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MgB2 under pressure: critical temperature and electrical anisotropy loss
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The effect of pressure on the MgB2 superconductor was studied with electronic structure calculations. For each volume, the MgB2 crystal
structure was optimized for thec/a ratio. Band structure analyses reveal that the main effect of pressure is to reduceσ-band anisotropy and
to change the number ofσ-carriers. These two physical properties can be associated to the critical temperature drop in MgB2. In terms of the
σ-band anisotropy and the number ofσ-carriers, the pressure effect is also compared to that resulting from MgB2 doped with C, Al and Sc.

Keywords:MgB2; superconductivity; electrical anisotropy.

El efecto de la presión en el superconductor MgB2 se estudío con ćalculos de estructura electrónica. Para cada volumen la estructura cristalina
del MgB2 fue optimizada para la relación c/a. El ańalisis de estructura electónica muestra que el principal efecto de la presión es reducir la
anisotroṕıa de las bandasσ y reducir el ńumero de portadoresσ, estas dos propiedades fı́sicas pueden ser asociados con la disminución de la
temperatura crı́tica en MgB2. En t́erminos de anisotropı́a y de ńumero de portadoresσ, el efecto de la presión es tambíen comparado con los
resultados de MgB2 dopado con C, Al y Sc.

Descriptores:MgB2; superconductividad; anisotropı́a eĺectrica.

PACS: 71.20.-b; 72.15.-v; 74.25.Fy; 74.25.Jb; 74.62.Fj

1. Introduction

MgB2 is an intermediate critical temperature,Tc, supercon-
ductor with4-bands at the Fermi energy,EF . Two of them,
the π-bands, are3D, while the other two, theσ-bands, are
highly anisotropic, almost2D [1]. This two-type of band
behaviour,2D and3D, can be observed by the very differ-
ent type of Fermi surface morphology [2]. Both types of
bands are involved in the superconductivity of MgB2 as ev-
idenced by the presence of two band-gaps [3], although the
σ-bands are the ones controlling the superconductivity since
when they are filled, the superconductivity disappears ( [4]
and references within).

In terms of electrical anisotropy, MgB2 doped with C,
Al and Sc has been studied by many authors (see Kortus
et al. [4] and references within and Bianconiet al. [5] and
Agrestiniet al. [6]); in these systems,Tc decreases with dop-
ing. ThisTc drop has been associated to band-filling in the
Al-system [7] and band-filling and interband-scattering in the
C- and Al-systems [4]. On the other hand, Bianconiet al. [5]
and Agrestiniet al.[6] have associated thisTc drop in the Al-
and Sc-systems to a2D → 3D Electronic Topological Tran-
sition (ETT ) of the Fermi surfaces, that is, theσ-bands lose
their anisotropy.

MgB2 doped with C, Al and Sc has been analyzed by
Ruiz-Chavarriaet al. [8, 9]. For the Sc-system, theTc low-
ering is clearly associated to an electric anisotropy reduction,
while for the C and Al-systems this reduction is also asso-
ciated to anσ-band filling. In all the cases, this2D → 3D

transition is smooth and is not associated to theETT , as sug-
gested by Bianconiet al. [5] and Agrestiniet al. [6].

Experiments have shown that the effect of pressure on
MgB2 also diminishesTc ( [10] and references within, [11]).
This lowering of Tc has been associated a to magnetic
anisotropy increase [12]; in this case, the anisotropy is quite
small.

In the present paper, MgB2 under pressure is analyzed
with electronic structure and electrical conductivity calcu-
lations. As a result of the band structure analysis, it is
found thatTc reduction is associated to the loss of electrical
anisotropy. Observing the similarities between MgB2 doped
with C, Al and Sc [8,9] and those resulting from the pressure
effect on MgB2, we consider that the electrical anisotropy is
a fundamental physical property to understand superconduc-
tivity in MgB2.

