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Electron-hole counts in Al-substituted MgB, superconductors from x-ray Raman scattering
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We have investigated the electronic structure of Mg g3Alj 7B, and MgB, single crystals using x-ray Raman
scattering at the B-K edge. Utilizing the momentum transfer dependence of the scattering process, together
with first-principles multiple scattering calculations, we have extracted the site and symmetry projected density
of empty B states in Mg g3Al 7B, in the presence of a core hole. In comparison to the density of states for
pure MgB,, we find the B-o-band hole count to decrease at the Fermi level by 35 = 9%. The w-band hole count
is relatively stable with a 4 =7% increase compared to MgB,. These results shed light on the role of band
filling in lowering the 7,.. Our work opens an application area for x-ray Raman scattering and density of states

extraction scheme in studies of doped systems.
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I. INTRODUCTION

Atomic substitutions and doping are used to modify and
engineer the physical properties of compounds and have
been naturally applied to alter the superconducting properties
of various systems. For understanding and predicting the ef-
fects of substitution or doping, knowledge of the electronic
structure is crucial, and especially for elucidating changes in
the superconductivity, the density of states at the Fermi level
is an important characteristic of the system. Atomic substitu-
tions have been also employed for MgB,, whose high critical
temperature of superconductivity 7,.=39 K has been ex-
plained to arise from a phonon-mediated mechanism with
different coupling strengths to the electronic B-o and &
bands.!~* Even though the different coupling strengths lead
to a realization of two-band superconductivity,’ MgB, still
has only one transition temperature due to weak interband
phonon scattering between o and 7 bands.* The high density
of empty electronic states at the Fermi level, provided by the
B-o band, is one of the essential features behind the high 7,
in MgB,. The quasi-two-dimensional (2D) o band, deriving
from the hybridized B SPxDy orbitals, resides within the B
sheets and couples strongly to B-B E,, bond oscillations,®’
leading to the larger superconducting energy gap. The
smaller gap originates from the three-dimensional (3D) 7
band, formed by B p, orbitals, with a weaker electron-
phonon coupling strength.

In MgB,, atomic substitutions can be used to change the
phonon scattering rates and to modify the electronic density
of states. Two studied substitutions have been the ones of Al
for Mg and of C for B. Although both modifications dope the
system with additional electrons, the effects on the scattering
of electrons from phonons are different.3-!! The Al substitu-
tion is expected to mostly affect the scattering in the 7 band,
whereas C substitution should increase both the o and 7
band scattering. In both cases the modification leads to a
decrease in the critical temperature and the eventual disap-
pearance of superconductivity.'> Recent work has suggested
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that the lowering of the critical temperature in MgB, would
result from the reduction of the electron phonon coupling
constant due to band filling, with the 7 gap region staying
constant due to the compensating effect of a changing inter-
band scattering rate.'>!# To elucidate the role of the band
filling versus the changes in the phonon spectra or in the
interband scattering rate, further experimental work on the
substituted MgB, compounds is needed.

The exact details of the electron doping induced changes
in MgB, are still uncertain, and until recently, the effect of
substitution was mainly investigated on polycrystalline
samples.’>!¥ Single crystal MgB, and AIB, have been al-
ready characterized,'® however high quality Al and C, sub-
stituted crystals with intermediate substitution levels, have
only lately become available, enabling more detailed studies
of the anisotropies.!®!1?% In a recent de Haas—van Alphen
study of Al substituted single crystal MgB,,'* the authors
found a 16% reduction in the number of o band holes with
7.5% Al content, but were unable to derive a number for the
7 band.

In this context, x-ray Raman scattering (XRS) (Ref. 21) is
well suited to probe both the o and 7 band hole counts on
equal footing in Al substituted MgB, single crystals. The
anisotropies and symmetries of the empty electronic states in
pure MgB, have been already investigated using XRS? to
separate the s, o, and 7 band contributions. Later theoretical
developments®® have also made it possible to quantitatively
extract the site and symmetry projected local density of
states (¢DOS) from the experimental XRS data, allowing a
direct comparison to theoretical calculations of the electronic
structure. The power of this scheme has already been dem-
onstrated on pure MgB,.?* In the following we will extend
this scheme to doped systems, opening completely new areas
for the applications of x-ray Raman scattering.

