 1s linear absorption lines. The rectangular aredadn
30 A, this is long compared to atomic distances which justi- . _’ ; ;
. . - ) of Figs. 8, 9, and 10 corresponds to this case. The horizontal
fies using the long wavelength limit, setting=0. Two- . .
. . dotted lines represent the energy of the N(&)absorption
dimensional plots of the calculated x-ray pump—probe spe

tra for pNA, mNA, and oNA are shown in Figs(s, 9(a), Clrlgsesn ;Egeb?(f: dil;ir:)emosp_eétr'il I|En 'IZSIQS:U slf.iz(; V\_/rhheered?; eﬂ(;St

and 1@a), respectively. The horizontdlertical) axis is the . 1—=e =g '

probe (pump frequency. lines represent the correlgﬁuon betwaenand w2 Whe_re .the
The spectra have negative photobleachiR) signals Eec%ndf {ﬁso;anhce d ?.Ond'tl'aglrg’f;Eg Eg IS sa?sﬁe;j. i

(red) attributed to the Liouville space pathwalg—(1V). The ach of the dashed lines labele 0 L represents a family

PB signal has two contributions, the stimulated emissionOf resonances with a common flngl state.
Sections of the spectra of Fig(d for mNA at the

Liouville spacefpathways(l) and(l1)] and the hole burning N(1) 1s resonant excitation energies are shown in Fig. 12

[pathways(lll) and (IV)]. In addition, we see positive ex- >

cited state absorptiofESA) signals(blue) attributed to path- 20(;4(3)2 w\ll__lé_lr? l'IG?) TVA(b)DA'OZ'sl eV,c(jc) 4|93'21 e\[;’ ('d)F'

ways(V)—(VIl). The sum of contribution®,, R, , Ry, , and 92 eV. The labels A-D correspond to lines A-D in Fig.

Ry [(C1a to (C1d)] is shown in panelgb), the sum of 9. In (a) there are'two large positive pea@ésand.B), and in

contributionsRy , Ry, andRy; [(C18 to (C1g)] is shown in (b) the peak A disappears an_d only B remains. The peak

panels(c). structures of A anq B _show up i), and in(d) only peak C

Sincel 44 in the denominator ofyg(w) in W" andW'" has a strong positive intensity.

is much smaller thall ., or Tge i | (@) OF | oo (@) in W In order to interpret the excitation energy dependence,

g N let us revisit the density matrix plots of mNA shown in Fig.

and W' [see Eqgs(C3)], the dominant contributions come ! _
from W' andW" corresponding to pathway#l) and(IV), 7. Figures Te) and 7g) suggest that in the 1st and 3rd 1)
core-excited states the excited electron is coherently delocal-

W' = _2 Jeg;eg(o)‘J;e‘e'g(o){leg(wZ)Igg(o)lge'(_wl) ized over N8), while in the 2nd N1) excited statdf) it is
ee' ’ localized within the benzene ring. In the 4tHIN excited
state(h) the excited electron is almost localized within the

Flegl@2)l gl @2~ @)l ger(— @)}, (18 benzene ring, and there is a small degree of correlation be-
" tween the benzene* state and the antibonding* (NO,)
W =2 Jgerierg(0)dgeed( Ol erg(@2)l gg(0)l ey w1) states. When the N(1)slcore electron is excited to the 1st
ee core excited statée), the N(8) 2, AO is strongly occupied,
Flerglw)lgg(wo— w1)lgg( @)} (17 so that the N & core excitation to the localized core exciton

Downloaded 04 Feb 2002 to 128.151.176.185. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



1884 J. Chem. Phys., Vol. 116, No. 5, 1 February 2002

(a) ,.::41 0
2 408 —
=
2406 —
<
w 404 —
o
E 402

S. Tanaka and S. Mukamel

= r
400 -

(b)

400

410

420

~ 410 .

