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Effects of Al doping on the structural and electronic properties of Mg1ÀxAl xB2

O. de la Pen˜a, A. Aguayo, and R. de Coss*
Departamento de Fı´sica Aplicada, Centro de Investigacio´n y de Estudios Avanzados,

Apartado Postal 73 Cordemex 97310 Me´rida, Yucatán, México
~Received 26 February 2002; published 8 July 2002!

We have studied the structural and electronic properties of Mg12xAl xB2 within the virtual crystal approxi-
mation ~VCA! by means of first-principles total-energy calculations. Results for the lattice parameters, the
electronic band structure, and the Fermi surface as a function of Al doping for 0<x<0.6 are presented. Theab
initio VCA calculations are in excellent agreement with the experimentally observed change in the lattice
parameters of Al-doped MgB2. The calculations show that the Fermi surface associated with holes at the boron
planes collapses gradually with aluminum doping, and vanishes forx50.56. In addition, an abrupt topological
change in thes-band Fermi surface was found forx50.3. The calculated hole density correlates closely with
existing experimental data forTc(x), indicating that the observed loss of superconductivity in Mg12xAl xB2 is
a result of hole band filling.
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The discovery of superconductivity in the simple bina
intermetallic compound MgB2, with a Tc as high as 40 K,1

has stimulated intense investigations, both from experime
and theoretical points of view.2 The superconducting trans
tion temperatureTc for MgB2 has been studied as a functio
of pressure and alloying.2 Experimentally it has been ob
served that the superconducting transition temperature
Mg12xAl xB2 decrease with Al doping,3,4 and superconduc
tivity disappears forx.0.5.5,6 According to band-structure
calculations of MgB2, electron doping reduces the density
states~DOS! at the Fermi level.7,8 Based on the rigid-band
approximation, An and Pickett7 analyzed the effect of Al
doping on the DOS of MgB2, and found that the DOS at th
Fermi level drops forx'0.25. A structural characterizatio
of Mg12xAl xB2 shows that the cell volume also decreas
with Al doping.3,4 Therefore, the reduction of the DOS at th
Fermi level in Mg12xAl xB2 is expected to have two contr
butions: the first is due to electron doping, and the secon
a result of the cell volume reduction which produce a ba
broadening.

Measurements of the thermoelectric powerS on
Mg12xAl xB2 for x<0.1 have shown that the slope of th
linear part ofS(T) changes with the Al doping, indicatin
changes in the Fermi surface due to electron doping.9 More
recently, it was shown that the Raman spectra
Mg12xAl xB2 for 0<x<0.6 ~Refs. 5 and 6! show a pro-
nounced frequency shift and a considerable change in
linewidth for theE2g phonon mode atx'0.3, which corre-
late with a steeping in the behavior ofTc(x) with Al
doping.3,5,6Although some of the observed effects of Al do
ing in Mg12xAl xB2 can be interpretated qualitatively i
terms of the rigid-band approximation as an effect of
s-band filling, a quantitative analysis is essential in order
determine the interplay between electron doping and
structural, electronic, and transport properties
Mg12xAl xB2.

In this paper, we present a study of the effects of Al do
ing on the structural and electronic properties
Mg12xAl xB2 for 0<x<0.6, using theab initio virtual crys-
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tal approximation. The calculated lattice parameters are c
pared with available experimental data.3 The evolution of the
electronic band structure and thes-band Fermi surface~FS!
as a function of Al doping is analyzed. We correlate o
results with the experimentally observed behavior ofTc with
Al doping.3–6 We show that the observed loss of superco
ductivity in Mg12xAl xB2 can be explained by a filling of the
hole bands.

The Khon-Sham total energies were calculated s
consistently using the full-potential linearized augmen
plane-wave method10 as implemented in theWIEN97 code,11

where the core states are treated fully relativistically and
semicore and valence states are computed in a scalar re
istic approximation. The exchange correlation potential w
evaluated within the generalized gradient approximat
~GGA!, using the recent parameter-free GGA form of P
dew, Burke, and Ernzerhof.12 We chose muffin-tin radii
(RMT) of 1.8 and 1.5 a.u. for Mg and B, respectively, a
used a plane-wave cutoffRMTKMAX59.0. Inside the atomic
spheres the potential and charge density were expande
crystal harmonics up tol 510. Convergence was assume
when the energy difference between the input and ou
charge densities was less than 131025 Ryd. Special atten-
tion was paid to the convergence of results by performing
calculations for a sufficiently large number ofk points in the
irreducible wedge of the Brillouin zone for the omega stru
ture (144 k points!. The corrected tetrahedron method w
used for Brillouin-zone integration.13

The Al doping was modeled in theab initio virtual crystal
approximation~VCA!.14,15 The Mg (Z512) sites are substi
tuted for pseudoatoms which have a fractional electro
charge (Z5121x), depending on the Al concentrationx.
This approximation is justified mainly by the fact that A
only has one electron more than Mg. The full potential f
the VCA system it is determined self-consistently for ea
value of Al doping without a shape approximation.11 The ab
initio VCA as implemented in this work was used very r
cently to model C, Cu, and Be substitutions in MgB2.15 The
equilibrium lattice parameters were determined by tot
energy calculations for each value of Al doping (x50.0, 0.1,
©2002 The American Physical Society11-1
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0.2, 0.25, 0.3, 0.35, 0.4, 0.5, and 0.6!. Since the AlB2 struc-
ture has two structural parameters (a andc), we performed
self-consistent total-energy calculations for nine differe
volumes and for nine differentc/a ratios, in order to opti-
mize bothV and c/a for each Al concentration. For MgB2
we have obtaineda53.083 Å andc53.526 Å, which com-
pare very well to the experimental values ofa53.086 Å and
c53.524 Å,1 respectively.

