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Soft-x-ray emission spectra from,,/Cu(110) and GHg/Cu(110 have been obtained for two excitation
energies, resonant and nonresonant, and resolved in all three spatial comge)yentd he one-step theory
for resonant soft x-ray spectroscopy and Raman scattering is extended to adsorbates on metal surfaces and is
implemented within a density-functional theory framework. The calculations are performed for ethylene and
benzene chemisorbed on @&0) using cluster modeléup to 86 Cu atomsof the metal surface; the calcula-
tions are performed for both resonant and nonresonant excitation with the focus on the polarization and
symmetry selectivity and the role of channel interference. The molecular mirror plane symmetry is maintained
for the chemisorbed system, and for the generated core hole, which leads to an energy-dependent symmetry
and polarization selectivity in the emission process. The calculations and experiment show good agreement
both with regard to intensities and energy positions of the pd&itE.63-18209)05804-X]

. INTRODUCTION free atom$® and molecule$;® and also for crystalline
solids/~1* Several experimental and computational applica-
X-ray emission spectroscogXES) is complementary to tions have been performed to a group of representative mol-
x-ray absorption spectroscogyXAS) in that it probes the ecules with random orientations such as benzene, chlorofluo-
electronic structure of the occupied rather than of the unocromethanes, aniline, and ¢£%'>17 While this theory
cupied levels. It shares with XAS the property of being sym-certainly is expected to carry over to surfaces and surface
metry, orientational, and polarization selective and ofadsorbates, little is yet known about its actual consequences
probing local electronic structure of certain atomic subsym+or resonant x-ray emission spectra of such systems. An evi-
metries. However, since the final state contains only a vagent difference with respect to free molecules is the fact that
lence hole the XE spectroscopy relates more directly tQyientational averaging of the sample is no longer appropri-
chemistry and physics of the ground-state speciesrés- o0 making the orientational and polarization dependences

nantly excited x-ray spectra, or resonant inelastic x-ray sca}o much sharper. Dipole and momentum selection rules, ap-

tering (RIXS), these features are strongly enhanced, an ropriate for gases and solids, respectively, will have a dif-

qualitatively different, because the selective excitation of . . .
: . . . ; erent meaning, due to the quasicontinuous set of levels that
particular intermediate core-excited state of a certain symme-

try prepares the emission both with respect to symmetry anaﬁten tf]h‘t’W u;;) for fsurface a;\dsorbatet systemj. OFS C"’t‘ﬂ ant!C|-
polarization. A further, major, difference with respect to thePat€ that, Just as for gas phase systems and solids, there is a

nonresonant case, is the possibility of a channel interferencd©Ng connection between the channel interference and the
effect, which is of great importance for the symmetry selec-aCt“?‘l ob:_;grva}tlon of the dipole selection rules, something
tion and the polarization dependence as well as for the totdPat is verified in the present work. Towards the harder x-ray
emission cross section in the resonant case. The tuning of t€gion, =1000 eV and beyond, one might anticipate a close
incoming x-ray radiation to the discrete resonances of th&onnection between the channel interference and the selec-
target molecule may thus lead to scattering spectra that shotin rules, on the one hand, and the photon phase factors and
very specific polarization and symmetry dependences whickhe Bragg conditions on the other, making the scattering
provide direct evidence of symmetry assignments of the pareross sections strongly anisotropic and oscillat8ripitfer-
ticipating electronic levels. ent dephasing mechanisms, such as orientational disorder,
The main features associated with resonant x-ray emisvibrational motion and vibronic coupling, may destroy the
sion spectra can be understood from second-order perturbarerchannel coherence and eliminate the selection tfiles.
tion theory between light and matter, as described by the The present work combines theory, computations, and ex-
Kramers-Heisenberg equatiofor the x-ray scattering am- periment in an effort to understand resonant soft-x-ray emis-
plitude. The applications of this equation, which implementssion spectra—or soft-x-ray Raman spectra—from surface ad-
the so-called one-step picture, have been much studied faorbates, using the experimental and theoretical spectra of
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ethylene and benzene on the cop(t0 surface as particu- into account then the spectral and polarization properties of

lar test cases. RIXS are guided by the double differential cross section,
The theoretical effort is based on a group theoretical for-
mulation for the one-step resonant x-ray emission cross sec- d’c B

w/

tion of randomly oriented molecules which applies to any 5 %40 ZV 2 j|Fvn(w)|25(w—w'—an), 1)
type of polarization for the absorbed and emitted photons
(linear, circular, or elliptical and for any molecular point where the final-state lifetime broadening,, for the opti-
group? and that here is applied to samples with fixed orien-cally excited final state is neglectell,,,=0. Assuming a
tation. In addition to the generality of the theory, a particularfinite width y of the distribution of the incoming photons
advantage with this formulation is that the information con-®(w— wg) the convoluted RIXS cross section becomes
cerning polarization, molecular orientation, and intrinsic mo-
lecular properties are separated—and so can be analyzed—in ,
three different factors. o(w ’“’O)Zf do

On the computational side we use methods based on gra-
dient corrected density-functional theqFT), that recently o' )
were developed for the calculations of nonresonant x-ray =2 7|Fvn(w)| P(0'tw,n=w), (2
emission spectra of surface adsorbateand explore how "
they apply to resonant spectra. The surface is modelled bywherew, denotes the center of the frequency distribution for
clusters of different size with the largest cluster consisting othe incoming photons. From this expression, and in accor-
86 copper atoms, and both the variation of the spectral feadance with the energy conservation law reflected by the
tures with cluster size, and the general cluster convergencé{w— o' — w,,) function, it follows that the frequenay’ of
are important issues in the present work. the emitted x-ray photons has a Raman related ¢Btfikes

On the experimental side we make use of the fact thashift) into the long-wave region relative to the frequenay
polarized synchrotron x-ray radiation can be tuned to theof the absorbed photon
discrete resonances of surface adsorbed targets, and that suf-
ficient intensity thereby is gained to observe the scattering w=0"tw,. ©)

spectra with specific angular and symmetry dependeficds. Here w,n=E(n"1v)—E, is the frequency for optical exci-
Recent experiments using x-ray emission spectroscopy havgtion n— » from valence leveh to unoccupied leveb and
examined the spectra of ethylene adsorbed ofl@l and s equal to the difference between theotal) energies
of benzene on Q410 and Ni(100.” These experiments E(n-1,) and E, of the excited|n”v) and ground|0)
show small, but significant differences between resonant angyglecular states.
nonresonant excitation in the case of chemisorbed ethylene, The RIXS total amplitude is a sum over channel ampli-
while in the case of benzene chemisorbed orl1CQ re-  tydes. (Atomic units are used throughout. In these urits
stricted selection rules are found to apply to the resonant , —e—1 and the fine-structure constamt 1/137)
X-ray emission spectra.

