
PHYSICAL REVIEW B 68, 052503 ~2003!
Resonant inelastic x-ray scattering spectra of magnesium diboride
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Using the tight-binding linear muffin-tin orbital method, the soft x-ray fluorescenceK-emission spectra of
boron in MgB2, excited close to the absorption edge, are estimated. In the calculations, the angle of incidence
u between the direction of the incoming photon and the hexagonal axis of the specimen is 60° and 75°.
Comparison with experiment is possible in the former case, where good agreement is found. The physically
different sheets of the Fermi surface are shown to induce well separated peaks in the resonant inelastic x-ray
scattering spectrum. Furthermore, a resonant feature below the Fermi energy is predicted for the larger angle.
This feature can be related to the excitations to the antibonding Bp-band in the neighborhood of theL-H line
in the Brillouin zone.
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Magnesium diboride is a new kind of superconduct
having a critical temperature of 39 K.1 Although it was ear-
lier widely used in chemical technology, the superconduct
property of this compound was not discovered until now.2 At
the moment, MgB2 has attracted considerable attention
garding spectroscopic investigations.3 For instance, angle
resolved photoemission from single crystals have revea
clear dispersions of the occupied valence bands.4 Additional
information has been obtained using x-ray absorption sp
troscopy~XAS! and x-ray emission spectroscopy~XES!.5 In
x-ray K-absorption, a core hole is created for the 1s level by
a photon and the resulting photoelectron is escaping from
specimen. TheK-emission band can be measured when
deep lying level will be filled by a valence electron an
another photon is emitted. The resonant inelastic x-
scattering ~RIXS! differs from the conventional XES in
the sense that the photoelectron remains in the conduc
band above the Fermi surface and will be absorbed by
sample.6

Utilizing synchrotron radiation, resonant inelastic x-r
scattering is a promising method to probe element-spec
local momentum-resolved electronic structure of syste
that are difficult to investigate using other techniques. T
symmetry of the occupied and unoccupied states is cou
with the polarization and direction of the incoming and o
going radiation. Crystal momentum conservation has b
observed in many materials, e.g., in hexagonal boron nit
and graphite.7 Theoretical consideration of the RIXS withi
the band-structure picture is given, e.g., in Ref. 8.

In RIXS, a photon (\vq) comes to the sample, excites
core-level (ea) electron to the conduction state (ec), and a
valence electron (ev) drops to the core hole, emitting a pho
ton (\vq8). The formula for the doubly differential cros
section in the dipole approximation@the wave vectors of the
incoming and outgoing photons are small,q'q8'0, com-
pared to the dimensions of the Brillouin zone of the Blo
states (kW ) of the electrons# implemented in our x-ray spec
trum program9 is
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vq8
vq

(
bc ,bv ,kW ,ms

U(
t,mj

Mt,mj ,ms

bv ,kW Mt,mj ,ms
* bc ,kW U2

3d~ea2ec1\vq!d~ea2ev1\vq8!, ~1!

where bc , bv , ms , mj , and t are indices for conduction
and valence bands, spin, magnetic quantum number, an
atom in the unit cell. Here, summation overt includes those
atoms in the unit cell which have the core state of t
specified energyea . Using the conventional linear muffin-tin
orbital ~LMTO! notation10 the matrix element has th
form11

Mt,mj ,ms

b,kW 5(
l ,m

i l~At,l ,m
b,kW Mt,l

r 1Bt,l ,m
b,kW Ṁ t,l

r !Mmj ,l ,m,ms

a , ~2!

wherel andm are angular momentum and magnetic quant
numbers of the valence and conduction states.Mt,l

r , Ṁ t,l
r ,

and Mmj ,l ,m,ms

a are radial matrix element, its energy deriv

tive, and angular matrix element, respectively, having
following properties:

Mt,l
r 5E Rt~r !rf t,l~r !r 2dr, ~3!

Ṁ t,l
r 5E Rt~r !r ḟ t,l~r !r 2dr, ~4!

