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Multiatom resonant photoemission
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We present experimental and theoretical results related to multiatom resonant photoemission, in which the
photoelectron intensity from a core level on one atom is influenced by a core-level absorption resonance on
another. We point out that some prior experimental data has been strongly influenced by detector nonlinearity
and that the effects seen in new corrected data are smaller and of different form. Corrected data are found to
be well described by an extension of resonant photoemission theory to the interatomic case, provided that
interactions beyond the usual second-order Kramers-Heisenberg treatment are included. This microscopic
theory is also found to simplify under certain conditions so as to yield results equivalent to a classical x-ray
optical approach, with the latter providing an alternative, although less detailed and general, physical picture of
these effects. The potential utility of these effects as near-neighbor probes, as well as their implications for
x-ray emission and x-ray scattering experiments, are also discussed.
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I. INTRODUCTION

In several recent papers by our group,1–5 it has been sug-
gested that photoemission associated with a certain core
tronic level of a given atom ‘‘A’’ can be significantly en-
hanced in intensity by tuning the photon energy throu
core-level absorption edges of a near-neighbor a
‘‘ B.’’ The apparent enhancements seen in experimental
for several metal oxides ~e.g., MnO, Fe2O3, and
La0.7Sr0.3MnO3!,

1,2 as well as in a series of Cr/Fe alloys an
bilayers3b were very large, ranging up to 40–100% of th
nonresonant intensity, and they were furthermore obser
to follow closely the x-ray absorption coefficient of atomB
in shape.1–3 The effects observed have been termed mul
tom resonant photoemission~MARPE! to distinguish them
from the better-known intra-atomic single-atom reson
photoemission~SARPE!. Similar effects have also been re
ported in other transition metal compounds6 and in
adsorbates7 by other groups. Analogous and presumed
lated enhancements also appeared to be present in the
ondary decay processes of Auger electron and fluores
x-ray emission, again tracking very closely the x-ray abso
tion coefficient in form.4 A theoretical model based on a
extension of normal SARPE theory has also been prese
to describe these results, and the first comparisons of ca
lations based on it yielded encouraging agreement w
experiment.5 The potential utility of such effects for studyin
near-neighbor atom identities and bonding have also b
pointed out.1–4 Independent of this work oncore-coremul-
tiatom resonant photoemission, other groups have repo
the enhancement ofvalencephotoemission intensities prima
rily associated with emission from a certain atomA upon
tuning the photon energy through the core-level absorp
edges of a nearby atomB, with this work including measure
ments near solid-solid interfaces8,9 and on a free molecule.10

No attempts have as yet been made to theoretically m
0163-1829/2001/63~11!/115119~10!/$15.00 63 1151
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this latter type of valence-core MARPE effect.
In this paper, we first point out that the measurement

the core-core multiatom resonant photoemission effects m
tioned above ~or indeed any resonant-or nonresona
photoemission effect! must be carried out with extreme ca
to avoid nonlinearities in the electron detector response,
illustrate these effects by carrying out corrections on a f
representative data sets for O 1 s emission from MnO in
resonance with the Mn 2p excitations. The corrected resul
are found to show significantly smaller MARPE effects
photoelectron intensities, with shapes now considerably
ferent from the x-ray absorption coefficient. In addition, th
oretical calculations based on the previously discussed
croscopic model,5 and on a simpler classical theory of x-ra
optics11 are presented and found to yield excellent agreem
with the remaining experimental effects, thus clarifying t
physics involved. We also comment on the implications
this work for other recent core-core and valence-c
MARPE measurements,6–10,12,13as well as for x-ray emis-
sion4,14 and x-ray scattering experiments.

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

All photoelectrons were analyzed in energy and detec
with a Scienta ES200 electron spectrometer system,15a as
situated either on a bend-magnet beamline15b ~9.3.2! or an
undulator beamline~4.0.2! at the Berkeley Advanced Ligh
Source. The final multichannel detection system used is
provided as part of the standard equipment by the manu
turer: a microchannel plate multiplier followed by a pho
phor screen at high voltage in a vacuum, and a char
coupled device~CCD! video camera outside of the vacuu
to finally convert light pulses into counts. We have opera
this detector in the ‘‘greyscale’’ or ‘‘analog’’ mode in which
an integrated CCD charge is used for counting, rather tha
the alternate ‘‘black-and-white’’ or ‘‘digital mode,’’ in
©2001 The American Physical Society19-1
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which individual pulses are counted. The detector has in
dition been used as delivered and installed by the manu
turer; thus, the discriminator setting was left at its reco
mended value at setup. This spectrometer and dete
system is furthermore the same as that used by some o
groups attempting to measure multiatom resonant ph
emission effects.6,7 We have in the present study calibrat
our detector system in both analog and black-and-w
modes by using a standard x-ray tube with a continuou
variable emission current at a fixed high voltage, verifyi
initially that the total electron current from the samp
tracked linearly with the emission current: thus, the emiss
current is directly proportional to the x-ray flux incident o
the sample. The general methodology for this calibration
the final correction of spectra is discussed elsewhere,16,17and
in one case, discussed together with previous data for a s
lar electron detection system.16

