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Analytical theory of NEXAFS from diatomic molecules
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Analytical expressions are derived for both th& and o* resonances in near-edge x-ray-absorption fine-
structure(NEXAFS) spectra from diatomic molecules. A simple criterion is formulated for extracting structural
parameterge.g., the bond lengthsof such molecules from NEXAFS spectra. A universal curve for the
positions of resonances is derived from our analytical expressions. The predictions are confirmed by compari-
sons with computer simulations of NEXAFS spectra for gas-phasarid O, molecules.

[. INTRODUCTION ondary electron yield or even the Auger decay rate of the
The fine structure found beyond the onset of an absorpgg:z Ir;c\)/Ithhat 's created by the resonant excitation from that
tion edge on an x—ray—absorpthn SpectryiAS) from a The usual strategy for analyzing experimental NEXAFS
sample of condensed matter arises from the effects on the,ecira is to begin by proposing a set of trial atomic struc-
quantum-mechanical transition matrix elements, due to th,res in the vicinity of the absorbing atoms. Using one of the
backscattering from surrounding atoms of ejected atomigstaplished multiple-scattering computer codes, the expected
core electrons. As such, an XAS is a rich repository of infor-spectra from each of these model structures is calculated, in
mation on the crystallographic and electronic structure in theyrder to find a best fit to the measured spectra. This is often
vicinity of the atom absorbing the x-ray photon. The absorp-a tedious and time-comsuming procedure. In addition, this
tion fine structures are conventionally divided into two dis-process relies on one of the guessed structures being correct.
tinct regions characterized by their proximities to the absorpAbsent is the kind of direct algorithmic prescription afforded
tion edge. The structure found beyond about 50 eV from arby the more analytic understanding of EXAFS.
absorption edge is termed the extended x-ray-absorption fine The aim of this paper is to propose a more analytical
structure(EXAFS), while that closer to the absorption edge approach to NEXAFS. As a first step in this direction, we
is known as the near-edge x-ray-absorption fine structureestrict our attention to diatomic gas-phase molecules. This is
(NEXAFS). not quite as much of a restriction as might first be thought:
This division is not purely arbitrary. Due to its higher there are a large number of homonuclear and heteronuclear
energy, the backscattering of an electrons giving rise tanolecules of great interest, for example, Cg,,Nind H,. In
EXAFS is well described by the single scattering, or kine-addition, there are also a large number of “pseudo” hetero-
matic theory of diffraction. As a result of this simplification, nuclear diatomic molecules, i.e., those molecules that contain
the extraction of structural information from EXAFS spectrahydrogen, and so to first-order treatable as heteronuclear di-
is relatively straightforward, and achievable by the standarétomic molecules, since the hydrogen atoms in these mol-
mathematical device of Fourier transformatioiDue to the  ecules scatter electrons only rather weakly. Examples of
lower energy of an ejected electron giving rise to NEXAFS,these include important surface species, such as adsorbed
however, a kinematic theory is not adequate to account fomethoxy or methane thiolate groups.
the form of the latter spectral modulations. Instead, a proper In developing an analytic strategy for analyzing NEXAFS
understanding of NEXAFS spectra is to be found only in thespectra, we first discuss the polarization dependence of the
context of the much more complicated multiple-scatteringx-ray-absorption rate and derive the required elements of the
theory*~’ multiple-scattering matrix. Next, the symmetry restrictions
That the effort is worthwhile is evidenced by the wealth for a simple diatomic molecule are taken into consideration
of structural information already provided by NEXAFS to clarify the structure of multiple-scattering reflection ma-
about surfaces, bulk materials, and even of isolatedrix R and free-electron propagatogs Analytical expres-
molecule€ In principle, near-edge spectra can yield infor- sions for molecular* ando* resonances are then derived
mation on the coordination geometry, molecular orientationpoth with and without contributions from higher spherical
and on the density and symmetry of unoccupied valencéarmonics. Finally, an analytical criterion for predicting the
electron states. It is also particularly useful for the determiposition of NEXAFS peaks is formulated and illustrated us-
nation of the structure of surface species, since it can easiling the simple case of nitrogdiN,) and oxygen(O,) mol-
be made surface sensitive by detecting either the total seecules.
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IIl. THEORY OF X-RAY-ABSORPTION RATE 4o 1
NP _4m x R