Mmj ,l ,m,ms

a 5^ j ,mj u ê• r̂ u l ,m,ms&, ~5!

whereRt(r ) is the radial part of the core-level wave functio
andf t,l(r ) is that of the valence or conduction band,ê is the
polarization vector of the photon,j refers to the total angula
momentum of the core state, and^ j ,mj u andu l ,m,ms& are the
angular parts of the core and valence/conduction states
spectively. The matrix element leads to the selection ru
between the initial and final electronic states in t
©2003 The American Physical Society03-1
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absorption and emission of a photon in the scattering pro
(D l 561). The localized core electron state of an atomt

centered at a pointrWa is

f t,mj

a ~rW !5Rt~ urW2r a
Wu!u j ,mj&. ~6!

At,l ,m
bkW andBt,l ,m

bkW are coefficients which depend on the crys
structure and the potential of the investigated system.
wave function of the valence and conduction electrons
the form

CbkW~rW !5 (
t,l ,m

i l@At,l ,m
bkW f t l~r !1Bt,l ,m

bkW ḟ t l~r !#u l ,m,ms&,

~7!

wheref t l(r ) and ḟ t l(r ) are the partial wave and its energ
derivative, respectively. LMTO wave functions are lineariz
with respect to energy at some suitable fixed energyEn l .
Because we are interested in energy eigenvaluesEbkW near

En l , in the matrix elements~2! we can substituteBt,l ,m
bkW co-

efficients by their approximate formAt,l ,m
bkW (EbkW2En l), which

reduces the required memory in computations by abou
factor of two.

The electronic structure calculations were performed
ing the scalar-relativistic tight-binding linear muffin-tin o
bital method in the atomic sphere approximation.12 The va-
lence states consisted of Mg 3s, 3p, and 3d states and B 2s,
2p, and 3d states. The hexagonal unit cell contained th
atoms and three empty spheres. We used lattice param
a5b52.99 Å andc53.41 Å corresponding to equilibrium
volume in our calculations. For the exchange-correlation
tential, the parametrized form by Perdew and Zunger13 was
used. The number ofkW points was 648 in the whole Brillouin
zone.

The geometry used in the calculations is the followin
The direction of the absorbed photon makes an angle ou
with respect to the hexagonalc axis of the MgB2 single
crystal. The absorbed photon is linearly polarized and
polarization is in the plane containing the direction of t
photon and thec axis of the crystal. In this way the compo
nent of the polarization vector of the absorbed photon al
thec axis can be varied from 0 to 1 by increasingu from 0°
to 90°. The direction of the emitted photon is perpendicu
to the direction of the absorbed photon and makes a
2u angle with respect to thec axis. For the emitted photon
we have used two different linear polarizations. The po
ization is either in the (a,b) plane or along the direction o
the absorbed photon. All our results are expressed usin
energy scale where the Fermi energy is 0 eV.

Overall features of both XES and XAS of MgB2 are well
produced by band-structure calculations.14 Thus, RIXS ex-
periments are also expected to be explained within the o
nary band-structure picture. Because the valence hole is
localized and the 1s core hole in boron is well screened,15 it
is reasonable to use ground-state orbitals to obtain theore
spectra. Due to the conservation of both energy and mom
tum, we need detailed band-structure data in order to in
pret the spectra. The calculated band structure is show
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Fig. 1. Since we are interested in absorption and emissio
photons coupled with electron states near the Fermi ene
the most relevant bands are those which cross the Fe
level, i.e., band numbers 3–5. Zhanget al.16 have measured
RIXS spectra at different angles of incidence (u515°,45°,
and 60° with respect to thec axis of the MgB2 crystal! and
using different excitation energies~187.25 eV–188.25 eV,
Fermi energy:EF5187.28 eV). They found two peaks i
their spectra. The intensity of the peak just below the Fe
energy depends clearly on both direction and energy of
exciting radiation. On the other hand, the intensity of t
peak at about 2 eV below the Fermi energy was conside
to be unchanging.

In Fig. 2 we show our results for theu560° incidence in
the case of two polarizations of the emitted photon. The
polarized emission spectrum is an average of these two
treme cases. The strong peak just below the Fermi energ
solely due to absorption to band 4 and emission from ban
The features between24 eV and21.5 eV consist almost
entirely of RIXS, involving band pairs~3,5! and ~4,5!. The
calculated broad structure ranging from28 eV to 25 eV
appears as a tail in the measured spectra. These energy
tions of the main structures of the calculated spectrum c
respond well with the experimental values.16

FIG. 1. Band-structure of MgB2. Bands 3, 4, and 5, which cros
the Fermi level, are shown by a thicker line: solid, dashed, a
dotted, respectively.