The results obtained by the mechanical effect of pressure
on MgB2 can be considered clean in comparison to those in
which there has been a chemical modification such as doping
of MgB2 with C, Al and Sc. Pressure has a chemical effect
and the theoretical modelling is straightforward, while with
doping the substituting element perturbs the system in many
ways; there may be phase segregation and electron scatter-
ing. On the other hand, the computational modelling can also
be more complicated, since for the anisotropy the method of
supercells cannot be used [8]. In this way, pressure in MgB2

is an ideal system to study the effects of loss of charge carri-
ers and anisotropy loss. Therefore, the effects of mechanical
pressure on the band structure of MgB2 have a more direct
interpretation than those of doping.
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FIGURE 1. Relative unit-cell parameters,a/a0 andc/c0, of MgB2

(a) as function of volume, (b) as function of pressure.

2. Computational details

The electronic structure calculations were done using the
WIEN2k code [13], which is a full potential-linearized aug-
mented plane wave (FP -LAPW ) method based onDFT .
The generalized gradient approximation of Perdewet al. [14]
was used for the treatment of the exchange-correlation inter-
actions. For the number of plane waves the criterion used was
Rmin

MT (muffin tin radius)×Kmax (for the plane waves)= 9.
The number ork-points used was19× 19× 15. The charge
density criterion with a threshold of104 was used for conver-
gence. A denser mesh of100 × 100 × 76 was used for the
evaluation of the electrical conductivity.

The electric conductivity was evaluated up to a constant,
as in de la Moraet al. [1] and references within (the relax-
ation time,τ , in the conductivity expression is sample depen-
dent, so it cannot be evaluated). The program for computing
conductivities was developed in our group.

3. Results and discussion

3.1. Structure optimization

In order to study MgB2 under pressure, a series of calcula-
tions were performed varying the volume of the unit cell. As

is well known, the covalentB-B bond is stronger than the
ionic Mg-B bond; as a consequence, the effect of pressure
on MgB2 is highly anisotropic and the C-unit cell parame-
ter compresses faster than thea-parameter [12], and thec/a
ratio has to be optimized. Initially, three calculations were
done with: V = 1.00Vo, 0.94Vo and0.88Vo (Vo is the vol-
ume without pressure); then, for eachV , a c/a optimization
was done. The resulting parameters as a function of volume
fell in an almost straight line, and the parameters were inter-
polated forV = 0.97Vo, 0.91Vo and0.85Vo. The resulting
relative parameters (a/ao andc/co) are shown in Fig. 1a. The
relativec/co parameter compresses about 80% more than the
relativea/ao parameter.

This procedure corresponds in the experiments to a ho-
mogeneous or hydrostatic pressure. The measurements on
polycrystalline samples give a large dispersion in theTc val-
ues (Fig. 4 in Shaoet al.[10]) and only the papers that studied
monocrystals were considered [15,16], since in these samples
the pressure can be considered more homogeneous.

With these optimized values, the pressure values can be
easily evaluated with

P = −dE

dV
(1)

whereE is the total energy.
The relative parameters as a function of pressure are

shown in Fig. 1b. The initiala0 andc0 are at−0.89GPa;
this is due to a small difference between the experimental
and calculatedV0. Comparing these parameters with those
of Goncharovet al. [15], it is found that the theoretical value
of thea-parameter decreases 25% more than the experimen-
tal one, while for the c-parameter such difference is much
smaller. In this way, reliablea- and c-parameters were ob-
tained for electronic structure calculations.

3.2. Conductivity anisotropy

As shown for the case of chemical doping of MgB2,
Mg(B,C)2, (Mg,Al)B2 and (Mg, Sc)B2, the electrical
anisotropy of theσ-bands seems to be an important physical
property affecting the MgB2 superconducting critical temper-
ature. The theoretical value of the anisotropy of theσ-bands
is σσ

a/σσ
c = 43, whereσσ

α is the electrical conductivity of the
σ-bands in theα direction.

The program for computing the conductivities is simple
and requires a finek-mesh to be precise. One of the virtues
of the program is that it is capable of separating theσ- and
π-bands. This is important in terms of the superconductivity
since this is a property that cannot be easily measured (if it
can be measured at all) for individual bands.

