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The structural, electronic, and magnetic properties of MnAs crystal are studied. The WIEN2k code which uses a full-potential
LAPW program based on density functional theory with GGA is used for the calculations. At first, the total energy of a MnAs
crystal in different lattices is calculated and the corresponding E-V diagram is drawn for two different structures of MnAs. The
effect of pressuring this crystal is determined.The calculations confirm that, MnAs has the NiAs-type structure at ambient pressure
but transforms into the zinc-blend structure of a specific pressure value. Also, the electric field gradient (EFG) and hyperfine field
(HFF) at the nuclear site of Mn and As are calculated. Finally, the effect of pressure on EFG and HFF is studied.

1. Introduction

Because of its structural, electronic, and magnetic proper-
ties, MnAs is a suitable compound for spin-electronic and
magnetooptic applications. Recently its different properties
were widely studied by the use of different experimental and
computational methods [1–5]. Among the most important
electronic properties of MnAs are its EFG and HFF which
can be used to study the nonsymmetric part of the electron
density around the nucleus and the core magnetic moment
of the crystal. The effect of pressure on both EFG and HFF
is studied which is useful in nuclear physics too. Nowadays,
it is possible to study these two properties via computer
simulation methods. In this paper, the effect of pressure on
MnAs (in different crystal structures) is studied by density
functional theory (DFT) calculations with themain emphasis
on the EFG.The dependence of the EFG on pressure is related
to change in electron charge density distribution [6].

The EFG is defined as the second derivative of the
electrostatic potential at the nucleus site which is written as
a traceless tensor (𝑉

𝑧𝑧
). This tensor can be obtained from an

integral over the nonspherical charge density. The coupling
of an EFG to the quadrupole moment (𝑄) of a nucleus
causes a splitting of the nuclear energy levels which can be
detected by the use of nuclear quadrupole resonance (NQR)

measurements. The quadrupole resonance frequency (]
𝑄
) is

obtained from theNQRmeasurement. If𝑄 and ]
𝑄
are known,

Then the EFG can be calculated [6–8]:
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The nuclear quadrupole moments (𝑄) can be measured
in the laboratory (which is very important parameter in
nuclear physics) for determining the charge distribution at
the nucleus. But this practice is expensive and it has not
enough precision. Its measurement error can be about 25%
and it is not applicable for some nuclei [8]. When the EFG
is calculated through an exact calculation method, 𝑄 can be
obtainedmore accurately than in the laboratory.The research
studies show that, by calculations of the EFG at different
pressures, the 𝑄measurement error can be decreased.

Hyperfine interaction techniques, based on the observa-
tion of the coupling between the nuclear moment and the
internal field, have been widely used to study magnetic prop-
erties on an atomic scale. The total hyperfine field (HFF) can
be decomposed into three terms such as a dominant Fermi
contact term, a dipolar term, and an orbital contribution.
Here, only the contact term, which in the scalar-relativistic
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limit is derived from the spin densities at the nucleus site, is
calculated:
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In the fully relativistic case, this spin density at the nucleus
is replaced by its average over the Thomson radius 𝑟

𝑇
=

𝑍𝑒
2

/𝑚𝑐
2 [9].

For all calculations in this study, the full-potential lin-
earized augmented plane wave (FP-LAPW) method [10] is
used as implemented in the Vienna package WIEN2k [11].
It employs density functional theory with the generalized
gradient approximation (GGA) for calculating the crystal
properties.

For the study of pressure effects on the electronic and
magnetic properties in crystals which have different struc-
tures, first each structure is studied in a pressure range
(because pressure can cause a phase transition). The MnAs
crystal has observed three different structures, the NiAs-
type structure as natural, the MnP-type structure in an
experimental mode, and the zinc-blend mode which has not
yet been seen in nature [12].

The properties of the NiAs and MnP types were experi-
mentally studied, but the properties of the zinc-blend struc-
ture are theoretically predicted. One of the predictions is
the lattice constant for the latter. For estimating the lattice
constant, the Ga

1−𝑥
Mn
𝑥
As compound is used which has the

zinc-blend structure. In the laboratory, this lattice constant
was measured only for some 𝑥 ≪ 1. By using a linear
extrapolation to 𝑥 = 1, the lattice constant for MnAs with the
zinc-blend structure has been calculated theoretically [12–14].

2. Experimental and Computational Details

TheMnAs crystal has three different structures [12]. The first
structure is the NiAs type with space group P63/mmc. In this
structure, MnAs is a ferromagnetic metal. The experimental
lattice constants are 𝑎 = 3.722 Å and 𝑐 = 5.702 Å [2, 15].

The second structure is the MnP type with space group
Pnma. In this structure MnAs has mixed ferromagnetic
and antiferromagnetic properties. The experimental lattice
constants are 𝑎 = 4.053 Å, 𝑏 = 5.495 Å, and 𝑐 = 2.946 Å [16].