In the following, we first outline a second-order perturba-

d?c

do'dQ

D(w—wg)

tion theory approach to resonant x-ray emission spectra of F,,n(w)=§k‘, fin(@), (4)
surface adsorbates, which is generally applicable in the soft-

x-ray regime below 1000 eYSec. l). In Sec. Il we discuss (e, [exn(¥)]

the computational approach and give some details on the fin(w):akawnk( V) vk _k” (5)
methods useddensity functionals and basis se#nd of the =@y Hily

chosen clusters and the adso_rbate structure. This is f(_)llowquyk:<o|p|k—l,,> and dyn(v) = (k" 1»|p|n~1v) are the tran-
by a description of the experime(ec. IV), and a section sition dipole matrix elements governing the x-ray absorption
(Sec. V) where the experimental and computational re:sults(k_> v) and emissionif— k) processes, respectively. Indices
for ethylene and benzene on copet0) are presented and  n and v denote levels defined by core, occupied, and un-
discussed. In the last Sec. VI, we summarize the findings Oéccupied molecular orbitals, respectively,e, denote, re-
the present work. spectively, the frequency and polarization vectors of the in-
coming photons, whiles, is the polarization vector of the
emitted photons.

The resonant frequencyy,,, for excitation from core
level k to unoccupied level is given by w,,=E(k™1v)

The general theory for symmetry selective resonant x-ray- Eg, while the frequency shiftw,(»), between scattered
emission from randomly oriented molecules has been preand incoming photons for intermediate levglcore levelk,
sented in several previous studisse Refs. 4-6, 3%ind has and final valence hole in orbitah is given by wn(v)
been applied to molecular systems as different as diatomie E(k~*v) —E(n~'v). Finally, ', is the half-width at half-
molecules®* substituted benzen®® and fullerenes’ The  maximum(HWHM) of the x-ray absorption lin&k— v. The
formalism is based on second-order perturbation theory foindex v in dy,(v) and w,(v) indicates possible differential
the interaction between light and matter, leading to thescreening effects from the particular lewebn the decay of
Kramers-Heisenberg dispersion formula, that describes res@lectrons from various occupied levelgo the inner shelk.
nant inelastic x-ray scattering. The most prominent selection rule in RIXS is that of par-

If only the resonant part of the scattering process is takeity. This, as the other selection rules, is controlled by the

Il. THEORY FOR POLARIZED RESONANT X-RAY
EMISSION FROM ADSORBED MOLECULES
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parameteid?, d?.(v) involving the product of transition di- orientational information in the middle factor. Both the first
pole componentg, y (corresponding ta,y,zCartesian direc- and last factors in Eq(9) are Cartesian tensors of fourth
tions for the excitation and emission processes. For in+ank. For randomly oriented molecules, like molecules in the
stance, if the occupied and unoccupied molecular orbitalgas phase, an orientational averaging over three dimensions
(MO's) involved in the transitions have opposite parity must be employed; a detailed analysis for the RIXS spectra
(u—gorg—u) thendfkdgn(y)zo, and the transition is for- ©of gas phase molecules can be found(Refs. 5,17. For
bidden. However, for strongly chemisorbed species such adsorbates, the orientational arrangements of the molecules
parity selection can be expected to be broken due to thare by definition asymmetric and averaging over directions
presence of the surface. Therefore, in the analysis of RIXSan in the general case not be performed; for certain cases
spectra for surface adsorbates the symmetry selection ruféirections in the surface plane will be equivalent, but this is
would be expected to be more relevant. This is obtained byiot always true. Therefore, different polarization dependence
simply investigating the product of irreducible representa-Of the RIXS spectra can be expected for different systems. In
tions T, X T, XT zxT,, wherev andn denote unoccupied the present paper, the RIXS spectra of absolutely ordered
and occupied orbitals, andand 3 the appropriate transition adsorbates will be studied in detail.
dipole components; this product must contain the totally Equation(7) can be rearranged as
symmetric representation for a transition to become allowed.
This general rule is, however, by itself not very useful for _ By

ing i i : Fun=2 Liglo,Fi, (10)
extracting information from a measurement, neither concern- I 4
ing symmetries nor orientations. Instead, one must find a
formalism that directly links the photon propagation and po-where
larization directions of the incoming and outgoing photons to
obtain this information.

We consider in this work coordinate systems that are
given by Fig. 1. The polarization vectors are expressed in the
laboratory coordinateX, Y, andZ, while the transition di-
pole matrix elements are given in the molecular coordinates Lzyzz entya, (12
X, ¥, andz, see Fig. 1. The transition dipole momedig and A

d!m can be exp_ressed in Iaboratc;(ry coordinates through thg, \unich the summation has been reintrodudegy andL
directional cosine transformation, = Tit,x+ Tityx+ Titzx  are the direction cosines of polarization vectersande, in
=Ty t.x, Where the repeated Greek indexmplies summa-  the molecular frame. Therefore

tion over the values, yandz e.g.,t,x is the cosine of the

angle between the axis of the molecular coordinate system

and thex axis of the laboratory coordinate system. The eight |Fonl?= ‘ > Liglo,FoY
other directional cosinégy,tyz,tyx,... arenamed similarly; By

the general direction cosine will in the following be denotedThe total cross section is given by
t,a Using a Greek letter for the molecular axis and a capital

italic letter for the laboratory axis. Using these transforma- '
tions the totak-ray scattering amplitudgEqg. (4)] is obtained o(w' ,wy)= 2 o
as vn

LlB:; eIAt'BA, (11)

2
(13

2
P(w'+w,n—wp).

> Lygl,,FAY
By

(14
dBtgaeadl(v)t ge

Fon(w)=a, ooy X ﬁA_lA kl(ll yB728 (6) The spectral shape for RIXS spectra of randomly oriented

K @ @k K molecules has been discussed in Refs. 4,5; similar conclu-
or rearranging as sions regarding spectral shapes as in the cited works can be

drawn for RIXS of adsorbed molecules.