=
2 408 -
]
S 406 —
2
5 404 -
E 402
4 =
g
A0 ==y
400 410 420

© 430

~ 410

-

Z 408

3

E 405]

w 404

E

3 402 —
400

410 420 430

Probe Energy (eV)

(d)

401 T l T | T l I

400 404 408
Probe Energy (eV)

FIG. 8. (Color) Calculated x-ray pump—probe spectra of pNA. The horizon-

412

tal and vertical axes are the probe and pump frequencies, respectively. Nega-

tive and positive signals are depicted by red and blue images, respectively.
(8 Wpp, (b) the sum of the contributions of Liouville pathways 1-18)
the sum of the contributions of Liouville pathways V-Viid) Same as
panel(c) but on an expanded scale.
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FIG. 9. (Colorn Same as Fig. 8, but for mNA.

that the N(8) & core electron is excited to the strongly lo-

alized core exciton state on®): the pump x-ray beam does
ot effect the N(8) & x-ray absorption process. We therefore
ee a single intense peak corresponding to the intense red

excited electrons have strong Coulomb interactions, causinkine at 403.84 eV in Fig. 6.

the two peak structures of A and B.

The situation is the same when the N(1X)cbre electron

When the N(1) & core electron is excited to the second is excited to the third core excited stdtp as in the case of
excited statg(f), the N(8) 2, AO remains unoccupied, so the excitation to the first pedle). The two peak structures A

Downloaded 04 Feb 2002 to 128.151.176.185. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 116, No. 5, 1 February 2002

(a) _ 410+
-
L 408 —
5406 —
3404_' . ; + * A
o :
£ 402
&

400

(®) 410
-
© 408 —
5406 —
(14]
5 404 —
£ 402
&
400

() 410 : 5
~
2408 2
3406 _
k] :
5404 — ol ot
i : :
€402 . - ot
n. 4GD I T | T '| T

400 410 420 430
Probe Energy (eV)
(d};mﬁ . T

DAQE A jectissacii T S
2
[} — \ y

4 — A1 % LY
B S,
E 402 - \
o

W= T ]

400 404 408 412
Probe Energy (eV)

FIG. 10. (Color) Same as Fig. 8, but for oNA.

and B thus appear. For the 4th N(19 éxcited stateh), the
population of the N(8) @, AO is small, so that the N(8)sl
core electron is excited to create the core exciton ¢8) Hs
in case(f).

X-ray four-wave mixing in molecules 1885

probe resonances for the; =403.84 eV pump excitation in
mNA do not appear in oNA. These differences are attributed
to the different x-ray absorption of the(l site among these
isomers, as shown by the solid lines in Fig. 6. For the same
pump frequency, the probe spectra have almost the same
profile for all isomers, because the electronic structure of the
corresponding excited states are essentially the same.

V. CONCLUSIONS

In this paper we applied the general expressions for the
frequency and wave vector dependgfit! (Ref. 7) to calcu-
late the x-ray pump—probe spectra of the three isomers of
nitroaniline using the core exciton model with the four un-
occupied MO for therr system and two N4 core orbitals.

We took into account the core exciton effect and the Cou-
lomb interactions between the excited electrons and core
holes.

The calculated N 4 x-ray absorption spectra are in good
agreement with experiment. The x-ray pump—probe spectra
have PB and ESA components showing different types of
correlations betweemw; and w,: while there is no correla-
tion in PB, they are strongly correlated to satisfy the resonant
conditions ofw; =E.—Eg andw;+ w,=E{—E4 in ESA.

We further showed that while x-ray absorption reflects
the N 20, AO component for the core excited state, the ESA
signal, where the pump excites the N(1s) dore electron,
and the N(8) & core electron is excited by probe, contains
direct signatures of the excited electron delocalization: When
the N(1) X core electron is excited to the state that coher-
ently extends over the (8) site the N(8) % absorption is
strongly effected by the pump-excitation, while the N(x) 1
core excited is localized N(8)slabsorption resembles the
linear absorption spectrum without the pump.

In the 1s core excitation of nitrogen, the x-ray wave-
length is about 30 A, which justifies taking the long wave-
length limit and settingc= 0. But when the x-ray wavelength
is comparable to the size of the molecule or atomic distance,
the x-ray four-wave mixing signal should depend explicitly
on the wave vectors of the x-ray fields. Recent experiments
on the inelastic resonant x-ray emission for the K-edgedn 3
transition metal compound§;? and Si K-edge resonant
x-ray emissiof’ have revealed an interesting wave vector
dependence. So far, there has been no report on the wave
vector dependence of molecular x-ray spectroscopies. We ex-
pect strongk-dependence when the distance between the
core excited sites is comparable to the x-ray wavelength. The
wave vector dependence of x-ray four-wave mixing should
provide detailed information on the spatially nonlocal nature
of the response.