The third structure is the zinc-blend structre with space
group Fd3m. In this structure, MnAs is a semiconductor.The
extrapolated computational lattice constant is 𝑎 = 5.9 Å [17].

Valence and semicore states are 3𝑝64𝑠23𝑑5 for Mn and
3𝑑
10

4𝑝
3 for As. In the irreducible wedge of the Brillouin

zone (IBZ), 120 𝑘-points are used. In the WIEN2K code,
RMT∗kmax (smallest muffin tin radius times largest plane
wave) is equal to 8.0 and the muffin tin nuclei for Mn and As
atoms are taken as large as possible. This maximum value is
equal to 2.3 Bohr. The nonspherical potential contribution in
the Hamiltonian matrix taken to the upper limit for 𝐿 is 4.

The calculations are based on the properties of the NiAs-
type structure. Therefore, the consistency of this structure
in the pressure range should be determined. Based on
experiments, by increasing the pressure up to 0.4GPa, the
structure of MnAs is changed to MnP type [18]. Since this
latter structure mode has a complex of ferromagnetic and
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Figure 1: Energy-volume curve of MnAs with the NiAs and zinc-
blend type.

antiferromagnetic properties, the structure simulation of this
phase is very intricate. So, the experimental findings were
used and 0.4GPa is taken as upper limit for pressure range.

In order to obtain the lower limit of pressure range, the𝐸-
𝑉 curve is used. The derivative of the energy as a function of
volume is equal to the unit of hydrostatic pressure on a crystal.
Therefore, if the total energy as a function of volume for the
two structures (NiAs-type and zinc-blend) is calculated and
the pressure value of the phase transition is obtained from the
common tangent between two𝐸-𝑉 curves (see Figure 1), then
Gibbs energy is constant at the phase transition:
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(3)

Based on Figure 1, the lower limit of pressure is equal to
−0.126GPa. Obtaining such a negative pressure value is
impractical, but, for an enlarged lattice constant, it will be
practical. For example it may be possible to grow an MnAs
crystal over a substrate with a lager lattice constant such as a
Ga
1−𝑥

Mn
𝑥
As thin film [12].This practice describes a negative

pressure.
In Figure 1, the “𝑚” point shows that an MnAs crystal

with a larger lattice constant than 5.86 Å has a zinc-blend
structure. This value agrees with other lattice constants
calculated in preview references [12, 17]. Therefore, the NiAs
type has stable structure at all thermodynamically accessible
pressures. Here, the electronic and magnetic properties of
MnAs with the NiAs type structure are studied. In order to
prevent a phase transition, the appropriate pressure range
is −0.126∼0.4GPa. The NiAs-type structure is shown in
Figure 2. In this space group, there are two Mn atoms at (1/3,
2/3, 1/4) and (2/3, 1/3, 3/4) and two As atoms at (0, 0, 0) and
(0, 0, 1/2). In the NiAs-type structure, the total energy and
magnetization of MnAs are a function of the 𝑐/𝑎 ratio [1]. In
all calculations this ratio is assumed to remain constant.
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Figure 2: The conventional cell of MnAs with the NiAs-type struc-
ture.

3. The Effect of Pressure on EFG

Figure 3 shows the EFG values around the nucleus of the
As ion at different pressures. At zero pressure, the EFG has
a maximum value. By increasing (decreasing) pressure, the
EFG decreases. In experiments, this behavior is observed for
positive pressures. The decrease of the EFG value means that
not only the distribution of electronic charge density around
the nucleus but also the effects of other crystal ions (which
is named EFG lattice portion) are changed by pressure such
that the asymmetry of charge distribution decreases.

Figure 4 shows the EFG values around the nucleus of the
Mn ion at different pressures. In this case, themaximumvalue
of the EFG is observed in the structure with the experimental
lattice constant. In both cases (Mn andAs), the EFGdecreases
with pressure. But at negative pressure, the EFG strongly
depends on pressure. At −0.0895GPa, the EFG is zero. But
beyond that pressure, a negative EFG would occur.

The asymmetry of electron charge density distribution
around the nucleus is themain source for the EFG.Therefore,
an analysis of the electronic charge density can be used
to describe the behaviour of the EFG. Figure 5 shows the
electron difference density contour plots which are taken
from the difference between the electron density of the
crystal and superposed atomic densities in the (030) plane.
These contour plots are drawn for three different pressures
(0, −0.0895, and −0.115). In the contour plots, the negative
density values are denoted by dashed lines. In Figure 4, the
points of A, B andC show the values of the EFG for 0,−0.0895
and −0.115GPa. In Figure 5, the contour plots of these points
are shown.

The sizes of contour-plot planes are selected such that
only one Mn ion lies in the center of each plane. The
asymmetry of the electron charge density distribution around
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Figure 3: EFG values around the As nucleus at different pressures.
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Figure 4: EFG values around the Mn nucleus at different pressures.

the Mn nucleus at −0.0895GPa (the EFG is zero at this
pressure) relative to 0 and −0.115 GPa is strongly modified.
A comparison between the EFG values proves that slighting
EFG at −0.0895GPa corresponds to an electron charge
density around the nucleus of Mn (Figure 5(b)) that is more
symmetric.