Fyn(w)Z(tﬁAtyB)(e’fAezs)Ffr?(w)! (7) For adsorbed molecules with degenerate and quasidegen-

gy erate core orbitals, it is a good approximation to assume

where we defind=,/(w) as w, =w,, for all core MO'sk. One could furthermore as-

48 q7 sume that for a fixed MO, the damping factofcore excited
ok ?’) (8) state lifetime broadenind", is the same for all core-excited
o=, til states(core MO’sk), i.e., thatl',,=T",,. Equation(8) can

and this quantity corresponds to the RIXS transition elementt.hus be written as

Fin(©)=a2 oyon(v)

It can be seen thaE?? is a tensor of second ranfn the 1
following we V\{ill for simplicity drop the explicit dep_endence ng:ﬁE awykwnkdfkd;/n
on the excitation frequency). The quantity|F,,|? is thus @™ @0 0 K
written as (F o 12
|Funl?= (elae28€1rE39) [ tpatyat rtosl (FLIFLT ). (9) 7 DAY (15)

. . . . . i X _w_wv0+irvo m
All polarization information is now collected in the first

factor, all molecular information in the last factor, and all and
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Tyo 2 and b,, respectively. Since the polarization vector of the
|F %= d T E LlﬁLznyr;/ incoming photon is along thedirection(grazing incidencke
(0= w,0)“+ T3] | BY only unoccupied orbitals with symmetries andb; will be
—Alw— T.)|D.2. 16 involved in the absorption processes. 'Therefc')re, we will here
(0= ,0,1,0)|Donl (16) only consider two groups of unoccupied orbitalg,and v,
Finally, the cross section can be written as with symmetriesa; andb,, respectively. One thus obtains
! ! 2
7000 =2 Tin(0' 00 @ o w) =2 Ml P2 | 2 Loyl
V1 Y

and 2

, +2 A2|Ii2k2|22 > Laylinl + (2D
V2 n Y

w
U'Vn(w,-wo): ;|Dvn|2A(w_va!FvO)(D(w_wO)-

(18)

2
+

whereA;=A(wo—w,x.I';k). If and only if the absorption
strengths of the two channels are equal, EiapiAﬂlilkllz
The spectral shape of the RIXS cross section is thus de— s A 12 |2=1,, then one has
termined by the product of tha(w—w,q,I",0) and the v2= 2l vaky o
@ (w— wg) functions. Such a spectral shape leads to Raman 2
effects such as linear dispersion, resonance narrowing, and ' = Y ¥
Stokes doubling’ P ° olo’wo) |o§ (‘; e Ey N )
In the following, we will discuss several typical systems (22
gxéﬁé?jnoifntsol rgplslftlriciléﬁ/wasbt?ct)?sinrgosdyesltse.mwisvsvﬂlrnaesiﬁgeand only in this case will the resonant x-ray emission have
g ' o the same spectral line shape as that of the nonresonant spec-
this is orthogonal to the substrate and that the excitation thut?um Therefore, in general, one should expect to see some
takes plage at grazing incidence with the p_olarization Vecto(rjiffer.ence betw'een resona,mtly and nonresonantly excited
oLthebmtc |dent phot_og parslletlhto the dw;c;lon tv ectpr of thex-ray emission spectra already for a system with two core
2usm0erdEfloersthgesLleﬁc;ralzlziﬁesl:\ra zrg}()tLEé inC(;JnQiCnlonr:StaS- . _levels, even though of different symmetry. It should be noted
P P 9 PNotoN. 1-€4nat this difference is not due to the interference between

(0= w0)=8y,0, different scattering channels, but rather due to the polariza-
tion selective excitation, which necessitates an explicit con-
A. A single core orbital sideration of the intermediate state.
For a process with one core orbital involved, one has It can be proven that the formula given above can be
obtained from the so-called general two-step mddd&ll).
2 In general, the TSIl is equivalent to a one-step model without
IFonl?=A(0= 0,0, 0157 Ey Loylinl » (19 considering the interference efféct.
wherelfi = a%wydf (i=p,n;  B=2), C. Interference: Two (near-degeneratg¢ core levels
2 of the same symmetry
cr(w’,wk)=2v A(wo_kaarvk)||ik|2§n: E;‘ Lo, ﬂn’ : We assume that the molecule has timear-degenerate

(20 core levels of the same symmetry, ea,, With the fixed

polarization vector along, only unoccupied orbitals with
It clearly shows that, in this case, the absorption and emisSymmetrya; will be excited. For a system with one unoccu-

sion processes are completely decoupled. The spectral shapi€d orbitalv; with symmetrya,, the excitation can involve

of emission should not depend on the excitation energgither of the core levels and, as a consequence, the total

within a frozen orbital picture; thus, an observed differenceamplitude must be computed as a summation of two indi-

between two emission spectra excited at two different excividual channelsi(=1,2):

tation energies should provide information about the energy

dependence of the relaxation of the core excited state. This Fon=Filn(ky) +F7(ky), 23
formula also corresponds to the traditional two-step model