A. General theory AF=AEF=A cogy)= - AmzZ_l Yi (€)Y im(F).

The x-ray-absorption rate can be calculated from th

Fermi golden rule for the transition probability per unit time
W,(w) from an initial core state of enerdy,, to final states

of energyE.+ w driven by a perturbatioi(r) as . 1

4ri 1 AY 5
Moo,lm:_TA\/T—ﬂ_f R|(f.E)WR10(r)f dme

eEquations;(B) and(4) can then be combined to yield, for the
transition matrix element, the formula

W,(E)=27|M(E)|?p{(E), (1) “~ 4
where p;(E) is the density of final states. In the above ex- R
pression as well as the ones that follow, we use hartree Xf Y ()Y im () dQ, Y3 (2). (6)

atomic units, where=m=#=1, wheree and m are the
charge and mass of the electron, @ik Planck’s constant Defining the radial part of matrix element as
divided by 2. The excitation matrix element is

rad 2
E)=-— AerE—Rrrdr 7
Moo= | Wh(rEIAO@ ()t (@) oi(®) (B G Rdnrdr, ()
whereW¥,,, and®,,, are the wave functions of final and and making use of the orthanormality condition,
initial (core states, respectively.
In the dipole approximation, the electromagnetic field’s J’ YE(F)Yim(F)dQ, = 81 6mm,
excitation operator is equal to

Ap+pA results in
AN=——%5—=—Ap,
M ooym(E, €)= 811M g0 1m(E, €)= 51 MGY(E) YIn(8). (8)
where the Coulomb gaud@A =0 of a vector potentiah is
chosen. Using the operator equivalents for the momentum According to Ref. 4, the transition probabilitf) may be
operatorp,® and applying them within the range of the po- rewritten in the form
tential fieldV(r),

W(E)=—2k Im
p==— V(1) - Timame
Ei—E; X m,r;— Moo,1m(E,€) Sis, Mo 1m (E) [
one can get that
: C)
i
A(r)=——AVV(r), (3) whered; is a phase shift for the spherical partial wave de-
@ scribed by quantum numbers, in), and with wave number
with the x-ray photon frequency=E;—E;. k= J2E. The scattering path operater (with matrix ele-

Thus, for the particular case &f-edge excitatiorfwhere ~ ments 7, ;) sums all paths that begin and end at the
the initial state’s momentum and magnetic quantum numbersentral atom and includes all intermediate multiple-scattering
arel=0, m=0) we can represent the matrix elemé?tin  events. Thus, from Eqg¢8) and (9), this yields for the ad-
the form sorption cross section:

_ 2
Moo= - [ Wit AT ierrar. @ W(E) = — 2|} d(E>|

Tim,1

Inserting, here, the representation of xX1m 2 ?minm &)Y (&) ].
Ym=R/(r,E)Y,n(9,¢) andVV(r)=(dV/Jr)r, we get the mm’=—1
result (10)

i
Moo, im= f Ri(r, E) Rlo(l’ )rédr B. Linear molecules

This equation may be evaluated analytically for the
simple case of a linear molecule. As noted above, this sample
j AFYim(F) Yool F)d€2. ©) class still includes a large number of examples of chemical

and physical interest. Since these molecules are characterized
by eitherC,,, or D..,, point symmetry, there is no azimuthal
A angular dependence in the absorption cross section, so that
€= W only them=m’ components of the spherical harmonics con-
tribute to the right-hand side of EGLO). It may, therefore, be
and using the addition theorem for spherical harmonics givesimplified to yield

Introducing the x-ray polarization vector,
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k A second important simplification may be made in the
W(E)=— m| M Baf( E)|? case of a diatomic molecule. In this case, the cluster of atoms
! surrounding the absorbing atom contains just the single other
X1m{ 714 1SIMFO+ 70 1£0S 6}, (119  atom of the molecule, and hence the intrashell propagators
g" do not exist, sincé=j=1, and therefore,

where 6 is the angle between the polarization electric-field
vectors and thez axis pointing along the internuclear axis of THn v (E) = 81181 8mmy S 11 (E). (16)
the absorbing molecule. '

