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Polarized x-ray emission and absorption spectra of MgB
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The polarizedK-emission and absorption spectra for MgBave 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 thepelikptgtates 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 oftberd hole is much more
efficient due to the higher density of states at the Fermi level in the ground stat&-asorption process is
predicted have a tendency to lower the critical temperafyref the superconductivity.
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INTRODUCTION cells containing 3 and 24 atoms were also used. The ratio of
the radii of the atomic spheres wlg/Ryq=0.85. The lat-

Surprisingly, magnesium diboride has been shown to postice parameters used wese=b=3.086 A andc=3.524 A}
sess superconducting properties below the critical temperd=or the exchange-correlation potential the Ceperley-Alder
ture T.=39 K.! Furthermore, on going from MdB, to  form parametrized by Perdew and Zundewvas used. The
Mg!%B, the increase of 1 K in the critical temperature hasnumber ofk points was 1859 in the whole Brillouin zone.
been observed indicating that the isotope variation of boroMbsorption spectra were calculated using both the ground
is important and the phonon effects are crucial in this éase state and the excited state.

An interesting point is that the value @f. is at least two The intensity of the x-ray emissiatXES) and absorption
times as large as those of the usual Bardeen-Coopespectra(XAS) is determined by the density of the electronic
Schrieffer (BCS superconductors. The assumed strongstates and the matrix elemeffte " "e-p|i), where(f| and
electron-phonon coupling of this compouh8iwhich is me-  |i) refer to the final and initial one-electron states, respec-
tallic at room temperature, has given rise to a large numbetively, k, e, r, andp are the wave vector and the polarization
of electronic structure calculations® The new results have vector of the photon and the position and momentum opera-
been quite similar to the earlier orié$? giving confidence tor of the electron, respectively.

for the ground state band structure of MgB\Iso, the angle- According to the Fermi’s golden rule, the intensity of the
resolved photoemission spectroscopy experiments showray emission spectrum in the dipole approximation can be
good agreement with calculations based on the theoreticatritten as

one-electron approximatioh suggesting that the possible
correlation effects are weak.

Recently, the first single crystals of magnesium diboride
have been mad¥.In the future, this provides an opportunity
to measure the polarizeg-emission and absorption spectra whereE; andE; are the energy eigenvalues of the initial and
giving much more detailed and accurate knowledge concerrfinal one-electron states involved in the radiative transition.
ing the electronic structure of this compoulidDue to the  The expressiofil) can also be used for the calculation of the
anisotropic character of the hexagonal crystal structté, polarized x-ray absorption spectrum provided the intensity
one would expect that the spectra should be dependent on tlw the left hand side of the formula is replaced by the linear
polarization vectore of the radiation whether it is parallel absorption coefficient. XES and XAS are powerful methods
(ellc) or perpendicular €L c) to thec axis reflecting thep,- to investigate electronic properties of materidls). In the
or p, ,-like states, respectively. In the present study we caldipole approximation the initial and final electronic states are
culate the corresponding polariz&demission spectra in the coupled with the selection ruleA(==*=1). (2) Due to the
ground state and the absorption spectra also in the excitezbre state involved in the transition the method is sensitive to
state, when the 4 electron has been moved to the emptythe atomic type(3) The symmetry of the electronic states

I(E,e)~ESZ [(fle-r[i}|28(E¢+E—E;), (1)

conduction band. can be investigated using polarized x rays. For instance, the
o and 7 bands of B in MgB could be probed separately by
DETAILS OF CALCULATIONS this method usingL ¢ andellc, respectively.

The polarized dipole spectra shown in the present paper
The electronic structure calculations were performed ushave been obtained by the x-ray spectrum progfd8PEQ
ing the scalar-relativistic tight-binding linear muffin-tin or- (Refs. 20 and 1L7within the so-called final state rufé.Ac-
bital method in the atomic sphere approximati@BA).'®  cording to this rule the spectra can be approximated using
The valence states consisted of Mg, Bp, and 3 states the final state potential in the single particle calculations.
and B X, 2p, and 3 states. The supercell contained six This means that for emission the potential is the same as that
atoms. When the effect of the core hole was investigated, thef the ground state because there is no core hole in the final
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FIG. 1. The local borop-DOS at a B site in MgB. The solid FIG. 2. The local magnesiumDOS at a Mg site in MgB. The

line is for the excited state with the BsIore-hole and the dashed solid line denotes the situation with the Mg tore hole and the
line describes the corresponding ground state case without the codashed line is without the core hole.
hole.

spectra of magnesium than it is to those of boron.
state. For absorption, however, the final state contains a lo- As Figs. 1 and 2 show the total area under the ground
calized core-hole and it may sometimes cause significant restate p-DOS curve is smaller than the corresponding total
laxations on the conduction band and thus on the whole alarea in the core hole case. This is due to screening effects. At
sorption spectrum. the excited atom site the influence of the core hole is to shift
energy bands to lower energies and to increase the weight of
the wave functions. Both of these phenomena modify the
RESULTS AND DISCUSSION local p-DOS compared to the ground state case.

