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An essential correlation between intramolecular interference of photoelectron waves and core-hole
molecular relaxation is revealed by analyzing the partial wave composition of the calculated angular
distribution of photoelectrons in the N and B~ shape resonances of aligned ahd CQ. The
dominance of cohererfN,) and incoheren{CO,) interference is revealedpf andspd hybridization
controls the main direction of photoelectron emission from the N and Ghell, respectively.
[S0031-9007(98)07498-5]

PACS numbers: 33.80.Eh, 33.90.+h

K-shell excitations in Bland CQ molecules are of par- evidence of a significant contribution from tlieharmonic
ticular interest as prototypes of resonance phenomena io the signals at the-" resonance in Nand weaker con-
x-ray absorption and ionization of polyatomic systems.itributions from other odd and even harmonics witke 5
Intramolecular interference between emitted and multi{2,3]. This decomposition supports the predictions of
ply scattered photoelectron waves results in resonandeehmer and Dill [5] based on multiple-scattering method
features above th& edges. These features, which arecalculations in the framework of th®.;, point group,
observed in ther channel [1-5], are regarded as eitheralthough these calculations overestimated if@vave
being associated with temporary trapping of ejected eleccontribution. In contrast to the \case, the ADP decom-
trons by the molecular potential [1,6] or with promotion of position for theo" resonance in CQindicates a notice-
core electrons inte- molecular orbitals (MO’s) embedded able presence of both odd and even harmonics [4]. This
in the K-shell continuum [7]. These quasistationary stateglifference can be seen in the expansion coefficigaptfor
can be assigned to the dipole allowied, , — €0, tran- N, and CQ, which are shown in Table I. The enhance-
sitions to the virtual MO’s belonging to the irreducible ment of theAq coefficient, which is associated with the
representations of thB..;, point group [5,8]. On the other fo partial wave, for the photoelectron current at 419 eV
hand, in the quasiatomic model the shape resonances c(ﬂvf)can be clearly seen, whereas at 559 (d\t:f) the
be assigned tds — eo transitions where the final state A, dominates the current ang retains rather small. This
belongs to the irreducible representations of thg @oint  different composition is caused primarily by the intense
group [9,10]. In this case the terminal atoms in the ex{photoelectron current along the directions lying close to
cited molecules are no longer equivalent and the inversiol = 7n = 7 /3 (n = 0, 1), which can be seen clearly in
symmetry is broken due to dynamic localization of thethe experimental ADP at 419 eV for,N2,3] [Fig. 1(a)].
core hole. These directions are not pronounced for the current at

The analysis of angular distributions of photoelectron59 eV for CQ [4], which is directed mainly along =
(ADP), arising from resonance states in molecules aligne@ and# [Fig. 1(c)]. Quasiatomic calculations, carried out
parallel to the electric vector of the incident light, is on the assumption that the total photoelectron flux is built
a promising candidate for studies of their symmetryup from two independent fluxes outgoing from the left and
features. If the inversion symmetry is broken, the odd andight oxygen atoms of CQ provide reasonable agreement
even harmonics are involved in the creation of the shapwith the experimental data [4]. The calculations point
resonance resulting in asymmetry in the photoelectromut the intense hybridization of the continuum) p-, and
ejection. An average over a molecular ensemble restoretpartial waves of the core-excited atom at t‘.’ne;k and
the equivalence of th@ and = — 6 directions in the 44 resonances in CO The degree of hybridization
photoelectron current, but differences in its partial-wavevaries monotonously with photoelectron kinetic energies
composition will persist. To examine this, here we referand iss(31%) p(50%) d(19%) at 559 ev(4g;’<),
to the results of our previous works [2—4]. We used in The equivalence of atomic sites in a polyatomic sys-

Refs. [2—4] the ADP expansion derived by Dill [11] tem implies their equal probability of excitation (the value
2lmax averaged over time) but not simultaneous core excitation.
do/dk = > AgPk(cosf), (1)  This means that one-photon absorption of the quasidegen-

k=0 erateK -shell levels occurs in one of the equivalent atoms

wherek = {0,0} is the photoelectron ejection direction in a molecule, and the relevant molecular photoelectron
measured in the molecular frame, aRg is a Legendre wave functionV should be presented as a symmetry-
polynomial. Analysis of the experimental data showsadapted linear combination of atomic wave functiefs
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TABLE |. Expansion coefficientst, of Eq. (1) @, is normalized to unity), which are taken
from Refs. [3,4].

hw (eV) Ay A, Ay Ag Ag Ao
419 30%(Ny) 10 026  —030 096 010 002
559 407 (COy) 1.0 1.14 —0.18 —0.16 0.03 0.01

and ¢,, which describe photoelectrons emitted from leftof ADP was successfully applied in Ref. [4]. Presum-
and right atoms in a molecule, respectively. To take thisng that the average over an ensemble of molecules in the
dynamic localization into account, we assume a differengas phase is equivalent to the average over time, one can
time dependence for the atomic wave functions in thisassign thep; and ¢, functions to incoherent waves [12]
superposition: emitted from different molecules.

