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Ab Initio Lattice Dynamics of MgB,

K. PARLINSKI

Institute of Nuclear Physics, Radzikowskiego 152, 31-342 Cracow, Poland

Using the density functional theory, the phonon dispersion relations,
the phonon density of states, mean square displacements, and thermody-
namic functions of superconducting MgB, crystals have been calculated.
The modes of graphite-like boron network belong to optic phonon branches,
which are rather independent of the Mg vibrations.

PACS numbers: 63.20.—e, 74.20.—z

Recently, the discovery of superconductivity (Tc ~ 39 K) in hexagonal mag-
nesium diboride MgB, has been announced [1]. It is believed [2] that this material
becomes superconducting by the classical BCS mechanism proposed by Bardeen,
Cooper, and Schieffer. This mechanism assumes that the interaction between the
electrons which give rise to superconductivity is mediated by thermal phonons in
the underlying lattice.

First principles FLMTO-GGA electronic structure calculations [3, 4] showed
that in superconducting MgB» the high energy valence band is made predomi-
nantly of boron 2p-states which determine the electronic density of states in the
vicinity of the Fermi surface. It has been already shown that the electronic density
of states at the Fermi level [3, 4] and the conductivity in the boron plane [3] are
quite substantial.

Modern ab intio determination of phonon dispersion relations is the way
to help the understanding of the role played by the electron—phonon coupling.
Recently a number of contributions related to the lattice dynamics of MgBs have
been published, [3, 5-8]. Some investigations were restricted to phonon modes for
the I' point only [3, 5]. In others, the phonon dispersions for MgBs have been
determined [6, 7]. Present calculations offer additional information following from
the knowledge of the lattice dynamics of MgBs.

The ab initio calculations are carried out using the density functional theory
with the generalized gradient approximation (GGA) as implemented in VASP
package [9, 10], and with Vaderbilt-type ultrasoft pseudopotentials provided with
this program. VASP solves the generalized Kohn—Sham equations by an iterative
matrix diagonalization based on the minimization of the norm of the residuum
vector to each eigenstate and an optimized charge-density mixing routine. The
pseudopotentials for B and Mg atoms are representing s?p! and s?p® electron
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configurations, respectively. The summation over k£ wave vectors was limitted to
12 x 12 x 12 Monkhurst—Pack mesh. To optimize the crystal structure we used
a primitive hexagonal unit cell, space group P6/mmm with 3 atoms at positions
Mg: (0,0,0), B: (%, %, %), and B: (%, %, %) This structure consists of layers of
two-dimensional triangular lattice of either Mg, intercalated by a two-dimensional
planar graphite-like network of boron. The calculated structural parameters are
a = 3.0651 A and ¢ = 3.5176 A, while the experimental values are a = 3.086 A
and ¢ = 3.524 A [1].

The phonons are determined by the direct method [11-14]. For that we
optimized the rhombohedral supercell with 36 atoms and with basis vectors de-
fined as ag = 2a+ ¢, by = 2b+ ¢, ¢s = —2a — 2b + ¢, where a, b, ¢ are the
primitive translation vectors of the hexagonal unit cell. The symmetry of the se-
lected rhombohedral supercell breaks the twofold symmetry axis, and lowers the
P6/mmm (D},) space group to R3m (Dj,). The Hellmann—-Feynman forces are
computed for independent displacements #, y, and z of metal and B atoms. The
displacement amplitudes were varing between 0.03-0.30 A, so that all the on-site
Hellmann—Feyman forces were of the same order of magnitudes. To rebuild the
correct symmetry of the phonon dispersion relations we use the same method as
for the hexagonal 2H-GaN crystal [13]. The corrections are so small that they are
not visible on the figures. In this procedure we take into account 17 coordination
shells of the force constants which required 64 independent parameters. The val-
ues of the force constants diminish with a distance between the involved atoms.
The largest ones are the on-site force constants (at a distance zero). However, at
the distance supercell center — supercell surface the largest elements are at least
two order of magnitudes smaller than the on-site force constants. Such a decrease
in the force constants is quite sufficient to obtain phonon frequencies at all wave
vectors with appreciate accuracy. Moreover, the present rhombohedral supercell
provides correct phonon frequencies at commensurate wave vectors I": (0,0,0), M:
(0, %, 0), (%, %, %), and (%, %, %) and symmetry equivalent points, even if the force
constants would not vanish within the range of the supercell.

Let us return again to the distance dependence of the force constants. In Ta-
ble I we show the three eigenvalues of the symmetrized force constant matrices for
the coordination shells of the shortest radius R around the metal and boron atoms.
These force constants provide the largest contributions to the dynamical matrices.
From Table T one can see that the force constants between nearest neighbors of
boron B-B are the largest. The force constants between boron and magnesium
B-Mg and between magnesiums Mg—Mg prove to be much smaller. These features
cause that the graphite-like network of borons vibrates rather independently on
the magnesium sublattice.

