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Isotope-induced partial localization of core electrons
in the homonuclear molecule N;

Daniel Raolles', M\arlcus Braune’, Slobodan Cvejanovi
Burkhard Langer't, Toralf Lischke't, Georg Primper |
Vincent MEKUY" & Uwe Becker'

Bnmue ||f|numummnmﬂry aldr.nrllﬂ evchange, all con-
of ha are in a
mischanically non-local coherent state; this includes the nuchei and

lying core electrons. Hence, the molecular phatoemission
whe r“élrded a5 @ natural douhle-dit iment': coherent
electron emission originates from two identical sites, and should
give rise to characteristic interference patterns’. However, the
quantum coherence is ahsoured if the two possible smmetry
states of the electronic wavefunction ('gerade” and ‘umgerade’) are
degencrate; the sum of the two exactly resembles the distinguish-
ahle, incoherent emission from two localized core sites. Here we
ohserve the coberence of core ebectrans in N, through a direct
measirement of the interference exhibited in thelr erdssion.
We also explore the gradual transition to o symmetry-heoken
systern of localized ete:u-ms by mmpurmg different isompt-
sthstiluted species—a 1o the
af partial ‘which-way' information in macroscopic double-slit

iments’,

With respect to mobecular inversion: sypmmetry, the dectromic
wavefunctions of homonudear distomic molecules can be described
as symmetry-adapted Finear combinations of the comesponding
atomic waefunctions 2 and b, a situation actually realized by
imposition of a fised phase between them, For the cone dlectroms,
these symmetry-adapted waeefunctions ¥, both gerade (g) and
witpgerae | nk, can be wridten s

¥, =1 T S W B (] and

Fo=1 A - sy e Ee)

vespectively, where the phases of the two orbitals in F, differ by =
and thwe everlap-integral is given by S o [ irp#drde. The corre-
spenreling mebecular orbitals for K-shell dectrons are designated as
I, and ln,.

e experimentz] fngerprint of the coherence of phiotodecron
ernugon from the la, and la, sates in molecular mtmgen =
thie angular distributions in the moleoalar frame. These are pradicted
tn exhibit characteristic differences between the twn symmetry
states, particularly in their nodal structure, which reflect the
angular-momentum-dey |1ﬂw| enit partial wave compasition of the
pl\-rtndmmn wavefunction. Tn the non-local eoberent case, this
compastion should be stricthy govemed by parity sdection mles for
thee geraide and seiperade final cone hole states, giving rise to purchy
el amed even angular momenta in the comesponding partial waves of

| Oliver Gefner't, Rainer Hentges', Sanja Korica',
. Anel Relnkdster!, lens Viefhaus', Bjéirn Zimmermann't,

the la, and la, photolines. The well-krewn alternating intensaties
m rolational specizz resalting fom the symmetry that must be
impeosad on the nuclear spin function to make the complete cigen
function of the molecule dther metric or antispmmetric could
be viewed as the nuclear analogue of this electromic selectivity
behaviour. Replacing one particle i such a systern by a differene
ane leads to 2 complete brealdenim af the symmetry propertics of the
syStem.

The slocase exaraple for such complete change in behaviour is
the retational structure in bomonudear distomic molecules under
setope substitution mentionad above, Here the smetry selection
rubes totally collapse and all forbidden or suppresed rotationa
transitions beome equally allosed®. O the otler ard, the chactronic
charge distribution in sudh o molooule is virsslhe wsclanged by
.':wﬂr:p. subsatinution. Indeed, aconrding to the Borr-Oppendeimer
:rppmzlnur.l-:ln with its complete decoupling of nucdear and elec-
tronic miton, nﬂ:-qun. should occur in the dlectronic wavefune-
twon of 2 hetero-zotapic hamonuelear malecule. Knewn valations
af the symmetry e for the ground vibrabonal and electronic state
of homonudear diatomic molecules are minisoule®, and 2 symmetry
hreakdrnem has heen ohserved for highly excited states.only™, Henee,
any ohservable isatope effects on the electromic savefunction for core
electrons, the key element for chemical and structural analysis of
matter™, might seem quite unexpected.

Here we shonw that inversion syrmetry indeed canses non-local,
coherent behaviour of the core electron photoemission from homo-
nuclear diatomic molecukes such as Wy (et 11 and references.
therein). Our results show that this non-locality changes in 2
continuous way into partially localized helas if inversion
symmetry vioktions such as isotope substitution are indiosd.

