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Polarized x-ray emission and absorption spectra of MgB2
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The polarizedK-emission and absorption spectra for MgB2 have been calculated using the tight-binding
linear muffin-tin orbitals method. Within the dipole approximation a strong anisotropy is found. The core-hole
effect has also been included in the calculation of the absorption spectra shifting the emptyp-like states of Mg
significantly towards lower energies in comparison with those of the ground state calculation. For the
K-absorption spectrum of B the effect is much weaker in which the screening of the 1s core hole is much more
efficient due to the higher density of states at the Fermi level in the ground state. TheK-absorption process is
predicted have a tendency to lower the critical temperatureTc of the superconductivity.
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INTRODUCTION

Surprisingly, magnesium diboride has been shown to p
sess superconducting properties below the critical temp
ture Tc539 K.1 Furthermore, on going from Mg11B2 to
Mg10B2 the increase of 1 K in the critical temperature h
been observed indicating that the isotope variation of bo
is important and the phonon effects are crucial in this ca2

An interesting point is that the value ofTc is at least two
times as large as those of the usual Bardeen-Coo
Schrieffer ~BCS! superconductors. The assumed stro
electron-phonon coupling of this compound,3,4 which is me-
tallic at room temperature, has given rise to a large num
of electronic structure calculations.5–10 The new results have
been quite similar to the earlier ones11,12 giving confidence
for the ground state band structure of MgB2. Also, the angle-
resolved photoemission spectroscopy experiments s
good agreement with calculations based on the theore
one-electron approximation13 suggesting that the possib
correlation effects are weak.

Recently, the first single crystals of magnesium dibor
have been made.14 In the future, this provides an opportunit
to measure the polarizedK-emission and absorption spect
giving much more detailed and accurate knowledge conc
ing the electronic structure of this compound.15 Due to the
anisotropic character of the hexagonal crystal structure,16,17

one would expect that the spectra should be dependent o
polarization vectore of the radiation whether it is paralle
(eic) or perpendicular (e'c) to thec axis reflecting thepz-
or px,y-like states, respectively. In the present study we c
culate the corresponding polarizedK-emission spectra in the
ground state and the absorption spectra also in the exc
state, when the 1s electron has been moved to the emp
conduction band.

DETAILS OF CALCULATIONS

The electronic structure calculations were performed
ing the scalar-relativistic tight-binding linear muffin-tin o
bital method in the atomic sphere approximation~ASA!.18

The valence states consisted of Mg 3s, 3p, and 3d states
and B 2s, 2p, and 3d states. The supercell contained s
atoms. When the effect of the core hole was investigated,
0163-1829/2002/66~16!/165114~4!/$20.00 66 1651
s-
a-

n
.

r-
g

er

w
al

e

n-

the

l-

ed

-

e

cells containing 3 and 24 atoms were also used. The rati
the radii of the atomic spheres wasRB /RMg50.85. The lat-
tice parameters used werea5b53.086 Å andc53.524 Å.1

For the exchange-correlation potential the Ceperley-Al
form parametrized by Perdew and Zunger19 was used. The
number ofk points was 1859 in the whole Brillouin zone
Absorption spectra were calculated using both the gro
state and the excited state.

The intensity of the x-ray emission~XES! and absorption
spectra~XAS! is determined by the density of the electron
states and the matrix element^ f ue2 ik•re•pu i &, where^fu and
ui& refer to the final and initial one-electron states, resp
tively, k, e, r , andp are the wave vector and the polarizatio
vector of the photon and the position and momentum ope
tor of the electron, respectively.

