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Abstract

The electronic structure of LiBC has been studied using soft x-ray fluorescence
measurements. Resonant inelastic x-ray scattering (RIXS) spectra were
measured with the excitation energy tuned to the boron and carbon K-edges.
RIXS spectra show dispersive features, which were assigned to the calculated
energy bands using the site-selective quantitative band mapping method based
on the concept of k-momentum conservation. It is concluded that while the
electronic structure calculations are in general agreement with experimental
spectra, carbon and boron K-emission bands show some deviation due to an
incomplete hybridization of the C 2p—B 2p states.

1. Introduction

The discovery of superconductivity in MgB, (7, = 39 K) [1] has stimulated strong interest in
related layered compounds. The crystal structure of MgB is similar to intercalated graphite [2],
with the boron atoms replacing carbon. LiBC is a large gap semiconductor [3] that has a
comparable crystal structure to MgB,, with boron and carbon atoms alternately occupying the
sites within the hexagonal sheets. Since o holes contribute to superconductivity in MgB, [4],
attempts have been made to achieve the same result by doping LiBC. Band structure calculations
involving supercells of Li,BC for x = 1.0, 0.75, and 0.5 [5] show that the Fermi level moves
into the valence band as x decreases. This behaviour near the Fermi level is similar to that of
the rigid band model. These idealized model calculations for ordered Li-deficient compounds
predict that introducing off-stoichiometric Li could give rise to a finite density of states at
the Fermi level and make the system metallic [5—8]. The Li-deficient compound has been
suggested to be superconducting with 7; as high as 100 K [5]. Specifically, 65 K has been
predicted for an Li stoichiometry of 0.5 [7].
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Following these theoretical predictions, several attempts to synthesize Li-deficient Li, BC
have been made to establish superconductivity in this system [9, 10]. So far no characteristics
associated with a superconducting transition, such as a diamagnetic signal or zero resistance,
have been observed in Li-deficient LiBC at low temperatures.

To understand why predictions of high-7; superconductivity based on band structure
calculations have failed, the calculated energy bands of LiBC must be compared to experimental
spectra. The electronic structure calculations of Li-deficient LiBC are derived from those of
the stoichiometric compound using the rigid band model. Therefore, it is useful to check
the validity of the band structure calculations of stoichiometric LiBC. Then the correctness
of this model for simulation of off-stoichiometric LiBC can be determined. To analyse these
questions we present the first experimental RIXS study of LiBC and compare the results with
our linear muffin-tin orbitals (LMTO) band structure calculations.

2. Experimental and calculation details

In the synthesis of LiBC, crushed Li metal chunks (99.9%), amorphous boron powder (99.9%),
and graphite (99.9%) were mixed inside an He glovebox. The mixture was sealed in Ta cells
and inductively heated in a BN crucible surrounded by a graphite susceptor to 940-1020°C
for 10—14 h. The resulting LiBC powder was pressed into pellets at 3000 atm and annealed.
The samples were structurally characterized using high-resolution powder x-ray diffractometry
with Cu Ka-radiation.

Measurements of stoichiometric LiBC were performed at the soft x-ray fluorescence
endstation located at Beamline 8.0 of the Advanced Light Source at the Lawrence Berkeley
National Laboratory. The emitted radiation is partially collected in a Rowland circle-type
spectrometer with spherical gratings and recorded by an area sensitive multi-channel detector.
This combination provides an instrumental resolution of about 0.4 eV at the C and B K«
emission energies. The x-ray absorption spectra were measured in partial fluorescence and total
electron yield (PFY and TEY) mode. The resolving power E/AE for the absorption spectra
was 5000. Additional spectral broadening occurs due to the core hole lifetime. For boron and
carbon K-edge spectra, the core level width is approximately 0.2-0.3 eV. All absorption and
emission spectra are normalized to the number of photons falling on the sample, monitored by
a gold mesh in front of the sample.

The available band structure calculations for LiBC [5, 6] are limited because they consist
of only the total density of states, and the E(k)-curves are calculated for an energy range
insufficient for understanding the RIXS spectra. This was the motivation for our calculation of
total and partial DOS and E (k) dispersion curves for LiBC for the extended energy region of
—15t0+20eV. We calculated the electronic structure of LiBC using a self-consistent linearized
muffin-tin orbital (LMTO) method (TBLMTO-47 computer code [11]). The von Barth—
Hedin parametrization is used for the exchange correlation potential within the local density
approximation. Brillouin zone (BZ) k-point integrations were made using the tetrahedron
method on a grid of 549 k-points in the irreducible part of the BZ. The crystal structure of
LiBC was modelled by the space group P63/mmec, Dgh, No. 194, and the lattice parameters
werea = 2.752 A, ¢ = 7.058 A = 2 x 3.529 A with coordinates of the atoms Li (2a) (00 0), B
(2¢) (1/32/3 1/4) and C (2d) (1/3 2/3 3/4) [3]. The B and C atoms form a planar heterographite
layer with a B—C distance of 1.589 A and the Li atoms fill the interlayer regions. The unit cell
along the hexagonal axis is doubled due to the interchange of boron and carbon positions in
neighbouring planes [3].
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Figure 1. Comparison of (a) boron absorption  Figure 2. Calculated total and partial DOS of LiBC.
spectrum and K-emission spectrum at 210.0 eV and

(b) carbon absorption spectrum and K-emission spectrum

at 310.0 eV with (c) calculated total density of states of

LiBC.