III. RESULTS AND DISCUSSION

In Fig. 1~a! and its inset, we show the measured~dashed
curve! vs ideal or ‘‘true’’ ~straight line! response of this de
tector as used in analog mode over a countrate range s
ning 0 to 500 Hz in a typicalx-y pixel of the approximately
70 000 pixels in the CCD camera used in normal operat
We have verified that all spatial regions of the detector
have in essentially the same manner,17 so the performance
shown can be applied over the entire active region. The in
makes it clear that there is curvature in the response, w
falloff and incipient saturation being seen as the countr
increases. Although one might then expect linearity for
lowest countrates, the blowup of the 0–20 Hz region~the
maximum used in all of our measurements to avoid fall
and saturation! shown in the main figure makes it clear th
there is still significant nonlinearity, including what is foun
to be a quadratic component as compared to an ideal det
with linear response that we define to be equal to that of
real detector in the limit of zero countrate~solid line of the
unit slope in the figure and inset!. For reference, the 20 H
per pixel rate would correspond to a global countrate of
MHz ~before a ‘‘multiple counting’’ divisor introduced by
the manufacturer’s software is applied! for the entire useable
portion of the detector phosphor and if the phosphor w
evenly illuminated.

Thus, although measured and true rates can be co
niently defined to yield the same unit slope as countrates
to zero, the measured rates deviate significantly from line
ity, showing quadratic overcounting over the full range
our earlier measurements. Almost identical quadratic effe
were also found in the black-and-white mode, although t
mode was not used in our measurements.17 An additional
effect of such quadratic overcounting is the narrowing
broadening of the photoelectron peaks in energy as a h
intensity resonance is passed, depending on which portio
the nonlinear response a given photon energy scan occu
and we have in prior work1–4 also used the additional crite
rion of constant peak width over an energy scan to try
minimize nonlinearities. However, this criterion of consta
peak width proves to be inadequate for avoiding spuri
11511
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effects on peak intensity measurements. Using methods
scribed in detail elsewhere,16,17 the detector response curv
in Fig. 1~a! can be turned into an efficiency, and the inver
of this efficiency then used to correct individual spectra in
point-by-point fashion. Although it is possible that adjustin
the discriminator setting on the detector could reduce th
nonlinearities, several other groups appear to have enc
tered the same type of nonlinearity with the standard ma
facturer’s settings.6,7,18 It has also been suggested that
change in the CCD camera might improve this behavio19

and this is another direction for future investigation.
Both uncorrected~as measured! and corrected~‘‘true’’ !

spectra are shown in Fig. 1~b! for O 1s emission from MnO,
where the photon energies of 637.6 and 640.2 eV have b
chosen to be just below the strong Mn 2p3/2 resonance and
just on this resonance, respectively.1 Because of the signifi-
cantly increased background level associated with secon
decay processes and inelastically scattered electrons ar
from the Mn 2p3/2 absorption, which in turn forces the de
tector countrate further up its nonlinear response curve,
correction procedure acts to a greater degree on resona
Thus, the intensity on resonance is artificially enhanced
fact, in order to decrease these nonlinear correction effec
negligibly low levels, we have found in data not shown he
that the countrates had to be lowered by another orde
magnitude from our prior typical operating points, or
about 2 Hz per pixel.17

In Fig. 1~c!, we now show uncorrected and corrected
1s intensities, measured as areas by fitting analytical p
shapes plus backgrounds to spectra such as those in
1~b!, as a function of photon energy, with curves such
these being discussed previously in terms of multiatom re
nant photoemission.1–4 It is clear that the uncorrecte
MARPE scan follows very closely the previously publish
x-ray absorption curve for MnO in the Mn 2p3/2 region,1–3

which we also show in Fig. 1~c! as derived from the inelastic
electron background under the O 1s spectra,1 with about a
32% enhancement of intensity of the O 1s intensity at the
Mn 2p3/2 peak.1–4 However, the corrected MARPE sca
shows a much smaller effect of about 12% in overall exc
sion, and also of a much different form, being negative j
below the resonance and then going positive. In data
tained at other x-ray incidence angles over the range
5–30°,17 we have also found that these corrected effects
strongly dependent on angle, being largest for more graz
x-ray incidence angles, such as the analogous results for
shown in Fig. 1~c!, which exhibit about 37% overall excur
sion, and quickly decaying in magnitude as this angle is
creased. We estimate our overall systematic error in the
rected spectra as62%, with some channel-to-channe
statistical scatter around this.

