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Abstract

®

CrossMark

Density functional theory (DFT) calculations for deriving enthalpies of formation AH for
ferromagnetic MnX (X = P, As, Sb, Bi) compounds were made for the two competing
structures, hexagonal B8, and orthorhombic B3;. Standard calculations were performed by
using pseudopotentials with the generalized-gradient-approximation (PBE) as exchange-
correlation functional. Enhanced exchange-correlation interactions were included by making
use of a so-called DFT+U approach which requires U = (U — J) as a parameter. Application
of PBE potentials for all compounds and elementary phases (all-PBE) resulted in negative
values of AH for MnP and MnAs in both structures whereby the result for MnP B3, agrees
very well with experiment. For MnSb and MnBi the all-PBE calculation gives a positive
nonbonding AH disagreeing with experiment. To overcome this discrepancy for MnSb and
MnBi a DFT+U ansatz was employed for all compounds and elemental Mn. The values

for U ranging between 0.7 for MnBi and 1.4eV for MnAs were determined by fitting the
DFT results to measured data of AH. As a reference for pure Mn the v-Mn phase was taken
with U = 1.3 eV by which choice the experimental volume is fitted. Atomic volumes and
ionicities were derived applying Bader’s concept resulting in ionicities of Mn less than +0.7.

Keywords: magnetic Mn-pnictides, structure, phase stability, DFT

(Some figures may appear in colour only in the online journal)

1. Introduction

Searching for novel materials is one of the most interesting
aspects of materials science. First-principles studies in terms
of density functional theory (DFT) concepts are and were
quite helpful in predicting new materials with thermody-
namically stable phases as demonstrated e.g. by the USPEX
code [1]. Conventional DFT methods rely on the local or
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semi-local approximation to the many-body functional
describing exchange-correlation. Although many reliable pre-
dictions were made by DFT concerning structural and thermo-
dynamical stabilities there are large classes of materials, for
which the standard DFT applications fail and are not predictive.
In particular when strongly localized d- and f-states are involved
as in transition metal oxides and rare earth compounds. Being
more specific, magnetic compounds containing Mn are possible
candidates for such cases due to the localization of the 3d states
of Mn such as the ferromagnetic compounds MnX (X = P, As,
Sb, Bi) with sizable local moments of 1.7-3.6 up depending on
the crystal structure and X. On the other hand, these compounds

© 2018 IOP Publishing Ltd  Printed in the UK
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are metals and the term ‘strongly correlated’ is not appropriate.
Nevertheless, performing standard DFT calculations strikingly
fail for MnAs predicting the wrong structure and for MnSb and
MnBi resulting in a positive formation enthalpy. Therefore,
corrections need to be introduced which improve the approx-
imations to the exchange-correlation functional. Such schemes
exist such as the so-called LSDA-+U or DFT+U method which
assumes strongly localized orbitals (such as the 3d orbitals of
Mn) replacing the local approximations based on the density
by orbital-based many-body descriptions. However, at present
there is no first-principles technique available for deriving the
parameters U and J which occur in the DFT+4U approach.
Therefore, these parameters have to be chosen according to
some meaningful criterion, e.g. from first principles by fitting
cRPA calculations [2], or by matching experimental quantities,
like lattice parameters or magnetic moments. It is therefore not
surprising to find quite some spread of values among the var-
ious authors ranging from 1.2 to 3.0eV, depending both on the
X-ion and the quantity matched.

Concerning the structural stabilities, the competition
between the hexagonal NiAs structure and the orthorhombic
MnP structure was explained by different d-electron counts for
simple 3d transition-metal phosphides [3], where counts below
three favour the NiAs structure, while for higher counts the
lower symmetry MnP phase is stabilized due to an increased
metal-metal interaction. In the present investigation, the
d-electron count is fixed and only the non-metal atoms change
moving down the pnictogen group from P to Bi increasing the
volume and favoring the NiAs structure beyond P. Quite a few
DFT and DFT+U calculations exist for MnP [4-10], MnAs
[2,4,5,11-18], MnSb [4, 5, 11, 13, 19-24] and MnBi [11, 13,
25-30] focussing mostly on magnetic properties.