(TSI) in which only the decay from the valence orbitals to D(k;)

the core orbitals is considered. F,Z,In(ki)z (29

H )
wo— @, Ty

B. Polarization selective excitation: Two(near-degeneratg

— z
core orbitals of different symmetry D(ki)= akaiwnkid 1kidf</in . (25

14
The (formal) symmetry of adsorbates is always reducedThe cross section can be written
relative to the gas phase due to the presence of the surface
and in the example below we will assume a system Wih o(®',00) %01+ 0+ Ting (26)
symmetry as an example. The two initigear-degenerate
core orbitalsk; andk,, are assumed to have symmetrigs and
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D2 D2 Two different chrj:m.isor_bed structures of benzene resulting
01:—1’ 02:—2, from geometry optimization on cluster models of (CLO)
5wﬁ1+ 2 5w§2+ r2 have previously been reportéda distorted, inverted boat
structure which requires an electronic excitation was found
Swy Sw +T2 to be somew_hat more st_rongly bqund, while the planar,
int=2Dy, 1" (27) m-bound species with a slight bending up of the hydrogens

Dkz(éwﬁ +T2)(8w? +T2)’ was found somewhat less favored. From comparison of com-
! z puted and theoretical XES and near-edge x-ray absorption
where dwy =wo—w, k; the lifetimes of the two core- fine-structurgNEXAFS) spectr&® it was argued that the less
excited states are assumed to be the same. The cross secttibigtorted structure was observed in the experiment on ben-
produced by the interference of the two channelg,, is  zene on CU10 while the more strongly distorted species
dependent on the energy separation between the two cog®uld correspond to chemisorption on Ni and Mo substrates.
levels. If one assumeswkl:o, i.e., resonant with one core- In the present work only the less distorted form has been
excited state, thefw, =,  — , = wi k. is the energy considered and only results for a medium-size clustegg,Cu

. . will be presented.
difference between the two core excited states, or the energy The pall-electron orbital basis set for Cu was that of

Sdl'lgf:riﬁ?ecr?etr)srtwvg:etgr::ecgob?\:\?ri!:gnelzsasln the frozen pICtureWachter§1 using an 8s,5p,3d] contraction with one diffuse
p function and onel function added. For hydrogen the primi-

tive (5s) basis set from Ref. 32 was used, augmented with
K , (29 onep function and contracted tp3slp], while for carbon
2w+ 172 triple-zeta valence plus polarizatifr(TZVP) was used in a
generalized 4s3p] contraction and with one addetifunc-
tion. These basis sets were used both for the optimization of
the geometries and for the determination of the spectra. All
calculations were done using the gradient corrected BP86
Refs. 34,35 exchange and correlation potentials.

In order to evaluate the resonant x-ray emission cross sec- A ¢ function is assumed for the incoming photon, corre-
tions, it is necessary to compute the dipole transition mosponding to narrow-band excitation. The experimental value
mentsd’jk andd/,, which correspond to excitations from the of 0.15 eV for the Ilfet|me broat_jenlng of the core-excited
core orbitalk to an unoccupied orbitab and to the decay States of carbon is used in the simulations.
from the occupied orbitat into the core holé, respectively.

The calculation of these matrix elements is in the present
work performed in the framework of DFT using the Kohn-
Sham self-consistent fiel(ECP ground-state orbital€DFT The experiments were carried out at the IBM undulator
frozen; e.g., we include neither core-holmitial statg nor  beamline 8.0 at the Advanced Light Source, Lawrence
valence-holdfinal statg relaxation effects in the calculations Berkeley National Laboratory. The undulator beamline de-
of the intensities. The frozen orbital DFT approximation livers almost completely linearly polarized synchrotron ra-
(DFT frozen®® has previously been applied to the calcula-diation (SR), which passes a modified spherical grating
tions of nonresonant x-ray emission spectra for a group ofmonochromator. The monochromatic SR is focused into a
both gas phase and chemisorbed molecules; together with tlspot of 100< 100.m? with a flux of 13*-10*photons/s.
transition potential DFT method for the calculation of the The endstation consists of two UHV chambers for sample
valence level binding energies this procedure has proven tpreparation and analysis. The base pressure in the system
work very well for predicting nonresonant XES spectra. Awas 1x 10'°torr. The analyzer chamber is rotatable around
discussion of the difference between frozen and relaxed noran axis parallel to the incoming beam and houses an electron
resonant XES spectra was also made in connection with cabnergy analyzefScienta SES20(*® an x-ray emission spec-
culations performed in Ref. 26. trometer (both mounted perpendicular to the incoming

Calculations of the resonant and nonresonant x-ray emissean), and a multichannel plate detector for x-ray absorption
sion spectra were carried out with the deMon progfah  measurements. The x-ray emission spectrometer is a multi-
which implements orbital-based density-functional theory.grating, grazing incidence spectrometer with a movable mul-
The present study uses a series of copper clusters to modéthannel plate based detector described in detail
the interaction of the ethylene with tti&10) copper surface. elsewheré’ The spectrometer was set to a resolution of 0.5
For the smaller cluster mode(sp to Cug) the copper atoms eV. The photon energy resolution of the incoming light was
were described at the all-electron level. For the larger clusteset to 0.3 eV. Grazing and normal XE spectra were recorded
models, e.g., G4 and Cuyg the central Cy, subunit was by rotation of the spectrometer chamber keeping the excita-
described at the all-electron level and the surrounding atomgon energy fixed.
described using a one-electron effective core pote(E&P The measurements on,l€,/Cu(110 were performed
model developed by Wahlgren and co-work&rShe core,  with resonant excitation at 284.8 eV and off-resonant exci-
including the 3 shell, is thus described by a static potential, tation at 288.8 eV. The& vector of the incident SR was
which includes the effects of relaxation and polarization ofperpendicular to the surface normal in all measurements. The
the 3d orbitals, but only the 4p valence electrons are sample was moved automatically during the measurements at
treated explicitly. a rate fast enough to avoid beam damage. No changes in the

Tint= 2Dk1D

i.e., the larger the energy separation,,», the smaller is
the interference effect.

IIl. COMPUTATIONAL DETAILS

IV. EXPERIMENT
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Z % y
TS X
k
'y FIG. 1. (@ Transformations
(a) X X between laboratory and molecular

coordinate framegb) Matrix ele-
ments of the RIXS cross section
for the case of two core orbitals
(symmetry related centersf a;
andb,; symmetry.

