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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 this latter type of valence-core MARPE effect.
In this paper, we first point out that the measurement of

In several recent papers by our graupjt has been sug- the core-core multiatom resonant photoemission effects men-
gested that photoemission associated with a certain core eleioned above (or indeed any resonant-or nonresonant-
tronic level of a given atom A" can be significantly en- photoemission effegtmust be carried out with extreme care
hanced in intensity by tuning the photon energy through© avoid nonlinearities in the electron detector response, and
core-level absorption edges of a near-neighbor atoniilustrate these effects by carrying out corrections on a few
“B.” The apparent enhancements seen in experimental datgpresentative data setsrf® 1 semission from MnO in
for several metal oxides(e.g., MnO, FgO,; and resonance with the Mni2excitations. The corrected results
La0,7Sr0_%MnO3),1’2 as well as in a series of Cr/Fe alloys and are found to show significantly smaller MARPE effects on
bilayers® were very large, ranging up to 40—100% of the Photoelectron intensities, with shapes now considerably dif-
nonresonant intensity, and they were furthermore observetgrent from the x-ray absorption coefficient. In addition, the-
to follow closely the x-ray absorption coefficient of atdgn ~ oretical calculations based on the previously discussed mi-
in shape:— The effects observed have been termed multiaCroscopic modet,and on a simpler classical theory of x-ray
tom resonant photoemissidMARPE) to distinguish them optics are presented and found to yield excellent agreement
from the better-known intra-atomic single-atom resonantvith the remaining experimental effects, thus clarifying the
photoemissiofSARPE. Similar effects have also been re- physics involved. We also comment on the implications of
ported in other transition metal compoufdsnd in this work for other recent core-core and valence-core
adsorbatelsby other groups. Analogous and presumed reMARPE measurements'®***as well as for x-ray emis-
lated enhancements also appeared to be present in the sgtr"'*and x-ray scattering experiments.
ondary decay processes of Auger electron and fluorescent
x-ray emission, again tracking very closely the x-ray absorpy; gxpeRIMENTAL PROCEDURE AND DATA ANALYSIS
tion coefficient in form? A theoretical model based on an
extension of normal SARPE theory has also been presented All photoelectrons were analyzed in energy and detected
to describe these results, and the first comparisons of calcwith a Scienta ES200 electron spectrometer sysfémas
lations based on it yielded encouraging agreement wittsituated either on a bend-magnet beantfih€9.3.2 or an
experimenf The potential utility of such effects for studying undulator beamling4.0.2 at the Berkeley Advanced Light
near-neighbor atom identities and bonding have also beeBource. The final multichannel detection system used is that
pointed out™* Independent of this work onore-coremul-  provided as part of the standard equipment by the manufac-
tiatom resonant photoemission, other groups have reportedrer: a microchannel plate multiplier followed by a phos-
the enhancement efalencephotoemission intensities prima- phor screen at high voltage in a vacuum, and a charge-
rily associated with emission from a certain atédupon  coupled devic6 CCD) video camera outside of the vacuum
tuning the photon energy through the core-level absorptiomo finally convert light pulses into counts. We have operated
edges of a nearby atoBy with this work including measure- this detector in the “greyscale” or “analog” mode in which
ments near solid-solid interfadgsand on a free molecuf€.  an integrated CCD charge is used for counting, rather than in
No attempts have as yet been made to theoretically modé¢he alternate “black-and-white” or *“digital mode,” in
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which individual pulses are counted. The detector has in adeffects on peak intensity measurements. Using methods de-
dition been used as delivered and installed by the manufascribed in detail elsewher&?’ the detector response curve
turer; thus, the discriminator setting was left at its recom-in Fig. 1(a) can be turned into an efficiency, and the inverse
mended value at setup. This spectrometer and detectes this efficiency then used to correct individual spectra in a
system is furthermore the same as that used by some othgsint-by-point fashion. Although it is possible that adjusting
groups attempting to measure multiatom resonant photohe discriminator setting on the detector could reduce these
emission effect§.” We have in the present study calibrated nonlinearities, several other groups appear to have encoun-
our detector system in both analog and black-and-whitgered the same type of nonlinearity with the standard manu-
modes by using a standard x-ray tube with a continuouslyacturer's setting&’*® It has also been suggested that a
variable emission current at a fixed hlgh V0|tage, Verifyingchange in the CCD camera m|ght improve this beha}ﬂor'
initially that the total electron current from the sample ang this is another direction for future investigation.