Magnetic materials with large magnetization, large anisotropy
constant, and high Curie temperature are always attractive due
to their potential use in permanent magnet applications, like in
electric vehicle motors and wind power generators, two impor-
tant sustainable energy devices. These most important property
is the maximum amount of magnetic energy these materials
can store, where rare-earth element based materials have domi-
nated for the last two decades. Yet there are two major concerns
with which lead to an intensive search for new materials with
reduced or no rare-earth element content: low operation temper-
ature and limited supply with high and unstable prices. MnBi
might be one of the promising candidates as it uniquely shows
increasing coercivity with temperature with a value larger than
that of the champion Nd,Fe 4B above 150 °C, and does not con-
tain critical rare-earth elements ([29, 30] and references therein).
Furthermore, MnBi also shows a large Kerr rotation angle, essen-
tial in magneto-optical recording [26]. Another promising appli-
cation of the magnetic properties of Mn-pnictides rests on the
theoretical suggestion that MnAs and MnSb show half-metallic
properties when crystallized in particular structures ([21] and
references therein). This property is strongly impacting spin
transport and consequently the possible use in spintronic devices
could be promising. Not only magnetic properties are interesting
in these compounds, but also superconductivity has been discov-
ered in MnP hinting towards a new family of superconductivity
emerging at the border of long-range helimagnetic orders [10].

2. Computational aspects

2.1. Density functional theory calculations

Density functional theory (DFT) was applied by using the
Vienna ab initio simulation package (VASP) [31, 32] with
the projector augmented wave potential [33, 34] construction.
For approximating the exchange-correlation functional we
used Perdew’s generalized-gradient-approximation [35, 36]
(PBE). The pseudopotentials were constructed in such a way
that for Mn semi-core 3s> and 3p® states were also treated as
valence states resulting in 15 valence states in total. For P,
As and Sb the five outermost valence states s>p® were con-
sidered whereas for Bi the 15 valence states 5d'°6s>6p* were
used. An energy cutoff for the plane wave basis of 600eV was
chosen. A k-point grid defining the smallest allowed space
between k-points was constructed for all of the calculations.
As an example, for the PBE equilibrium volume of MnAs in
the B8 structure a grid of 14 x 14 x 8 k-points was obtained
whereas for the B3, structure it was a 8 x 13 x 7 grid for the
whole Brillouin zone. For the derivation of local properties
such as the local magnetic moments spheres with a radius 2.2
A for Mn, 2.33 A for P, 2.3 A for As, 2.98 A for Sb and 3.09
A for Bi were chosen. For the compounds MnSb and MnBi
also relativistic calculations including spin—orbit coupling
were undertaken.

For enhancement of exchange-correlation interactions a
DFT+U method for the 3d wavefunctions of Mn was applied.
These calculations were done choosing the simplified rotation-
ally invariant approach of Dudarev et al [37]. This approach
needs only one parameter, namely the difference Uegs = U — J
in which we set J = 0. For finding the appropriate U.s param-
eters for the MnX compounds as well as for v-Mn we had to
fit the enthalpy of formation to measured values. The accuracy
of the fit for U was made within 0.1eV, the values ranging
from Ug = 0.7 eV for MnBi to Ug = 1.4 eV for MnAs. For
MnP an average value of the largely scattered measured data
was taken as reference. For v-Mn the measured volume was
chosen for fitting the value U = 1.3 eV.

The charge transfer, atomic volumes and charges were
computed by analyzing charge densities in terms of the
quantum theory of atoms in molecules according to Bader
et al [38—41]. This concept utilizes the gradient of the DFT
derived charge density of the solid by searching for surfaces
of zero flux without falling back to any assumptions based on
free atoms or ad hoc chosen atomic sphere sizes. By applying
Bader’s method one obtains space filling atomic volumes and
the sum of atomic charges is equal to the total valence charge.
The shapes of the Bader volumes are not spherical and there-
fore no decomposition into s-, p- or d-like atomic charges can
be made.