Cls XPS spectrum were found before and after XE mea-C-C distance in the gas phase ethylene molecule, while the
surement. All spectra were energy calibrated by measuringydrogens move upward from the surfate.
elastically scattered light at two different incoming energies. The ground-state ethylene molecule in the gas phase
The monochromater was calibrated using the fact that thbelongs to theD,,, symmetry group and the electronic con-
difference in kinetic energies of photoelectrons excited byfiguration is (Iag)%(1by,)%(2a4)%(2by,)?(1b,,)%(3ay)?
first and second order is exactly the photon energy. (1b3g)2(1b3u)2 1Ag. The lowest unoccupied molecular or-
Two Cul1l00 crystals of 1 cm diameter each were bital (LUMO) is 1b,y. When electronic dipole transitions
mounted on the sample holder, where temperatures betweeane considered, one expects strict parity selection rules to
40 and 1500 K can be achieved. The crystals were cleanesbply for the resonant spectra. For instance, in the case of
by cyclic argon ion sputtering and annealing to 900 K until aLUMO excitation, only emission from gerade orbitals should
well-ordered low-energy electron diffractidhEED) pattern  be observable. Due to the interaction with the surface, the
was obtained and no surface contaminants were observegisorbed ethylene reduces @, symmetry with the elec-
with XPS. The LEED pattern of the two crystals also verifiedtronic configuration, &31b%2a32b?1b33a%1a54a? ‘A, .
their respective azimuthal orientations. SaturategH,C The LUMO then transforms according lg symmetry, but
monolayers on G110 were prepared by dogin2 L onto  quite a few new orbitals close in energy to the LUMO of
the sample at 80 K and was monitored with XPS. ethylene appear due to the bonding to the substrate. The
Relative to each other the crystals were rotated 90%dsorbed ethylene molecule studied here, with two core or-
around the[110] surface normal. Thus one crystal had thebitals of different symmetry, corresponds to the case dis-
[001] axis parallel to the incoming beam and the other thecussed in Sec. Il B. The polarization of the incoming photon
[110] axis. As the direction of detection was varied from is considered parallel to theaxis, which contains the direc-
normal to grazing emission, states of different orbital sym-tion of the surface normal vectésee Fig. 1 The applicable
metry could be separated. In normal emission geometry XEquation to describe this case in the simulations is thus Eq.
was observed along tHd10] axis. In grazing emission ge- (21) as given above.
ometry different directions of observation were achieved for
the two different C(L10) crystals. For one crystal XE along A. Ethylene on copper
the[001] axis was observed, whereas for the other XE along

i 1. Cluster convergence
the[110] axis was measured.

The experimental data on benzene or(X10) have been We use here a cluster model to simulate the surface and it
taken from Ref. 22 where the detailed description of thdS relevant to discuss first the convergence of spectra in terms
experiment may be found. of cluster size. In Fig. 2, both nonresonant and resonant x-ray

For ethylene on O@10 the x-ray emission spectra are emission spectra have been computed for different cluster
obtained from three measurements along three different di0dels. For the resonant case, the 284 eV excitation is simu-

rections, as shown in Fig. 1. lated by considering excitations into the first unoccupied mo-
lecular orbital(LUMO).
=1ty =1+, Is=1+1,. (29 The nonresonant spectra have been calculated using the
traditional two-step model, in which the absorption strength
V. RESULTS AND DISCUSSION is assumed to be a constant and where only the decay from

occupied valence orbitals to the core hole is considered.
The geometric structure of ethylene chemisorbed orEquation(22) then holds, providing information only on the

Cu(110 has earlie?’ been optimized at the DFT level using valence orbitals of the system. On the other hand, the reso-
energy gradients. The ethylene(CL0) cluster model has nant spectra can give additional information about the unoc-
the ethylene molecule chemisorbed in theodorientation, cupied orbitals. Figure 2 gives a general idea about the clus-
placed with the C-C axis parallel to the nearest Cu-Cu neighter convergence of the computed spectra and it is clear that
bor pair on the substrate. For this surface, the C-C distanclr the nonresonant spectra the differences between having
becomes 1.39 A, which is 0.06 A larger than the computed®4, 50, or 86 copper atoms in the cluster are not really sig-
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490 e 8.0 A . TABLE I. The relationship between polarization vector of emit-
ol Distorted CH, | ol Disten Gl ted light and the symmetry allowed emission orbitals for nonreso-
£ ﬁ 4 nant and resonant X-ray emission spectra of physically and chemi-
i{ 20t 2 40 - . cally adsorbed ethylene.
E 1.0 | E 20 1 . . . .
Polarization vector Symmetry allowed emission orbitals
0.0 0.0 Nonresonant Resonant
Physical Chemical
% 08 [ é 08 - J
= 2 X a;,b, a; a;,b;
Zoal 204} 1 Y &,b, a, az,by
z b,,a; b, by,a;
0.0 0.0
o8 £os¢ ] b;—b, transitions are forbidden and so emission from the
3 = 1b, valence level is not observed. Such a symmetry selec-
< 04 <04 ] tivity is a unique feature for adsorbates, resulting from the
combination of the polarization selective absorption and
00 0.0 fixed orientation of the adsorbed molecule. Furthermore,
comparing with the corresponding nonresonant case, emis-
g 0.8 I g 0.8 1 i sion from a smaller number of orbitals can be observed along
. £ a certain detection direction, as shown in Table I.
<047 <047 | Adding the substrate one introduces surface chemical
bonds, which for hydrocarbon molecules are obtained by
00,8 14 10 6 2 2 08 4 10 6 2 2 mixing the 7 and 7* with the metal bands. Howeveg,,
Orbital energies (V) Orbital energies (V) symmetry is still preserved and the polarization selective ab-

sorption discussed in Sec. 11 B is still valid. According to the

resonant XESright) of chemisorbed ethylene on Qui0). Calcu- calculations, two setsn, ,ma,) of unoccupied orbitals of

: : symmetryb, anda,, respectively, contribute to the absorp-
lations are performed at DRBP86 level with the program DeMon . .
(Ref. 28. P kBP8o prog tion process. Thab, orbitals have the character of LUMO

of ethylene mixed with metal orbitals, whereas the, or-

nificant, indicating a fast convergence of the relevant part obitals have character of the HOMO of ethylene mixed with
the valence bands. For the resonant spectra there are signifiietal orbitals. Equatiof21) can then be rewritten as
cant differences between spectra generated from the two
smaller cluster models; for instance, the intensity ratio of the . , )
two peaks in theX direction as well as the intensity distribu- o(w ’wO):Aal“mallall En:
tion in theZ direction, while the differences between having
50 or 86 atoms is minor. The greater sensitivity of the reso-
nant spectra is a consequence of their dependence on the +Ap, 17,10 2> ‘E L2y b,

=Mt - . ) . 1 171 n y 1
description of the unoccupied orbitals, especially those orbit-
als resulting from the surface bonding.