For a gas-phase molecule, it is an angularly integrateubstitution of Eq(16) into Eq. (14) yields
spectrum that is generally measured, since the molecule ro-
tates freely. This case will be addressed here. It may be easily R E)= 01 E)t, (E)q™® E
extended 10 the case of an oriented molecule adsorbed ona  m'm (E) |1§m:1 Gim 1, BV, ()G, 11 (.
surface. Clearly, in either case, the positions of the reso- a7
nances will be identical; only the details of the spectra will ] ] ) _ )
vary. Since we are primarily interested in the energies of the Finally, a third key ingredient, which enables the formu-
resonances, this is not a problem. Becausdation an analytical expression for the scattering-path opera-
(sirP6)=2(co6)=2, the observed angularly integrated spec-tOr, are the restrictions imposed on the reflection mafix,

trum is described by the expression and g propagators by the linear geometry of the molecule.
This effect will be discussed in greater detail in the followin
g g
k ra ) section.
W(E) =~ 5——>=|MGH(E)[2Im{271; 11+ 71014
27 Sires; . . o
(11 1. Diagonality of the matrices in the subspace

of magnetic quantum numbers
In this case, the matrix elemeini, 1o With zero angular mo-
mentum projection along the axis represents the reso-
nance, andr; 1, is responsible for ther peak.
The scattering path operateiis giverf->%in terms of the
elements

The basis function¥/,,, in the spherical wave representa-
tion referred to the origin of coordinates at the central atom
are eigenfunctions of an operator of rotatidp through an
angleo=2m/n:

t°(E)=i sind\(E)exp(i 5(E)) (12) CoYim=exp2mim/n)Y,p,.

of the atomic scattering matri? of the central atom. where This rotation initiates a transformation of the reflection ma-
' trix:

8, is the corresponding atomic phase shift of angular mo-
mentum quantum numbéy and the “out-in” reflection ma- - _ o
trix Ry 'm'(E) of the surrounding cluster of atoms: CoRim 17 = EXH 2771 (M= M)/ ]Rym, - (18)
o o1 That is because, from E@L7), the transformation properties
T=it"(1-Rt) "% (13)  of R matrix, with respect to the first pair of indicek 1), are
All complications arising from calculating theoperator are  the same as for the propagator’s magjy, ..., which trans-
due to the inversion of multidimensional matrices. The neforms in accordance with Eq&24) and(26) below, like the
cessity of one of these inversions is obvious just from thdUnctionYin . As for the second pair of indices, the transfor-
expression(13). Another follows from the definition of the Mation properties are determined by
reflection matrix:

Roim~9. = BC'm’ o) ~Yy
R =2 > > 9! Til gjo For a molecule with am-fold symmetry, the reflection ma-
I 15y 1My amy1ampomy 1 trix should remain unchanged under the transformation in

(14 Eqg. (18). Therefore, the possible range of valuasm’ is

i restricted by the condition
where the two-centered free-electron propagsfyr,, ., de- y

scribes the propagation of the electron in a spherical wave m—m’'=0,+n,+2n,*+3n,.... . (19
representation from the central atoonto atomi. The T ) i )
matrix is the inverse of the real-spacéKR matrix The symmetry of point group for a linear molecule can either
Hi=(t"1s;—g", wheret is a matrix constructed from beD.., (6.9, CQ, Np) orC,,, (e.g., CQ. Asn—e, and for
the scattering amplitudes of the atoms constituting the sufinite values ofm and m’, the condition expressed in

rounding cluster, andj! is the propagator from atomto  Ed- (19 may be satisfied only fom—m’=0. Thus, the re-
atomj in the same cluster. Thus, flection matrix is subdiagonal, with respect to the magnetic

quantum numbers:
T=(t"'-g) " (15

Only two components of the multiple-scattering matrix,
namely, 71 1, and 714 1o are required for the transition rate It is useful to order the components of the reflection matrix,
calculation[Eq. (11)]. This is the first of the key factors by introducing a collective indeX, which has a one-to-one
allowing the development of an analytical theory for a linearcorrespondence to the pair of quantum numbém), ac-
molecule. cording to the rule

le,l’m’: 5mml Rl(ln’]) . (20)
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N=I(l+1)+m+1 (22) X=(1-Rt%) 1, (27

