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Multiatom resonant photoemission observed via secondary processes: Auger decay
and x-ray fluorescence
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We present experimental evidence that the newly discovered multiatom resonant photoemission effect can
be observed via secondary decay processes of the primary core hole:Auger electron emission, from Fe2O3,
where the OKL23L23 intensity is enhanced by 90% whenhn is tuned to the FeL3 edge, andfluorescent x-ray
emission, from MnO, where the OKa fluorescence intensity shows an enhancement of more than 100% at the
Mn L3 edge when properly corrected for saturation and self-absorption effects.
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Intra-atomic resonant photoemission is a well-known a
powerful tool for electronic structure studies.1 In this effect,
the photoelectron intensity from a given core or valence le
can be significantly enhanced when the photon energy is
sufficient to excite an electron from a deeper lying core le
in the same atom up to a bound excited state. This exc
state then decays immediately so as to assist in produci
free electron at the same energy as that directly photoexc
from the core or valence level at lower binding energy. T
resonant process is simultaneous and coherent with the d
excitation of the photoelectron and it can lead to signific
increases~or decreases! in intensity, often following the
well-known Fano profile. It is, however, only very recent
that a closely related interatomic effect, which has be
termed multiatom resonant photoemission~MARPE! and ap-
pears to involve several hundred atoms in the vicinity o
given emitter, has been observed.2 MARPE occurs in photo-
emission from a core level of one atom as the photon ene
is tuned to a deeper lying core absorption edge of ano
species atom in the vicinity of the emitting atom. This inte
atomic resonance leads to a significant increase in the
photoemission intensity of the emitter as compared to e
tation off resonance, with effects of up to 100% in pe
height being seen in various transition-metal oxides a
alloys.2 For most cases studied to date, the resonant enha
ments follow very closely the x-ray absorption coefficient
the material.2 A newly developed theoretical model o
MARPE ~Ref. 3! is able to describe quantitatively both th
overall amplitude and the shape of the resonant enha
ments seen in O 1s emission from MnO. Such interatomi
PRB 610163-1829/2000/61~11!/7183~4!/$15.00
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resonant photoemission effects should thus constitut
broadly useful new probe of near-neighbor atomic identiti
bonding, and magnetism.2

Since the MARPE process results in an enhanced p
ability of forming a particular core hole on the emittin
atom, it should also be possible to detect the effect via
secondary decay processes of this hole, specifically Au
electron emission and fluorescent soft-x-ray emission. De
tion via secondary decay processes would serve two
poses: further verifying the nature of the effect as descri
in prior work2,3 and broadening its potential applications v
other detection schemes. To investigate these possibili
we have studied the photon energy dependence of both th
KLL Auger intensity at the FeL3,2 edges in Fe2O3 and the O
Ka fluorescence radiation intensity at the MnL3,2 edges in
MnO; both processes result from filling an initial O 1s hole.

Electron emission measurements were performed
beamline 9.3.2 of the Advanced Light Source~ALS!.4,5 Fluo-
rescence experiments were carried out using the gra
spectrometer on the ALS beamline 8.0.1.6 Samples consist-
ing of a Fe2O3 thin film7 and a single crystal of MnO~001!
were cleaned by appropriate annealing, in oxygen for Fe2O3
and in an ultrahigh vacuum for MnO. The sample tempe
ture was ambient ('300 K) for Fe2O3 in all measurements
and for MnO during fluorescence experiments. Photoem
sion and partial electron yield measurements on MnO w
performed at'600 K to prevent sample charging.8 The
angle of light incidenceu in was 20o with respect to the Fe2O3
sample surface and the electrons were collected in nor
emission@see inset in Fig. 1~a!#. An angle of 90o was main-
tained between the exciting x rays and the photoelectr
7183 ©2000 The American Physical Society
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7184 PRB 61BRIEF REPORTS
fluorescence detector for all experiments on MnO, with
incidence angleu in being systematically varied@see inset in
Fig. 2~a!#.

In Fe2O3, the FeLMM Auger peaks appear at about 9
eV higher kinetic electron energy than the OKLL Auger
@see Fig. 1~a!#. At the FeL3,2 edges, the intensities of thes
Fe Augers change significantly with photon energy, in tu
leading to a changing inelastic background intensity be
the O KLL Auger emission. Therefore, we have chosen
analyze the energy dependence of the most pronounce
KLL feature, i.e., the OKL23L23 peak, as corrected with
linear background@see inset in Fig. 1~b!#, and the variation
of this intensity with photon energy is shown in Fig. 1~b!.
For comparison, Fig. 1~c! shows the Fe2O3 absorption coef-
ficient as measured with partial electron yield and an ide
cal photon energy resolution. The OKL23L23 intensity
clearly shows about 90% enhancement at the FeL3 edge as
compared to the expected intensity without interatomic ex
tations, which is estimated by a linear interpolation of t
Auger intensity below and above the FeL3,2 edges@dashed
line in Fig. 1~b!#. This enhancement also is found to follo
very closely the x-ray absorption coefficient in Fig. 1~c!, in
agreement with prior MARPE studies.2 In a corresponding
prior photoemission experiment on Fe2O3, the O 1s intensity
is found to be enhanced by about 60% at the FeL3 edge.2~a!

