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Soft-x-ray spectroscopy measurements of thep-like density of states of B in MgB2 and evidence
for surface boron oxides on exposed surfaces
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Soft-x-ray absorption and fluorescence measurements are reported for theK edge of B in MgB2. The
measurements confirm a high density of Bpxy(s) states at the Fermi edge and extending to approximately 0.9
eV above the edge. A strong resonance is observed in elastic scattering through a core exciton derived from
out-of-planepz(p* ) states. Another strong resonance, observed in both elastic and inelastic spectra, is iden-
tified as a product of surface boron oxides.
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Nagamatsuet al. have recently identified MgB2 as a su-
perconductor with aTc of 39 K.1 This readily available com-
pound consists of hexagonal, graphitelike layers of bo
separated by layers of Mg. The Mg is partially ionized, d
nating electrons to the boron layer. The extra electrons h
stabilize thesp2 bonding of the boron layer, but do not com
pletely fill the band associated with the in-planepxy-bonding
orbitals. The resulting high density ofpxy states at the Ferm
level is believed to contribute to the highTc of the com-
pound.

Soft-x-ray absorption~SXA! and fluorescence~SXF!
measurements at the BK edge provide ideal tools for directl
measuring the density of the crucial boronp states in this
compound. These spectroscopies involve dipole sele
electronic transitions from and to a B 1s state, and thus
provide a direct measure of the occupied and unoccup
p-like density of states of B in MgB2. SXF is a filled-state
spectroscopy that maps the states below the Fermi edge
SXA an empty-state spectroscopy mapping the states a
the edge.2 In this report we provide measurements of the
spectra and compare the results with the calculatedp-like
partial density of states~PDOS! of boron in MgB2. The mea-
surements confirm the accuracy of standard band struc
codes for MgB2 and the existence of a high PDOS deriv
from the B pxy orbitals at the Fermi edge.

Our measurements also indicate that surface oxides of
ron are present in samples exposed to air so that ca
protection of MgB2 from ambient atmosphere may be r
quired in applications. MgB2 is relatively stable when ex
posed to air as is obvious from the very large volume
successful measurements that have been reported for
dered, sintered, and compressed samples. Nevertheless
known to be hygroscopic, and reported work has indica
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the formation of Mg oxides and hydroxides at the surfac3

We observe resonance features in both the SXA and S
spectra that indicate that surface boron oxides are
formed.

The sample was synthesized at Oak Ridge National La
ratory in powdered form, pressed and sintered to a densit
about 70%, and characterized with magnetization meas
ments. The measuredTc was 39 K.

In Figs. 1~a! and 1~b!, we present the SXA absorptio
spectra of MgB2 as measured by total fluorescent yie
~TFY! and total electron yield~TEY! measurements, respec

FIG. 1. ~a! Total fluorescent yield of MgB2 identifying three
resonance features discussed in the text.~b! Total electron yield of
MgB2. ~c! Total electron yield of B2O3 showing resonance at a pea
coincident with peakC of curves~a! and ~b!.
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FIG. 2. SX fluorescence spectra excited ne
the boronK threshold.~b! SX fluorescence spec
tra excited near the core-exciton resonances
MgB2 and boron oxide.
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tively. Three peaks are noted in the TFY spectra that are
special interest. PeakA at the threshold is derived from th
high, unfilled pxy-PDOS extending above the Fermi leve
PeakB is associated with a strong resonance in the ela
scattering rather than from inelastic scattering processes
contribute to the SXF spectra. As discussed further at the
of this paper, we believe that peakC is associated with reso
nantly enhanced elastic and inelastic scattering from bo
oxides.

The TEY spectrum in Fig. 1~b! does not show a peak a
the absorption threshold, but instead shows a shallow di
the position of peakA. This is a result of the circumstance
that the absorption threshold is superimposed on a str
background of electron emission from valence band e
trons and the MgL core levels, coupled with the compet
tion of radiative and electronic deexcitation following th
excitation of the B 1s core. Near threshold, SXF spectra a
often dominated by a resonant inelastic x-ray scatter
~RIXS! process2 in which coupling of incident and emitte
photons creates strong resonant photon emission. When
becomes the strongly dominant deexcitation channel,
TEY electrons are produced by excitation of the 1s electrons
at theK edge, and electronic excitation of valence and sh
low core levels is reduced, generating a net decrease in e
tron emission. Clearly, in this case, the resonant radia
deexcitation channel is dominant so that the TFY spectrum
the appropriate spectrum to use for measuring structur
the density of states just above the threshold.