For deriving a physically meaningful charge transfer and
ionicity we calculated the atomic Bader charges for the self-
consistently derived charge density and the Bader charges
for the superposed atomic charge densities in the corre-
sponding atomic Bader volumes Vg, as listed in table 4.
Their difference was then taken as charge transfer for each
atom [42].
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Figure 1. Atomic volume of y-Mn with ideal axis ratio ¢/acu, = 1
versus Uer = U — J, J = 0. Volume is relaxed for each specific
U <sr. Experimental volume is indicated by the red line.

2.2. Elemental phases

For the energy of formation the total energies of the reference
elemental solids of Mn and X (X = P, As, Sb, Bi) are needed.
The groundstate phase of Mn, & Mn has a complicated non-
collinear spin structure with a large number of atoms per
unit cell. Calculations for this phase are very demanding
and are done rather rarely as in [43, 44]. Therefore, as many
authors doing DFT calculation for Mn-compounds we focus
on the high-temperature v-Mn phase with a face centered
tetragonal layerwise antiferromagnetic structure. If no relax-
ation of the c-axis is allowed then the crystal structure is fcc
with a unit cell containing two atoms, and ¢/aw = V2 or
¢/aqw = 1, depending if the lattice parameter a is taken for a
truly tetragonal structure or referring to the cubic case of an
fcc lattice. Once the total energy for this idealized structure
is done one can take the energy difference to the o phase
of 67 meV as published in [45]. Assuming that this energy
difference is independent of any correlation parameter Ue
the formation energy for any MnX compound can be calcu-
lated with respect to the o phase and directly compared to
experiment.

The remaining question is if the calculation of the total
energy of v-Mn requires any Uerr and which one. For solving
this problem we refer to measurements of the volume of
the v phase of 12.94 10\3 per atom [46]. Scanning through
the volume as a function of Uy the value of Ue = 1.3 eV
was determined which resulted exactly in the experimental
volume. The value Uey = 1.3 eV was used throughout all
the calculations of formation energies, apart from the case
in which all total energies of the constituents were derived
from PBE calculations. Early calculations applying PBE or
the local density approximation (LDA) without any additional
correlation by Qiu ef al [47] resulted in much smaller volumes
and values of ¢/acy, = 0.99 (LDA) and ¢/acy, = 0.94 (PBE).
Figure 1 shows the dependeny of the atomic volume on the
choice of U.g. There appears a low to high volume transition
for U =~ 1.4 eV which is accompanied by a low-spin to

high-spin transition. The local magnetic moment of «y-Mn for
Uetr = 1.3 eV amounts to 2.93 pp. Allowing for the relaxa-
tion of the c-axis the fct phase undergoes very small changes
of volume/atom (12.92 AS) and ¢/aqp = 0.99. Also the total
energy difference to the unrelaxed case is very small, namely
0.5 meV per atom.

For the calculation of the reference total energy for P we
considered the monoclinic crystal structure of red Hittorf’s P
[48, 49] with 84 atoms in the unit cell. Both volume and struc-
tural parameters were relaxed. Compared to black P (as often
taken as reference for DFT calculation of compounds with P)
the monoclinic phase is more stable by 30 meV/atom (2.85
kJ mol~! atom). Other structures for white P were tried but
their total energies were less negative than in the mentioned
case. The remaining group V atoms, As, Sb and Bi were calcu-
lated with their ground state structure (prototype As(c), space
group nr. 166) [50] with relaxation of all structural parameters.

2.3. Crystal structure of MnX compounds

Two structures were considered for the ferromagnetic MnX
compounds. The unit cell of the hexagonal B8; structure
(prototype: NiAs, space gr. no 194) [51] is spanned by the
three basis vectors

a®® = 4(1,0,0)

1 V3
B8, __ _ 0 1
a,' =a( 55 ) (D

as® = ¢(0,0,1)
with atomic positions in lattice coordinates

1

pl" = (0.0.0) B = (0.0.7)
s_d2n o213 @
Pr =333 P Tipzpy)

The volume of the unit cell for the orthorhombic B3 struc-
ture (prototype MnP, space group nr. 62) [52] is twice as large
as for B8, with a rectangular basal plane. In the usual crystal-
lographic notation the z-axis for B8, becomes the x-axis for
B3,. The basis vectors are now

a? = ¢(1,0,0)
as” = a(0,1,0)
ab = 4(0,0,V3). (©)