[where the states follow the orde0,0); (1,—1); (1,0 s introduced, which allows us to represent theatrix (13)
(2,—2); (2,—1); etc.]. In this folded-down notation, the re- 35

flection matrix for linear molecules has the structure

Rll 0 R13 0 . T= I'[OX (28)
0 Ry O o . Equation(27) may then be written as
Ris 0 Rz 0 .. (22
0 0 0 Ry . 1— Ryt 0 Riatp 0
0 1-Rytp 0 0
To clarify the matrix structure of free—electr%n propagators R13t‘s’ 0 1- R33tg 0
, we need the explicit form of these functions:
g P 0 0 0 1- Ryt
O (k) =4 2 111 (=)™ MR (k) Xi1 Xip Xiz Xi) (1 0 0 0
A Xo1 Xo2 Xo3 Xou| [0 1 0 0
XYy (i) BAM, "M 1", (23) “| Xa1 Xa» Xss Xaa| |0 O 1 Of
whereh(V) is the Hankel functionk(= y2E) the wave num- Xa1 Xaz Xaz Xaa 00 0 1
ber of the propagating electrom;; is the position vector
joining theith andjth atoms, and (29

where the reflection matriX22) has been used. For the
evaluation of the transition raté/(E), see Eq.(11b), we

B(Im,1"m’","m ):j YimYom Y —md@, (24 o to find only two elements of the matrix, namely:

Taking the unit vectorfij in the direction of the chemical

bond of the linear molecule to be theaxis, it may be ex- 710,10 T1111
pressed in the spherical coordinatest(¢) ast;;=(1,0,0. x33:it_0' Xaa= it0 - (30)
Because of this the spherical harmoMpiy,mu(F”-) in Eq. P P
(23) is equal to zero unles®”=0, The first one describes the excitation into a state with sym-
metrical charge distribution around tlzeaxis (an m=0 or
1 o statg, while the second expression corresponding to

2

21"+1
47

m=1 results in excitation into a state.
The variableX,, is not coupled to other elements of the
X matrix and satisfies the equation

(29

Y|N'_mrr(0,0) = 5m/ro(

Therefore, theg matrix (23) is diagonal, with respect to
magnetic quantum numbers,

(1= Rygtp)Xgq= 1. (31)
ij — ” mil—1" =17 (1) To find the elemenis3, it is necessary to solve the si-
r ot = Ommy VA4 V2I"+1(=1)™ h (kri; . 33
Gim,17mr = Omm Tr% =1 i (kry) multaneous equations:
X B(Im,I"m,1"0). (26) 0 0
. . . 1-Ruts  —Ruatp | [ Xy3 0
Of course, this diagonality arises from the same symmetry 0 0 = , (32)
imposed restrictions as the diagonality of the reflection ma- “Rugts  1-Ragtp/ | Xas 1
trix (20). These expressions will be used to calculated the\}/vhich finally vields
positions of the resonances corresponding to the maxima in vy
the NEXAFS spectrum.
it?
2. Diatomic molecules: Explicit form T11,11= T44= TzzerptOv (33
for molecular absorption peaks 44°p
For the small kinetic energies encountered in the it0
NEXAFS region (<50 eV), the atomic scattering ampli- T10,16= T33= pR 500
tudes,t’, [Eq. (16)], of higher angular momenta would be 1Ryt (Ry3) tstop
expected to be smadlit. This implies that only the first two P 1-Rytg

partial (s andp) waves need to be included in the calculation

to yield relatively accurate results. The straightforward gen- A more general form of the matrix elements, and

eralization to higher harmonics is included in an Appendix. 733, including higher angular momentum terms up te2
The matrixX, where are included as Appendix A.
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3. s- and p-wave scattering:
Analytic form for reflection matrix elements 6 — T

Expressions for the components of the reflection matrix
are given in Appendix B. Consistent with the approach used \
to derive Eq.(33), only s- and p-scattering events are taken \

below into account. In terms of the dimensionless parameter
x(=kp), wherep is the internuclear separation, 4

(1) 2
v [, @ A

dh(l)(X) 2 2 \ 01119
3;—x> . (39 ' \ x g
1’( x),
Rus= V3R ORS00t~ 343 0 T 2 tp, [-Re(z,)
0