The core exciton model used in this paper is similar to
the two-band model of optical excitation of semiconductors
where the transfer of the hole is taken into accalirit.Us-
ing the localization of core holes and the characteristic en-
ergy for each core orbital, we can map the delocalized va-
lence states onto each atomic component. Other techniques

The differences in the 2D pump-—probe spectra of thecan select a particular atomic component from the congested
various isomers are related to the difference of the singlealence occupied, unoccupied, and the valence excited

exciton w; resonances. For example, the strong

states"*233 These include resonant photoemission, resonant

=402.31 eV resonance of mNA is absent in pNA. And thex-ray emission. In resonant bremstrahlung isochromat spec-
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FIG. 11. X-ray pump—probe spectra when the pump frequentarked by ~ dephasing may be neglected. But in some molecules with a
an arrow is tuned at N'§ x-ray absorption peaks in Fig. 6a) »;  strong electron-vibration coupling in the core excited
=401.65 eV,(b) 402.31 eV,(c) 403.27 eV, andd) 404.92 eV. state®®~*9the absorption linewidth may become larger than
expected from the Auger autoionization lifetime, and pure
dephasing processes can be important. This interesting sub-
troscopies(BIS), known also as inverse photoemission, aject should be investigated further.
high energy electron is trapped in an unoccupied orbital and We have calculated the time-resolved resonant x-ray
the excess energy is released as a photon. The signal is obmission spectrum for a one-dimensional molecular chain
tained by detecting the photon at a fixed frequency and scarand showed how the dynamics of the relative motion of the
ning the incident electron energy. Thus x-ray four-wave mix-core exciton is clearly reveal&dThis requires<1.0 fs time
ing can mapy(® onto each atomic contribution allowing to resolution. Time-resolved x-ray four-wave-mixing spectros-
pinpoint the origin of electronic excitations of molecules. copy should also provide useful information on the electron
Finally we note the dephasing rdig,, is generally given dynamics in molecules: For example, the dynamical exciton
by the sum of the inverse lifetimeg, and y, of theaandb transfer from site to sit&® dynamics of polaron formation by
states, and the pure dephasing rdtq, for the ab  €lectron—phonon interactidh;*and dissociation dynamics
transition3 following the core excitation can be observed by snapshots
R of the nonlinear x-ray response.
Tap=3(va® ¥p) + Tap. (18)

In the present calculations, we used=92 meV as esti-
mated by McGuir& and y;=2y,, and neglected the pure

dephasing and sét,,=0 (Table ). For y4, we used a finite ACKNOWLEDGMENTS

small value of 10 meV. This eliminates a divergence of

l49(@) in degenerate four-wave mixingIn x-ray spec- The authors gratefully acknowledge the support of the
troscopies, it has long been assumed that, since the nonradiiational Science Foundation. The numerical calculations
ative Auger decay lifetime is very shor(10 fs), lifetime  were performed in the supercomputing center at Osaka Uni-
broadening dominates the absorption linewidth, and pureersity.
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APPENDIX A: THE FREQUENCY AND WAVE VECTOR
DEPENDENT x®

Below we give the general expression for the third order = ; Ep: S®(—Kkg:Ks,kp,Kq,03,05,07),

nonlinear susceptibility®). The four-wave mixing experi-
ment involves three modes of the incoming field,

3
E(r,t)=21 [E;j exdik;-r—iw;t]
=

+EF exd —ikj-r+iojt]]. (A1)

The third order nonlinear polarization at a pairdt time

tis’

P(3)(I’,t)=j drgf drzf drlf dtg

xfdtzj dty- SO(r;rarorqtstyty) E(rg,t—tg)

XE(ry,t—t3—ty)E(ry,t—tz3—t,—1ty).
Fourier transformation t@, k space gives

(A2)

P(3)(ks,ws)zf drj dtPE(r,t)exy —ikg I +iwt]

= 27TE3E2E18(3)( - kS ) k3,k2,k1,w3+ (0F)
(A3)

where ws=w+ w,+ w3 andks=k; +k,+ks. In Eq. (A3),
S®(—kg;ks,ky,kq,03,0,,07) is defined as the multidi-
mensional Fourier transform & G)(r;rar,r tstoty),