Let us first consider the changes in the bogpartial Th_e polarized x-ray emission spectra of B calculated in
density of state¢p-DOS) due to the core-hole in the Bs1 the dipole approximatioitl) for the ground state of MgB
state. To elucidate the effects of the core hole concentratioffVithout the lifetime and phonon broadening of the and
on the DOS the calculation was repeated for 3, 6, and 2)@lence statgcan be seen in Fig. 3. The emission spectrum
atoms per supercell. In the first case, when the excited gefers to the occup!ed states below fth_e Fermi energy locating
atom concentration is 50%, the main peak above the Fern@it O €V. The D, -like states, describing type bands, are
level is shifted considerably downwards compared to the corfuch more pronounced compared with the, 2valence
responding ground state peak. bands havingr character and the resulting anisotropy can be

Turning now to the situation when the excited B atomclearly seen.
concentration is 6%, one can see from Fig. 1 that by increas-
ing the supercell to consist of 24 atoms the features above 60 ————T————1T———7T— 71—
the Fermi level have approached to the ground state resuli
showing no major differences between the core ionized anc__ 59 [
the ground state cases. This shows that the boron core-holg L
potential is very efficiently screened. Roughly speaking, one3 E
can say that the covalently bound boron atoms on the baség r
plane share their valence electrons. This means that not onls C
the excited atom but also the neighboring atoms are impor-& 30
tant. Therefore, in the calculations the number of core—g
ionized atoms should be such that at least their nearest neigra o0 [
bors are in the ground state. u L

Contrary to the boron case, in magnesium the screening ogm
the 1s core hole potential is a weak and local process in the
sense that the interactions between Mg atoms are not signifi r
cant. The contribution of the electrons of the neighboring 0_15‘ '
atoms to the process is quite small for Mg. Indeed, the
weight of the features of the unoccupied part of fhBOS
have been considerably shifted to smaller energies as shown FIG. 3. The polarize&-emission and absorption spectra of bo-
in Fig. 2. These results indicate that the effect of the coraon in MgB, calculated in the ground state. The solid line is for the
hole potential is much more important for theabsorption  x, y and the dashed line is for thepolarization, respectively.
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500 —————————T T tial is to bring the features of Mg about 4 eV closer to the
Fermi level compared with the corresponding ground state
case which can be seen from Fig. 2.

It has been shown that doping magnesium diboride with
carbon atoms lowers the critical superconducting transition
temperatureT . for MgB,_,C, .%° This is due to the smaller
density of states at the Fermi leveffor the latter
compound.?® It is well known that the valence configuration
of the core level excited atom with the valengeds quite
identical with that of th&Z +1 atom in the ground state as far
as thes-p metals are concerned. If we remove an inner 1
electron, then this process is almost indistinguishable from a
unit increase in nuclear charge, the extra electron being now
on the valence orbital. Now, using these argunfénime
' could replace the doping C atom by the core ionized boron
one, since the valence configuration of the carbon atom in
the ground state is similar to that of the boron atom in the

FIG. 4. The polarize&-absorption spectra of Mg in MgBcal- ~ €Xcited state of th& absorption. This is called th&+1

culated with the & core hole. The solid line describes they ~ @Pproximation, where the core hole has been replaced by a
polarization. The dashed line is for taepolarization. proton. The results of our calculation in Fig. 1 support this

argument in the sense that tpeDOS of boron at the Fermi
level of the ground state MgBis 0.166, states/eV whereas
the corresponding value in the case of the 8 cbre-hole
(using 24 atoms per supergels much lower being 0.118
states/eV.

Experimentally, it has been shown that for the
Mg, _Al,B, compound the superconducting properties oc-
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The polarizedK absorption spectra of boron are also
shown in Fig. 3 E=0eV). The dashed line describes the
polarization along the axis which means thal c, and the
solid one is for thex,y plane havingel c. The most striking
property for these spectra is that thglike states are domi-
2?;nr?wocrlgsp?ré?]ct)tic':e?jm;v\::\;ell‘r\clnvrge;ehzsagls%rg% en s;tg: cur at lower temperatures than for MgBThis ig explained

. . : . by the smaller density of states at the Fermi level for the
These results are in good agreement with the mterpretatlo]%rmer one® Using once again th&+1 approximation
of the experimental unpolarized absorption spectrum of since Al is .the next heavier atom to Mg tl’ﬂ@absorption’
boron in MgB, (Refs. 22 and 2Bfinding that the unoccupied rocess for maanesium should result in I'ovT rfor MaB
states up to 4 eV above the Fermi level can be explained bgs well. This Io?/vering ofT.. however. can d%epend %nzthe
:)heetvf/)g eit?;(:.y,’é\;%%rglggl ;ﬁz;i% nii 0? ti'gr;i'::gasn; a(;l)l;fearte tnhcee int?nsity of the incident x rays and the lifetime of the dore
absorption threshold is expected. Since the Fermi level ig'oli' conclusion, for B the emptp, orbitals are closer to the

1 1 z
It(r)]cated atthe steep slope of the g.round spaIBDS(Flg. b, ermi level than the, , states. In the case of Mg the situa-
e measurement of the polarization of the absorption coul@ Y

give information on the possible many-body effétes well onis just the opposite. The screening of th;acbre-hole n
as on the validity of the final state rule. B is alImost complete involving the neighboring boron atoms

Since the Mg ion has lost the main part of its valence®S well, whereas in Mg it is incomplete and rather insensitive
electrong!?® the intensity of thek-emission spectrum is ex- to the state of the neighboring magnesium atoms. Providing
pected to be small. Thus we only focus on the polarited 1€S€ WO extreme cases, Mgl an ideal material to ana-

absorption which are shown in Fig. 4. The calculations havdyZe the final state rule for the x-ray absorption spectra pro-
been performed for a Mg atom with askore hole in the vided experimental data for Mg would be at disposal, too.

supercell of six atoms, the extra electron being added in the
valence band to maintain the charge neutrality of the super-
cell. Thex,y-polarized absorption dominates just above the We are grateful to H.L. Skriver for giving his TB-LMTO
edge whereas thecomponent is stronger far away in energy code. The calculations were made using the computational
which is the opposite to that for the polariz&dabsorption  facilities provided by the Center for Scientific Computing,
spectra of boron in Fig. 3. The effect of the core-hole potenEspoo, Finland.
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