In this paper we present an XRS investigation at the B-K
edge on Al-substituted single crystal Mg, g;Alj 7B, and on
pure MgB,. We probe the electron doping-induced changes
in the empty B electronic states, especially in the interesting
o and 7 bands. As we use hard x-rays, we probe the bulk of
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the sample, which is a significant advantage, considering the
hygroscopic nature of MgB, crystals.? Utilizing the momen-
tum transfer dependence of the XRS, we quantitatively ex-
tract the s, o, and 7 €DOS from the XRS data and discuss
the evolution of the electronic structure due to Al substitu-
tion.

II. CALCULATION METHOD

In the nonrelativistic Born approximation, the double-
differential cross section for nonresonant inelastic x-ray scat-
tering is proportional to the dynamic structure factor. In
XRS, core electrons are excited, and the relevant matrix el-
ement can be approximated as {flexp(g-7)|i), where |i) and
|f) are the initial and final states, and ¢ is the momentum
transfer from the photons to the electrons at positions 7.26:27
The exponential term can be expanded as exp(ig-r)=1
+ig-7+(ig-7)*/2+..., where the first term does not contrib-
ute due to the orthogonality of the states. At low ¢ values
(when ga<< 1, where a is the core electron orbital radius) the
second term, i.e., dipole allowed transitions, dominates the
spectrum. In the dipole limit the XRS cross section is actu-
ally proportional to the x-ray absorption cross section,?!?82
making it possible to measure low-energy absorption edges
using hard x-rays. With increasing ¢ the higher order terms
may contribute considerably, allowing the partition of exci-
tations into final states of different symmetries.

The real-space multiple-scattering code FEFF has been re-
cently extended to calculate XRS spectra.?>** Even with the
flexibility of the real-space multiple-scattering approach,
substitutional systems are still computationally challenging.
For example, in the present case the substituting Al atoms
randomly occupy some of the Mg lattice sites, and an exact
calculation would entail considering all possible symmetry
irreducible arrangements in a given cluster. Although basi-
cally viable, the large number of involved configurations
makes this approach unpractical. Our recent scheme®?* to
extract the final state {DOS (i.e., in the presence of a core
hole) from experimental XRS data, however, is directly ap-
plicable to doped systems. In this scheme, the only theoreti-
cal input is the embedded atom transition matrix elements,
which are used to solve the set of linear equations relating
the experiment and €DOS. Since the transition matrix ele-
ments change only little between MgB, and AIB,, the calcu-
lation for the pure MgB, can be directly applied to the Al-
substituted compound.

III. EXPERIMENTAL DETAILS

For the XRS experiment we used two single crystal
samples, a Mg g3Al, (7B, crystal and a MgB, crystal, grown
using a high-pressure anvil technique.!®3! The resulting
platelike samples were characterized using magnetization
measurements. Mg, g3Al ;7B, was found to undergo a super-
conducting transition at 28.2 K, compared to the critical tem-
perature of 39 K in pure MgB,. The quality and the orienta-
tion of the samples were verified using the x-ray Laue
technique. MgB, crystallizes into the AlB, structure with
alternating hexagonal Mg and graphitelike B layers running
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in the ab plane with the ¢ axis perpendicular to these. Al acts
as a substitutional impurity, replacing part of the Mg in the
lattice and causing a decrease in the Mg-B bond lengths.

The XRS experiment was done at beamline ID16 of the
European Synchrotron Radiation Facility. The incident radia-
tion was monochromatized using a Si(111) double-crystal
monochromator and focused on the sample by a toroidal mir-
ror into a spot size of roughly 100X 100 wm?. The energies
of the scattered photons were analyzed using a spherically
bent Si crystal with a bending radius of 1 m, operating in a
horizontal Rowland circle scattering geometry.