tracked linearly with the emission current: thus, the emission Both uncorrectedas measuredand corrected“true” )
current is directly proportional to the x-ray flux incident on spectra are shown in Fig(t) for O 1s emission from MnO,
the sample. The general methodology for this calibration angyhere the photon energies of 637.6 and 640.2 eV have been
f[he final correction of spectra is dls_,cussed_ elsewheteand ~ chosen to be just below the strong Mpz, resonance and
in one case, discussed together with previous data for a simjgst on this resonance, respectivélpecause of the signifi-
lar electron detection systeffi. cantly increased background level associated with secondary
decay processes and inelastically scattered electrons arising
from the Mn 25, absorption, which in turn forces the de-
tector countrate further up its nonlinear response curve, the
In Fig. 1(a) and its inset, we show the measur@ashed correction procedure acts to a greater degree on resonance.
curve vs ideal or “true” (straight ling response of this de- Thus, the intensity on resonance is artificially enhanced. In
tector as used in analog mode over a countrate range spali@ct, in order to decrease these nonlinear correction effects to
ning 0 to 500 Hz in a typicax-y pixel of the approximately negligibly low levels, we have found in data not shown here
70000 pixels in the CCD camera used in normal operationthat the countrates had to be lowered by another order of
We have verified that all spatial regions of the detector bemagnitude from our prior typical operating points, or to
have in essentially the same manheso the performance about 2 Hz per pixel!
shown can be applied over the entire active region. The inset In Fig. 1(c), we now show uncorrected and corrected O
makes it clear that there is curvature in the response, witAs intensities, measured as areas by fitting analytical peak
falloff and incipient saturation being seen as the countratshapes plus backgrounds to spectra such as those in Fig.
increases. Although one might then expect linearity for thel(b), as a function of photon energy, with curves such as
lowest countrates, the blowup of the 0-20 Hz regitme  these being discussed previously in terms of multiatom reso-
maximum used in all of our measurements to avoid falloffnant photoemissiof.* It is clear that the uncorrected
and saturationshown in the main figure makes it clear that MARPE scan follows very closely the previously published
there is still significant nonlinearity, including what is found x-ray absorption curve for MnO in the Mnp3, region! 3
to be a quadratic component as compared to an ideal detectahich we also show in Fig.(t) as derived from the inelastic
with linear response that we define to be equal to that of thelectron background under the G $pectrd, with about a
real detector in the limit of zero countratsolid line of the  32% enhancement of intensity of the G intensity at the
unit slope in the figure and ingetFor reference, the 20 Hz Mn 2ps, peak!™ However, the corrected MARPE scan
per pixel rate would correspond to a global countrate of 1.4hows a much smaller effect of about 12% in overall excur-
MHz (before a “multiple counting” divisor introduced by sion, and also of a much different form, being negative just
the manufacturer’s software is appljddr the entire useable below the resonance and then going positive. In data ob-
portion of the detector phosphor and if the phosphor werdained at other x-ray incidence angles over the range of
evenly illuminated. 5-30°1" we have also found that these corrected effects are
Thus, although measured and true rates can be convstrongly dependent on angle, being largest for more grazing
niently defined to yield the same unit slope as countrates gg-ray incidence angles, such as the analogous results for 10°
to zero, the measured rates deviate significantly from linearshown in Fig. 1c), which exhibit about 37% overall excur-
ity, showing quadratic overcounting over the full range ofsion, and quickly decaying in magnitude as this angle is in-
our earlier measurements. Almost identical quadratic effectsreased. We estimate our overall systematic error in the cor-
were also found in the black-and-white mode, although thigected spectra ast2%, with some channel-to-channel
mode was not used in our measureméhtdn additional  statistical scatter around this.
effect of such quadratic overcounting is the narrowing or As a final point on this correction, it appears that, with
broadening of the photoelectron peaks in energy as a higleonstant UHV conditions of operation, the correction func-
intensity resonance is passed, depending on which portion difon does not change significantly over a period of months,
the nonlinear response a given photon energy scan occupiesith older data obtained via the same detector setup showing
and we have in prior wofk* also used the additional crite- reasonable correctability. However, the correction function
rion of constant peak width over an energy scan to try teshould in any case be checked frequently to avoid any drifts
minimize nonlinearities. However, this criterion of constantwith time.
peak width proves to be inadequate for avoiding spurious It is thus clear that detector nonlinearity can have a dra-