As a final point on this correction, it appears that, w
constant UHV conditions of operation, the correction fun
tion does not change significantly over a period of mont
with older data obtained via the same detector setup show
reasonable correctability. However, the correction funct
should in any case be checked frequently to avoid any d
with time.

It is thus clear that detector nonlinearity can have a d
9-2
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FIG. 1. ~a! The measured response function of our multichannel detection system~dashed curves!, as plotted against the linear referen
of an ideal detector~solid lines!. The ordinate is measured counts per energy pixel, and the abscissa is proportional to the ‘‘true cou
expected, which is in turn proportional to the emission current of the x-ray tube and, thus, incident x-ray flux. The inset shows the s
of plot over a much broader countrate range. The solid lines for the ideal detector are chosen to asymptotically agree with the slo
measured curve at the lowest countrates, although the final corrected results in~b!–~d! do not depend on this choice of reference.~b! O 1s
spectra from MnO~001! off resonance~photon energyhn5637.6 eV! and on resonance (hn5640.2 eV) are shown before~dashed curves!
and after~solid curves! applying the correction for detector nonlinearity. The inset shows the experimental geometry, with x-ray inc
for this case atuhn520° and electron exit along the surface normal atue590°. The radiation is linearp-polarized, with the electric field
vectore lying in the plane of the figure.~c! O 1s intensities derived from fitting analytical peak shapes to uncorrected~dashed curve! and
corrected~solid curve! spectra such as those in~b! as a function of photon energy over the Mn 2p3/2 absorption range and still foruhn

520°, ue590°. Also shown in the bottom of the panel is the Mn 2p3/2 absorption coefficient, as measured via the inelastic backgro
underneath the O 1s peak.~d! As ~c!, but for uhn510°, ue590° and extending over the full Mn 2p3/2,1/2 range. The countrates here we
actually higher than in~c!, but spanned a smaller portion of the detector dynamic range, and hence, the corrections are smaller in ma
~e! As ~b!, but with a broader energy range that clearly shows the oscillation associated with scanned-energy photoelectron diffra
s
u-
f
ts,

lope
ell
gth
ent
matic effect on such measurements, with the solid curve
Figs. 1~b!, 1~c!, and 1~d! now representing much more acc
rately any effects beyond a simple one-electron picture o
1s emission from MnO. Without such interatomic effec
11511
in
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one should observe a simple smooth curve of negative s
over this region in energy due to a combination of subsh
cross section and electron inelastic attenuation len
variation,11,20 as perhaps modulated by energy-depend
9-3
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A. W. KAY et al. PHYSICAL REVIEW B 63 115119
photoelectron diffraction~PD!.17,21 The effects of scanned
energy photoelectron diffraction are in fact clearly shown
Fig. 1~e!, which represents a broader energy scan for
same experimental conditions as in Fig. 1~c!. Here, the long-
wavelength oscillation with a maximum at;634 eV has
been verified via theoretical calculations to be due to
effects.17

We also note that, in addition to affecting photoemiss
results, prior measurements of secondary Auger and x
emission effects4 also appear to have been strongly infl
enced by such detector nonlinearities, for the former, jus
for the photoelectron case due to the identical instrume
tion, and for the latter via an x-ray absorption coefficie
necessary for a self-absorption correction that was meas
via secondary electrons in the same electron spectrome

Beyond the particular case of MARPE considered he
we also point out that such detector nonlinearities need to
corrected for and/or minimized in any use of this detec
system for quantitative peak intensity analysis, as any c
parison of intensities obtained over a range of countra
even in a single spectrum, can be significantly altered
these effects.

IV. THEORY AND DISCUSSION

A. Interatomic resonant photoemission model

We now consider several levels of theory in order to e
plain the remaining effects that link the O 1s intensity to the
Mn 2p absorption process as seen in Figs. 1~c! and 1~d!, first
considering these effects via a prior microscopic many-b
theoretical treatment of MARPE based on a resonant ph
emission model,5 and then showing that this approach can
successively simplified for the case at hand to yield res
essentially identical to those from classical x-ray opti
theory. Focusing still on the case of O 1s photoemission
from MnO~001! and the system initially prepared in it
many-body ground stateug&, the contribution of the direct o
unscattered wave function to the photoelectron intensity
be written

I ~k!}ufk
0~r !u2}U(

lm
Ylm~ k̂!i 8hl

~1 !~kr !MElmU2

, ~1!

wherek is the photoelectron wave vector,fk
0(r ) is the wave

function at the detector,Ylm is a spherical harmonic
hl

(1)(kr) is a spherical Hankel function, and

MElm5^Elm,O1suTug& ~2!

is the matrix element describing the transition to the fi
state with a photoelectronuElm& of energyE5\2k2/2m and
an O 1s hole. Final-state photoelectron diffraction effec
can also be incorporated in this model by usingMElm as
input for self-consistent multiple-electron-scattering eq
tions.22