The experiments were performed with vacuuwm ultraviolet syn-
clirvitron radiatien foom teandine BWI of HASYLAB at DESY and
beamlme LES&2-PU2T and UESG/1-PGM ar BESSY using a sel of
electron time-ol-light speclrometers in combinatinn with an bon
trme-nif-flight spectrometer with a prsition-sensitive anode (Fg. 1)
This sct-up makes it prssible to determine all photoelsctron and
fragment inn momenta in enincidenee, vielding, i the axial reenil
approximation, the phoenclectron angalar distribution of fised-in
:lpnn' minkscules' =, Bocause the NN ls)-doublet splitting of less
thin 100meY (ref. 141 had oo be resohad while data were acquined
et several days, these measurenents roquired extramely high-enengy
resalution of hath the bearmline (40meN) and our set- up (e
aswell asavery Iug‘ILphnnmh:ammh'llu- particularty regarding the
platon energy {10 ), Uninesolved spectra would preatide the sum of
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thie geracie and wngerade photoernission chanmels™ %, which displays
nar effect of nonlocality of the core electrons

Figure 2 shonws the resnbved molecule-frame angular distributions
of the Io, and la, ]'shnrnrlucrmm together with the angular
thﬁmﬂnn' arising from the intertering, molecular rh.wse' distri
butiors, Less chamcteristic, but still spmmetry-specific hehaviour
oicurs alan in the non-coincdent laboratory-frame angular distri-
hation characterized by the photodedron angular distribution
parameter # (ref, 200 shonn in Fig. 5, The distinction is particulary
promcunced in the region of e trapped Fwive rsonance at $eV
above the NN} theeshodd because of the dominance of this
Jpartial contimaurm wave i oonly one (gerde) of dhe o plioto-
electrom clumnels™. Mote thar the prodicied comsover of the twe
geritde and awigeriade angular distribution owrves rades the onset of
an ogcillation driven by the spatial mtedference af the outgaing
photoelectron.

W imvestigated the transation (o the symmetry-broken sistem by
nmparing the naturally mast abundant ' N, mi molecule to
two different isotopomers singly substituted '*'"N. and doubly
substituted '""*N, (hoth 9% punty). Using the electrom spec
trometer in a non-coincdent mode, that is, without detecting the
corresponding fragment jons, we studied the effect of isotope
substitution om the photoelectron spectrom, These effects are hest
illustrated in the ratio of the photoclectron specira of normal and
substituted nitrogen. Figure 4 shows the ratio between the s
r]lmndcrlmn spectra of normal "N, and the isotopomer

"N, detected at the B-independent ‘ragic angle’ 8, (547 with
respect to the dectric veotor of the oning mdiation a5 shown in
Fig. 31, where the mesured photodectron intersity is divectly
proportionsl to the partial cros-section™, as well o at 07 where
the #-dependence is largest {see Fig 3. The experimental daia
{purple circles) are shown ogether with 2 model caleulation af the
vibratinna] effect due b the mass-dependence of the vibrational
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constant | dashed black line m Fg, 40 and ), wlich causes nudear-
dynamics-dependent spectral changes.

We attribute the variation of the creas-sections and angular
disributions beyrmd this hehaviour to the breaking of inversion
:\:rnrrwrr},rm r{1.-m|§1.-sulu-nrm.u1 qmﬂ,h’lwll results ina ]'mrtnl
Incalization of the crre hede. l'-hu'la'utlwmwmmﬂmrrﬂwnf {,
preservad in the doubly substituted species "N, the dectromic
wavefunction in NG s dlightly modified owing o the broken
symmietry of the singhy substituted molecule, where the centre of
syrmetry Fo, of the eectric change: midvay berween the ten atoms
i bonger coineides with the centre of mass ¢, (refl 8 90 The
vevefanctions in the malecule witl beoken inversion symmetry lose
theeir eluractir o parity eigenfunctions and can be described by e
combinations of the origial gerade and 1epenade wavefunctions.
This mixing leads o greater smilarity m the oos-secions and
angular disgrabations, resalting m an sotope-indusced effect m the
range of 2 few per conl.