In Fig. 1 we present the calculated lattice parametersa
andc) of Mg12xAl xB2 for 0<x<0.6, and it can be seen tha
both a and c decrease with Al doping as observe
experimentally.3,4 For comparison we have included the e
perimental data from Sluskyet al.,3 and we find that the
change ina with Al doping is very well reproduced by th
VCA calculations. For the region 0.1<x<0.2 two values of
c were reported,3 which was ascribed to the coexistence
two phases~Mg-rich and Al-rich phases!. It is interesting to
note that in this region the VCA values approximately rep
duce the average value. However, forx.0.2 we find very
good agreement between the experimental data and the
calculations~see Fig. 1!. Although both cell parameters (a
andc) decrease monotonically with Al doping, it is interes
ing to note that the slope forc as a function of Al doping is
larger than fora. In order to understand this behavior in th
context of bonding properties we have analyzed the cha
in the charge distribution with Al doping. Figure 2~a! shows
the charge density distribution in the~110! plane of MgB2.
Mg nuclei are located at the corners of the map and B nu
are at the (1/3,1/2) and (2/3,1/2) positions, all of them in
plane of the figure. We can see the directional, covalent B
s bonds. In addition, there is a significant density of cha
in the interstitial region, giving rise to metallic-type bondin

FIG. 1. Lattice parametersa andc for Mg12xAl xB2. Experimen-
tal data are from Ref. 3~solid circle!, and the calculated ones usin
the VCA ~open circle!.
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between the Mg and B planes. The charge distribution
bonding properties of MgB2 have been calculated previousl
and were discussed in detail in Ref. 16. Therefore, we c
centrate on the influence of Al doping on the electron den
of MgB2. Figure 2~b! shows the difference between th
charge densities of Mg0.5Al0.5B2 and MgB2. It can be seen
that charge transfer occurs from Al-B ions into the near
interstitial region. We can see that the majority of this cha
is distributed in the interplane region, and an important fr
tion of the charge is being transfered to thep bond, while
only a small fraction is at thes bond in the boron planes
This important increase in the occupation of thep bond with
Al doping accounts for the strong decrease of the separa
between planes~the c axis! of Mg12xAl xB2.

The evolution of the calculated DOS for Mg12xAl xB2, not
shown here, shows a band broadening as a function o
doping, mainly as a consequence of the cell volume red
tion. In addition, electron doping raises the Fermi level
higher energies. Both effects, band broadening and elec
doping, contribute to reduce the density of states at the Fe
level in Al-doped MgB2. In Table I, we summarize the ca
culated lattice parameters, cell volume, and the total den
of states at the Fermi level@N(EF)# for each of the studied
Al concentrations. We can see thatN(EF) decreases with Al
doping, from 0.72 for MgB2 to 0.26 states/eV per cell fo
Mg0.4Al0.6B2. Therefore, in a BCS scenario this reduction
N(EF) accounts for the decrease ofTc with Al doping in
Mg12xAl xB2.3–6

A careful analysis of thex dependence of the electron
band structure, and in particular of thes-band FS which has
been shown to be relevant for superconductivity

FIG. 2. Electronic charge density for the MgB2~110! plane~top!
and the charge-density difference between Mg0.5Al0.5B2 and MgB2

~bottom!.
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MgB2,7,8,17–20provides a more detailed and quantitative d
scription of the effects of Al doping. In Fig. 3 we present t
electronic band structure of MgB2. The s bands coming
from the s-p boron orbitals are strongly two dimensiona
with very little dispersion alongG-A; this dispersion can be
characterized by the difference between theEG and EA en-
ergies~see Fig. 3!. TheEG andEA energies correspond to th
bottom and top of thes band in theG-A direction, respec-
tively. The light- and heavy-holes bands in MgB2 form a FS
consisting of two fluted cylinders surrounding theG-A line
in the Brillouin zone~see Fig. 3!. The dependence of th
energy of thes bands atG andA, relative toEF as a function
of Al doping, are shown in Fig. 4. We can see that bo
energiesEG andEA decrease monotonically as a function
Al doping. More interestingly, the Fermi level reachesEG for
x50.3 andEA for x50.56. We find that the radius of th
cylinders decreases gradually with Al doping and at a criti
concentration ofx50.3, the radius atkz50 collapses and the
FS takes the form of a sandglass. A three-dimensional v
of the changes in the FS topology with Al doping is pr
sented in Fig. 4. Forx50.3 the Fermi level inG is at a
saddle point in the band structure, and the transition thro
the saddle point results in a disruption of the neck, i.e.,
transition from a closed to an open section of the FS.21 For