The XRS spectra from the Mg g3Al, 7B, crystal were
measured for g=2.8 A" and 9.8 A~! with gllab plane and
gll[001] (the ¢ axis). From the pure MgB, crystal we mea-
sured XRS at low momentum transfer of g=2.8 A~!' for
gllab plane and ¢1I[001] using the same setup. We used the
inverse energy scan technique,®3% where the scattered pho-
tons are analyzed at a fixed energy, and the energy transfer is
controlled by tuning the incident photon energy. For ¢
=2.8 A~! the scattered photons were analyzed using the
Si(444) reflection with a fixed energy of 7907.3 eV, yielding
an overall energy resolution of 1.1 eV. At high momentum
transfer (¢=9.8 A~") we used the Si(555) reflection from the
analyzer crystal with a fixed energy of 9884.8 eV, giving a
1.5 eV overall energy resolution. The spectra were corrected
for the smooth inelastic scattering background by approxi-
mating it with a single second-degree polynomial.?? The al-
most linear background correction does not introduce any
spurious features to the spectra, and for the first 40 eV above
the threshold, the spectra are largely unaffected by the details
of the background removal. High above the threshold, how-
ever, the slope of the corrected spectra has some sensitivity
to the parameters of the fit.

IV. RESULTS AND DISCUSSION

Figure 1 shows the low momentum transfer XRS spectra.
With gllab plane, the experiment probes mainly the o sym-
metry empty electronic states, whereas with ¢lI[001] the
empty 7 states perpendicular to the B planes are reached.
The main difference between Mg g3Aly 7B, and MgB, is the
reduction of the intensity in the first peaks above the thresh-
old. The effect can be traced back to the filling of the empty
states at the Fermi level due to electron doping induced by
the Al substitution. The XRS spectra from the pure MgB,
are similar to the spectra reported in Ref. 22, which was
measured at a smaller momentum transfer of g=2.1 A"
The slight vertical offset between the two spectra at around
185 eV energy transfer could be possibly partly stemming
from background removal and from the lower energy posi-
tion of the peak around 187 eV in MgB, compared to
Mg g3Alp.17B,.

The effect of increasing g is shown in Fig. 2 for the
Mg g3Al, 7B, crystal. The normalization here is the same as
in Ref. 22. In Fig. 2(a), the intensity of the peak at 187.5 eV
right above the threshold is decreasing, and the peak at 193.5
eV gains intensity with increasing momentum transfer. In
Fig. 2(b), the most striking difference between the low and
high momentum transfer spectra is the collapse of the inten-
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FIG. 1. (Color online) B-K edge x-ray Raman scattering spectra at low momentum transfer (g=2.8 A~") from pure MgB, (red dashed
line) and Mg g3Aly 7B, (blue solid line) single crystal samples with (a) momentum transfer gllab plane and (b) ¢lI[001]. The effect of
electron doping induced by the Al substitution is seen in the reduced intensity of the first peak in (a) (shown in inset with error bars) and (b).

sity right above the threshold. The B-K threshold ¢ depen-
dence in Mg g3Aly 7B, for ¢lI[001] is distinctly different
from MgB,,?* where the region between 192 and 205 eV
gains considerably in intensity with increasing ¢, while only
a small change in the region up to about 5 eV above the edge
is observed.

Next, we proceed to extract the €DOS for Mg g3Al 7B,
using the scheme detailed in Ref. 23. We calculated the atom
transition matrix elements and atomic background Sy(q,®)
(Ref. 23 and 24) with the FEFF code in a MgB, cluster with a
radius of 8.5 A (265 atoms), employing the Hedin—
Lundqvist exchange correlation potential. We normalized the
spectra using the atomic background below threshold to 218

a){ ||abplane
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eV for scaling. The normalization process is discussed in
detail in Ref. 24. To extract the €DOS, the linear equations
linking the experiment and the €DOS were solved. The re-
sults are shown in Fig. 3 for the local density of p symmetry
states (pDOS) and in Fig. 4 for the local density of s sym-
metry states (sDOS), together with MgB, ¢DOS from Ref.
24 for comparison. The error bars in the insets in Fig. 3 are
calculated from the statistical errors in the x-ray Raman
spectra.’* The position of the Fermi energy was estimated
using the value from the calculation and was set to 186.9 eV.
The pDOS for gllab plane shows less holes at the Fermi
energy than MgB,. Otherwise, the pDOS is characterized by
a 5-eV gap following the peaked pDOS at the Fermi energy
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FIG. 2. (Color online) B-K threshold x-ray Raman scattering spectra from Mg g3Al, 7B, single crystal at low (blue solid line) and high
(dashed red line) momentum transfer with (a) momentum transfer gllab plane and (b) gl[[001]. The magnitudes of the momentum transfers

