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Multiatom Resonant Photoemission: Theory and Systematics
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A first-principles calculation of the recently discovered interatomic multiatom resonant photoemission
(MARPE) effect is presented. In this phenomenon, core photoelectron intensities are enhanced when the
photon energy is tuned to a core-level absorption edge of nonidentical neighboring atoms, thus enabling
direct determination of near-neighbor atomic identities. Both the multiatom character of MARPE and
retardation effects in the photon and electron interactions in the resonant channel are shown to be
crucial. Measured peak-intensity enhancements of 40% in MnO and spectral shapes similar to the
corresponding x-ray absorption profiles are well reproduced by this theory. [S0031-9007(99)09098-5]

PACS numbers: 79.60.Bm, 33.60.Fy, 71.15.Rf

In a recent experimental development, interatomic mulenhancements as a function of energy. This model was
tiatom resonant photoemission (MARPE) has been showalso too simplified as to the electromagnetic interactions
by Kay et al. [1] to provide a new method for determining involved. The present paper thus presents a significantly
near-neighbor atomic identities in solids. In the specificmore quantitative first-principles approach to the theory
example to be considered here, the measured intensity of MARPE that yields very good agreement with experi-
O 15 photoelectrons coming from a single crystal of MNO ment in most respects and permits further assessing the
exhibits significant enhancements when the photon energgystematics of this new phenomenon. In particular, many-
is tuned to the2 p—3d absorption resonances of Mn. In electron configuration interaction states are used to de-
particular, there is an increase in thel@ peak intensity scribe the Mn2p—Mn 3d excitation, retarded effects in
at the Mn2ps,, edge of 40% [1]. Similar results have
been seen in other metal oxides [1].

In a first discussion of the theory of MARPE [1],
the conventional model used to describe the well-known (Cl) s Photoelectron
intra-atomic single-atom resonant photoemission (SARPE)

[2—5] has been generalized to apply to MARPE. Pho-
toemission is assumed to occur via absorption of a single
photon and two different channels that leave the crystal
in exactly the same final quantum state, and thus have to
be added coherently: the direct emission channel in which
an O 1s electron absorbs a photon and the resonant emis-
sion channel that is assisted by the Rlp—Mn 3d reso-
nance, as illustrated in Fig. 1(a). In the resonant channel,
the photon promotes a My electron to a Mn3d state,
from which it decays instantaneously to refill the Kp

hole, while exciting the Qs electron to the continuum.
This decay can also be termed an interatomic autoioniza-
tion process (Al), and it is thus closely related to the much
weaker interatomic Auger processes reported previously
[6—8]. Resonant processes must be summed coherently
over several Mn neighbors of the emitter [see Fig. 1(b)].
A first e§t|mate from such a theoretical treatment gives alyi 1. schematic representation of multiatom resonant pho-
energy-integrated effect of 2.5%, or about 4 times less thagemission (MARPE) in MnO. (a) Qs photoemission takes
the 11% of experiment [1]. This analysis also suggeste@lace via two different interfering channels: direct emission
that the influence of a given resonating atom should die offthin solid arrow) and emission assisted by the excitation
as roughlyl/R3, if R is the distance from emitter to this of Mn 2p—Mn 3d (thick solid arrow) with subsequent inter-

t H th del d . v did not atomic autoionization (broken arrows) due to electron-electron
atom. Fowever, (he model used previously did Not Pelinteraction (dashed line). (b) The resonance involves coherent
mit treating the precise many-electron states and energiggidition over several Mn sites in the solid situatecdRatwith

involved, and so could not predict the form of the spectrakespect to O.

Mn3d
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photon excitation and autoionization are included, and the .,; _ e’ kRl (] _ g2 p
distance dependence of the effect is assessed in more A! IR; +r; — 1yl hy?1 " 02
detalil. (5)

We begin with a muffin-tin model for which all final-

state photoelectron scattering is neglected, with suchescribes the interaction between electron 1 of coordinate
scattering effects to be added later. The intensity of the; relative to the O emitter and electron 2 of coordinate
photoelectron then is r; relative to thejth resonating Mn atom. The first term

5 infsiﬁle the p;arenth?jses _d_escril:;]es the rr]etarded (ijnteraction

Syl () of the two electron densities, whereas the second- r,
%Yl“(k)l e My | > (1) accounts for the retarded interaction of the two currents
associated with the transition [9,10].

wherek is its wave vectorgg(r) is its wave function A multipole expansion of Eq. (5) that should be valid for
at the detectory),, is a spherical harmonidz§+)(kr) isa .72 <¥R; (i.e., for atoms other than nearest neighbors)

1(k) = [pg(r)] o

spherical Hankel function, and has 'been perform_ed. Only dipole-dipole terms have been
retained, since this analysis shows that higher-order con-
Mg, = (Elp,0 1s|T|g) (2) tributions account for less than 5% of the total interaction.