R33= (V3h{"(x))?ts+

(36) N——_
Ryy=(hg"(x))%ts+3(h{Y (%)), (37)
We may represent the expressidB8) for the ~-matrix ele-
ments in the form 2 P T TS TP TR T
0.4 0.6 0.8 1.0 1.2 1.4 1.6
110
3 ity Kinetic Energy (hartree)
7'11,11——1_2 )
w
o FIG. 1. Real and imaginary parts of the functior X, for the
Ity case of gas-phadd¥, molecule. Note the coincidence between the
710,10~ 1-3 ' (39 intersection poinfi.e., the root of Eq(41)] and the position of the
7 o resonance, indicated by the asterisk. Only the root corresponding
where the3, functions are to small values of1—3 ,|<1 indicates the position of a resonance
peak (the intersection at small energies occurglat 3 ,|~4 and
3h(1)(x) 2 does not correspond to a resonagnce
_ 0_ 1 0 P )
277_ R44tp— ( T) tptp 3
An estimate of the resonance positions may be obtained by
(Ry3)2t%t2 setting
S, =Ryt —— L2, 39
o 33'p 1— Rlltg ( )

. . . f(x)=o(X), (41
Together with Eqs(11a or (11b), these equations constitute

analytical expressions for NEXAFS spectra from a diatomic here th re both small. The latter requirement mav b
molecule. For practical purposes, often the detailed shape 3\1 te 3 ey atlhe Ot' S" all. e—li e<f e(tJHe € 'tr?y €
the entire spectrum may not be required, rather just the po: o ate mathematically — as 2=Tp=<Hy, W

sitions of the maxima of any resonances. An even simpler. 1 ~H,<1. Since there is no reason to expect that the de-
criterion for these will be derived in the next section. rivatives of these functiondf/dx~de/dx~» will be small

in the same region, the rangkx, of thex axis, over which

both f and ¢ would be expected to be small, may be esti-
lll. CRITERION FOR THE POSITIONS OF RESONANCES

mated by
The representation of thematrix elements in the form of
Eq. (38) is useful to establish the conditions for the reso- H H H
nances in the NEXAFS spectrum. One should expect that, in AX~ o~ ~ — <1, (42
df/dx de/dx v

the vicinity of the resonance, the corresponding matrix ele-
ment (either 71, 4, for o resonance ofryg 1o for o reso-
nance will be large, so that it leads to a peak in the absorp-Thus, the error in determining a resonance peak position
tion Coeff|c|ent(11b) as a function of energy. Accordmg to from the intersection of the functiorisand ¢ is Ax, which is
Eq. (38), this would follow if the real and imaginary parts of in turn <1. This is illustrated in Fig. 1, where the real and
both 1-3,_ or 1-3, are small. Neglecting the rather slow imaginary parts of the function-13, are plotted for the case
dependence of the atomic phase shiftk) on k, we may Of the o resonancéthe position of which is indicated by the
write asterisk of gas-phase B molecule. Note that the intersec-
tion point that occurs in the region of the small energies does
f(X)=Rg1-%), o(xX)=ImM(1-3)=—-Im(X). not lead to a resonance, since the value ef3lis not suf-
(40)  ficiently small.
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frozen-orbital approximatiofd02 e\) yielded a much better

20— ————— agreement with experimen@01 e\) (Ref. 15, than the
N Z+ 1 approximation(407 e\).
2 The #w* resonance of a diatomic molecule, such gsdD

N, is, of course, determined by the molecular-orbital split-
ting of the atomicp orbitals oriented perpendicular to the
interatomic axis. This splitting gives rise to an occupied mo-
lecular 7= orbital, downshifted relative to the atomjz or-
bital, and an upshifted unoccupiett resonance, which ap-
pears as the first major peak oKaedge NEXAFS spectrum
of such a molecule. This picture is confirmed fop By Fig.
2, which indicates ar* resonance at an electron kinetic
energy of 0.38 hartrees, while the corresponding kinetic en-
ergy of a purelyatomicls to 2p transition was found to be
0.18 hartree¢from the energy of the resonance of the atomic
p phase shift

The dashed line in Fig. 2 represents the spectrum calcu-
lated from the analytical expressio(83)—(37) and those for
the elements of the reflection matifikgiven in Appendix B,
using only two 6 and p) spherical harmonics. The small
shift in the position ofo resonance, compared with the com-
puter simulations, is caused by the increasing role ofdthe