Two questions arise in this context: How may we understand the
sizee of the observed effect, and why has it not been seen before in the
photoclectrom spectra of amy homonucdear distomic moleaule? Both
aquestions are closely related and require energy considerations
related 1o the so-called diagomal and nendiagonal asymmetries in 2
hipolar system, | Here the terms “dizgonal” and ‘nondiagone!” refer to
contributions to the tota] harmileomian of the systerm, which appearas
diagrmal and off-diagomal elements, respectively, when the ongin of
the coordinate system is aquidistant from the two mucle rather than
at the centre of mass®) In "% N, the centre of mass r,,, is shifted
away from the irmesion centre v, by L7% of the bond length,
resulting i 3.5% asymmetric motion per noclens due to the
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Frama. Moleculs irame phatoslctron angular disiributians (MPATs) for
the gerads [upper panzli and wugerade (middle paneli Ni1:) care
photoelectran emissian of ¥ ; at a photen energy of fe = 419 % meavured
in the plane perpendicular i the lght propagacion direciion for molecules
arlented parallel (a) and perpendicilar (b o the Bght polarization vecar
through selection by an ion memenbem resalving insaging detzcor. The
[ractinnal interference angalar pallern sbawn in the lower panel are the
Aifferenes between the gerade and owperade MPAD: divided by tbeic
respactive sums g — whig = ), The apen cindes are the mirror images of
the measured data points [l circles). which are obtained by least-squarrs
fiv ol ihe coingident specira. The error bars reflect ihe statisiical unceniainmy
(54,5 of the fit. The salid lines are predictions fr non-local. cobierent
electran emission caloulated in the partially relaved core Hariree-Fock
|RCHE) apprasimation’ shewn on & relatve scale in arbatrary unie marked
an the wpper mangin, bur unscabed with respest wo each sther. Noee that the
senailivity af the meaiirenents regarding the dilterence & coniderahly
reduced an joinl sodal peint Bbeoause of the low count rate in bok
Iransitions,

MATURE Vol 43729 September 2008

Angular disiribution paramaicr, §

Phoion enempy (V)

Figure 3 | Fhoteslectron angular distribution parameter 2 for NzMils)
electron emission im the photan-energy range $10-450 &V, The symbeals
represent the experimental data for the goradse (e diansands and
wrgeride (Fed afuares) aete. The errar hars reflect the statistical and
calibratiomal error. The resslis are compared tn cabeulatinns in the partialhe
RCHF apprecimation’'. The dashed line shanes the results for the perade
state, whereas the solid ling represents the caleubation for the umgeeade state
Ciur RCHE curves are generally in good agreemeni with ihe data obiained by
the Kokn-Sham density functional theory'™ and the random phase
approximaten’ appeoach. in particular fer the sapermale state

IN. AL Cherephos, persanal communlontssn .

relationship v =0, — w0 b e, whiere o and
tiry  are the masses of " Nand TN, whicls determines the time during
walticly He eloctronic wane packet sxperisnoe Symmetic mation af
e mielel witl respect o the Dmversion gentree, This is gimilar to the
iwerse effect of symmetry restoration by detuned exdtation in
resnrami meladic X-ray seattering™. In dissociating systems, 2 bes
af symmetry has been cheerved lor autnionzation™ and nesomant
Auger™ et ovng 1o the Doppler shall dunng the emision
proess.

A systemn of identical non-pverlapping (that is, strongly localized)
particles gives rise in completddy E;'mwh' gerude aned en
states. Their underlying symmetry character is inaccessible
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expertmental exploration by photodectrmon spedtmecopy becuse
the incaberent sums of grm:l'r and ngerade states and of left- and
ﬂghr hiand states are, by definition, identical. A minimal delocaliza

tiown resulting in a non mm'rhp hetwnen the twn core orbitals is
revquired to foree a n'|uum'n hetween the twn symmetry- 1d..1|:|M'|
states of the arder of their natural lifetime width. Although this i=
just the case for b ) photocmission, other core level ploto-
electronspectra of diatormic homonudear modeoules do not flfil this
renuireTent,

Tn comitrast to core bevels, the gerande and 1mgeriade splitting for
wabence levels is very large (in the range of several dloctron volts)
cwing o the strong dedocalization of most vakenee dectrons, In face,
all ground states are of gerade symmetry—the cormespon
arrigerande atate s unoccaphed. Cme may view the cone level 5
M, s being caused by a core valence-coupling-induced turmedling
rale grving rige o a roughly 15% probahility that the eledtrons from
e sabe wall be at the other atomic site™, This tunnellmg stabilies the
non-lncal, eoherent chamcter of the electronic state against asym
metric leftright, or, in our terminalogy. nondizgonal disinrtions.
such as a shift of the centre of mass amway from the imersion centre,
which, for small distortions, may be treated as a perturhation. With
regard to Incalimation, it is the wtio of the two assnciated energies that
determines the size of isotope-induced effects in the photoelectron
spectra of diatomic hormoruclear rmolecules, analogos to the role of
tunnedling, versus correlation energy in a superfhuid Mot insulator
transition’™,