3(3)(—ks;k3,k2,kl,w3,w2,wl)

Eferdrgjdrzfdrljdtgjdtzfdtl

XSG (r:rgrortatoty) - exg —ikg- (r—rs)
—iky-(r—ry) —iky-(r—rq)]

X eX[{i w3t3+ | w2t2+ | wltl].

t 0,0+ 01,01),

(A4)

X-ray four-wave mixing in molecules 1887

)((3)(—ks,—ws;kl,wl,kg,a)z,k3,w3)
(A5)

wherev, is a density of noninteracting molecules ang is
a sum over the six permutations d;(w;), (k,,w,), and

(k3,w3).
The nonlinear response function for the current density
S® is given by

SONr;rg,rp,ry,ts,t5,t)
= # B(t1) B(t) B(t) (1050309 X} ( ta+ o+ ty)
X[J(ra,ta+t1),[](r2,t0),[](r1,0),p(—)111)

i
= 3 0(t1) O(t2) O(t3)(wiwowzws) ~*

4
X 21 [Ra(r;rs,rao,r,ts,ty,ty)
=

=R (r;r3,rp,rq,t3,t5,t)]. (A6)

EachR; (j=1-4) is given by a four point correlation func-
tions representing a distinct Liouville space pathway,

Ry=(J(r2,t)j(ra,ti+1,)j(r,ty+t,+1t3)j (r1,0),
(A7a)

Ro=(J(r1,00](ra,ty+ ) (r,ty+tr+13)j(ra,ty)),
(A7b)

Rs=(](r1,00](ro,t)](r,ty+to+13)j (ra,ty+1,)),
(A7c)

Ry=(J(r,ty+to+13)](ra,ty+1,)](ra,t1)(r1,0).
(A7d)

Note a slight difference in notatiofR; andR, are identical

Taking into account the invariance of the permutationsto those given in Eqg29) in Ref. 7, howeveR; andR, are

of (kj,w;) (j=1,3) in Eq.(A3), the third order nonlinear
susceptibility is

S®(—k K3,Kp Ky, 03,0, wl):;
SETEmEE 13 (w1w030s) a=1

equal to— R} and —R} of the reference.
Substituting Eq(A6) into Eq. (A4), we obtain

4
2 [Ra(_ks;k31k21kliw3!w2!klvwl)

where the response function in the frequency domain is defined similar tGAEp by

+R, (ks —ka, =k, =K1, — w3, — w3, — w1)], (A8)
Ra(—ks;k3,k2,k1,w3,w2,w1)5(—i)3f drf drsf drzf drlf dt3f dtzf dtha(r;r3l’2r1t3t2t1)
0 0 0
-exd —ikg-(r—r3) iky-(r—ry)—iky-(r—ry)]exgiwsts+iwot,+imqtq]. (A9)

From Egs.(A7) and (A9), we have
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FIG. 13. Liouville space pathways for x-ray pump—
probe spectroscopy which survive the RWA. RB—
(IV), and ESA:(V)—(VIl).

Rl(_ks;k3ak2ak1!w3vw21w1):a%d P(a)f drf dr3f drzf drijea(r)jga(r)jan(r2)jpdrs)

Ro(—ks: ks, Ko, k1, 03,0, 01)= >,
abcd

-exfd —ikg- (r—rg)—iky-(r—rp) —iky-(r—ry)Jlgc(w3)lgp(w2) gal @1), (A10a)

P(@ [ dr [ drs [ ar, | drsica(n)iarolan(r2)ind(ra

-exf —ikg- (r—rg)—iky- (r—rp) —iky- (r=ry)Jlgc(wg)lgp(wp)lap( 1), (A10b)

Ro( ks ks ke Ko, 0z,00)= 3 (@) [ dr [ ars [ ar [ draestiaara)jan(ro)jnctro

cexd —iKg- (r—rg)—iky- (r—ry) —iky- (r—ry)Jlgc(w3z)l ac( @)l ap(@q), (A100)

Ru( ks ks ke Ko, 0z,00)= 3 (@) [ dr [ ars [ ar [ draan(Ouera)jeer2)jantry

|ab(w)