This difference in the overall magnitude of the effect will b
discussed quantitatively later.

In the fluorescence measurements on MnO, the OKa x
rays are well separated in energy from any Mn fluoresce
feature, permitting us to determine the energy dependenc

FIG. 1. ~a! Photoemission/Auger spectrum of Fe2O3 taken at
hn5800 eV. The inset shows the experimental geometry.~b! O
KL23L23 intensity—as indicated by the shaded area in the inset—
photon energy is scanned through the FeL3,2 edges.~c! X-ray ab-
sorption coefficient for Fe2O3 at the FeL3,2 edges as measured b
partial electron yield.
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their intensity simply by considering an energy window
20 eV centered at about 525 eV energy, as indicated by
shaded area in Fig. 2~a!, and summing over the total are
minus a small background correction. The background is
to detector dark current (,0.01 counts/channel sec! and an
equally significant amount of scattered light. The results
such energy scans for various experimental geometries
plotted in Fig. 2~b!. For comparison, Fig. 2~c! shows the
MnO absorption coefficient measured with partial electr
yield. The OKa intensity shows minima when the excitatio
energy is tuned to the MnL3,2 edges instead of the maxim
that might be expected based on the simplest interpreta
of MARPE. However, these minima are due to well-know
sample absorption effects for both the exciting and emit
fluorescence intensity, i.e., saturation and self-absorp
phenomena.9

To correct for sample absorption, we consider a stand
model: the intensity of the incoming x rays at a distan
z from the surface is reduced by a fact
exp@2mMnO(hn in)z/sinuin# compared to the intensity at th
sample surface, wheremMnO(hn in) is the absorption coeffi-
cient of MnO at the photon energy of the incoming x ra
hn in . The probability that an O 1s hole is created in a laye
of thicknessdz is proportional to the O 1s cross section
sO 1s. The fluorescence yieldeO 1s then gives the probability
that the O 1s hole decays via emission of OKa fluorescence
radiation, and we assume that this is essentially constant
the small MnL3,2 region studied. On leaving the sample, t
O Ka radiation created at a distancez from the sur-
face is then absorbed by the MnO according

s

FIG. 2. ~a! Fluorescence spectrum of MnO recorded athn
5640 eV. The inset shows the experimental geometry.~b! Energy
dependence of the OKa fluorescence intensity as photon energy
scanned through the MnL3,2 edges for different angles of ligh
incidenceu in . ~c! X-ray absorption coefficient of MnO at the Mn
L2,3 as measured by partial electron yield.
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exp@2mMnO(O Ka)z/sinuout#, where mMnO(O Ka) is the
absorption coefficient of MnO at the photon energy of the
Ka radiation. Taking the absorption of the incoming a
outgoing x rays into account and integrating over a se
infinite sample finally allows us to calculate the expec
photon energy dependence of the fluorescence inten
I (O Ka) at the detector:

I ~O Ka!}I 0~hn in!sO 1seO 1s@mMnO~hn in!/sinu in

1mMnO~O Ka!/sinuout#
21

.

As numerical inputs, we have used the experimenta
determined MnL3,2 absorption coefficient@see Fig. 2~c!# and
calibrated it to absolute units by matching the experimen
data well below and above the MnL3,2 edges to the results o
a standard calculation of x-ray absorption coefficients.10 As
an initial reference calculation, we made the assumption
the O 1s cross sectionsO 1s is constant over the entire en
ergy range, i.e., resonant interatomic effects were neglec
The results are shown as the dashed curves in Fig. 3~a!,
where they are compared to our experimental results~solid
curves!. The experimental curves in Fig. 3~a! were obtained
by broadening the actual experimental data shown in F
2~b! with a Gaussian of 0.6-eV width in order to perm
direct comparison with the calculated curves that are ba
on measurements of the x-ray absorption coefficient w
lower resolution. Although the main features around the
L3,2 edges and their variation with the angle of light inc
dence and exit are described correctly, there are signifi
percentage deviations between experiment and this nonr
nant calculation. We attribute these differences to int
atomic resonance effects on the O 1s cross section, and we
can now estimate them simply by taking the ratio of t
experimental data to the calculated curves, with both norm
ized to unity at an energy well below the resonance. T
results are shown in Fig. 3~b! by solid lines. For all four
geometries, we see clear and essentially identical curve
dicating that the O 1s cross section as detected with OKa
fluorescence radiation is enhanced at the MnL3,2 edges, and
furthermore that it follows the shape of the MnL3,2 absorp-
tion coefficient, in agreement with prior photoemission
sults for MnO. Even though the shapes of the raw OKa
intensity curves change appreciably withu in @cf. Fig. 3~a!#,
our analysis to derive the MARPE influence is fully se
consistent in yielding essentially the same curves for all f
angles.