Emission spectra excited in the threshold region
shown in Fig. 2~a! and in the region of theB and C reso-
nances in Fig. 2~b!. The sharp peaks with a width of abo
0.4 eV are produced by elastic scattering of incident photo
Their widths provide a direct measure of the combined re
lution of the beamline monochromator, which delivers in
dent photons, and the emission spectrometer, which de
emitted photons. Their presence in the emission spectra
vides a very accurate method of comparing the energy sc
of the beamline monochromator and emission spectrom
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The spectra located between about 180 and 188 eV are
normal emission spectra, which provide a measure of
filled-statep-PDOS of B in MgB2. The resonant enhance
ment of the upper shoulder in the spectrum excited at 187
eV is clear evidence for the presence of the RIXS proces
the threshold region. All of the emission spectra excited
energies above about 190 eV, and excepting those excite
the resonance energyC, are essentially identical and provid
a reliable measure of thep-PDOS of filled states at the boro
site in MgB2.

In Fig. 3~a!, we plot the SXF and near-threshold TF
absorption spectra together. The spectra overlap appro
ately at the Fermi edge and provide a measure of the fi
and emptyp-like PDOS, modified primarily by instrumenta
broadening factors. We also plot@Fig. 3~b!# a theoretical

FIG. 3. Comparison of SX emission~SXF! and absorption
~TFY! spectra with~b! calculatedp-like partial density of states for
boron in MgB2. The solid curve is the theoretical curve~dotted!
broadened by thermal, lifetime, and instrumental functions.
4-2



er
-
ha
nt
ro
e

rv
ru
he

y
ig
um
ia
ty

m-
e
ag-

the
in

FY.
than
ter-
ron
f
the

k,
and
bout
ilar

e
al

h
ft it
en

ec-
nce
ed

R-
RNL
5.

Ad-
ct

f
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p-PDOS for B in MgB2, calculated with theWIEN97 code.4

Our band structure is indistinguishable from that of oth
obtained with the same code.5 The dotted line in the theoret
ical curve is obtained from the code and the solid curve
been obtained by broadening the curve with instrume
resolution functions appropriate for the beamline monoch
mator and emission spectrometer. There is excellent gen
agreement between the experimental and theoretical cu
An analysis of the threshold peak in the absorption spect
indicates that thepxy-PDOS extends about 0.9 eV above t
Fermi level.

In Fig. 2~b!, the elastic peak is resonantly enhanced b
factor of 20 at 193 eV, the energy position of peak B of F
1~a!, while no change is observed in the emission spectr
This results from elastic scattering through an intermed
core-exciton state derived from the localization of emp

FIG. 4. Comparison of boronK spectrum of MgB2 excited at the
‘‘oxide’’ resonance~lower curve! with on-resonance excitation o
B2O3 ~upper curve!.
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pz(p* ) orbitals. This resonant enhancement may be co
pared with thep* resonance in hexagonal BN, where th
intensity enhancement in the elastic peak is an order of m
nitude greater than observed here.6 The difference may be
attributed to the circumstance that the exciton lies within
band gap ofh-BN and overlaps conduction band states
MgB2.

In Figs. 1~a! and 1~b!, we note that peakC is strongly
enhanced in the TEY spectrum as compared with the T
Since TEY measurements are far more surface sensitive
TFY measurements, this result is consistent with our in
pretation of this peak as being associated with surface bo
oxides. In Fig. 1~c!, we plot the absorption spectrum o
B2O3, which shows a strong resonance very close to
position of peakC in the MgB2 sample, further supporting
this interpretation of the peak.

The spectrum excited at 194.8 eV, the energy ofC in Fig.
1, shows a moderate (34) enhancement of the elastic pea
but also shows a low-energy shoulder on the elastic peak
a broad enhancement of the SXF spectra centered at a
182 eV. As shown in Fig. 4, both of these features are sim
to features observed in the spectra of B2O3. Here, the MgB2
spectrum excited at theC resonance is compared with th
spectrum of B2O3 excited at its resonance peak. As a fin
test of the identification of peakC as being associated wit
boron oxide, we removed the sample from vacuum and le
in ambient air for 20 h rather than in a desiccator. Wh
returned to vacuum and remeasured, peakC had doubled in
relative magnitude when compared to peaksA andB. Finally,
we note that the contribution of oxides to the observed sp
tra was significant only when enhanced by strong resona
effects and did not contribute significantly to the report
spectra at other energies.
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