are indicated in the figures.
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FIG. 3. (Color online) Extracted pDOS for pure MgB, (Ref. 24) (red dashed line) and Mg s3Al, 7B, (blue solid line). In (a) gllab plane,
in which case mostly o symmetry final states are reached. In (b) ¢ll[001], leading to excitations into 7 symmetry final states. The Fermi

energy is at 186.9 eV.

as in MgB,. For gl[001] almost no change in the £DOS at
the Fermi energy is observed.

To get a more quantitative picture of the differences and
to extract the relative hole counts at the Fermi energy, we
integrate the pDOS from the Fermi energy (at 186.9 eV) to
188.5 eV for gllab plane. Some inaccuracies to the absolute
hole count can be introduced by broadening effects due to
experimental resolution and core hole lifetime.?> Also, the
large value of the first data point on MgB, pDOS can com-
plicate the process. The ratio of the hole counts between the
Mg, s3Al) 7B, and MgB, pDOS is, however, relatively
stable against the exact choice of the Fermi energy and inte-
gration range end point, yielding 0.65 % 0.09. For ¢lI[001],
integrating the pDOS from the Fermi energy over a range of
0.5 to 187.4 eV, the hole count ratio gives 1.04 *=0.07. De-
spite the aforementioned complications, the final state den-
sity for gllab plane i.e., in the o band, is clearly more
strongly affected by the Al substitution than the hole count in
the 7 band. These conclusions are supported by a recent
theoretical work.3® The stability of the 7 band hole number
at the Fermi energy considering the error estimate, even with
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FIG. 4. (Color online) Extracted sDOS for MgB, (blue dot-dash
line) (Ref. 24) for gllab-plane spectra, and for Mg ¢3Aly 7B, for
qlI[001] (green dashed line) and for gllab plane (red solid line). The
Fermi energy is at 186.9 eV.

17% Al substitution, would suggest phonon frequency or in-
terband scattering-related effects to be behind the changes in
the superconducting energy gap with Al substitution.” Even
though the extracted ¢DOS is determined in the presence of
a core hole, the differences between the final state and
ground state pDOS are of the order of 3% at the Fermi en-
ergy.

In Fig. 4 the sDOS for Mg 33Alj 7B, is slightly different
between the two directions, probably partly due to uncertain-
ties in the background correction. However, these possible
uncertainties in the slope of the background correction well
above the threshold do not affect the determined ¢DOS close
to the Fermi energy. As in MgB,, the Al-substituted sample
has almost no sDOS above the Fermi level in an about 4-eV
wide region. The main difference between the pure and Al-
doped MgB, is the collapse of the peak around 192.5 eV.
This can be most likely understood beyond the rigid band
model, with electron doping shifting band energies besides
filling. A FEFF calculation of the final state sDOS for AlB,
and MgB, supports this conclusion, showing AlB, to have
less empty states at the 192.5 eV peak.

V. CONCLUSIONS

In summary, we have measured XRS spectra at the B-K
edge from Mg 33Al) 7B, and MgB, single crystals. We have
extracted the different components of the local density of
states in the final state of the scattering process for
Mg s3Alj 17B>. We observe the filling of the B-o band due to
electron doping of the system induced by the Al substitution,
with a hole count ratio of 0.65 = 0.09 relative to MgB, at the
Fermi energy. The B-7 band hole number at the Fermi en-
ergy stays constant within the error estimate. Our results fur-
ther demonstrate the power of utilizing the ¢ dependence of
XRS combined with state of the art first-principles calcula-
tions, allowing the extraction of site and symmetry projected
density of states in substituted and doped systems.
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