-exd —ikg- (r—rg)—iky- (r—rp) —iky- (r=ry)lpa(ws)l cal w2) gal @1), (A10d)

wherea, b, ¢ andd denote the many electron states ggglis the matrix element of the current density operator between the
statesa andb. | ,,(w) is an auxiliary function representing the Green Function in Liouville spdce,

1

T (0= wap) Tl

(Al11)

wherew,,= €,— € is the frequency difference between stademdb. Note thatR; andR, are identical to the corresponding
guantities in Ref. 7, buR; andR, are obtained from those of Ref. 7 by changingkalb —k, o to — w, and taking a complex
conjugate.
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APPENDIX B: LIOUVILLE SPACE PATHWAYS FOR X-RAY FOUR-WAVE MIXING

In this Appendix we present expressions for x-ray four-wave mixing for the three band core exciton model shown in Fig.
5: The ground, single core-excited-, and double-core-excited states, each state is fended(or |e’)), and|f), respec-
tively. When all incoming x-ray energies are nearly resonant with the single core excitation energies, there are seven Liouville
space pathways which survive the RWA, as shown in Fig. 13. Path@ygVIl) include the double-core-excited states,
while the (1)—(1V) pathways depend only on the single-core-excited states. We thus obtain the following expressions for each
pathway contributing to¢(®).

R,(—k3+k2—kl;kg,—kz,kl,wg,—w2+wl,—w2+w1,w1)

= 2 P(g)‘]g’e;eg(k3_ kZ)J;,e,;e,g(kg— ko)l eg’(w3_ Wyt W)l e (—wat wy)l eg(wl)r (Bla
gee'g’

Ri(—ks—katkyiks Ky, =k, 03+ wy— 01, 03— w1, —wy)
= ggg, P(9)Jgreeqka— kl)J;rer;erg(k3_ ki)leg(wzt wy— 1)l e (0= 01)l gor (— 1), (Blb)
Rii(—kz—katKyiks ko, =Ky, 03+ 0~ 01,0~ 01, ~ 01)
=ge§g, P(9)3g eieq koK) T griarg(Ka— Kol og (03+ 03— w3)] g (5= 1)l gor(— @3), (B19)
Riv(—kz+ko—ky;Kz, —ka K1, 03— 0+ 01, —wo+ 01, 01)
=g§g, P(9)Jger;erg (K1 Ko) Tie o (K1 —K)lerg@3— wat @1)l grg( — wat @)l eg(@1), (B1d)
Ry(—kz—katky;Kz,ky, —Ki, 03+ 03— 01,0~ 01, 01)
=—g§f P(9)[Jert: el K1 —Kz) Jegger (Ka— K1)+ Jerger (K1 —Ka) e go K1~ Ks) ]
ler(w3t 0= 1)l ee (W2 01)l g (— @1), (Ble
Rui(ka—ka—ky;—K3,kz K1, —w3t o+ w1, 0+ 01, 01)
=- ge%f P(9)[Jteiert(Ki—Kg)Jegge (Kg—K1) +Jeger 1(Ka—Kg) Ite;ger (Kg—k2) ]
e (— w3t wrt @)l (@t wp)legwr), (B1f)
Ruin(—kstka—ky kg, =Kz Ky, 03— wpt w1, —wy+ 0wy, 01)
:_ge%f P(Q)[Jreer(Ki—ka)Jegger (Ka—Ka) + Ireger (Ko —Ka)Jeger (ks —ky)]
ier(w3— 0+ 01)lee (— 0ot 01)l of(@1), (Blg
whereJ,,. .q(K) is a tetradic current density matrix element defined as

Janea k)= [ drian(n)ica(rrext —ik-). (B2)

APPENDIX C: THE PUMP—PROBE SIGNAL Wip(Ky 01Ky, @5)

The x-ray pump—probe signal is given in E@5). There 1
are two possible permutations of the sequences of two beams «— v, —3Im[R|( —ks:ko,—Kkq,Kq,02,0,01)
in the diagramg1)—(VIl) of Fig. 13, so that altogether 14 2h
pathways contribute to the signal. oL _
Combining Egs(A5), (A8), and(15), we obtain FRiI(=kzke, =Ky ke, 02,02~ 01, 07) (Cla
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+Ry(—Kz; Ko Ky, =Ky, 02,0~ wq)

+Ry(—kziky ko, =Ky, 02,0- 01, —w1)  (Clb
TRy (—kz;Kz,ky, =K1, 02,0~ wy)