According to the Fermi’s golden rule, the intensity of th
x-ray emission spectrum in the dipole approximation can
written as

I ~E,e!;E3(
f ,i

u^ f ue•r u i &u2d~Ef1E2Ei !, ~1!

whereEi andEf are the energy eigenvalues of the initial a
final one-electron states involved in the radiative transiti
The expression~1! can also be used for the calculation of th
polarized x-ray absorption spectrum provided the intens
on the left hand side of the formula is replaced by the lin
absorption coefficient. XES and XAS are powerful metho
to investigate electronic properties of materials.~1! In the
dipole approximation the initial and final electronic states
coupled with the selection rule (D l 561). ~2! Due to the
core state involved in the transition the method is sensitive
the atomic type.~3! The symmetry of the electronic state
can be investigated using polarized x rays. For instance,
s andp bands of B in MgB2 could be probed separately b
this method usinge'c andeic, respectively.

The polarized dipole spectra shown in the present pa
have been obtained by the x-ray spectrum program~XSPEC!
~Refs. 20 and 17! within the so-called final state rule.21 Ac-
cording to this rule the spectra can be approximated us
the final state potential in the single particle calculatio
This means that for emission the potential is the same as
of the ground state because there is no core hole in the
©2002 The American Physical Society14-1
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state. For absorption, however, the final state contains a
calized core-hole and it may sometimes cause significan
laxations on the conduction band and thus on the whole
sorption spectrum.

RESULTS AND DISCUSSION

Let us first consider the changes in the boronp-partial
density of states~p-DOS! due to the core-hole in the B 1s
state. To elucidate the effects of the core hole concentra
on the DOS the calculation was repeated for 3, 6, and
atoms per supercell. In the first case, when the excite
atom concentration is 50%, the main peak above the Fe
level is shifted considerably downwards compared to the c
responding ground state peak.

Turning now to the situation when the excited B ato
concentration is 6%, one can see from Fig. 1 that by incre
ing the supercell to consist of 24 atoms the features ab
the Fermi level have approached to the ground state re
showing no major differences between the core ionized
the ground state cases. This shows that the boron core-
potential is very efficiently screened. Roughly speaking, o
can say that the covalently bound boron atoms on the b
plane share their valence electrons. This means that not
the excited atom but also the neighboring atoms are imp
tant. Therefore, in the calculations the number of co
ionized atoms should be such that at least their nearest ne
bors are in the ground state.

Contrary to the boron case, in magnesium the screenin
the 1s core hole potential is a weak and local process in
sense that the interactions between Mg atoms are not sig
cant. The contribution of the electrons of the neighbor
atoms to the process is quite small for Mg. Indeed,
weight of the features of the unoccupied part of thep-DOS
have been considerably shifted to smaller energies as sh
in Fig. 2. These results indicate that the effect of the c
hole potential is much more important for theK-absorption

FIG. 1. The local boronp-DOS at a B site in MgB2 . The solid
line is for the excited state with the B 1s core-hole and the dashe
line describes the corresponding ground state case without the
hole.
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spectra of magnesium than it is to those of boron.
As Figs. 1 and 2 show the total area under the grou

statep-DOS curve is smaller than the corresponding to
area in the core hole case. This is due to screening effect
the excited atom site the influence of the core hole is to s
energy bands to lower energies and to increase the weig
the wave functions. Both of these phenomena modify
local p-DOS compared to the ground state case.

The polarized x-rayK emission spectra of B calculated i
the dipole approximation~1! for the ground state of MgB2
~without the lifetime and phonon broadening of the 1s and
valence states! can be seen in Fig. 3. The emission spectr
refers to the occupied states below the Fermi energy loca
at 0 eV. The 2px,y-like states, describings type bands, are
much more pronounced compared with the 2pz valence
bands havingp character and the resulting anisotropy can
clearly seen.

ore

FIG. 2. The local magnesiump-DOS at a Mg site in MgB2 . The
solid line denotes the situation with the Mg 1s core hole and the
dashed line is without the core hole.