Transition rate W (arb. units)

ol wave function at higher energies. If account is takerdof
02 04 06 08 10 12 14 16  gcattering, as well as af andp scattering, complete coinci-
Kinetic Energy (hartree) dence is obtained between results obtained by computer

simulation and by those using the analytical expressions de-
rived in Appendix A. The correspondence between the

FIG. 2. Calcul NEXAF . unity of gas-ph o ; ) .
G Calculated S specti@rb. units of gas-phase NEXAFS peak positions and the intersection points of the

nitrogen N: solid line—exact computer simulation; dashed line— land | . f the-1s, f ion is ill di
calculation using the analytical expressiof@3)—(37) with only real and imaginary part of the unction is illustrated in

two (s andp) spherical harmonics. Whehspherical harmonics are 19 3, for oxygen and nitrogen molecules.
added, the analytical spectra are indistinguishable from the result of
the exact computer simulatigiolid line). V. POSITIONS OF ANTIBONDING RESONANCES
OF HOMONUCLEAR DIATOMIC MOLECULES
IV. COMPARISON OF ANALYTICAL THEORY

WITH COMPUTER SIMULATIONS A remarkable feature of our analytical expressi¢&3)—

(39) for the scattering-path operatords that they are func-

To illustrate the validity of the analytical expressions for tions of just the set of atomic phase shiftsr atomic
the 7-matrix elements and also for the criteriofil) for the  t-matrix elements and the dimensionless parameter
position of a resonance, we have calculated the NEXAFSX(=Kkp), wherep is the internuclear separation. For a homo-

spectrum for the nitrogen and oxygen gas-phase moleculesuclear molecule, since=t°, the quantitiesr depend only

For these calculations, we have evaluated the atomic scattesn a single set of-matrix elementst;. Also, according to

ing amplitudes, using theonstant chemical-potentialocal-  Eg. (12),

density approximation (CCP-LDA) method proposed

earlier’? and which has been successfully applifeth the Ret =sirts,, Imt=—%cos2s (43)
calculation of the NEXAFS spectra of a number of small

gas-phase molecules. so that, actually, only Reis significant, because the imagi-

The resulting calculated NEXAFS spectrum of, Ns  nary part oft, is determined by the real part:
shown in Fig. 2. The solid line represents the result of an
exact computer simulation by means of the computer code of Imt,= + - Ret;(1+Re)), (44)
Vvedensky, Saldin, and Pendhfhe positions of the peaks
are in good agreement with the experimentalThus, using criterior(41), it is possible to plot aniversal
measurement¥, even without corrections, due to excited- curvefor the positions of resonances on a graplx afersus
state core-hole effects, implying that final-state screening efthe real parts of the atomiecmatrix elements.
fects are not significant for such gas-phase diatomic mol-
ecules. As a test, we have calculated theNEXAFS in the
so-calledZ+1 approximation, where the scattering potential
of the excited atom is replaced by that of the next higher From the form(39) of the quantity, . and criterion(41),
element in the Periodic Tabl@ in this casg We found a it follows that the location of ther* resonance depends only
difference only in the absolute energies of th& and o* on thep-wave atomic scattering amplitudg. Thus, theuni-
resonances, and not in their separation. As for the absoluteersal curve Fig. 4, for the positions of ther* resonance
energies of, e.g., theslto #* transition, we found that our consists of a plot fox versus Refy). An interesting feature

A. Universal curve for the @=* resonances
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150 i T L T T T T T T T T T ] L) T 1 1 L)
T
100
50- [-Re(z,)
x150
O -
-Im(z)
T T T
0.0 0.1 0.2

10

1-Re(z )

-Im(Z )

I'Rf(zc) Im(z) 1.0 0.8 0.6 04 02 0.0

02 0.4 0.6 0.8 1.0 12 1.4 p

Kinetic Energy (hartree)
FIG. 4. Universal curve for the locations af resonances. Di-

) mensionless parametkp is equal to the product of electron wave

FIG. 3. Correspondence between the NEXABE. unit3 peak  ymherk and chemical bond length. The abscissa indicates the

positions and the _mtersectlon points of the rea_ll and imaginary partga,es of the real part of the-wave element of the atomic scatter-
of the 1-3 function for (a) oxygen and(b) nitrogen gas-phase g ampiitudet. The asterisks indicate the locations of theeso-

molecules. nances of the nitrogen and oxygen molecules.