+ Ry (—kaiKy, Kz, =Ky, 03,0501, —w1)  (ClO
+Rv(—kaika, —Kyg, K1, 02,001)

TRy (—Kziky, =Ky Kz, 02,0~ @1, 07) (Cld
+Ry(—ka1ka k1, =Ky, 02,0,~ 1)
+Ry(—kziKky ko, =Ky, 0, 00— w1, —w;)  (ClO
+Ryi(—kz; =Ky, Ky Ky, 0,0+ w1, 01)

T Rui(—kz; =K1, K1, Kz, 05,0+ w1, 05) (C1h

+ Ry (—Kz; Ky, — kg Ky, @5,0,01)
+ Ry (—Kkz; kg, =Ky, Ky, — 0y, 03— w1,09)]. (C1Q

S. Tanaka and S. Mukamel

WV = — 2 (er;e’f(o)‘]eg;ge’(o)+er;ge’(o)‘]:g;erf(0))

ee'f
X{Ife’(wz)lee’(o)leg(wl)
e (wo)leer (W — wl)leg(wl)}-

(C39

These equations were used in all calculations represented in
this paper.

APPENDIX D: COULOMB INTERACTIONS

In this appendix we derive Eg&3) for on-site Coulomb
interactions.

The coefficients of the Coulomb interaction between va-
lence electrons in Eq7b) are

u(raiaan= [ & [ @y v,

It should be noted that while the pump—probe spectrum

is given by the imaginary part 0f®, heterodyne detected e?
four-wave mixing can give both the imaginary and the real X —~ oy (1) g, (1), (D1)
parts r=r )

In the long wavelengtk =0 limit, Wpp may be recast in
the form,

pr(kl,wl,kz,wz):é Im[W1, (C2
where
W= —Z Jgeed 035e e g( Ol eg @2) e (0)l gl @1)
leg(@2)l ee (02— @1)leg( 1)}, (C33

W= — 2 Jge;eg(o)‘];er;efg(o){l eg(wz)l ee(0)l ge’( — 1)
+Ieg(w2)|ee’(w2_wl)|ge’(_wl)}! (C3b

Wi = — 2 Jeged 0135 erg( Ol gl @2) 1 gg(0)] ger (— w1)

Flegwo)l gg( = @1)lger (— @1)}, (C39
W= 2 Jgerierg(0)dgeeg Ol ergl@2)lgg(0)legl 1)
+Ie’g(wz)lgg(wz_wl)leg(wz)}y (C3d

WY=— 2 (Je’f;fe(o)Jeg;ge’(o)+er;ge’(o)~]?er;ge(o))

ee'f
X{Ife’(wZ)Iee’(o)Ige’(_wl)

+|fe’(wz)lee’(wz_wl)lge’(_wl)}a (C3¢

WY'= =2 (Jrerer1(0)degge (0)+ Jeger 1(0)Jrerger (0))
ee f
X{l fer(@)l fg(w2+ wq)l eg(wl)

+|fe’(wZ)Ifg(w2+w1)|eg(w1)}r (C3M)

where #,(r) is the wave function of thexth antibonding
MO. The wave functiony,(r) is represented as a linear
combination of AOs with use oA, in Eq. (2),

10

Po(r)= mEﬂ Agmibm(T), (D2)

where ¢, (r) is the wave function of the AO at site. Sub-
stituting Eq.(D2) into Eqg. (D1), and assuming on-site Cou-
lomb interaction, we obtain E@8a), whereu,, is defined by

eZ

uvff d?’ff oY) () ().

(D3)

=

For simplicity, we assume an identical value wf for all
sites.

The coefficientau;,(aq, ;) in Eq. (7d) are obtained in
the same way. The Coulomb interaction coefficients between
a core hole at sit€ and a valence electron in E(/d) is

uenian)= [ & [ &gt i)
e2
X_—r,lﬁaz(f’)rm(f),

r=r|

whered,(r) is the N 1s wave function for the core orbital at
the sitel. Substituting Eq(D2) into Eq. (D4) and assuming
on-site Coulomb interaction, we finally obtain E(gb),
whereu, is defined by

(D4)

eZ

ULEJd3rJd3r'¢f(f)l//f(r’) S () éi(r).

r=r’|
(DY)
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