FIG. 2. Resonant inelastic x-ray scattering spectra calculate
u560°. Excitation energy is 0.2 eV relative to the Fermi ener
Polarization of the emitted photon is in the (a,b) plane ~upper
spectrum! and in the direction of the absorbed photon~lower spec-
trum!. Dashed and dotted lines correspond to spectra calcul
using bands~3,5! and ~4,5!, respectively.
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Figure 3 shows the absorption to band 4 and emiss
from bands 1–3 contained in the above spectrum@polariza-
tion of the emitted photon in the (a,b) plane#. Band number
4 includes two separate hole-like sheets of the Fermi surf
the cylindrical bondingpx,y band around theG-A line and
the tubular bondingpz band around theM -K line in the
Brillouin zone.17 To analyze the contributions related to the
two regions of the Brillouin zone, we have split the calcu
tion in the kW space into two parts havingkW points either
inside aG-A axial cylinder or outside it. As seen from Fig. 3
the cylindrical and tubular sheets of the Fermi surface c
tribute to the spectrum in clearly distinct energy regio
enabling the investigation of these sheets independently

By increasing angleu, one can measure more directly th
excitations to thep band. In Fig. 4 we show the calculate

FIG. 4. Resonant inelastic x-ray scattering spectra calculate
u575°. Excitation energy~in eV!, relative to the Fermi energy, i
shown beside each spectrum. Polarization of the emitted photo
in the (a,b) plane.

FIG. 3. Decomposition of the spectrum@u560°, excitation en-
ergy 0.2 eV, polarization of the emitted photon in the (a,b) plane#.
The shaded parts show the resonant inelastic x-ray scattering re
to absorption to the band 4, followed by emission from bands 1
The black and gray shadings correspond to the sections of ba
around theG-A andM -K lines, respectively.
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spectra corresponding tou575° and the polarization of the
emitted radiation in theab plane. Near the top of the valenc
band there appears a peak which disappears when the
tation reaches 0.4 eV above the Fermi energy. The br
structure from24 eV to 21.5 eV does not show much dis
persion up to excitation energies 0.4 eV above the Fe
energy. However, using excitation energies above 1 eV,
intensity of the peaks increases considerably and the pos
of the peaks shifts about 1 eV closer to the Fermi level,
the excitation energy increases. To decide what bands
what parts of the Brillouin zone are responsible for each p
in the spectrum, we have calculated some of the spectra b
by band. As Fig. 5 shows, the peak around22 eV ~low
excitation energies! is mainly due to transitions involving
bands 4 and 5. In the same way, the peak around23.5 eV is
mainly due to transitions involving bands 3 and 5. From F
1 we see that both of these peaks are produced close to
L-H line in the Brillouin zone. In this region, near the Ferm
energy, the constant energy surfaces of the antibondinp
band have a tubular form.17

In summary, we have calculated RIXS spectra of Mg2
using Kramers-Heisenberg formula with TB-LMTO eige
values and eigenstates for occupied and unoccupied elec
states. The results presented indicate that MgB2 can be ana-
lyzed and interpreted on the basis of ground-state ba
structure calculations. The Fermi surface and phenomena
lated to that play an important role in the conductivity
materials. Our calculations show that the three physica
different sheets of the Fermi surface of MgB2 induce struc-
tures in RIXS spectra which are well separated in ene
This enables experimental investigation of each of th
separately. In addition, we predict nonlinear emission str
tures related with the excitation of 1s electrons to the unoc
cupied antibondingp band in the neighborhood of theL-H
line in the Brillouin zone.

We acknowledge computer resources of CSC–Scien
Computing Ltd., Espoo, Finland. This work has been s
ported in part by the Academy of Finland, Grant No. 515
~K.K. and V.K.! and the Turku University Foundation~K.K.
and W.H.!.

at

is

ted
3.

4

FIG. 5. Some of the spectra shown in Fig. 4 calculated using
bands~3,4! ~dotted!, ~3,5! ~dashed!, and~4,5! ~solid!.
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