Thus, the effective interaction can finally be reduced to
is the matrix element describing the transition from the 5
many body ground statgg) to the final state with a v/, ~ £12 ikuk ' giy (3)Y5 (#,), (6)
photoelectron|Elu) of energy E = h%k?/2m and an Al R} MZM papet o e
O 1Is hole. The transition matrif is given by [5] ,

whereBi., 1, are second-order polynomials i, R ;.

T=v0, + sz{‘;l lm, j){m., | . i ~ Inserting Egs. (3), (4), and (6) into Eq. (2), and focus-
P hw + E; — E, + il',/2 ing on the MnO case discussed above, one finds
(3) MEl,u = A<E1|I‘|O 1S>51’1
where V2, is the interaction of the radiation with the
emitter,Vr{ld is this interaction with the resonating atgm X ; €2 (Y1ulY12Yoo)
Va1 is the autoionization interaction between the emitter
and atomj, E, is the ground state energy, and the sums - Z YY1, Yo  F s @ p > (7)
are over both Mn neighborsand their intermediate many e

body stategm, j) of energyE,, and widthI’,,. where the magnitude of the resonance is dictated by a

Relativistic retardation effect; are significgnt in theproduct of a structure-factor type of sum over Mn sites
present context due to a combination of relatively large

photon energiedio (= 640 eV for Mn 2p—Mn 3d in _ ;
MnO) and the interatomic character of the Al process. For Fuipw = Z By, R3 (8)
example, the phase change experienced by such a photon ! !

which has traveled across the nearest-neighbor O-Mn digind the MA* polarizability tensor

tanced = 2.23 Ais wd/c =~ 42° in MnO. As a conse- .

quence, the dipole approximation will be valid only within o = -2 (glrYiy,lm)(mlrYi,lg)
the extension of each atomic orbital, but different phase Hak — hw + E; — E,, +il',,/2°
factors have to be included for different atoms, so that

ei(khpRj"'khu'Rj)

(9)

The dependence of the intermediate stateg bias been
dropped, since they have been approximated by their
uniform bulk form, thus neglecting surface effects. The
one-electron radial matrix element of ® photoemission
whereR; is the position of atony relative to the emitter, appears as an overall factor in Eq. (7), so that it is not
k;, is the wave vector of the lighk is its polarization relevant to the relative magnitude of MARPE.
vector with components,, r is the electron coordinate  The polarizabilityx,,), has been obtained using a con-
relative to the atom nucleus, antl is a normalization figuration interaction scheme for a central ¥Mnion sur-
constant. A rounded by six @ ions in an octahedral cluster, as used
Similarly, the autoionization interactiois; requires in prior SARPE analyses (see Ref.[5] for further de-
going beyond the usuaf/R description used in SARPE tails). Thus, the polarization of nearest-neighbor electronic
[5]. The fully relativistic Mgller formula used previously charge around intermediate states with a 3nhole is
in high-energy Auger theory [9] has been adopted for theaccurately included. The widtHs,,, coming from domi-
Al interaction here, so that nant intra-atomic Coster-Kronig decay of the intermediate

Vig = Ar - & R = A - Ny, (0)ey MR (4)
A
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states, have been taken to be constani.§ eV). More- N AR ' '
over, an average over orientations of Mn magnetic mo- 004} (@)
ments has been performed, since the experiment was done

. Theory: Im{a}

above the MnO Neel temperature, and thusg,, can | Theory:  f E ) i
. . d xp. (Butorin ez al.):
be approximated by the average quantty,,,, where o002 Refay % absorption cocfficient |
@ = (a—j—1 + ag + ay1)/3. The calculated x-ray ab- ' / Mn2p
.... 12

sorption profile, given bym{a}, is in good agreement with
experiment [11], as shown in Fig. 2(a). In additi®e{a’}
shows characteristic sign variations around the resonance,
and agrees excellently with a Kronig-Kramers analysis of
the experimental absorption coefficient [1].

A small imaginary part has been added to the photon
wave vector in bothV;,; and Vi; to account for inelas-
tic attenuation of the incoming radiation at the Mp
edge. This is related to the polarizability ig, = (1 +
27na)w/c [2], wheren is the density of Mn sites, and it
yields an attenuation length e£148 A at the Mn2p;,
resonance maximum in MnO, in reasonable agreement
with values inferred from experiment [1].

Multiple scattering effects on the photoelectron have
finally been incorporated using an exact Green-function
cluster formalism [12]. Usind/g;, as input, the photo-
electron wave functiowpy (r) is constructed in the far-field
r — oo limit as the superposition of spherical outgoing di-
rect and scattered waves like those of Eq. (1) and centered
around various atoms (emitter plus scatterers). Clusters of
153 atoms distributed over 5 layers have been used, with
an electron inelastic mean free path of 4 A and an inner po-
tential of 25 eV [1,13]. Emitters situated in the first 5 lay-
ers have been summed over, with the MARPE summation oo, opeoryim=o
over Mn sites in Eq. (8) being performed for the full semi- 635 640 645 650 655
infinite solid using methods described elsewhere [14,15]. Photon Energy (eV)