3. Results and discussion

The measurements of non-resonant (excited well above threshold) carbon and boron Ko
x-ray emission spectra (XES) and the C 1s and B 1s x-ray absorption spectra (XAS) of
LiBC are presented in figures 1(a) and (b). Taking into account the dipole selection rules,
these element-specific spectra probe the local occupied and unoccupied states of p symmetry.
Figure 1(c) displays the calculated total density of states of LiBC with the energy axis adjusted
to correspond to experimental data for comparison.

In our calculations (figure 2) the carbon and boron 2p states mainly contribute to the
density of states at the top of the valence band, near the Fermi level, whereas Li provides
very little contribution to the total DOS at this energy. The features labelled a in the carbon
and boron K-emission bands in figure 1 and the feature labelled A of the total DOS indicate
that the valence band state density is a direct result of the contributions from the boron and
carbon occupied states. The additional emission features b and c as well as the main absorption
features a’ and b’ of the B 1s TFY and C 1s TEY spectra can be related to the main subbands
B and C along with A" and B’ in the total DOS. Spectral feature d in the carbon K-emission
band corresponds to the calculated subband D, resulting from a B 2s—C 2p hybridization (see
figure 2). Likewise, feature e in the boron XES spectrum in figure 1 aligns with the calculated
E subband, resulting from C 2s—B 2p hybridized states.

The band structure calculations show similar contributions from both C 2p and B 2p states
for features A, B and C. However, experimental carbon and boron K-emission spectra do not
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indicate the same contributions. Features a, b and ¢ appear in C Ko emission, while in B Ko
emission, only features a and c appear. This means that in spite of C 2p—B 2p hybridization
carbon and boron 2p-states keep their individual character due to their chemical difference.

The results of our calculations of stoichiometric LiBC are in agreement with previous
calculations [5, 6]. The calculated DOS predicts a value for the insulating gap between the
* conduction band and the 7 valence band of approximately 2 eV. This is an underestimate,
a well-known characteristic of LDA calculations. Likewise, it is rather difficult to estimate
the band gap from the experimental spectra because of smearing effects due to the core hole
lifetime and instrumental distortion, as well as the existence of impurity states.

Resonant boron and carbon K XES of LiBC displayed in figure 3 are strongly dispersive.
Therefore, LiBC is a promising candidate for RIXS band mapping [12]. The interpretation
of RIXS spectra is based on the concept that x-ray absorption and emission events should be
treated as a single inelastic scattering process with conserved crystal momentum [13]. When
a core electron is promoted to the conduction band, an emission occurs from the valence band
with the same k-value. Crystal momentum is determined by the selection of excitation energy.

RIXS can be used for insulators and polycrystalline materials (such as LiBC), which are
difficult or impossible to study by the alternative angle-resolved ultraviolet photoemission
(ARPES). A disadvantage of RIXS is that the k-selectivity is given indirectly and depends on
the dispersion of the unoccupied bands. Only at special points, such as band edges and high
symmetry points, can k be determined unambiguously from inelastic scattering experiments.

We performed quantitative band mapping for LiBC using experimental RIXS data.
Features of the boron and carbon emission spectra were extracted from the comparison to
the first and second derivatives and are labelled using dashed lines in figure 3. An example
of this method to determine features is displayed in figure 4. The dotted horizontal lines in
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figures 5(a) and (b) correspond to the excitation energies selected for the RIXS at the B and C
K-edges. The electrons are excited to states where these lines intersect with dispersion curves
for the unoccupied states indicating possible k-values. Since k-momentum is conserved, the
inelastic emission results from points where a vertical line from each excited state intersects
with the occupied states. The points derived from these procedures are labelled by symbols in
figure 5, where each symbol corresponds to a particular excitation energy. The experimental
points are generally found to be close to the calculated energy bands in the region of occupied
electronic states, demonstrating a general agreement between experiment and theory.

4. Conclusion

To summarize, the comparison of experimental RIXS data with our density functional theory
calculations shows that in spite of a general agreement between experimental and calculated
energy bands of stoichiometric LiBC, carbon and boron electronic states do not completely
hybridize, retaining some of their individual character. With this in mind, the lack of
superconductivity in off-stoichiometric LiBC could be due to several different reasons:

(1) the lack of complete hybridization of the B and C states, which is inconsistent with the
calculations;

(2) high chemical stability of LiBC reduces hole doping due to Li-deintercalation; and

(3) preparational factors such as a B—C disorder [8] or a strong structural relaxation in the
vicinity of the hole dopants [9] are known to be crucial for superconductivity and are not
currently taken into account in the LDA model calculations of hole-doped LiBC.
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