The parameters a and ¢ have the same meaning as for
B8,. Therefore, when we will present our calculated structural
results we use the same notation by which a and ¢ for both
structures can be directly compared. When the structure is
fully relaxed then

a5 = a(0,0,b/a) @

introducing a third lattice parameter b. For the positions of the
atoms traditionally there is a shift by (0, 1, 1). Then the posi-

tions of atoms at undistorted hexagonal positions are
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Figure 2. VASP total energy difference EEY, (Uesr) — EEY, (Unir = 0)
versus U egr and linear fit f(U er) = 0.034 4 0.681 U or.

Table 1. Parameter cyx = EMnX( Ueir= 1) — EMnX( Ueir= 0)

(in eV) according to (9) and optimized Ukt op; for each compound
MnX. For MnP results for both structures are presented, where hex
stands for the B8, and ortho for the B3, structure. For MnBi results
of a relativistic calculation including spin—orbit coupling are also
shown.

Compound Structure CMnX Uett,opt
MnP hex 0.906 1.2
ortho 1.100 1.2
MnAs hex 0.741 14
MnSb hex 0.695 0.9
MnBi hex 0.627 0.7
MnBi-rel hex 0.618 0.7
11 3
Mn Mn
= 0» VE = 09 e
P ( 4 4) P> ( 4)
111 133
Mn _ (- Mn _ (- - -
e_ L1 3305,
Pi=lprn P rn
13 1 31 11
Pp__ /> 2 - P_ (- - _°
=(prn) P=@rn)

Because of the lower symmetry of B3; compared to BS;
the first and third coordinates of the above positions are free
to relax and get distorted from the ideal positions when the
B3, structure can be stabilized. This was the case for MnP and
MnAs in the PBE calculations. In all other cases switching on
U ot for MnAs, MnSb and MnBi starting with the orthorhombic
structure (atomic positions taken from MnP) ended always in
the high symmetry B8, structure after stress tensor relaxation
and force minimization.

2.4. Formation energy

The formation enthalpy AH for all structures of the com-
pound MnX is defined in terms of the VASP total energies
Ennxs Ex, Evn by

\

S0k 5

.0 —er”
5 [ -7 a
2 F -
é L i
S 50k |
2 L |
z L G © all PBE 1
100 ; [c9) Ucff,om ;
- [ d o @@ rel. Ucfﬁopt i
L @c X—X eXp i
150 | | L]

MnP MnAs MnSb MnBi

Figure 3. Enthalpy of formation AH for the ground-state structure
of MnX (X = P, As, Sb, Bi) compounds in kJ mol~!. Calculated
data (marked by circles) are compared to measured data, a: [53], b:
[54], c: [55], d: [56]. Dashed black line: all constituents calculated
with PBE, red line: results for Ut op; blue line: spin—orbit coupling
included.

Table 2. Measured and calculated values of AH for MnX (X = P,
As, Sb, Bi) compounds in kJ mol~!. MnSb-rel and MnBi-rel refer
to relativistic calculations including spin—orbit coupling, while hex
stands for the B8, and ortho for the B3, structure. The optimized
Ucit,opt parameter is given in eV.

Comp. Struct. PBE Uetiopt DFT+U(U ¢fr0pt) Exp.
MnP hex —853 1.2 -97.5
ortho —1169 1.2 —108.9 —96.3 [53]
ortho —119.7 [55]
ortho —103.9 [56]
MnAs hex —40.0 14 —62.3 —56.9 [53]
ortho —46.9
hex —59.9 [54]
MnSb hex 1.1 0.9 —55.7
MnSb-rel hex —0.5 09 —57.3 —50.2 [53]
MnBi hex 455 0.7 —29.2
MnBi-rel hex 513 0.7 —21.2 —19.6 [53]
AHyx = Evox — (Ex + Ey-vin)- (6)