V()= ¢t — 1) + b,(t — 1) ) A quasistationary description supposes that equivalent

. . atoms must be treated as equivalent sources of elec-

Because, andr, are essentially differerit;, — »[ > 7, 445 waves, and the relevant MO-like photoelectron wave
whereT is a time characterizing the interaction of photo- ¢,ction is given by Eq. (2) with; = 1,. The emission
electrons with the anisotropic molecular pot.ent_ial)_,_inter—occurs simultaneously in both terminal atoms in a mole-
ference of thep, and ¢, waves becomes so insignificant e \ith equal probability, and the process is described
that the parity of core-excited molecules disappears angdg peing quasistationary. Since both left and right sources
the signs in Eq. (2) do not play any role in the photoelec-are located in the same molecule, tihe and &, waves

tron flux. This means that it is composed from two iN- 5re coherent and givéo /dk ~ |¢; = ¢,2. The in-

dependent currents outgoing from both equivalent atoms, _ * ;
- . : . erference ter = *2 Re » makes the difference
do™/dk ~ |¢]*> + |¢,|*. This particular formulation between the gggu states ¢ ¢

A question now arises: Are equivalent atoms in a

(b) % molecule coherent or incoherent sources of photoelectron
N waves? From our ADP analysis it follows that at the
2 % .
o, shape resonance they behave coherently inahd
' incoherently in CQ. To understand the difference we
o 180 ' 2l 0 introduce another timér) dependence associated with
N core-hole molecular relaxation. The ADP then depends
on the correlation between tim&sand r; core-hole elec-
tronic relaxationr, and atomic rearrangement. These

characteristic timegs; — 1, T, 7) are shown schemati-
270 270 cally in Fig. 2. Let us take the relaxation into account
and consider the channels of-photoelectron emission
from equivalent atoms in the molecules. For £O

ho + CO, —

(CO)*? + epn + ea---(channel 1)

sk
0;,CO— (OCO*? + eph + ea---(channel 2).

In addition, the corresponding equation for the equally
probable reactiofiw + CO, — OCOj, should be con-
sidered. Similar equations can be written foy. NPost-
collision interaction between the photoelectréag,) and
the subsequently emitted Auger-electrdng) is ignored
here. The reaction serves to demonstrate the interaction
it (447 eV) (b), and at thels 'o* resonance in CO(c), bgtwegn the photoelecfcron and th_e residual m_olecular ions
and above it (579 eV) (d). Molecules are aligned along thewith different symmetries. The ion possessing g,
0°-180 axis. Filled circles: experimental points; thin solid point group is denotedCO,)*? and the G, group as
line: their fitting of Eq. (1); dash-dotted lin@o™ /dk; dashed (OCO)*2.
line: do/dk [Eqg. (5) with D = 0.76 for N, and D = 0.30 In the limit of short interaction timél’ < 7, and7T <

for CO,]. The curves are normalized &t= 0°. ADP from . . R
right O ]atom of CQ (0° direction) is also indicated by a bold 7.), the photoelectron leaves the ion mainly with initially

solid line. Experimental data and fitting curves are taken fromionized 1s~! state for which the effective potential
Refs. [2-4]. possessef’.., symmetry. During this short period the

FIG. 1. ADP at thels !¢ resonance in N(a), and above

u
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To obtain the relation of photoelectron waves outgoing

<y .
‘% \%% \%\ ‘\‘%\7 from terminal atoms in a molecule to its symmetry
% g & \’f behavior, Eq. (2) can be rewritten by adding terms depend
\ val? h;ﬁg\( 1% %mrl
R o

A

J\hf%'g ﬁ g o V() ~ ¢t = t1) = p,(t =11 — 7)

= — o) = -1, ()

b

p—

t; T

FIG. 2. Correlation of photoelectron emission from a core-_The time evolution of the&k'-shell photoelectron emission

excited homonuclear molecule with its relaxation. PhotoabJS shown schematically in Fig. 2. Assuming, as before,
sorption occurs in one of the constituent atoms, aand¢,. T thatt; andt, are essentially different, we have
is an interaction time of photoelectrons with the molecular po-
tential. 7 is a core-hole relaxation time. Outgoing photoelec- do/dk ~ |¢))* + |¢,1* = n(7). (4)
trons are shown by arrows with inclusion of multiple scattering.