The peak amplitude of the resonant enhancement at
Mn L3 edge varies between 100% and 140% using fluo
cence detection whereas for photoelectron detection
changes between 36% and 50% with the angle of li
incidence.2 This difference has its origin in the differen
probing depths of photoelectrons and fluorescent x rays
can be estimated quantitatively by considering the atten
tion lengths of the incoming x rays, the emitted photoel
trons, and the fluorescence radiation, as well as the sen
length of the MARPE effect. For excitation at the MnL3
edge the attenuation length of the incoming radiation is
proximately 95 Å@see Fig. 2~c!#. The O 1s photoelectrons
have a kinetic energy of'110 eV and with that an inelasti
i-
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mean free path of about 7 Å in MnO.11 By contrast, the
attenuation length of the fluorescent OKa radiation is about
4500 Å in MnO.10 As to the sensing length, theoretical ca
culations of the MARPE effect in MnO~Ref. 3! show good
quantitative agreement with the experimental results2~a! if
contributions from resonating Mn atoms up to a distance
22 Å from the O emitter are taken into account. We ha
also recently experimentally determined an effective ex
nential sensing length in photoemission experiments
Cr/Fe overlayer samples,2~b! and this also yields approxi
mately 20 Å . We thus estimate the contribution of a M
atom at a distancer from a given O emitter to the resonan
enhancement in the O 1s photoemission intensity by an ex
ponential of the form exp(2r /r 0), with r 0520 Å . By sum-
ming over these contributions and taking the attenuation
the incoming radiation and outgoing particles into accou
we can thus calculate the ratio between the MARPE
hancements at the MnL3 edge as seen by both detectio
methodsMXE /MPE. The inset in Fig. 3~b! shows the experi-

FIG. 3. ~a! Experimental~solid curves! and calculated~dashed
curves! energy dependence of the OKa fluorescence intensity a
the Mn L3,2 edges for different angles of light incidenceu in . ~b! O
1s cross section in MnO, including interatomic resonance effe
as derived from the two sets of curves shown in~a!. The inset
shows the experimental~open symbols! and calculated~filled sym-
bols! ratio between the resonant enhancement at the MnL3 edge as
detected via OKa fluorescence radiationMXE and via O 1s pho-
toelectronsMPE for different experimental geometries. For detai
see the text.
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7186 PRB 61BRIEF REPORTS
mentally determined as well as the calculated ratio. T
agreement between experiment and our simple model ca
lation is remarkably good for all experimental geometri
i.e., the difference in the observed resonant enhancemen
indeed be attributed to the different probing depth of pho
electrons and fluorescent x rays.

An analogous calculation can be made for the Auger e
tron emission and photoemission experiments on Fe2O3. At
the FeL3 edge the OKL23L23 Auger electrons have a sig
nificantly higher kinetic energy ('510 eV) than the O 1s
photoelectrons ('180 eV) and therefore a larger inelast
mean free path~14 Å vs 7 Å , respectively!.11 The attenua-
tion length of the incoming x rays is about 90 Å at the FeL3
edge as derived from the experimental x-ray absorption
efficient normalized to absolute units, as in the case of M
With these numbers, we find that the resonant enhancem
should be about 1.2 times more pronounced using Au
electron detection as compared to photoelectron detec
Experimentally we find from three different measureme
an enhancement of the OKL23L23 intensity of (90620)%
and with that an increase that is 1.560.3 times more pro-
nounced, in reasonable agreement with the model.
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In summary, we have shown experimentally that mu
atom resonant photoemission~MARPE! effects can also be
observed via secondary decay processes of the core
whose formation is enhanced, specifically Auger elect
emission and fluorescent soft x-ray emission. These re
confirm the original explanation of the effect,2~a! and also
provide new methods for detecting it, with applications
bulk materials possible via x-ray detection. The obser
enhancements are larger using secondary processes fo
tection than in the primary photoelectron emission, by
much as a factor of 2 for fluorescence detection. These
ferences can be attributed to the different probing depth
photoelectrons and Auger electrons of significantly differ
kinetic energies and of fluorescent photons.
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