of this curve is the absence af* resonances in the region NEXAFS is the so-called scattering-path operatpmwhich
corresponding to relatively high energiésr great internu- represents_ th_e summat|o_n of all electron multlpl_e-scattermg
clear separationsx>2. paths beginning and ending on the atom absorbing the x-ray
Values, of atomic phase shifts and the mean potential bekhoton. As is usual in multiple-scattering calcula'nons, the
tween the atoms, may be calculated using the CCP-LD&Valuation ofr usually requires the inversions of fairly large
method? mentioned earlier, or else a self-consistent muffin-matrices, which are usually performed by computer. _
tin calculation. For a homonuclear diatomic molecule, the In this paper we show that, at least in the case of diatomic
value of Ref,) alone will allow one to read off a unique Molecules, the matrix inversions may be performed analyti-
value ofx from Fig. 4. From this, a determination may be cally to yield relatively simple explicit expressions farand
made of the bond length of the molecule from a measure#ence, for the x-ray-absorption rate, a measurable quantity.
value of the resonance energy, or else the energy ofrthe Excellent agreement is found between the results of our ana-
resonance for a known bond length. The points on Fig. 4ytical expressions and standard computer simulations.

corresponding to ther* resonances of the £and N, mol- Our analytical expressions lead to the discovery aha
ecules are marked by asterisks. versal curvefor the #* resonances of homonuclear diatomic

molecules, relating a dimensionless quantitythe product
of the ejected electron’s wave number and the internuclear
separation, to the real part of tipeangular momentum com-

In the case of the™* resonances, the dimensionless quan-ponent of the scattering amplitudésr t matrices of the
tity, x, is a function of the real parts of botiy andt, [as  constituent atoms. In the case of th& resonances aniver-
seen from Eq.39)]. In this case, therefore, the universal sal surfaceis found, relatingx to the real parts of both the
curve of Fig. 4, must be replaced by a universaiface as a s andp angular momentum components of the atomima-
function of both thes andp atomic scattering amplitudes. trices.

The main previous analytical result for NEXAFS reso-
nances is the so-called Natoli rule, which for diatomic mol-
ecules, suggests the simple relationship:

B. A universal surface for the o* resonances

VI. CONCLUSIONS

The theory of NEXAFS is much more complicated than Ko—
that of EXAFS, due to the need to take account of the full p=const, (45
multiple scattering of the ejected core electron in the formerfor the position of a resonance peék a scale of wave
case. The key quantity that needs to be evaluated imumberk) and the bond lengtp. This was justified by the
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multiple-scattering theories of Natdf,and Reh. It is easy and D.K.S. is grateful for a research grant from the Petro-
to see that our theory is consistent with this rule through théeum Research Fund, administered by the American Chemi-
condition (41), which may be writteng(x) =0, whereg is  cal Society.
some function. Thus, a resonance condition is maintained for
variations ofk andp, which keepx=kp=const. The expres-

sions(39) for the 3 functions found in this paper allow the

APPENDIX A

analytical evaluation of this constant.
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1— Ryt 0 —Rudtp 0 0 0 — Ry 0 0
0 1—-Rystp 0 0 0 —RogtS 0 0 0
— Ryt 0 1-Radtp 0 0 0 — Rg7t$ 0 0
0 0 0 1-Rydt) 0 0 0 —Ryglq 0
0 0 0 0 1- Rggt§ 0 0 0 0
0 — Rt 0 0 0 1- Regt§ 0 0 0
— Ry A2 0 —Ratp 0 0 0 1- Ryt3 0 0
0 0 0 —Rygtp 0 0 0 1— Rggty 0
0 0 0 0 0 0 0 0 T Rogtd
X12 X13 0 0
X22 X3 10
X3 X33 0 1
Xa2 Xa3 0 0
X X5y X3 = 0 0
Xe2 Xe3 00
X72  X73 0 0
Xgo Xg3 0 0
Xg2 Xog3 0 0
|
Therefore, the set of coupled equations for determining 1— RntS _ Rlst?, _ R17tg X15 0
Xop= (1_ Rt0)2_21 — R13tg 1— R33tg — R37t8 X| X33 | = 1
o Ryt —Rgtp  1-Ryt] X73 0
is given by (A2)
1-Rpfy  —Roetd (xzz) ( 1) D From Eq.(A1) it follows that
X = .
—Roetp  1—Reelg Xe2/ 10
it?
The set of equations, which includes the matrix element Too= itgxzzz 'ZR 7o (A3)
26/ ‘ptd
1-Rytd— ——F+
Xga= (1—RE) 3 2P 1-Redg

is given by

The solution of the Eq(A2) is
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1-Ryt 0 —Ryt
deff —Rit? 1 —Rstd
—RiA2 0 1-RyA]