The energy Eypmx per formula unit is derived from the VASP
total energies for the B8, structure by Ebc, = EB8! /2 and for
the B3, structure by Eypyx = EP* /4, because the B8, unit cell
contains two Mn and two X atoms and for B3, it contains
four Mn and four X atoms. All structural parameters for the
MnXB8 MnXB3 compounds were relaxed. For the hexagonal
B8, structure only volume and lattice parameters a, ¢ needed
to be optimized whereas for the B3; structure also b/a and
atomic coordinates had to be optimized. The total energies
E(X) per atom are directly derived from the corresponding
total energies for the P, As, Sb and Bi unit cells. The reference
energy E.-my refers to the v phase of Mn, as discussed above,
which is not the ground state. For comparison with experiment
we have to add the difference of the total energies between the
a and 7y phases, AHyi, = Eq-mn — E4-mn, defining the forma-
tion enthalpy for each structure as
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Table 3. DFT+U results for MnX compounds with hex referring to the B8, and ortho to the B3, structure: lattice parameters a and ¢
(in A), ¢/a ratio and volume per atom Vy (in A") for DFT+U calculations with optimized parameters Ut op (in eV).

Compound Struct. U etropt a c b/a c/a Vat

MnP ortho 1.2 3.178 5.184 1.84 1.63 12.03
hex 1.2 3.428 5.416 — 1.58 13.78

MnAs hex 1.4 3.763 5.687 — 1.51 17.44

MnSb hex 0.9 4.142 5.674 — 1.37 21.07

MnBi hex 0.7 4.329 5.809 — 1.34 23.57

AHynx = AHx — AHu (7) Xatoms with a particularly large increase for MnAs as com-
o .

This makes AH less negative than AH” by 0.067eV or 6.46
kJ mol~!. For MnSb and MnBi by including spin—orbit cou-
pling relativistic calculations were performed for all constitu-
ents in (6).

As illustrated by figure 2 to a very good approximation the
VASP total energies scale linearly with the parameter U ¢ for
all compounds MnX and Uy < 2

Evox (Uetr = 1) — Eninx (Uetr = 0) = cmnx (8)

for each structure of MnX (see table 1). For all calculated
AHwnx (Uegr) the parameter Uq(Mn) = 1.3 eV is fixed and
the correction AHyy, is independent of Ug(MnX) for the
3d-states of Mn in MnX. Then we derive for the enthalpy for
each structure of MnX

AHyinx (Uer) = cmnx Uetr + AHvnx (Uett = 0). (9)

3. Results

3.1 MnX compounds

The results of a variety of calculations and experimental data
are plotted in figure 3 showing the trend of increasing enthalpy
of formation of MnX compounds with increasing size of the
X atom. As it is obvious from the figure doing a standard
calculation with PBE for all constituents (MnX, X and y-Mn
as well) gives reasonable values for MnP and MnAs but it
leads to rather large errors in comparison to experiment for
MnSb and MnBi. Although the trend is reproduced the thus
calculated AH leads to positive formation energies for MnSb
and MnBi. For MnSb and MnBi also relativistic calculations
including spin—orbit coupling were performed. As expected
for MnBi the relativistic effect is largest increasing AH by
about 6 kJ mol .. Table 2 lists the data presented in figure 3
and also PBE results for the unstable phases MnPBS§; and
MnAsB8,. Whereas for MnP the PBE calculation yields the
right structural stability (B3; more stable than B8,) it gives
the wrong answer for MnAs (B3| more stable than BS§)). As
discussed later on doing DFT+U calculations reverses the
structural stability as it is correct in comparison to experiment.

Table 3 shows calculated equilibrium lattice parameters for
MnX compounds with B8, structure and in addition also the
values for the B3, structure of MnP, which is the ground state
structure. The results are obtained by DFT+U calculation
with the optimized values U s op. Discussing the hexagonal
structures the atomic volumes increase with increasing size of

pared to MnP and MnSb as compared to MnAs. Interestingly,
the ¢/a ratios 1.58 and 1.51 are similar for MnP and MnAs
being significantly larger than 1.37 and 1.34 for MnSb and
MnBi.