TABLE I. Calculated lattice parameters, cell volume, and de
sity of states at the Fermi levelN(EF) in states/eV unit cell, for
Mg12xAl xB2 as a function of Al doping (x).

x a (Å) c (Å) V (Å3) N (EF)

0.0 3.083 3.526 29.02 0.72
0.1 3.076 3.486 28.56 0.68
0.2 3.072 3.448 28.18 0.64
0.25 3.070 3.424 27.95 0.60
0.3 3.063 3.403 27.65 0.55
0.35 3.059 3.386 27.44 0.48
0.4 3.055 3.367 27.21 0.43
0.5 3.047 3.338 26.84 0.33
0.6 3.039 3.315 26.51 0.26

FIG. 3. Electronic band structure and thes-band Fermi surface
for MgB2 at the calculated lattice constants~see Table I!.
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x.0.3 the FS takes the form of two cones~see Fig. 4!, and
these finally vanish at the second critical concentrationx
50.56) when the hole bands have been filled. These cha
in the hole FS are expected to be accompanied by var
kinds of electronically driven anomalies, including lattic
dynamics and transport properties.

As mentioned above, Raman spectroscopy studies
Mg12xAl xB2 ~Refs. 5 and 6! showed a pronounced shift an
a considerable change in the linewidth of theE2g phonon
mode atx'0.3. Additionally, a steeping of theTc decrease
was observed at an Al concentration of approximat
0.3.3,5,6 These changes in both the structural and superc
ducting properties seem to be strongly related to the ab
change in the FS topology, which occurs forx50.3 ~see Fig.
4!. In order to establish a more direct comparison betwe
the FS evolution and the superconducting properties w
increasing Al doping, we calculated the hole FS area (AFS)
as a function ofx, which is proportional to the hole density a
the Fermi level (Ns). From the calculated FS area and usi
Ns5AFS/24, we obtainedNs50.247 states/unit cell for
MgB2, which is close to the calculated value neglecting t
kz dispersion of thes band ~0.25! obtained by An and
Pickett.7 In Fig. 4~b! we compare the calculated normalize
FS areaAFS(x)/AFS(0) with the normalized superconduc

-

FIG. 4. ~a! Energy position of thes band atG (EG) andA (EA)
relative toEF for Mg12xAl xB2. In the inset, we show thes-band
Fermi surface forx50.25, 0.3, and 0.35.~b! Calculated normalized
holes FS area,A(x)/A(0) ~solid line! and the normalized experi
mental values~Ref. 5! of the superconducting critical temperatur
Tc(x)/Tc(0) ~open circles!.
1-3
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ing critical temperaureTc(x)/Tc(0). Theexperimental data
for Tc(x) were taken from Ref. 5. We can see that for t
low concentration region (x<0.25), before theE2g phonon
frequency shift,6 the drop of Tc is directly related to the
change in the hole density. This view is in agreement w
recent results of NMR experiments on Al-doped MgB2 for
x<0.1.22 In the high concentration region (x.0.25), the be-
havior ofTc is determined by the FS area but the importan
of the phonon-renormalization is clear.5,6 In this way, the FS
area andTc follow the same behavior with Al doping in the
whole range (0<x<0.6), indicating a close relation betwee
the changes in thes-band FS and the loss of supercondu
tivity in Al-doped MgB2.

In summary, we have performed a first-principles study
the effects of Al doping on the structural parameters, t
electronic structure, and thes-band FS of Mg12xAl xB2, us-
ing the virtual crystal approximation.~i! We find that ab
initio VCA calculations are in excellent agreement with th
experimentally observed changes in the lattice parameter
a function of Al doping.~ii ! The analysis of the charge den
sity shows that an important portion of the Al electrons is
the interplane region and only a small fraction at the B
o

h
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.
n

D

a

L.

W

01251
h

e

-

f
e

as

t

planes, providing an explanation of the strong change of
c axis and the small change in thea axis with the Al concen-
tration. ~iii ! The hole FS gradually collapses with Al dopin
and vanishes forx50.56. An abrupt topological change wa
found for x50.3, which correlates with the frequency sh
of the E2g phonon mode and the steeping in theTc(x) de-
crease. Additionally, the critical concentration ofx50.56, at
which the hole FS disappears, corresponds to the experim
tally observed Al concentration~0.5–0.6! for which Tc(x)
vanishes.~iv! We find that the behavior of the calculate
s-band FS area with Al doping correlates with the superc
ducting critical temperatureTc(x). Consequently, the ob
served loss of superconductivity in Mg12xAl xB2, can be ex-
plained as a result of the filling of the hole bands.

This research was funded by the Consejo Nacional
Ciencia y Tecnologı´a ~CONACYT, México! under Grant No.
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