In Fig. 1, we show the phonon dispersion relations for MgBs. In Table IT the
I'-point phonon frequencies are collected. They are in reasonable agreement with
other calculations [3, 5=7]. Far from the I'-point the acoustic phonon dispersion
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TABLE 1

The quantities n;/P;;, where n;, 1 = 1,2,3 are the eigenvalues of the
symmetrized part of the force constant matrices for the coordination
shells of the radius R expressed in terms of respective diagonal on-site
force constants @;; of B atoms. The values of the on-site force con-
stants of boron are as follows: @11(0;0) = @22(0;0) = 264 N/m, and
®33(0;0) = 156 N/m. The Mg(0) denotes the on-site force constant of
the metal. Only quantities 7;/@;; of the shortest radius R are given.

Crystal Bond Rin A m 72 N3
MgB- Mg(0) 0.000 0.390 0.390 0.612
B-B 1.770 -0.123 -0.232 —-0.246
B-Mg 2.495 -0.062 0.004 -0.009
B-B 3.065 -0.138 -0.014 0.038
Mg-Mg 3.065 -0.044 0.003 0.009
TABLE 11

Comparison of the ['-point phonon frequencies (in
THz) of MgB: with those of Refs. [3, 5-7] denoted as
(I), (II), (I1I), (IV), respectively.

Mode 1 11 111 v Ours
Fia 9.8 9.6 10.0 9.7 9.4
Aoy 11.6 11.7 12.0 11.8 10.9
E2g 19.9 14.1 17.6 16.1 15.0
Blg 20.4 20.7 20.8 20.9 20.8
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Fig. 1. Phonon dispersion relations of MgB2 crystal.

relations reflect the vibrations of the metals Mg. The optic branches describe the
vibrations of the graphic-like boron network. Moreover, the branches of symmetry
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Asy and Bjg at the I'-point correspond to out-of-plane boron vibrations, while
four remaining curves with symmetry £, and Eo; at the I'-point determine the
in-plane boron motion. The out-of-plane and in-plane polarizations are approxi-
mately kept along the same branches all over the Brillouin zone. This feature could
justify a construction of a simple two-dimensional model for either out-of-plane, or
in-plane phonon boron vibrations. Notice that the in-plane boron modes 5, and
Fyy exhibit a considerable dispersion over the Brillouin zone. The Ey; mode shows
an exceptionally strong coupling to electronic states at the Fermi level [7]. The de-
couplings of the magnesium and boron vibrations to acoustic and optic modes,
respectively, are caused by the large mass difference of the constituent atoms.

Figure 2 shows the total and partial phonon density of states. The partial
phonon density of states is separated to modes with vibrational polarization within
the graphite-like network plane, and out of it.
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Fig. 2. Total and partial phonon density of states of MgBs crystals. The magne-
sium and boron partial phonon density of states correspond to in-plane (solid line)

and out-of-plane (dotted line) vibrations.

g(w) allows us to determine the mean square displacements of atoms
B;; = (uju;); B;; defines, in turn, the Debye-Waller factor refined during the
structural analysis. We have calculated these values and for two temperatures
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TABLE III

The calculated mean square displacements B;; = (ulu]> are in
units of 1072 A2, Experimental data are taken from Ref. [15].

Temp. B;; Calculations Experiment
Mg B Mg B
0°K Bz 0.28 0.28 0.31 0.34
B.. 0.29 0.36 0.33 0.44
300°K B 0.56 0.37 0.55 0.45
B.. 0.61 0.53 0.56 0.65

they are listed in Table III. Also a comparison of the calculated B;; and the mea-
sured [15] data is given there. For Mg the agreement is perfect, while for B the
measured values are slightly higher, which might mean that a small static dis-
placement of the B atoms persists in the crystal.

Figure 3 shows the temperature dependence of internal energy, free energy,
entropy, and heat capacity at a constant volume in harmonic approximation. The
limit of the internal energy, and the free energy at T' = 0 are equal to the mean
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Fig. 3. Internal energy, free energy, entropy, and heat capacity at a constant volume

as a function of temperature for MgB2 in harmonic approximation.
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energy of zero mode frequencies. At high temperatures the internal energy tends
to kg1 behavior. The heat capacity tends at high temperatures to 9%kg, where 9 is
the number of degree of freedom in the unit cell of MgB,. This regime is attained
above 1600 K.

We have performed structural calculations for MgBs crystal, and derived
the phonon dispersion relations, phonon density of states, mean-square displace-
ment factors, and thermodynamic functions. We found that B atoms appear to
be strongly bounded within the graphite-like network suggesting a substantial
two-dimensionality of these compounds. Generally, the magnesium vibrations are
limited to a low frequency interval.
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