The transition matrixT can be conveniently expanded in
power series with respect to the perturbation of the radia
field V. One then has23

T5V1VG0V1VG0VG0V1•••, ~3!
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whereG0 is the Green function of the unperturbed solid.
we keep only terms up to second order inV, the part of Eq.
~3! that makes a nonzero contribution to Eq.~2! reduces to
the well-known Kramers-Heisenberg formula for resona
photoemission24

T5Vrad
0 1(

j ,m
VAI

j um, j &^m, j u
\v1Eg2Em1 iGm/2

Vrad
j , ~4!

whereVrad
0 is the interaction of the radiation with the emitte

Vrad
j is the interaction with the resonating atomj, VAI

i is the
autoionizing Coulomb interaction between the emitter a
atom j, Eg is the ground state energy, and the sums are o
both Mn atomsj and their intermediate many-body stat
um,j& of energyEm and widthGm . We have here neglecte
exchange-type interactions via two-electron autoionizat
processes likêElm;guVAI

j um, j ;O1 s& that would lead to a
greater overall similarity with the coulomb-plus-exchan
matrix elements describing an interatomic Auger proce
but such processes should be negligible for non-nea
neighbors and small for nearest neighbors due to their s
dependence on nonzero orbital overlap. Such orbital ove
is not required for the Coulombic term we have includ
here,1,5 which is associated with two-electron processes l
^Elm;guVAI

j uO1s;m, j &. A fully general theory of MARPE
should include these exchange effects however. We
point out that the connection between MARPE and an in
atomic Auger electron emission is primarily formal, since t
same sorts of matrix elements are embedded in the exp
sions describing both. However, the overall processes
fundamentally different.

We now note two special points that have been cons
ered previously:5 Retardation effects must be considered
the interaction with the external radiation and in the autoio
ization interaction@see Eq.~4! in Ref. 5#, and the interatomic
autoionization interaction must be generalized to the fu
relativistic Mo” ller formula used previously in the high
energy Auger theory25,26@see Eq.~5! in Ref. 5#. At this level,
the treatment should be capable of describing all ma
electron interactions up to second order in the perturba
via Eq. ~4!, or up to arbitrary order via Eq.~3!, including
those for nearest neighbors with the greatest overlap and
enhanced many-electron interactions with the emitting ato

If we now sacrifice some accuracy in describing neare
neighbor behavior, the autoionization interaction can be c
veniently expanded in multipoles that should be valid
resonator distances from the emitterRj@r 1 ,r 2 , where r 1

andr 2 are electron-nuclear distances and are of the orde
the relevant dimensions of the two core orbitals involv
~here O 1s and Mn 2p!. With these assumptions, and th
further neglect of multipoles higher than dipoles, the effe
tive interaction can be reduced to the following, in whic
several quantities are written out more explicitly than in pr
work5
9-4
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VAI
j 'e2r 1r 2 (

m1m2

Fm1m2

Rj Y1m1
~ r̂1!Y1m2

* ~ r̂2!, ~5!

where

Fm1m2

R 5
24pk3

3
Fdm1m2

2p
h0

~1 !~kR!1h2
~1 !~kR!Y2m22m1

~R̂!

3^Y1m2
uY2m22m1

Y1m1
&G ~6!

and the bracket represents a Gaunt integral with stan
normalization.27 Equations~5! and~6! can also be derived in
a more rigorous way using nonrelativistic quantu
electrodynamics,22,28,29where Eq.~6! is found to be simply
proportional to the Green function of the photon field in t
transverse gauge,28 and the remaining short-range longitud
nal Coulomb coupling is neglected.29

Combining results, we now find, in slightly different no
tation form, but equivalent meaning to that in Ref. 5

ME1m5A^E1ur uO1s&d1,1(
l

«l
eff^Y1muY1luY00&

5A^E1ur uO1s&d1,1«m
eff/A4p, ~7!

whereA is a light-intensity normalization constant,

«l
eff5«l2 (

l8m2

Flm2
am2l8«l8 ~8!

is now the effective polarization vector that includes the
fect of x-ray scattering at the Mn sites, and the magnitude
the resonance is controlled by a product of a structure-fa
type of sum over Mn sites

Flm2
5(

j
Flm2

Rj eikhn•Rj , ~9!

and the Mn21 polarizability tensor,

am2l852
4pe2

3 (
m

^gurY1m2
* um&^murY1l8ug&

\v1Eg2Em1 iGm/2
. ~10!

The form for the polarizability given here makes it clear th
it is directly related to the usual description of resonant p
toemission in Eq.~4! and Ref. 24.