The interference termn = (2=, Re ¢™;(t — 1;) X
. . o é,.(t — 1; — 7)) (where() denotes an average over time)
terminal atoms in the core-onized molecule are nOtdepends on the relaxation, and its variation makes it

equwalgnt. But if T > e the ph(_)toele_ctron moves possible to bring together the localized and delocalized
mostly in the potential of molecular ion with delocalized ADP descriptions given by Egs. (3) and (4) vjdr) — 0
valence vacancies and its point group is restored t?or r > T andn(r) — ng for 7 '<< T

D«y. In this case the eI_ectronic decay gives rise to To calculate the ADP on the Basis of Eq. (4), the
fche photoelectron current iohannel .1 The_ molecular quasiatomicg, .(¢) functions must take electronic decay
ion rearrangement with asymmetric motion of atoms_ - 4 rearrangement into account. To simplify these

reduces the initial molecular geometry. If the mOt'Ontime-dependent calculations, we approximate the dis-

starts simultaneously with the creation of core hole, ittribution Eq. (4) by mixing the ADP’s related to the
keeps the broken inversion symmetry and gives rise t%if‘ferent stationary configurations. With onlghan-
the current irchannel 2 The competition betweeri and nels 1 and 2as linear configurations, this results in

7 controls the molecular core hole relaxation effect Ondai“/dk ~1? + 1, and do<° /dk ~ |, = ¢,
photoelectron wave function, the symmetry of which inThese distriblutions rcan be computed lv;ithr tfme-
the field of the relaxing ion acquires a dynamic characte{ dependent potentials and with thé,(k) and ¢, (k)
and cannot be unambiguously assigned to a fixed poiq; nctions expressed aELCpLge”(""Lg’/Z*V)YL(,(Hr, )

group. Then, both cohereD.;) and incoheren{C.,) iand 3. Cproetbr=LT24Y)y, (7 — 6,¢) outgoing

photoelectron fluxes reproduce only a part of the reall ves forr < R where R is the radius of the
ADP pattern. Which part dominates in the photoelectron 7 > Kmol, W mol .
molecular region andy is a Coulomb phase shift. But

emission depends on the dynamical properties of th(?he mixture of the ADP’s depends on the competition
excited states. : . . .
. . betweenT and 7. To obtain their weights, let us define
Channel 1does not differ essentially for the case of . . . . ) .
a branching ratid> pertaining to inversion symmetry in

N and OK-shell excitations (see, e.g., [13]). Bchan- S . _ ‘
nel 2leads to a major difference in the symmetries (core-.the photoemission reactiond, = £1/(41 + {2) where(;

hole localization) for these two cases. High-resolutionIS the photoelectron current in the chaniel If D — 1

the photoelectron wave function possesses inversion
measurements [14] have revealed that theKGshell o o . _
photoelectron line in CQ at 554 eV is dominated by symmetry and thedo®/dk distribution describes its

the antisymmetric stretching mode with a frequency Ofcurrent mdependen’g on Wh'ch terminal atom is ionized.
. . . If D — 0 the ADP is determined bylc™/dk. In the
307 = 3 meV. The antisymmetric mode in G@ppears eneral cas® < D < 1, and the incoherent (“atomic”)
simultaneously with OK-shell ionization and keeps the 9 h “mol I, N i
dynamic breaking of the inversion symmetry. The pho-anOl coherent (‘molecular) distributions are mixed,
toelectron current irthannel 2in N, does not appear si- do/dk ~ Ddo®°/dk + (1 — D)do™/dk. (5)
multaneously with the core-hole creation as its generation
needs charge separation and large elongation of the in- These differential cross sections as a function of the
ternuclear distance. We hence infer that antisymmetriparameteD are calculated for ther’” shape resonances.
vibrations in CQ provide a long-time violation of the The C,.,(k) amplitudes of thep, .(k) functions are ob-
inversion symmetry that leads to large(>T). In con- tained via a multiple scattering model, and are equal
trast to CQ, in N, fast electronic decay leads to effec- to [T(1 — BS)*I]I,LU [4,15] where T and B are the
tive restoration of the inversion symmetry and to shortmatrices for transmission and reflection from the sur-
7 (<T). On this basis, the correlation of photoelectronrounding potentials an8 is the scattering matrix of the
emission with molecular relaxation becomes important forcore-excited atom. The calculated results show a strong
the description of ADP. dependence of the ADP ab. As a consequence of an
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increase inD the hybridization degree of odd atomic par- while asymmetric atomic motion tends to keep the broken
tial (L) waves is magnified and higher odd harmonics besymmetry. The dominance of the coherent intramolecu-
come involved in the composition of the photoelectronlar interference ofp f-hybridized photoelectron waves in
current. In particular, at the shape resonancesghehy- N, and of the incoherent interference gbd-hybridized
bridization for D = 0 changes to thepf (or pfh) for  waves in CQ is identified.

D = 1. Comparison of the experimental and calculated This work was supported by RFFI(95-03-033138d).
polar plots demonstrates that the larBeregime applies A.A.P. greatly acknowledges the hospitality of Photon
for the resonance at 419 eV (the best fit is observed foFactory.

D = 0.76) and the smallD regime (D = 0.30) for the
resonance at 559 eV [Figs. 1(a) and 1(c)]. For compari-
son, the incoherentD = 0) ADP patterns are shown,
too. The different ADP decompositions (Table 1) reflects
the essentially different dynamic properties of these shape
resonances which can be explained by mixing the inco-
herent and coherent signals. Their contributions to the
experimental ADP make it possible to approximately in-
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