On the other hand, by comparing Figures 5(a) and 5(c),
the asymmetry of the electron charge density around the
nucleus ofMn at−0.115GPa is rotated by 45 degrees relative to
each other.The negative value of the EFG at −0.115 GPa result
from this rotation.

The study of contour plots in different planes provides
useful information about the chemical bonding. In the
following, some of this extracted information is noted. The
contour plots around the Mn atoms in the (004) plane show
that the electron charge density is placed mainly around
special axes of the nucleus. This further determines that the
bonding type of the Mn atoms is mostly covalent. However,
the contour plot in this plane shows that at −0.0895GPa
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(a) (b) (c)

Figure 5: Contour plots of the different electric charge densities around the Mn atom in the (030) plane for three pressures.

the metallic bonding type around the Mn atom is increased.
This corresponds to an increase of the crystal electron charge
density symmetry. Therefore, the decreasing EFG value at
−0.0895GPa is completely understandable.

The covalent bonds have directional bondswith increased
electron charge density along the bonds, whereas a metallic
bonding is more uniform. The difference between As elec-
tronegativity (2.18) andMn electronegativity (1.55) is less than
1.7 in Pauling electronegativity scale. Therefore, the bonding
type of As-Mn is mostly covalent bonding. The source of
electron charge density asymmetry at As nucleus is covalent
bonds between As andMn atoms.This is the main reason for
the large EFG value at As nucleus. This asymmetry around
As nucleus is obvious in the contour plots which contain
As and Mn nuclear. Pressure affects the directional electron
charge density asymmetry around the As nucleus. Then the
EFG at the As nucleus subsequently decreases, but the EFG
value dose not reach zero in the appropriate pressure range
(Figure 3).

4. The Effect of Pressure on HFF

The 𝑐/𝑎 ratio is kept constant in all calculations. It is predicted
that themagnetic moment of the crystal at different pressures
will be a constant value.Themagneticmoment of theAs atom
is very small and almost constant, but, for the Mn atom and
the total MnAs crystal, it decreases (Figure 6). For a study
of this phenomenon, the HFF of Mn is calculated for the
different pressures.

The calculated hyperfine fields arising from the Fermi
contact interaction at zero fields are given in Table 1. These
values agree with other values reported in [2]. In order to
understand the origin of the hyperfine field, the site projected
valence electron contribution aswell as the core contributions
are also given in this Table 1. Because of the opposite signs of
the contributions from the core and valence electrons, the net
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Figure 6: Magnetic moment of MnAs in the NiAs-type structure at
different pressures.

Table 1: Calculated valence, core, and total contribution to the
Fermi contact hyperfine field in kGauss at the Mn and As site.

Valence Core Total
Mn 581 −453 128
Reference [2] 569 −432 137
As 558 11 569
Reference [2] 563 5 568

field at the Mn site is much lower than the net field at the As
site.

By increasing pressure, the HFF systematically increases.
This systematic increment of HFF at the nucleus sites can be
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Figure 7: HFF values around the Mn nucleus at different pressures.

explained by the increased spin moment at the nucleus sites.
When the pressure increases, the HFF at the nuclear sites
increases almost linearly as shown in Figure 7.

The magnetic moment of the As nucleus is almost
constant, but, for Mn nucleus and total MnAs, it decreases.
The pressure localized valence electrons, increase electrons
condense around the Mn nucleus and finally pinning the
valance electrons.Therefore, the valance contribution of HFF
decreases and then themagneticmoment of valence electrons
decreases too (Figures 6 and 7).

The increase of electrons in the shell (core electrons)
decreases the deference of spin-up and spin-down in the
nucleus site because the electrons following the Pauli genuine,
therefore the core contribution of HFF decreases to (2).
The variations of core contribution are more than valance
contribution, and total value of HFF is the sum of the valance
and core contribution. Therefore, when pressure increases,
the total HFF increases too (Figure 7).

5. Conclusion

The NiAs type has a stable structure of MnAs crystal at all
thermodynamically accessible pressures. In order to prevent
phase transition, the appropriate pressure range is −0.126∼
0.4GPa.The behavior of EFGdepends on pressure variations.
The asymmetry of the electron charge density distribution
around the Mn and As nucleus varies with pressure. So
EFG values vary with a transient slope. The range of these
variations affects error correction of 𝑄measurement.

The research studies about magnetic moment behavior
show thatMnAs crystal magnetic properties not only depend
on 𝑐/𝑎 ratio but also depend on the distribution of electron
charge density around its nucleus. It is possible to analyze
magnetic moment variation based on pressure by the study
of HFF behavior at the site nucleus.
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