The polarizability has been calculated using a configu
tion interaction scheme for a central Mn21 ion surrounded by
six O22 ions in an octahedral cluster,5,24 with interaction pa-
rameters derived previously from fits to both SARPE a
x-ray absorption data, and an average over orientation
Mn magnetic moments, since the experiments have been
formed above the MnO Ne´el temperature. In addition,am2l8
can be well approximated by a quantity averaged over d
onal elements, asādm2l8 , where ā5(a21211a001a11)/

3.5 The above equations were used in Ref. 5 to calculat
1s intensities. However, all resonant contributions to the
1s intensities@i.e., the second term in Eq.~4!# were incor-
rectly multiplied by an extra factor of24 in the computer
11511
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calculations. Here, we present corrected theoretical res
from this model, as well as results going beyond the ear
approximations used by considering higher-order inter
tions in Eq.~3!, and also compare these two sets of results
a theoretical approach based on more standard x-ray op
theory.

In Fig. 2~a! we compare experimental and theoretical
sults for the O 1s intensity as a function of photon energ
and for light incident at an angle of 10° with respect to t
surface. The connected points represent the corrected ex
mental results from Fig. 1~d! and the thin solid curve the
theoretical results based on Eq.~3! above. The experimenta
data show a steeper negative slope than the theory as en
is increased, that we have verified by measurements and
culations, to be due to a combination of decreasing pho
electric cross sections and strong modulations due to ph
electron diffraction@cf. Fig. 1~e!#,17 both well-understood
effects.20,21 If this difference in slope is allowed for, the
agreement between experiment and theory is qualitativ
good, although the amplitude of the intensity modulations
too small by a factor of 2–3 in theory. Now, going beyon
this level of microscopic theory, we note that the remaini
terms in the series expansion~3! describe processes in whic
an incoming photon is scattered by more than one Mn a
before it reaches the O emitter. In particular, they incorp
rate higher-order Mn-Mn interactions via the Mo” ller
formula.5,25,26 This gives rise to extra terms in the effectiv
polarizability of Eq.~7!, which now becomes

«l
eff5«l2ā(

l8, j

F
ll8

Rj eikhn•Rj«l8

1ā2 (
l8l9, j j 8

F
ll9

Rj F
l8l9

Rj 2Rj 8eikhn•Rj 8«l91•••, ~11!

where the first two terms are the same as in Eq.~8! after
approximating the polarizability by the average scalarā.
This series can be summed up to an infinite order for a s
formed by a finite set of atomic planes,22 and a semi-infinite
medium can be simulated by using a sufficiently large nu
ber of layers. The result obtained in that case for the Os
intensity is shown in Fig. 2~a! as a solid curve. The new
terms in Eq.~11! bring the theoretical result much closer
the experimental one, making it evident that it is essentia
include what is in effect multiple scattering of the incomin
radiation in order to accurately describe such strong s
x-ray resonances. To our knowledge, this point has not b
made before in discussing such resonances.

B. Relationship to an x-ray optical „dielectric… model

We now consider the relationship of this microscop
many-body theory to another related theoretical method
dealing with such effects: an x-ray optical approach based
Maxwell’s and Fresnel’s equations, as described in de
elsewhere.11,30 Equation~11! involves sums over Mn posi
tions in the MnO crystal. However, the details of the atom
structure of the Mn sublattice should be irrelevant in t
limit of long radiation wavelengthslx for which phase shifts
along the scattered paths can be neglected. In this limit,
9-5
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FIG. 2. ~a! O 1s intensity from MnO~001! as a function of
photon energy and foruhn510°, ue590°: experimental data~con-
nected points! are compared to theoretical curves calculated us
Eq. ~8! ~thin solid line, second-order microscopic many-bo
theory5single radiation scattering!, Eq. ~11! ~thick solid line,
infinite-order microscopic theory5multiple radiation scattering!,
and x-ray optical dielectric theory based on Eq.~15! and the experi-
mental constants shown in~b! ~dashed curve!. ~b! The x-ray optical
constantsd and b of MnO over the Mn 2p absorption region, as
derived from microscopic many-body theory~dashed curves! and
from experiment with corrected data for the absorption coeffici
m and Kramers-Kronig analysis.~c! Calculations of the O 1s inten-
sity as a function of photon energy based on the experimental
tical constants in~b! and Eq.~15! from x-ray optical theory. Curves
are shown for various x-ray incidence angles. The inset shows
normalized magnitude of the negative-to-positive excursion in p
cent as a function of x-ray incidence angle, as calculated u
x-ray optical theory~solid points! and as measured in this stud
~large open circles!.
11511
~11! can be shown to reduce to the polarization vector
rived from a macroscopic dielectric description based up
Maxwell’s equations, in which the solid is represented by
local frequency-dependent dielectric function« that is related
to the atomic polarizability as«5114pnMnā, wherenMn is
the density of Mn atoms. This relationship between« and ā
can be derived from the Clausius-Mossotti relationship w
the assumption that«'1, as is reasonable in the soft x-ra
region. More specifically, for the case of the Mn2p reso-
nance in MnO, the ratio of the wavelength to the Mn-M
nearest-neighbor distance is'6.1. Therefore, one would ex
pect reasonable results to come out of the macroscopic
scription. We have here also implicitly assumed that the
atoms contribute only a small amount to the total polariza
ity in the vicinity of the Mn 2p resonances.5,22,30b,31