Ill. RESULTS AND DISCUSSION
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FIG. 1. (a) The measured response function of our multichannel detection sydeehed curvgsas plotted against the linear reference
of an ideal detectofsolid lineg. The ordinate is measured counts per energy pixel, and the abscissa is proportional to the “true countrate”
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 same kind
of plot over a much broader countrate range. The solid lines for the ideal detector are chosen to asymptotically agree with the slope of the
measured curve at the lowest countrates, although the final corrected regbjts(@) do not depend on this choice of referen@®.O 1s
spectra from Mn@O01) off resonancdphoton energyny=637.6 e\J and on resonancéh¢=640.2 eV) are shown beforglashed curves
and after(solid curve$ applying the correction for detector nonlinearity. The inset shows the experimental geometry, with x-ray incidence
for this case at),,,=20° and electron exit along the surface normabat 90°. The radiation is linegp-polarized, with the electric field
vectore lying in the plane of the figurglc) O 1s intensities derived from fitting analytical peak shapes to uncorrgd@shed curveand
corrected(solid curve spectra such as those (h) as a function of photon energy over the Mp42 absorption range and still fa#,,,,
=20°, 6,=90°. Also shown in the bottom of the panel is the Mp52 absorption coefficient, as measured via the inelastic background
underneath the Oslpeak.(d) As (c), but for 6,,=10°, §,=90° and extending over the full Mng3,, 1, range. The countrates here were
actually higher than iric), but spanned a smaller portion of the detector dynamic range, and hence, the corrections are smaller in magnitude.
(e) As (b), but with a broader energy range that clearly shows the oscillation associated with scanned-energy photoelectron diffraction.

matic effect on such measurements, with the solid curves ione should observe a simple smooth curve of negative slope
Figs. 1b), 1(c), and Xd) now representing much more accu- over this region in energy due to a combination of subshell

rately any effects beyond a simple one-electron picture of @ross section and electron inelastic attenuation length
1s emission from MnO. Without such interatomic effects, variation}?® as perhaps modulated by energy-dependent
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photoelectron diffractioPD).}"?! The effects of scanned- whereG is the Green function of the unperturbed solid. If
energy photoelectron diffraction are in fact clearly shown inwe keep only terms up to second ordeMnthe part of Eq.
Fig. 1(e), which represents a broader energy scan for thg3) that makes a nonzero contribution to E8) reduces to

same experimental conditions as in Figc)LHere, the long-  the well-known Kramers-Heisenberg formula for resonant
wavelength oscillation with a maximum at634 eV has photoemissioff

been verified via theoretical calculations to be due to PD

effects?’

We also note that, in addition to affecting photoemission _ |m,j)(m,j _
results, prior measurements of secondary Auger and x-ray T=V?ad+2 vV, ’ — Vg (4)
emission effectsalso appear to have been strongly influ- Jm ot Bg=Ent+il'n/2

enced by such detector nonlinearities, for the former, just as

for the photoelectron case due to the identical instrumenta- 0 - . . L . .

tion, and for the latter via an x-ray absorption coefficientV1€"€VraqiS the interaction of the radiation with the emitter,

necessary for a self-absorption correction that was measureflaq IS the interaction with the resonating atgmvy, is the

via secondary electrons in the same electron spectrometerautoionizing Coulomb interaction between the emitter and
Beyond the particular case of MARPE considered hereatomj, E, is the ground state energy, and the sums are over

we also point out that such detector nonlinearities need to beoth Mn atomsj and their intermediate many-body states

corrected for and/or minimized in any use of this detectodm,) of energyE,, and widthT",,. We have here neglected

system for quantitative peak intensity analysis, as any comexchange-type interactions via two-electron autoionization

parison of intensities obtained over a range of countratesrocesses likdElw;g|Vh |m,j;019 that would lead to a

even in a single spectrum, can be significantly altered byyreater overall similarity with the coulomb-plus-exchange

these effects. matrix elements describing an interatomic Auger process,
but such processes should be negligible for non-nearest