FIG. 2. Cluster convergence @f(1s) resonant(left) and non-

2

Y
2 L2y| lasn
Y

2
(31

Comparing the free ethylene molecule with the structure
2. Polarization and symmetry selectivity of the chemisorbed specie, the appearance ofrthe states
opens up a new transition channel, namely, emission from

As shown in Sec. IIB, and further discussed here, thgne yaience to the core holedf) of a; symmetry. Now, the
polarization selectivity is responsible for the differences bey ¢iatas become observable since the trans#ipto b, is

tween the resonant and nonresonant spectra. Due to the ﬁxﬁépole allowed[peak B in Fig. 2@]. The relationship be-
orientation of the adsorbates, only certain orbitals can b een the symmetry allowed emission states and polarization
observed along certain directions. The relation between thgj e ction of the emitted light is the same as that for the non-
polarization vector and symmetry of observable valence orzoqnant case. However, the spectral distribution is not nec-
bitals for chemisorbed ethylene is summarized in Table I. essarily the same for the two cases. Here, we us item-

If free ethylene is considered in the distorted geometryy,nant of the emission spectra to illustrate this point.
e.g., the chemisorbed geometry without substrate, we then In the X component of the emission specfi@igs. 2a)
remove the contributions due to the bonding of ethylene tq, 4 Zb)], there are two main peaks,andB, resulting from
the surface(see Fig. 2 Therefore, Eq(21) can be simply 4 gifferent scattering channels through two different inter-
written for one channel, in this case for the excitations | iate unoccupied orbitals, namely, th, and ma, or-
and one obtains bitals. The intensity ratio, /1 g, of the two peak#\ andB,
2 is controlled by the ratio
, (30

(@', 00)=Ap 1716172 | 2 Loyl T
ey [, 12,10, 150,,1%]
res._ byl nby1by 1bja,

i.e., only the emission from valence orbitals to one of the (32

ol *[Ag ey 1a, 1 ays, 2]
core holes, the i; orbital is observed. IrC,, symmetry al"mayla;l 171a;by
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—— T T T T tion energies, where the results for the largest cluster model
Experiment  f 4q = l are shown. The experiment is only weakly photon energy

==~ Theory 2846V | 7

28ev 4 ] dependent as noted in previous sections. Most, if not all,
salient structures of the experimental spectra are reproduced
. by the simulations. The experimental spectra will contain
r 1 additional broadening due to vibrational excitations and fi-

] nite lifetimes of the final valence hole states not taken into
\ ] account in the simulations. The intensities of the new states
\ i due to the surface bonding are somewhat underestimated.
\ This seems also to be the case for the high-binding-energy
LA A side of the three components.

1 There can be several possible reasons for these discrepan-

- 288eV 1 cies, where one possibility is the exclusions of the vibra-
tional motions in the present simulations. A second possibil-
r 1 ity is that, in the present high-coverage situation, the
I n adsorbed ethylenes tilt somewhat away from the substrate in
\‘ 7 order to minimize the repulsion against neighboring adsor-
Y ] bates.

Figure 3a) shows the computed resonant x-ray emission
spectrum at 288 eV for the Ggicluster model. This energy
L is only 4 eV from the LUMO excitation and it should be
treated as a resonant process. As shown in Hg), 3he
resonant spectrum at 288 eV is very similar to that at energy
of 284 eV, but quite different from the nonresonant spectra.
The 288-eV photon energy was chosen to avoid any initial-
state satellites, which would complicate the spectrum. This is
generally seen for excitations well above threshold, where
nondiagram transitions start to app&ar.

Arb. units

Arb. units

L+ =1,
284 eV

Arb. units

4. Surface bonding

L2

22 18 14 10 6 2 22 18 14 10 6 2 -2 Since there is a good agreement between the experimental
E-E,[eV] E-E,[eV] and theoretical spectra we use the calculations to shed more

light on the electronic states of importance to the surface

FIG. 3. Comparison with experiment for two different excitation chemical bond. Figure 4 shows a decomposition of the spec-

energies. 6H,/Cugs, FWHM=1.0eV. tra into valence states of different symmetry. Thandy
components correspond to tleorbitals and are essentially
[|I§blal|2] unchanged compared with a free distorted ethylene mol-
RQ°”=|X—2- (383)  ecule. Thez component, involving ther orbital, shows the
[ 1a1b1| ] appearance of new electronic states. The valence statgs of

es —non - ) ) ) ) symmetry correspond to the intramolecular bondingrbital

It RE=R", i, A 176,16, 1°=[Aa, |1 ha 10, then the  and the valence statesbf symmetry to the antibonding*
nonresonant and the resonant spectra will be the same.  orbital. _

For the small clusters, like Gy there are no near- To the low-energy side one can see a peak at 7.4 eV,
degeneracy effects involving the excitation into the unoccuwhich belongs to symmetry &;”’. This peak is also seen in
pied ma; andnb; sets, i.e., the faCtOAal is small, which, the free, distorted ethylene, but it is not seen in the gas phase