Thus, an alternative, although more empirically oriente
approach for calculating such effects is to derive the ener
dependent x-ray optical constantsd(hn) and b(hn) in the
index of refractionnr5A«512d1 ib ~Ref. 32! by measur-
ing the absorption coefficientm(hn)54pb(hn)/lx over the
edges in question~here, Mn2p!, matching it in the nonreso
nant region to accurate theoretical and/or experime
data,30b,31 and then using a Kramers-Kronig analysis to d
rive d. These two parameters, as derived experimentally
this study, are shown as a function of photon energy in F
2~b! ~solid curves!, where they are compared also to th
same parameters as derived from the parameterized m
body model~dashed curves!. The measuredb has been fully
corrected for the inelastic attenuation of the outgoing s
ondary electrons used to measure it via a set of meas
ments at varying takeoff angles;17,33 taken together with the
corrections for detector nonlinearity, we thus believe that t
curve, and the associatedd values, are within;1–2% of the
true values. However, such absorption coefficient meas
ments need to be made with care, so that neither the m
surement method~e.g., partial yield, total yield, fluorescenc
collection angle! nor nonlinearity in the detector distorts th
final curves. The agreement between experiment and th
here is very good, with more fine structure in experiment,
expected. Note also that the variation in the experimenta
1s intensity in Fig. 2~a! about a mean value follows ver
closely the behavior ofd, a point to which we return below
Proceeding now via the Fresnel equations to calculate
photoemission intensity as a function of photon energy
can be shown that, forp-polarized radiation incident on a
planar surface from vacuum withn51, and for a conducting
or nonconducting, but nonmagnetic, reflective medium,
ratio of the complex electric field magnitude just below t
surface@E(z501)# to the incident complex field magnitud
just above the surface in vacuum@Evac

inc(z502)# is given
by

t[
E~01 !

Evac
inc~02 !

5
2 sinuhn

sinuhn8 1nr sinuhn

, ~12!

where z is the coordinate perpendicular to the surface a
uhn8 is the complex angle of propagation below the surfa
again measured relative to the surface.uhn8 is further related
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to uhn via Snell’s Law: cosuhn5nr cosuhn8 , with uhn real. The
complex character ofnr also implies thatE attenuates withz
only according to exp@2Im(k8zsinuhn8 )#, where k8 is the
complex propagation wave vector inside the medium a
equal to 2pnr /lx , andlx is the wavelength of the radiation
Normalizing the electric field inside the medium to the in
dent field just above the surface then gives for the elec
field strength at depthz relevant for photoemission

uE~z!u25utu2 exp~2Im$4pnrz sinuhn8 /lx%!. ~13!

The photoemission intensityI (hn) can now be obtained by
introducing the energy-dependent differential photoelect
cross sectionds/dV appropriate to the experimental geom
etry ~which may in general also include the effects of ph
toelectron diffraction!, the energy-dependent inelastic atten
ation length for electronsLe , and integrating overz as

I ~hn!}
ds

dV
*0

`uE~z!u2 expS 2
z

Le sinu Ddz, ~14!

where we have not included factors of atomic density a
solid angle acceptance of the analyzer that will be cons
over an energy scan. Substituting Eq.~13! into Eq. ~14! and
integrating then yields finally

I ~hn!}
ds

dV
~hn!

3
ut~hn!u2

Im$4pnr~hn!sinuhn8~hn!%

lx~hn!
1

1

Le~hn! sinu

,

~15!

which is a completely general formula for photoemissi
intensity from a conducting or nonconduction, nonmagne
semi-infinite substrate, with all dependences on energy
plicitly indicated. Making use of Eq.~15! and the experimen
tal values ford and b in Fig. 2~b!, we arrive at the dashe
curve in Fig. 2~a!, which is in excellent agreement with ex
periment, including all aspects of the fine structure. A sim
degree of agreement is also found for other incidence an
uhn .