IV. THEORY AND DISCUSSION neighbors and small for nearest neighbors due to their strict

A. Interatomic resonant photoemission model dependence on nonzero orbital overlap. Such orbital overlap

) . is not required for the Coulombic term we have included
We now consider several levels of theory in order t0 eX-gel5 \yhich is associated with two-electron processes like

plain the remaining effects that link the G Intensity to the (Elp: j o
: i ! ©;d|Vh |Ol1s;m,j). A fully general theory of MARPE
Mn 2p absorption process as seen in Figs) and 1d), first should include these exchange effects however. We also

considering these effects via a prior microscopic many-body . : :
theoretical treatment of MARPE based on a resonant phot _omt_out that the connect_|on_ be_twee_n MARPE and an Inter-
atomic Auger electron emission is primarily formal, since the

emission modet,and then showing that this approach can be ¢ o el bedded in th
successively simplified for the case at hand to yield resultSaMe SOrts of matrix elements are embedded In the expres-

essentially identical to those from classical x-ray opticalSionS describing both. However, the overall processes are
theory. Focusing still on the case of Gs bhotoemission fundamentally different.

from MnO(001) and the system initially prepared in its
many-body ground stateg), the contribution of the direct or
unscattered wave function to the photoelectron intensity cal
be written

We now note two special points that have been consid-
ered previously: Retardation effects must be considered in
the interaction with the external radiation and in the autoion-
ization interactiorjsee Eq(4) in Ref. 5], and the interatomic

. 2 autoionization interaction must be generalized to the fully
(K)o | pp(r)|?o lZ Y1 (K)ih{(kNMe| . (D) relativistic Mler formula used previously in the high-
a energy Auger theoy"?®[see Eq(5) in Ref. 5]. At this level,
wherek is the photoelectron wave vecta;b‘,f(r) is the wave the treatment should be capable of describing all many-
function at the detector),, is a spherical harmonic, electron interactions up to second order in the perturbation

h(*)(kr) is a spherical Hankel function, and via Eq. (4), or up to arbitrary order via EqQ3), including
those for nearest neighbors with the greatest overlap and thus
Mg, =(Elw,01s[T|g) (2)  enhanced many-electron interactions with the emitting atom.

is the matrix element describing the transition to the final !f We now sacrifice some accuracy in describing nearest-
state with a photoelectrdEl ) of energyE =7#2k2/2m and neighbor behavior, the autoionization interaction can be con-
an O Is hole. Final-state photoelectron diffraction effects Veniently expanded in multipoles that should be valid for
can also be incorporated in this model by usivg,, as resonator distances from the emittey>r,,rp, wherer,
input_for self-consistent multiple-electron-scattering equaandr are electron-nuclear distances and are of the order of
tions?? the relevant dimensions of the two core orbitals involved
The transition matri can be conveniently expanded in a (here O 5 and Mn 2p). With these assumptions, and the
power series with respect to the perturbation of the radiatiofiurther neglect of multipoles higher than dipoles, the effec-

field V. One then h& tive interaction can be reduced to the following, in which
several quantities are written out more explicitly than in prior
T=V+VGV+VGVGV+- - -, (3)  work®
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calculations. Here, we present corrected theoretical results

Vi~e?rir, > Fi‘lﬂzYlﬂl(fl)YLZ(fz), (5 from this model, as well as results going beyond the earlier
Mk approximations used by considering higher-order interac-
where tions in Eq.(3), and also compare these two sets of results to
a theoretical approach based on more standard x-ray optical
R 4k Ouipy ) ) . theory.
mipy 3 2 ho (kR)+h3 (kR)Y2u2w1(R) In Fig. 2(a) we compare experimental and theoretical re-

sults for the O % intensity as a function of photon energy

and for light incident at an angle of 10° with respect to the
(6) surface. The connected points represent the corrected experi-

mental results from Fig. (@) and the thin solid curve the
and the bracket represents a Gaunt integral with standaiieoretical results based on H®) above. The experimental
normalizatior?’” Equations(5) and(6) can also be derived in data show a steeper negative slope than the theory as energy
a more rigorous way using nonrelativistic quantumis increased, that we have verified by measurements and cal-
electrodynamics?****where Eq.(6) is found to be simply culations, to be due to a combination of decreasing photo-
proportional to the Green function of the photon field in theelectric cross sections and strong modulations due to photo-
transverse gaug,and the remaining short-range longitudi- electron diffraction[cf. Fig. 1(€)],” both well-understood