The results of our calculations of the MARPE effect S _
for two different measurement geometries are shown iff!G: 2. (&) Real (dashed curve) and imaginary (solid curve)

. : . parts of the average polarizability of ¥nin MnO, calculated
Figs. 2(b) and 2(c). Plotted is the quantitylo, where using a configuration interaction scheme [5], as compared with

| is the actual Ols intensity andly is the nonresonant the experimental absorption coefficient [11] and its Kronig-
background under it. Curves are shown for both a fullkKramers transformation (dotted curves). (b) Enhancement in
sum over all Mn atoms, and a sum limited to a dis-the Ols photoelectron intensity emitted along the normal of
tance ofpd = 10d = 22 A from the emitter. The pre- 2 MnO(001) surface illuminated with linearly polarized light

. . incident at an angle o20° with respect to the surface. The
dicted enhancements follow quite closely the shape of th olarization vectore lies in the plane containing100] and

x-ray absorption profile, showing little evidence of the [o1]. The experimental result [1] (dotted curve) is compared
constructive-destructive interference patterns that are owith theoretical curves for a full sum over all Mn atoms in
ten seen in so-called Fano profiles [2], in agreement wittgach plane (solid curvey = =) and for a sum only out to
experiment [1]. In general, the limited sum agrees bettefO nNearest-neighbor distances (dashed cupve; 10). (c) The
with experiment as to both peak positions and intensities;2M€ S (b) for an incidence angle4of .

suggesting an effectively more rapid convergence with ) i , o ;
distance in experiment. In magnitude, there is also excel- Results obtained using different approximations/iq

lent agreement for the geometry in Fig. 2(b) for an x-ray2'€ illustrated in Fig. 3(a). The nonretarded approxi-
incidence angle 020°, although in Fig. 2(c) the principal mation, consisting of setting;, = 0 in Vyq and Va;

Mn 2p3,, peak is predicted to be too weak by a factor[Egs. (4) and (5)] gives a sizable result (dash-dotted
of 2 for an incidence angle af0°. The possible reasons curve), yet significantly lower in magnitude than the mea-
for this discrepancy are inaccuracies in our treatment ofured effect and of different shape. The results obtained
nearest-neighbor effects and thel©hole state, multiple using the full Mgller expression (solid curve) are very
scattering, and resultant phase averaging and screening $milar to those obtained by keeping only the second
the interaction (much enhanced at the resonance), and n@rm inside the parentheses of Eq. (5) (dashed cerve
glect of atomic vibrational motion. “current-current” approximation), so thati; « r; - r»,

0,00

Polarizability (A%)

P .
P vtiad ~_-”

i/ Exp.: Kronig-Kramers trans.
L

0,02 |H—— -+ — :
-

O1s Intensity (arb. units)
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————————— : Mn atoms withinnd of each emitter are included. Near-
est and next-nearest neighbors are seen to be capable of

Mn2p,,

full interaction
producing a sizable fraction of15% of the effect, with
""""" current-current only | nearly full convergence being reached at abqut 10
................ 1-2 Re{F 0.} (i.e., 22 A away), which in view of our approximations
] is probably a realistic estimate of the maximum MARPE
"""""""" nonretarded ) range in MnO. The falloff in influence of resonating
atoms is found to vary roughly ak/R? for small dis-
Mn2p,, . tances, and much more rapidly for larger distances.
In summary, the theory of MARPE presented here has
I : N permitted explaining both the magnitude of the effect and
1.6 ' the shape of the resonance enhancement. It has also been

shown that retardation effects are relevant in the under-
] standing of the phenomenon, owing to a combination of
relatively large transition energies and interatomic dis-
tances. The interatomic autoionization decay is dominated
. by the interaction between the dipole currents induced in
] each of the atoms. The range of the effect has also been
estimated more quantitatively. Future calculations with
- more accurate treatment of some of our approximations
should improve the description of MARPE and further as-
sist with various applications of this new phenomenon.

1.5

1.4

O1s Intensity (arb. units)

1.3

] 7|
ool MEIN=2 : . Discussions with E. Arenholz, A. Kay, S. Hiufner,
635 640 645 650 655 S. Mun, and A. Tanaka are gratefully acknowledged.
Photon Energy (eV) This work was supported by the U.S. Department of

Energy, under Contract No. DE-AC03-76SF00098, the

' (TS University of the Basque Country, and the Spanish
from MnO calculated under the same conditions as in Fig. 2(b} . . . . - .
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curve): current-current approximation to the electron-electrorNO. FU-98-22726216).
interaction, consisting in neglecting the first term inside the
parentheses of Eq. (5) (dashed curve); result of neglecting the
squared termiF&|? in Eq. (10) (dotted curve); and nonretarded
approximation (dash-dotted curve). (b) MARPE enhancement
of O 1s photoemission arising in spheres centered on emitters
summed over different layers up to tih, under the same
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FIG. 3. (a) MARPE enhancement in B photoemission
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