With pressure, the c-parameter reduces quite substan-
tially. This should increase the overlap of the boronσ-orbitals
in the c-direction; then, the electrons will be able to move
more freely in this direction, soσσ

c should increase quite sub-
stantially. The overlap of theseσ-orbitals in thea-direction
is already quite large and the effect of pressure should not be
as large;σσ

a should have a small increase.

Rev. Mex. F́ıs. S53 (7) (2007) 95–98
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FIGURE 2. (a) Electrical conductivity results in thea- and C-
directions (arbitrary units), (b) electrical anisotropy andTc (the
value of the anisotropy was reduced, see text).

The result of the conductivity calculations are shown in
Fig. 2a;σσ

c has the expected relatively large increase. Con-
trary to the expected small increment inσσ

a , it has a small
reduction. One probable explanation is that with pressure the
number ofσ-band carriers decreases, that is, the Fermi en-
ergy is close to theσ-band edge and a small shift of these
bands relative of theπ-band can substantially change the
number ofσ-carriers.

Unfortunately, the number ofσ-carriers cannot be calcu-
lated with theWIEN2k package, and we tried to calculate
this number with our program, but even with the largek-mesh
(100 × 100 × 76) there were large errors. To improve this
number, a more sophisticated program is needed [17].

As a consequence of the increase ofσσ
c and the reduc-

tion of σσ
a , there is a reduction of the anisotropy (Fig. 2b,

the value of the anisotropy is reduced by a factor of39/43 ≈
0.91 so that both quantities, the anisotropy andTc, would
have the same numerical value,39, at Vo and the respective
curves could be compared).

Figure 2b also shows the experimentalTc of MgB2 as
a function of pressure as reported by Goncharovet al. [15]
and Deemyadet al. [16]. The anisotropy andTc have similar
slopes, althoughTc drops faster.

MgB2 can be doped with C, Al and Sc. The theoretical
analysis of the relation of the anisotropy withTc has been
done before by Ruiz-Chavarriaet al. [8,9]:

A) In Sc-doped MgB2 with only 28% Sc-doping, the
anisotropy has dropped to a very low value, that is, the
σ-bands are almost3D and at the same dopingTc has
dropped to almost zero. This loss of anisotropy is due
to the Sc:d-orbitals that strongly affect theσ-bands. In
this case, the change of anisotropy can clearly be asso-
ciated with the drop ofTc [8].

B) On the other hand, in the case of C- and Al-doped
MgB2, the added orbitals are C:p or Al:p. These or-
bitals have little effect on the bands; the added C or Al
electron fills up theσ-bands. At higher energy (due to
the band filling), close to theσ-band edge, theσ-Fermi
surfaces become more3D. So with band-filling there
is also a loss of anisotropy. This was again related to
theTc drop [9].

In these three doped-systems there are two physical prop-
erties that destroy the superconductivity; theσ-band filling,
which reduces the number ofσ-carriers, and the loss of
anisotropy.

With these results of the doped systems we can then con-
fidently associate the drop of anisotropy with the reduction
of Tc.

MgB2 under pressure is very different from the doped
systems; theTc-drop is still observed along with the
anisotropy reduction. In these four systems, these two phys-
ical properties, theσ-band filling and anisotropy loss, have
both been associated with theTc drop. Therefore, there are
four systems in very different circumstances in which the su-
perconductivity is destroyed by the combined effect of these
two physical properties.

4. Conclusion

Electronic structure calculations are an appropriate method to
study MgB2 under pressure. It reproduces well the modifica-
tion of the cell parameters when pressure is applied. The elec-
trical conductivity calculations predict that pressure reduces
the anisotropy of theσ-bands and the number ofσ-carriers,
and these two physical properties are at least partially respon-
sible for the destruction of superconductivity.

MgB2 doped with C, Al and Sc and MgB2 under pressure
are four systems where, in different aspects, the loss of theσ-
band anisotropy and the reduction of the number ofσ-carriers
reduceTc. Therefore, theσ-band anisotropy and the number
of σ-carriers are two fundamental physical properties of the
relatively highTc in MgB2.
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