XY 1,0, Yoy g Yuy)

nal Coulomb coupling is neglectéd. effects?®?! |If this difference in slope is allowed for, the
Combining results, we now find, in slightly different no- agreement between experiment and theory is qualitatively
tation form, but equivalent meaning to that in Ref. 5 good, although the amplitude of the intensity modulations is
too small by a factor of 2—3 in theory. Now, going beyond
Mgy, =A(E1|r|O1s) 811>, eY 1, Y11 Yoo this level of microscopic theory, we note that the remaining
x terms in the series expansi¢8) describe processes in which

off an incoming photon is scattered by more than one Mn atom
=A(EL[r|O1s) 8y e/ VA, (7) " before it reaches the O emitter. In particular, they incorpo-

whereA is a light-intensity normalization constant, rate higher-order Mn-Mn interactions via the /Mo

formula><>“°This gives rise to extra terms in the effective

polarizability of Eq.(7), which now becomes
ex=e\— > Fau,@un € )
N o

is now the effective polarization vector that includes the ef-

efl=e\—a Fsi/eikh”'Rj%/
N
fect of x-ray scattering at the Mn sites, and the magnitude of

the resonance is controlled by a product of a structure-factor +a2 > = ”FRJ;_Fj’eith-RjrS)\”_i_ c., (1)
type of sum over Mn sites A M
R kR where the first two terms are the same as in @).after
FMLZ:E_ P& M, (9)  approximating the polarizability by the average scadar
! This series can be summed up to an infinite order for a slab
and the MR™ polarizability tensor, formed by a finite set of atomic plan&and a semi-infinite
medium can be simulated by using a sufficiently large num-
4me? _, (9IrYI, Imy(mlrYq,[g) ber of layers. The result obtained in that case for thesO 1
U\ =T Ty 4 ot By EptiTy2 (100 intensity is shown in Fig. @) as a solid curve. The new

terms in Eq.(11) bring the theoretical result much closer to

The form for the polarizability given here makes it clear thatthe experimental one, making it evident that it is essential to
it is directly related to the usual description of resonant phoinclude what is in effect multiple scattering of the incoming
toemission in Eq(4) and Ref. 24. radiation in order to accurately describe such strong soft

The polarizability has been calculated using a configurax-ray resonances. To our knowledge, this point has not been
tion interaction scheme for a central Kfnion surrounded by made before in discussing such resonances.
six O~ ions in an octahedral clustgf*with interaction pa-
rameters derived previously from fits to both SARPE and B. Relationship to an x-ray optical (dielectric) model
x-ray absorption data, and an average over orientations of

Mn magnetic moments, since the experiments have been per[}iany-body theory to another related theoretical method for

formed above the MnO N temperature. In add't'om#zk’ dealing with such effects: an x-ray optical approach based on
can be well approximated by a quantity averaged over diagyaxwell's and Fresnel's equations, as described in detail
onal elements, a&d, ), Wherea=(a_;_1+agtai)/  elsewheré!® Equation(11) involves sums over Mn posi-
3.5 The above equations were used in Ref. 5 to calculate @ions in the MnO crystal. However, the details of the atomic
1s intensities. However, all resonant contributions to the Ostructure of the Mn sublattice should be irrelevant in the
1s intensities[i.e., the second term in E@4)] were incor-  limit of long radiation wavelengths, for which phase shifts

rectly multiplied by an extra factor of-4 in the computer along the scattered paths can be neglected. In this limit, Eq.

We now consider the relationship of this microscopic
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T . (11) can be shown to reduce to the polarization vector de-
B = ?0°, 0,= 90° rived from a macroscopic dielectric description based upon

i Maxwell's equations, in which the solid is represented by a
local frequency-dependent dielectric functiothat is related
to the atomic polarizability as= 1+ 4mwny,a, whereny, is
the density of Mn atoms. This relationship betweeand o
can be derived from the Clausius-Mossotti relationship with
the assumption that~1, as is reasonable in the soft x-ray
: --- dielectric theory region. More specifically, for the case of the Mm2eso-
W ciori o oy nance in MnO, the ratio of the wavelength to the Mn-Mn

‘ nearest-neighbor distanceAs.1. Therefore, one would ex-

pect reasonable results to come out of the macroscopic de-
scription. We have here also implicitly assumed that the O

(@)
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2(b) (solid curve$, where they are compared also to the
same parameters as derived from the parameterized many-
body model(dashed curvgsThe measure@ has been fully
corrected for the inelastic attenuation of the outgoing sec-
ondary electrons used to measure it via a set of measure-
ments at varying takeoff anglé53®taken together with the
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here is very good, with more fine structure in experiment, as
expected. Note also that the variation in the experimental O
1s intensity in Fig. Za) about a mean value follows very
FIG. 2. (8 O 1s intensity from MnQ001) as a function of closely the behavior o6, a point to which we return below.
photon energy and fo#,,=10°, 6,=90°: experimental datecon-  Proceeding now via the Fresnel equations to calculate the
nected pointsare compared to theoretical curves calculated usingphotoemission intensity as a function of photon energy, it
Eg. (8) (thin solid line, second-order microscopic many-body can be shown that, fop-polarized radiation incident on a
theory=single radiation scattering Eq. (11) (thick solid line, planar surface from vacuum witin=1, and for a conducting
infinite-order_micrgscopi_c theorymultiple radiation scatterir)g or nonconducting, but nonmagnetic, reflective medium, the
and x-ray optical dielectric theory based on Etp) and the experi- o4 of the complex electric field magnitude just below the