9 . .
together with the fact that the transition dipole between thethylene: Therefore, one could argue that this peak is a
core hole and thena, orbitals is also quite small, gives a consequence of the mterna_l distortion of the ethylene upon
ratio R™® much larger tharR™" and consequently a small adsorption. The same applies to the feature located around
X X

intensity for peakB. Increasing the size of the cluster, both 5.5 eViin theY component.

the energy differences and transition moments become mor, Th_e featu_res from 6-eV hinding energy and up to the
similar such that the ratidR’®s decreases and so does the' ¢! level in theZ component are obviously due to the
X

intensity of peakB. For the laraest cluster model surface chemical bond. This region can be divided into three
y b - 9 ’ gél.J sets of bonding orbitals: the first with highest binding energy
RZ=1.4R7". The final t t hould diff ;
x 4y 1he Tihal resonant spectrum should diter g 5_4 5 ey contains morer (1b,,) character, the second
from the nonresonant one, as indicated in Fig. 2. A simila X

f .
. . below 2.5 eV up to the Fermi level more* (1bs,) charac-
ggng: can be applied for théand Z components of the ter and the third, which corresponds to the intermediate re-

gion between 4.5 and 2.5 eV has similar contributions from
the 7= and thew* orbitals. In these three regions one also
finds the contributions from thed3metal band.

Figures 3a) and 3b) show the comparison of the com- At this point it is relevant to bring into the discussion the
puted and experimental spectra for the two different excitainteraction mechanism revealed in the present study and put

3. Experimental comparison
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B. Benzene

[ ::ﬁﬂ:ﬂ';:ﬁ:t Y-Component | X-ray emission of free and adsorbed benzene have been
- :,’jﬁ;’,',',',‘,’:,’:::: presented and analyzed on several occasions previously. Ex-
perimental nonresonant and resonant spectra were given in
Refs. 41 and 15, respectively, for free benzene and in Ref. 22
for benzene on copper and nickel surfaces. Theoretical
o . analyses have been carried out for the nonresonant case by
' ' . ' means of DFT(Ref. 19 and Hartree-Fock techniques. The
X-Component bonding to the surface has also been analyzed in conjunction

Al
!
L ' \\ . with spectral XE analystd and by several other character-
\
‘ |
1
\

Arb. Units

ization techniques, see e.g., Refs. 42—44{ICu(110 also
served as a test for the concept of spin uncoupling by the
present author® For the various aspects of bonding, elec-
tronic and geometric structure of this system we refer to
these previous works; here the focus will be on the impor-
tance of the channel interference effect to predict rémo-
nant x-ray emission spectra, and to understand the salient
differences with respect to the nonresonant counterpart.

Arb. Units

Arb. Units

1. Interference effects

Benzene is a good prototype molecule for illustrating the
effect of interference in the resonant x-ray emission. Ben-
zene belongs to thBg, symmetry group and the resonant
x-ray emission is governed by the parity selection rules.
Such selection has indeed been observed in that the HOMO
(leq4) of benzene disappears in x-ray emission at the
LUMO (e,,) excitation®
it in the context of the molecular frontier orbital approach to  Analyzing surface adsorbed benzene it is relevant to make
the bonding of thisw complex, i.e., the Dewar, Chatt, and analogy with the case of monosubstituted benzene, for which
Duncanson bonding mod&® and the spin-uncoupling the molecular symmetry is also lowered @&, symmetry.
mechanism proposed in Ref. 30. In the Dewar, Chatt, andNo parity selection or symmetry selection rule exists for
Duncansson model the system donates charge into unoc- x-ray Raman transitions involving isolated nonoccupied lev-
cupied levels of the metal while the* orbital of the adsor-  €ls in a molecule with such a low symmetry. However, due
bate becomes occupied through back donation. to that the chemical shifts of the different core-excited

This picture could be seen as the end point in the SpinClS-’]T* states can be small, in the order of the lifetime
uncoupling mechanism. In the latter, the adsorbate is bon#idth, an interference effect may operate so that the intensity
prepared by an explicitr— 7* triplet excitation, which is Of certain transitions may be quenched in the resonant x-ray
induced by the interaction with the metal surface leading t¢Mission. The smaller the shifts, the more benzene-like be-

rehybridization in the adsorbate and preparing the molecul§°Mes the resonant spectrum due to the interferéhce.
to form direct covalent bonds with the metal orbitals. For the adsorbate, the presence of the surface breaks the

These covalent bonds are formed by combiningtend iljversion symmetry of the gas phase benzene. The interac-
. ) ) . tion between the benzene molecule and the surface further-
7* orbitals of the adsorbate with the metal orbitals, namely

. . ; ._2'more results in a geometry distortion; on the(CL0 sur-
3d _and %, yielding a new set of bo_ndmg a”‘?', antltlondlng face, it hasC,, symmetry with nondegenerate core orbitals.
orbitals as reflected in the calculations and “seen” in the

: . > The situation is thus similar to substituted benzenes, and one
experiment(compare Figs. 2 and)3We can anticipate that .5 expect strong interference effects from the decay of the

the occupied part of the* orbitals form bonding states with “chemically shifted” C1s-7* intermediate states.

the Cu 31 and 4 orbitals constituting the two peaks seenin  For penzene on Gu10), the six core orbitals can be rep-
Fig. 4. The corresponding antibonding states will form theresented as twa,, two b,, onea, and oneb, orbital. For

m* resonance above the Fermi level, which was used t@n excitation along the axis, the unoccupied orbitals with

generate the core-excited state at 284 eV. Fherbital in- symmetriesa;, b;, a,, andb, can all be excited. There is
teracting in a bonding fashion will constitute the main peaktherefore no symmetry discrimination due to the dipole se-
at 5.5 eV. The reduction upon adsorption of the symmetrylection rule, i.e., all orbitals are allowed. In accordance with
selective intensity variation at the* resonance is a result of the discussion in Sec. Il B, we can see that interference is due
contributions of 7 orbitals being pushed above the Fermito the channels involving core orbitals with the same sym-
level. These states will most likely correspond to the anti-metry, i.e., the twaa; to the twob,; core orbitals, respec-
bonding 7 states. The amount af and 7* character in the tively, in the case of benzene on a surface.

different regions of the specti@ component are then de- Figure 5 presents the resonant x-ray emission spectrum at
termined by the energy difference between these two orbitalan excitation energy corresponding to the fitt level. The

and the center of each metal band. spectra are decomposed intand o contributions. For each

18 14

FIG. 4. Analysis of the emission components of the resonan
XES calculation of GH,/Cugg.
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FIG. 6. Comparison of the theoretical spedfieft) with experi-
ment(right) for two different exciting photon energiesgld /Cuy,g.