OF all the energy effects caused by Botope substitution, we find
luat enly o, thee vibrations] motion givieg rse o an asypmmetry
energy of the order of several millidectroarenlts, B of mportasoe,
All sither effects, particulady Ilﬂamim perturhations wiadh canse
geradeungerade symmetry bresking in highly escited ﬂu.h.'s."' and
molape dufts inducing predisocation in sotopomers™, are in the
microdectmmialt mnge. The observed offect e therefore be viewed
a5 the ditnmic analogue of symmetry breaking by viboonie coupling,
in triatomic molecules™ owing o the asymmetric part of
thie vibrational motion (in the range of 1meV). Comparing this
10me fraction of the vibrational energy witly the  gerade rade
splitting, of 00meV vickis a geradefungerade mixing cocticient

¥ a
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E; 121 frnagic onghe’ masan
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Figure 4 I!mudfutun Mz a. b, High-resaluiion pheilzcron
spoctram of "%, recarded at & photon energy of e = 419 6V at the
H-independent ‘magic anghe’ a1 0F with respect to the
polarization vector of the i pighth. The error bars indicale
the pypical stari wrrar, The measured speciram (green lima ) in the range
uf the s phoin thown ngriher with ibe unennvoluied representation
ol a benst-squares fit of its twas symmetry-components gerede thlues and

Wi enesgpy i}

sugemde ired) and their respecive \Ihnuonll progression up 1o the third
\Ihumlul level. €, d. Spectral ravia '+ ! ipurpleh compared 1o
Mg U (green ) dar the sanse anges s sbave, The salid lnes are
asodel cabeulations which include vibratiogal clfects end, far "N, the
elfest nf symamairy breaking an the crnas-sectinns. Far '*“\':. the dashed

line shanes 3 model caloulation af the vibrational «ffect only,

£ NATURE 09/26/2005 Section: Letters to Nature Page: 712/713

2 @ VHTepHeT




2 NewsStand,

[Armafinn g 4, )| f AR of 10 T obtamn the reulting rdative
change of the intensitics in a first a imatien, the square of the
miing coctcient must be multiphied by the nommalined mtensity
difference of the gerade and ungerade channds (I, — A0, +1,) At
the photon energy considered here, this results in an estimated
relative change of the cross-section of the order of 19, which is
annsistert with the magnitude of the eqerimentally obsereesd cross-
seption effoct (Fig. 4c0, The angle-dependent effect s enlarged owing,
to the rede oof the phase shifts between the photocectoon partial waves
for all enther ermission directions besides the magic anghe. It is worth
reritiening that the size of the observed effect is sill oo small w ke
etected wrmmibiguously in coincident measunements a8 shown in
Fig. L.

Tlais analysis also explains winy this effect L ever boen absered
in vabmce photoionaztion, where the fractional size of the effect is
mire than two ordes of magnitude smaller and where it must
e memsured on an absolute scale because there are no dise-lying
gerude and wmgerade lines dasplaying effects in directions.
Such small absolute d|.1n3n:{c|r |ﬁ£ than 1" are inaccessible to
photeeleciron spectrosanpy at present.

T summary, we have shovn here that the imemsion symmetry af a
system i causes nomelocal, enherent belaviour of the othervise
Nescaled core hiokes i homonudear diatomic molecules such as N,
This non-locality of the dectron emission and the remaining, core
hole is neither corserved nor completely destroged by 2 disting
symmetry distortion such as isotope substitution, but instead
changes i a comtinueus way into partially bcalized belwoionr
owing o the gradual breabdown of inversion symmetry, as reflacted
by the loms of interference and parity mixing of the outgning
plutoelectron waves, This Botope effect on the dectronic structre
of a diatomic moberule, probed here by photndectron spectrosan,
15 the first expenmentally observed effect of s kind, 1o our
knendedge.

The ermttranis nature of this tramsition, of which we lave seen
just the onset, makes it posible to comtml the character af a
quantum seate from cither local or non-local by .|p||ly|11F_ distinat

rees that cither stzhilise or destabilize the nonlocalig This
knenidedge might be nsetul in ather systerms such s double quantam
s, u’ruchan:cmwgn.ﬂ as the futwre building hlodss of quantam
gates

With the advent of free-electron lasers (FELY™, whiich will permit
tirne-resnlved pumip-probe cxperiments in the vacaum ultravicket
regicin, e experiiments will become feasible that can probe tran-
sitions between complets localizarion of te dectrons on individual
atornic stes and complete non-localization e identical sites in
arslogy o e studies of colwrence reported in refrmos’, To this
end, we ermision an experiment where @ nitous oide (N,0]
midecule @6 broken into an O and a N, fragment by an mitial light
prulie and the core photoenimtion of the ¥, enil 1 Ehvem prrobed
Tor varous tirme delays as the oxygen moves: further and further away,
With increasing distance, ihe emission chamctersstics should change
from the Incalized, inmberent case of N0—where the tan nit
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