This x-ray optical approach furthermore exhibits on
small differences in fine structure with respect to the mic
scopic description based upon Eq.~11!. These differences ar
due to differences ind andb between theory and measur
ment@cf. Fig. 2~b!# and perhaps also to the fact that only t
Mn polarizability has been considered in the microsco
theory, thus neglecting the small contributions from nonre
nant O scattering over this energy range.30b,31In addition, we
find that, if the infinite-order microscopic Eq.~11! is used
together with the experimental x-ray optical constants to
rive the polarizability, the calculated curve is essentially
distinguishable from that of Eq.~15!, thus verifying the ac-
curacy of the microscopic approach and its exact reductio
the x-ray optical model, provided that multiple scattering
fects are included and certain conditions mentioned ab
are met.
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In Fig. 2~c!, we finally show normalized curves of th
multiatom effect on the O 1s intensity as a function of an
x-ray incidence angle, as calculated using the x-ray opt
approach of Eq.~15!. These curves make it clear that th
effects are strongly sensitive to an x-ray incidence ang
being much smaller for angles greater than about 30°,
though very similar in shape for all angles. The calcula
normalized1/2 excursion of the effect as a function of a
incidence angle is further shown in the inset of Fig. 2~c!,
where it is compared to experimental results at four in
dence angles. There is excellent agreement between ex
ment and theory, and theory furthermore predicts
asymptotic value of about 4.5% for the excursion at norm
incidence. These results thus further confirm the accurac
the x-ray optical analysis as compared to experiment,
also imply that such effects should be observable on cros
strong core-level resonances forall angles of x-ray inci-
dence, although with greater difficulty of observation asuhn
goes above about 20–30°.

We also note that recent measurements have found sim
MARPE effects in O 1s emission from CuO with Cu 2p3/2
resonance, and these show a overall excursion of;20% that
is similar to the magnitudes observed here for MnO.13 Here,
the effects have been termed ‘‘anti-resonances’’ to dis
guish them from the all-positive effects reported in previo
uncorrected data@cf. Fig. 1~c!#, but the present paper make
it clear that they are manifestations of the same interato
resonant phenomenon. Although it was not possible in
paper to see similar effects in O 1s emission from NiO,13 we
believe that this could be due to the relatively high x-r
incidence angle of 35° used in this paper, combined with
;62% statistical error in the data as compared to the f
percent effect that might be expected at this incidence an
@cf. inset of Fig. 2~c!#.

It is now useful to compare these theoretical results w
those from prior work by Henke on calculating photoelectr
intensities via x-ray optics.30a We first note that he was in
terested in scanning the incidence angleuhn only, in which
cased, b, lx , andLe all remain constant, and he was thu
able to make certain approximations that we cannot, du
the strong variation of bothd and b over a scan in photon
energy. Nonetheless, ifudu,b!1 over the energy scan
which Fig. 2~b! makes clear is an excellent assumption, o
Eq. ~15! can be simplified to

I ~hn!'
ds

dV
~hn!

3
ut~hn!u2

4pb~hn!sinuhn~hn!

lx~hn!
1

1

Le~hn!sinu

, ~16!

which permits more direct comparison with this prior wor
In particular, our use ofutu2 to represent the strength of th
electric field squared below the surface is inherently m
accurate and versatile in application than the factor@12R#
3@sinuhn /sinuhn8# used by Henke in his prior analysis. A
additional difference in the two approaches is that all qu
tities in the last expression are treated as real by Hen
whereas we have shown that a more accurate expressio
9-7
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lated to this earlier formalism is a factor@ I 2R#@sinuhn /
(Re$nr sinuhn8 %)#, with nr anduhn8 here treated as complex. I
addition, the inverse x-ray attenuation length perpendicu
to the surface in this prior work and appearing here as
first term in the denominator of Eq.~16! was further simpli-
fied by Henke, and finally is different from ours by a fact
of 1/@sinuhn8#

2. In describing scanned-energy resonant d
however, we find it essential to use the form in Eq.~15!, or
with some approximation, that in Eq.~16!.

To gain further insight into the relationship of photoem
sion intensity ofd and b, we can further approximate Eq
~15! to the conditions of the measurements shown here,
which d andb are both much less than unity@cf. Fig. 2~b!#
and the reflectivityR is also small~with a maximum value
for all cases considered here of 0.18 atuhn55°!, and this
finally yields, after suppressing the obvious dependence
photon energy

I ~hn!'
ds

dV

11d

4pb sinuhn

lx
1

1

Le sinu

. ~17!

From this expression, it is clear that the variation of intens
with photon energy as normalized to the values on either
of a resonance should qualitatively followd, just as ob-
served. The magnitude of this variation is also enhanced
the change inb, whose increase over the resonance gener
acts to decrease intensity over the same region. The neg
excursion ofd just before the resonance, together with t
increase inb, thus produces the strong dips in intensity se
at about 639.5 eV in Figs. 2~a! and 2~d!.