mental constants shown {b) (dashed curve (b) The x-ray optical _ . - .
constantsé and 8 of MnO over the Mn 2 absorption region, as _surface[E(z 0+)]to th_e incident coiLT;pIe_x field mag_nltude
just above the surface in vaculrg,,."“(z=0-)] is given

derived from microscopic many-body theofglashed curvgsand
from experiment with corrected data for the absorption coefficientby

w and Kramers-Kronig analysigc) Calculations of the O 4inten-

sity as a function of photon energy based on the experimental op- E(0+) 2 sinéy,
tical constants irfb) and Eq.(15) from x-ray optical theory. Curves t= =
are shown for various x-ray incidence angles. The inset shows the

normalized magnitude of the negative-to-positive excursion in per- ) ) )
cent as a function of x-ray incidence angle, as calculated usinjvherez is the coordinate perpendicular to the surface and
x-ray optical theory(solid point$ and as measured in this study 6, iS the complex angle of propagation below the surface,
(large open circles again measured relative to the surfaég, is further related

- == —, (12)
Evac"{(0—)  sinéy,+n,sin6p,
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to 6y, via Snell's Law: cos,,=n, cosé},, with 6, real. The In Fig. 2c), we finally show normalized curves of the
complex character i, also implies thaE attenuates witz ~ Multiatom effect on the O dintensity as a function of an

i '7sin 6. o - incidence angle, as calculated using the x-ray optical
only according to exp-Im(k'zsing;,)], where k' is the Xfay Ind _
complex propagation wave vector inside the medium an pproach of Eq(15). These curves make it clear that the

. o ffects are strongly sensitive to an x-ray incidence angle,
equal to 2rn, /\,, and\, is the wavelength of the radiation. b gy y g

- AR . ' being much smaller for angles greater than about 30°, al-
Normalizing the electric field inside the medium to the iNCi- though very similar in shape for all angles. The calculated

dent field just above the surface then gives for the electrigiormalized+/— excursion of the effect as a function of an
field strength at deptla relevant for photoemission incidence angle is further shown in the inset of Figc)2
5 2 o where it is compared to experimental results at four inci-

[E(@)|*=It]"exp(—Im{4mn;zsin;,/N}). (13 gence angles. There is excellent agreement between experi
The photoemission intensityhr) can now be obtained by Ment and thleory,f abnd tj\e((:))/ryf furrt]hermore_ predicts ar|1
introducing the energy-dependent differential photoelectror."f‘33.’(rjnmot'c_lyr‘;’l ueora Itoutth '5f° tﬁrt € ef>_<cur§1|on at normaf
cross sectiodo/d() appropriate to the experimental geom- ![?12 z?gj.opti?:SaT ;ensalfyssis :12 éjormggrceodn ;(r)mexpeeﬁcmcgr:flcgnod
etry (which may In general also include the_ effect; of IOhO'also imply that such effects should be observable on crossing
toelectron diffractiof, the energy-dependent inelastic attenu-

tion lenath for electrons. d intearati strong core-level resonances fall angles of x-ray inci-
ation fength for electrons.e, and integrating over as dence, although with greater difficulty of observationdas

do . goes above about 20-30°.
l(hv)x — [5]E(2)]? exp< - i )dz, (14) We also note that recent measurements have found similar
dQ Aesing MARPE effects in O % emission from CuO with Cuj2s,

where we have not included factors of atomic density and€Sonance, and these show a overall excursimh?%% that
solid angle acceptance of the analyzer that will be constarf Similar to the magnitudes observed here for Mri®lere,

over an energy scan. Substituting E#) into Eq. (14) and the_ effects have been term_ed “anti-resonances_” to di_stin-
integrating then yields finally guish them from the all-positive effects reported in previous

uncorrected datfcf. Fig. 1(c)], but the present paper makes
o it clear that they are manifestations of the same interatomic
I(hv)o 55 () resonant phenomenon. Although it was not possible in this
paper to see similar effects in G &mission from NiO"? we
lt(hv)|?2 believe that this could be due to the relatively high x-ray
X : - incidence angle of 35° used in this paper, combined with the
Im{4an, (hv)sin6y,’ (hv); N 1 ~+2% statistical error in the data as compared to the few
Ay(hv) Ag(hv)sing percent effect that might be expected at this incidence angle
[cf. inset of Fig. 2c)].