18

Binding Energy (eV)

FIG. 5. C(1s) XES of chemisorbed benzene on(CL0. Com-  data. The latter spectra are obtained at 285 and 289 eV, here
parison of the one- and two-step models. representingLUMO) resonant and nonresonant excitation,

respectively.
component, we present three spectra calculated from the two The major difference between the two models, namely

different two-step models, TSI, TSI, and from the one-stépihe interference contributions, seems to be repeated to a cer-
model. _ _tain extent when comparing with the difference of the two
For thesr component, there are three main features in th@yperimental spectra. The most salient change is the lower-
spectra, nameé ., B, andC, . The TSI model describes ng of the “A,” (3 e,y) intensity. Thus the experimental
the decay of the valence levels accounting for neither polareomparison indeed seems to support the notion that channel
ization nor interference effects, while the TSIl model takesinterference depletes this structure and that it reinforces a
into account the polarization selectivity of the resonant X-raysymmetry selection rule.
emiss!o_n. It is clearly shown by Fig. 6 that the polarization The = symmetry spectra are somewhat harder to evaluate,
selectivity has a large effect on tie; feature, and a small partly because having only 3—4 features available—mainly
effect on theC , feature. The variation of tha, feature thus  §e to the By, ey, and le,, levels—the outcome of the
indicates that the levels related to surface bonding are Sensé‘xperimental comp?slrison becomes somewhat dependent on
tive to the polarization properties of excitation and emissionihe normalization procedure. However, the relative decrease
The inclusion of interference effects introduces significantyf e le;4 to 1ey, intensity ratio seems to be accounted for
further changes in the spectrum, see Fig. 6. by the channel interference effect, on the other handaghe

For theo component, five d_istinct features,, . B,, C,, to 1e;, change is notsee, however, discussion belpw
D, , andE, are resolved. Major changes are introduced by

the inclusion of the polarization selectivity, i.e., the spectrum
from the TSIl model is significantly different from that of VI. SUMMARY

TSI. The relative intensities of featur€,, D, and, espe- In this work a theory was presented for resonant emission
cially, A, are reduced, and the intensity of featg is  gpectra, or Raman spectra, in the soft-x-ray wavelength re-
increased compared to the two-step model TSI. Further, conyion, for strictly ordered surface adsorbed molecules, with
sidering the interference through the one-step model, the iNspecial emphasis on symmetry and polarization selectivity
tensity of featureA,, is almost depleted. It is interesting t0 g the role of interference. Results from density-functional
note that for free benzene, featukg, assigned as due to the gjmylations and new experimental data for ethylene and ben-
3eyy level, is a dipole forbidden orbital for LUMO zene on a copper surface were presented and analyzed, and
excitationst® This symmetry selection rule seems to becomegerved to test the theory.
reinforced by the interference effects. The cluster model approach was used to model the inter-
action of the molecule with the surface and for the compu-
tation of the spectra. The model used for the calculation of
In Fig. 6 we compare results from simulations using thethe resonantly excited x-ray emission spectra of surface-
two-step TSIl and the one-step models with experimentahdsorbate systems has the same complexity as for the non-

2. Experimental comparison
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resonant emission spectra; the former are, however, mombserved. In terms of the chemical bond, this may be under-
demanding with respect to convergence with cluster sizestood as large mixing ofr and =* with the metal orbitals
The larger sensitivity for the resonant spectra is a consespon adsorption. This interaction and the peaks revealed in
quence of their dependence on the description of the virtuahe spectra can be interpreted in terms of the spin-uncoupling
orbitals. mechanism proposed in Ref. 30 or the traditional Dewar-
The ethylene and benzene cases represent well the tWwonatt-Duncanson mod&}:#°

fundamental aspects of x-ray emission spectra we wished t0 The results of the present work should be qualified with
study: symmetry and polarization selectivity and the role ofragnect to some complicating aspects. Resonant x-ray emis-
interference. The experimental spectra show a subtle but Si,%‘lon, like other two-photon processes in general, can be

nificant dependence on the exciting photon energy, which, Ir%trongly dependent on nuclear motion and vibronic coupling.

fche _particular_case O.f chemisorbed ethylene, is due to .pOIa‘Such coupling, not considered at all in this work, actually
ization selective excitation and not to interference of differ- ' . . ! ;
leads to symmetry breaking of electronic selection rules in

ent scattering channels. The ethylene on copper RIXS spec:
trum shows strong polarizatidior directional selectivity in some p%ts .Of the RIXS spectra of free bgniéramd freg
that X,Y,Z component spectra are quite different. There iSethylene_. Different hydrocarbons behave differently, for in-
thus strong entanglement between the symmetry of the emiBtaCce: in RIXS spectra of free acetylene symmetry selectiv-
ting levels and the polarizatiofor direction of the corre- 'Y IS preserved to a large extent, while in ethane it is com-
sponding outgoing photon. In the case of benzene the shiRletely broken at resonan_é%lt. is known that the_coqpllng
among the core levels induced by surface adsorption leads ®&d the symmetry breaking is strongly dynamic, i.e., fre-
interference effects in the decay. Such interference is show@uency dependent, and that it can be quenched by detuning
to alter the spectra substantially and restore some of the syrfhe frequency from resonance, thereby restoring the symme-
metry selectivity of the free species. try selection rule4®*®1t is still an open question whether the

New states appear in the emission spectra of the adsopresence of the surface quenches or enhances such coupling,
bates not present in the free molecule. Some dependence afid if the dynamic features evident for the free species are
the appearance of these states on the excitation energy @servable also for adsorbates.
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