- , A4
X3 1-Ruty —Rufy  —Rifg (A9
def —Rify 1-Rggtp —Rartg
—Rifty  —Raftp  1-Rgtg
and may be rewritten as
733= 1t pXaa=it [ (1~ Rystd) (1= Roztg) — (Ryp) *totg] X {(1— Ragt)[(1— Rystd) (1= Ryrtg) — (Ryp) *totg]
— 2Ry Ry R At — (1= Ryt D) (Ryg) 2oty — (1 Ry4td) (Ra7) 2ot ) . (A5)

From Eq.(A3) and Eq.(A5), it follows that the expressions for both,. and 3, functions[which are determined by Eq.
(38)] are

(Roe)?totg

P71 Reet

2R1gRsR1AAM G+ (1= Ryt d) (R 2totp + (1 Ryitd) (Rar) *tpt]
(1= Ryt (1= Rystq) — (Ry7)2totg '

S ,=Rad o+ (AB)

APPENDIX B

In considering the analytical representation for the reflection matrix compon&ys . =Ryn [where

N=I(l+1)+m-+1] through Eq.(17), an explicit analytical form of the reexpansion coefﬂaeﬂumpagator}sgo' andg'® is
required. For diatomic molecule$=1), only two matrices should be determingff’=g(+) andg®'=g(-) .

The g(+) matrix describes the electron moving from the central atom to its neighbor and is given K36Eg.

Oim ()= VA7, 21"+ 1(= )™ ""hii) (kp)B(Im,1"m,170), (B1)

|\

wherep is the internuclear separation.
For the reverse motion after backscattering, the expregBibnis still valid with the additional factor € 1)' due to the
spherical harmonic transformation under inversion in €§),

Imim(—)=V4m> (=1)"V2I"+1(= )™~ "h(P(kp)B(Im,1'm,1"0). (B2)

|\

Some of the reflection matrix components required for the calculation of x-ray absorption, for diatomic molecules, are given
below. Note that they are calculated including harmonics ulp=td. The argument ig=kp.

3hP(x))2 5hP(x) )2
Ri111:=Ras= — t,+3 2X ty, (B3)
R10,1=Raz= (V3" (x))2ts+ [ h§ (x) — 2h5 (%) 12t,+ £[2h Y (x) — 3h§Y (x) 1t (B4)
Roo,1= Ria= V3§ () h{P(x)ts— v3[h§Y (x) — 2h 5" (x) Th{P () t, — V3[ 2h{ (x) — 3h§ (%) TSP (x)tg, (B5)
Roo.00=Ri1= (" (x))?ts+3(h{P(x))%t, + 5(h5" (x))%y, (B6)
9.5 3.5
Ru1.21= Rag=Ras= - i 00N () ty + =5 00ThG™ 00 = 7h5" 00 = 2hi" 00 Tta. (B7)
3.5 2
Ry1,2=Rgg= R66=( — 200 | to+[h6Y00 = $h5" (0 = FhiP ()]t (B8)
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3
Roo,2=R17= VBh§Y (x)h§ (x)ts— —5h&1><x>[2h<f><x>—3h§”<x>]tp+ VBhSP()[hGP (%) — S hsPD(x) + 2h (%) 1tg,

J5
(B9)

Ry0. 2= Rar= v15h{(x)hsY (x)t,— V2L hEY (x) — 2 (x) J[2h{0 (%) — 3h§Y(x) Jt, — /2[2hi (%) — 3hPT (x) 1T (x)

—Lh(x)+LhV(x)]ty, (B10)
Rao.20= R77= (V55" (x))?ts+ 8[2h T (x) = 30§V (%) 1t + [N (%) — 0P () + £hi () ]ty (B11)
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