(19 It is now useful to compare these theoretical results with
which is a completely general formula for photoemissionthose from prior work by Henke on calculating photoelectron
intensity from a conducting or nonconduction, nonmagneticjntensities via x-ray optic* We first note that he was in-
semi-infinite substrate, with all dependences on energy exerested in scanning the incidence angjg only, in which
plicitly indicated. Making use of Eq15) and the experimen- cased, B, Ay, and A all remain constant, and he was thus
tal values ford and g8 in Fig. 2(b), we arrive at the dashed able to make certain approximations that we cannot, due to
curve in Fig. 2a), which is in excellent agreement with ex- the strong variation of botl and g over a scan in photon
periment, including all aspects of the fine structure. A similarenergy. Nonetheless, ifs|,3<1 over the energy scan,
degree of agreement is also found for other incidence angleshich Fig. 2b) makes clear is an excellent assumption, our

O, - Eq. (15 can be simplified to
This x-ray optical approach furthermore exhibits only d
small differences in fine structure with respect to the micro- [(hv)~ _‘T(h,,)
scopic description based upon Efjl). These differences are dQ
due to differences i and 8 between theory and measure- )
ment[cf. Fig. 2b)] and perhaps also to the fact that only the « [t(hw)] (16)
Mn polarizability has been considered in the microscopic 47 B(hv)siné,,(hv) 1 '

theory, thus neglecting the small contributions from nonreso- :
nant O scattering over this energy rarige®!in addition, we A(hv) Ae(hv)sing

find that, if the infinite-order microscopic Eq@ll) is used which permits more direct comparison with this prior work.
together with the experimental x-ray optical constants to detn particular, our use oft|? to represent the strength of the
rive the polarizability, the calculated curve is essentially in-electric field squared below the surface is inherently more
distinguishable from that of Eq15), thus verifying the ac- accurate and versatile in application than the faffor R]
curacy of the microscopic approach and its exact reduction t[sin 6,,/sin4,,'] used by Henke in his prior analysis. An
the x-ray optical model, provided that multiple scattering ef-additional difference in the two approaches is that all quan-
fects are included and certain conditions mentioned abovgties in the last expression are treated as real by Henke,
are met. whereas we have shown that a more accurate expression re-
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lated to this earlier formalism is a factgt —R][sin4,,/  Such as the Mie theory so as to apply to special cases such as
(Refn, sing,})], with n, and#@,,’ here treated as complex. In Small metal clusters of regular shafleNeither is the con-
addition, the inverse x-ray attenuation length perpendiculainuum model appropriate for free molecules, in which core-
to the surface in this prior work and appearing here as th&0ore interatomic resonance effects appear to have recently
first term in the denominator of EG16) was further simpli- been observed in angular distributiofis.

fied by Henke, and finally is different from ours by a factor We also comment briefly on an intermediate theoretical

of 1[siné,,' ]2 In describing scanned-energy resonant dat@pproa_ch that would involve assigning ez_‘;lch_atom a complex
however, we find it essential to use the form in Etf), or ~ Scattering factor based on some combination of measured

with some approximation, that in E¢L6). and/or calculated optical constants, somehow partitioned
To gain further insight into the relationship of photoemis- @mong the different constituents so as to allow for element-
sion intensity ofs and 8, we can further approximate Eq. SPecific resonance egfects, with standard formulas for this
(15) to the conditions of the measurements shown here, foRPPe€arng eIsewth@. This method could in principle be
which & and 8 are both much less than unifgf. Fig. 2b)]  applied to any arbitrary cluster of atoms, and with sufficient
and the reflectivityR is also small(with a maximum value ong-range order, would lead to Bragg scattering effects at
for all cases considered here of 0.186a;,=5°), and this  Shorter wavelengths. However, this approach could not in-

finally yields, after suppressing the obvious dependences ofprporate any unique nearest-neighbor effects, nor in its stan-
dard formulation would it explicity allow for the multiple
photon energy p

scattering effects on resonance that we find to be important.
do 1+6 Regardless of the theoretical model that is most appropri-
I(hy)~ dQ ZmBsing 7 (17)  ate to use, such interatomic resonance efféeten though
hv . generally smaller and of different form than discussed previ-
A Aesing ously) still represent an experimental probe that should be