Although the numerical results from the microscop
model embodied in Eqs.~1!–~11! can be reduced to a con
tinuum x-ray optical picture, provided we include highe
order effects representing multiple light scattering, it sho
nonetheless permit future calculations of such interato
resonant photoemission effects from first principles, inclu
ing in particular, an allowance for nearest-neighbor ma
body interactions that are only effectively included in t
optical approach. Of course, any microscopic model is i
sense simply calculating the x-ray optical response of
system, but for nearest-neighbor effects, in free molecu
and for small clusters of atoms on the nanometer scale,
not clear that an x-ray optical approach is particularly use
or even appropriate. Beyond this, the excellent numer
agreement between the microscopic and macroscopic
tinuum dielectric descriptions presented above is expecte
break down when the wavelength of the radiation is of
order of, or smaller than, the relevant interatomic distanc
Thus, if the resonating atoms do not form a compact eno
lattice ~as Mn does in MnO!, the continuum dielectric treat
ment is not appropriate. Some possible examples of this
atoms situated inside the cages of fullerites or zeoli
and/or systems subjected to resonant excitation by sho
wavelength radiation. The continuum dielectric model also
not appropriate for calculating such effects in nanome
scale objects or systems with nanometer-scale heteroge
or clustering in which the detailed atomic positions are to
allowed for, even if this model can be extended via meth
11511
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such as the Mie theory so as to apply to special cases suc
small metal clusters of regular shape.34 Neither is the con-
tinuum model appropriate for free molecules, in which co
core interatomic resonance effects appear to have rece
been observed in angular distributions.12

We also comment briefly on an intermediate theoreti
approach that would involve assigning each atom a comp
scattering factor based on some combination of measu
and/or calculated optical constants, somehow partitio
among the different constituents so as to allow for eleme
specific resonance effects, with standard formulas for
appearing elsewhere.30b This method could in principle be
applied to any arbitrary cluster of atoms, and with sufficie
long-range order, would lead to Bragg scattering effects
shorter wavelengths. However, this approach could not
corporate any unique nearest-neighbor effects, nor in its s
dard formulation would it explicity allow for the multiple
scattering effects on resonance that we find to be import

Regardless of the theoretical model that is most appro
ate to use, such interatomic resonance effects~even though
generally smaller and of different form than discussed pre
ously! still represent an experimental probe that should
able, for various situations, to provide information on t
near-neighbor identities and bonding of atomsB that sur-
round a given emitterA, as suggested in prior work.1–4

Finally, we note that both of the theoretical models d
cussed above can be extended to describe fluorescent
emission. For the x-ray optical model, and for the case o
fluorescent energy that is far from any resonance and
fluorescence exit angleuF that is large enough to minimize
refraction and reflection at the surface, this would invol
simply replacingLe sinu with Lx

F sinuF in Eqs. ~15!–~17!,
with Lx

F equal to the fluorescent x-ray attenuation leng
along path length orlx

F/@4pbF# in obvious notation. With
this replacement, Eqs.~15!–~17! thus represent different lev
els of approximation for handling what essentially reduces
the well-known self-absorption effects in x-ray fluorescen
that have been discussed previously in connection w
MARPE.4,14 In fact, viewed in this light, MARPE in x-ray
emission can be seen as having self-absorption as a ke
gredient, but due to near-neighbor effects not the only ing
dient. The microscopic model could also be similarly e
tended to predict fluorescence intensities, but we will n
present these details here.

V. CONCLUSIONS

In summary, we have pointed out that a proper allowan
for detector nonlinearity is essential for accurately measur
multiatom resonant photoemission effects, with the mag
tude and form of the corrected results being significan
different from previous reports.1–4,6,7aA microscopic theoret-
ical model proposed previously for describing these resu5

is found to well describe the observed effects, and confir
via agreement with experiment, that they can be conside
as interatomic resonance phenomenon. For the specific
of O 1s emission from MnO in the vicinity of the Mn2p
resonances treated here, this microscopic model, with
inclusion of higher-order interactions not considered pre
9-8
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ously, is also found to be reducible to a classical x-ray o
cal treatment using experimental optical constants. The x
optical model is furthermore found to well describe the o
served intensity profiles as a function of both photon ene
and x-ray incidence angle. It is thus of interest in futu
studies to explore the degree to which such effects~particu-
larly with the expected enhancement of nearest-neighbo
teractions, for more spatially dispersed resonating atom
as to go beyond the simple x-ray optical picture,
nanometer-scale objects, and/or in free molecules! can pro-
vide an element-specific probe of near-neighbor proper
and many-electron interactions. The experimental and th
retical approaches outlined here should provide a so
framework for such work, both for photoelectron and flu
rescent x-ray emission. The microscopic theoretical mo
outlined here should also be capable of describing such c
core interatomic resonance effects in the intensities and
gular distributions in photoemission from free molecules12

as well as with straightforward generalization the valen
core interatomic resonance effects mentioned previously8–10
S.
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Finally, we point out that the demonstrated importance
multiple scattering of soft x-ray radiation in the vicinity o
strong core-level resonances should be of relevance in
analysis of resonant elastic and inelastic x-ray scattering,
other topics of high current interest.35
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