FIG. 3. The polarizedK-emission and absorption spectra of b
ron in MgB2 calculated in the ground state. The solid line is for t
x, y and the dashed line is for thez polarization, respectively.
4-2



so
e

.
tio
f

b
ce
e
l

u

ce
-

av

th
pe
th
gy

en

he
ate

ith
ion
r

n

r
1
m a
ow

ron
in

the

by a
is

i
s

e
c-

the

e

-

ms
ive
ing
-
ro-
.

nal
g,

POLARIZED X-RAY EMISSION AND ABSORPTION . . . PHYSICAL REVIEW B66, 165114 ~2002!
The polarizedK absorption spectra of boron are al
shown in Fig. 3 (E>0 eV). The dashed line describes th
polarization along thez axis which means thate'c, and the
solid one is for thex,y plane havinge'c. The most striking
property for these spectra is that thepz-like states are domi-
nating close to the Fermi level whereas thepx,y type states
are more pronounced away from theK absorption edge
These results are in good agreement with the interpreta
of the experimental unpolarizedK absorption spectrum o
boron in MgB2 ~Refs. 22 and 23! finding that the unoccupied
states up to 4 eV above the Fermi level can be explained
the pp states. According to Fig. 3, a significant differen
between thex, y, andz polarizations of the line shape at th
absorption threshold is expected. Since the Fermi leve
located at the steep slope of the ground statep-DOS ~Fig. 1!,
the measurement of the polarization of the absorption co
give information on the possible many-body effects24 as well
as on the validity of the final state rule.

Since the Mg ion has lost the main part of its valen
electrons,4,25 the intensity of theK-emission spectrum is ex
pected to be small. Thus we only focus on the polarizedK
absorption which are shown in Fig. 4. The calculations h
been performed for a Mg atom with a 1s core hole in the
supercell of six atoms, the extra electron being added in
valence band to maintain the charge neutrality of the su
cell. The x,y-polarized absorption dominates just above
edge whereas thez component is stronger far away in ener
which is the opposite to that for the polarizedK absorption
spectra of boron in Fig. 3. The effect of the core-hole pot

FIG. 4. The polarizedK-absorption spectra of Mg in MgB2 cal-
culated with the 1s core hole. The solid line describes thex, y
polarization. The dashed line is for thez polarization.
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tial is to bring the features of Mg about 4 eV closer to t
Fermi level compared with the corresponding ground st
case which can be seen from Fig. 2.

It has been shown that doping magnesium diboride w
carbon atoms lowers the critical superconducting transit
temperatureTc for MgB22xCx .26 This is due to the smalle
density of states at the Fermi level~for the latter
compound!.26 It is well known that the valence configuratio
of the core level excited atom with the valenceZ is quite
identical with that of theZ11 atom in the ground state as fa
as thes-p metals are concerned. If we remove an inners
electron, then this process is almost indistinguishable fro
unit increase in nuclear charge, the extra electron being n
on the valence orbital. Now, using these arguments27 one
could replace the doping C atom by the core ionized bo
one, since the valence configuration of the carbon atom
the ground state is similar to that of the boron atom in
excited state of theK absorption. This is called theZ11
approximation, where the core hole has been replaced
proton. The results of our calculation in Fig. 1 support th
argument in the sense that thep-DOS of boron at the Ferm
level of the ground state MgB2 is 0.166, states/eV wherea
the corresponding value in the case of the B 1s core-hole
~using 24 atoms per supercell! is much lower being 0.118
states/eV.

Experimentally, it has been shown that for th
Mg12xAl xB2 compound the superconducting properties o
cur at lower temperatures than for MgB2. This is explained
by the smaller density of states at the Fermi level for
former one.28 Using once again theZ11 approximation,
since Al is the next heavier atom to Mg, theK-absorption
process for magnesium should result in lowerTc for MgB2
as well. This lowering ofTc , however, can depend on th
intensity of the incident x rays and the lifetime of the 1s core
hole.

In conclusion, for B the emptypz orbitals are closer to the
Fermi level than thepx,y states. In the case of Mg the situa
tion is just the opposite. The screening of the 1s core-hole in
B is almost complete involving the neighboring boron ato
as well, whereas in Mg it is incomplete and rather insensit
to the state of the neighboring magnesium atoms. Provid
these two extreme cases, MgB2 is an ideal material to ana
lyze the final state rule for the x-ray absorption spectra p
vided experimental data for Mg would be at disposal, too
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