From this expression, it is clear that the variation of intensity?PI€, for various situations, to provide information on the
with photon energy as normalized to the values on either sid8ear-neighbor identities and bonding of "?‘tOSha} sur-

of a resonance should qualitatively follow just as ob- ound a given emitteA, as suggested in prior work: _
served. The magnitude of this variation is also enhanced by Finally, we note that both of the theoretical models dis-
the change ir8, whose increase over the resonance generallfussed above can be extended to describe fluorescent x-ray
acts to decrease intensity over the same region. The negati¢gnission. For the x-ray optical model, and for the case of a
excursion ofd just before the resonance, together with thefluorescent energy that is far from any resonance and at a

increase ing, thus produces the strong dips in intensity seerfluorescence exit ang_léF that is large enough to minimize
at about 639.5 eV in Figs.(8 and 2d). rt_afractlon anc_i reflec'tlon qt thergrfacg, this would involve
Although the numerical results from the microscopic SIMPlY replacingA.siné with A, siné in Egs. (15—(17),
model embodied in Eqg1)—(11) can be reduced to a con- with Af equal to the fluorescent x-ray attenuation length
tinuum x-ray optical picture, provided we include higher- along path length ok%/[47BF] in obvious notation. With
order effects representing multiple light scattering, it shouldthis replacement, Eq$15)—(17) thus represent different lev-
nonetheless permit future calculations of such interatomi@ls of approximation for handling what essentially reduces to
resonant photoemission effects from first principles, includthe well-known self-absorption effects in x-ray fluorescence
ing in particular, an allowance for nearest-neighbor manythat have been discussed previously in connection with
body interactions that are only effectively included in the MARPE** In fact, viewed in this light, MARPE in x-ray
optical approach. Of course, any microscopic model is in @mission can be seen as having self-absorption as a key in-
sense simply calculating the x-ray optical response of th@redient, but due to near-neighbor effects not the only ingre-
system, but for nearest-neighbor effects, in free moleculeglient. The microscopic model could also be similarly ex-
and for small clusters of atoms on the nanometer scale, it itended to predict fluorescence intensities, but we will not
not clear that an x-ray optical approach is particularly usefulpresent these details here.
or even appropriate. Beyond this, the excellent humerical
agreement between the microscopic and macroscopic con-
tinuum dielectric descriptions presented above is expected to
break down when the wavelength of the radiation is of the In summary, we have pointed out that a proper allowance
order of, or smaller than, the relevant interatomic distancedor detector nonlinearity is essential for accurately measuring
Thus, if the resonating atoms do not form a compact enoughmultiatom resonant photoemission effects, with the magni-
lattice (as Mn does in MnQ) the continuum dielectric treat- tude and form of the corrected results being significantly
ment is not appropriate. Some possible examples of this amgifferent from previous reports.*®72A microscopic theoret-
atoms situated inside the cages of fullerites or zeolitesical model proposed previously for describing these results
and/or systems subjected to resonant excitation by shorteis found to well describe the observed effects, and confirms,
wavelength radiation. The continuum dielectric model also isvia agreement with experiment, that they can be considered
not appropriate for calculating such effects in nanometeras interatomic resonance phenomenon. For the specific case
scale objects or systems with nanometer-scale heterogeneity O 1s emission from MnO in the vicinity of the Mn2
or clustering in which the detailed atomic positions are to beesonances treated here, this microscopic model, with the
allowed for, even if this model can be extended via methodénclusion of higher-order interactions not considered previ-

V. CONCLUSIONS
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ously, is also found to be reducible to a classical x-ray optiFinally, we point out that the demonstrated importance of
cal treatment using experimental optical constants. The x-ragnultiple scattering of soft x-ray radiation in the vicinity of
optical model is furthermore found to well describe the ob-strong core-level resonances should be of relevance in the
served intensity profiles as a function of both photon energwnalysis of resonant elastic and inelastic x-ray scattering, and
and x-ray incidence angle. It is thus of interest in futureother topics of high current intere&t.

studies to explore the degree to which such effépssticu-

larly with the expected enhancement of nearest-neighbor in-
teractions, for more spatially dispersed resonating atoms so
as to go beyond the simple x-ray optical picture, in We are grateful to M. G. Garnier, D. Nordlund, A. Nils-
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