Table 4 reveals properties of the electronic structure of
the MnX compounds. The presented ionicity is calculated
according to Bader’s concept of analyzing the charge den-
sity. The data in column 3 about ionicity show that there is
only a moderate charge transfer from Mn to the X atom. It
is largest for Mn in MnPBS8; with Mn loosing 0.66 electrons
whereas for the remaining compounds with the hexagonal
structure the charge transfer amounts to 0.40 (MnAs), 0.23
(MnSb) and 0.21 (MnBi) electrons. There is a significant dif-
ference between MnPB8; and MnPB3, because in the latter
case only 0.38 electrons are transferred. Similarly, Mn in
MnAsB3; only looses 0.31 electrons. Concerning the atomic
volumes in column 4 comparing all the hexagonal structure
there is a strong increase for the volumes of the X atoms with
an accompanying smaller increase of Mn volumes. For MnP
and MnAs the hexagonal structures are compared to their
orthorhombic counterparts, which in general have smaller
volumes. Particularly large is the volume difference for As in
the case of MnAs between the large-volume B8; and small-
volume B3, structure. As a consequence of Bader’s concept
the volume of Mn is not constant for the Mn atoms in different
compounds.

The results for the charge transfers are derived from the
PBE calculations searching for a useful correlation between
U and the ionicity of Mn from parameter free calculations.
According to figure 4 MnP and MnAs with their larger charge
transfers have similar values of Ulfsop (1.2 and 1.4V, respec-
tively) in comparison to the significantly smaller values of
0.9 and 0.7eV for MnSb and MnBi with their very similar
charge transfers. For the B8, compounds U rises up to the
maximum of U = 1.4 eV for MnAs whereas it decreases to
Ut = 1.2 eV for MnP which has the largest charge transfer.
One should keep in mind that the optimization of Uy for
MnP was done for the B3, structure and the optimized value
Uectropr = 1.2 €V was also used for calculations in the B8,
structure. For MnAs it was done for the B8, structure and the
resulting Uefropt = 1.4 €V was also used for calculations of
the B3, structure. Optimization of Uy could only be done
in this way, because measurements were made for the ground
state structures, namely B3, for MnP and B8, for MnAs.

Figure 5 shows local moments of Mn as a function of the
local Mn volume as derived from Bader’s charge analysis.
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23
Table 4. Ionicity (ionic.) according to Bader’s charge transfer concept in units of proton charge and Bader’s atomic volume (Vpager) in A .

These data were derived from PBE calculations. The local magnetic moments (m(PBE) and m(U ¢ op¢) in units of Bohr magneton pp were
obtained from PBE and DFT+U(U eft,0pt) calculations with the optimized parameter Ugr,op (in €V).

Comp. Atom ITonic. VBader m(PBE) U et opt m(U eff,opt)
MnP hex Mn 0.66 10.59 1.90 1.2 2.75
P —0.66 15.09 —0.08 1.2 —0.12
MnP ortho Mn 0.38 9.59 1.40 1.2 1.68
P —0.38 14.07 —0.08 1.2 —0.12
MnAs hex Mn 0.40 11.45 2.75 1.4 3.56
As —0.40 20.06 -0.15 1.4 —0.21
MnAs ortho Mn 0.31 10.98 1.86 14
As —0.31 17.32 -0.15 1.4
MnSb hex Mn 0.23 13.78 3.04 0.9 343
Sb —0.23 26.38 —0.12 0.9 —0.14
MnBi hex Mn 0.21 15.52 3.37 0.7 3.58
Bi —0.21 30.66 -0.15 0.7 —-0.17
L5 ‘ T T ‘ T 4
| MnAs (ortho) MnAs (hex) | ]
i 351
I e
— | s |
s 1= g 251 GO hex PBE
=) = L E2 B ortho PBE i
r MnSb (hex) 8 ga ortho Uy
L 4 g 2 G- hex Uy N
[ " MnAs ]
MnBi (hex) ) 15— ME!,P/Ol’thO —
\ \ \ \ ! ! !
0'?).2 0.3 0.4 0.5 0.6 0.7 ! 10 12 14 16

Mn ionicity [q-proton]

Figure 4. Optimized values Uff,op for Mn in MnX (X =
P,As,Sb,Bi) compounds versus ionicity of Mn as derived from
Bader’s charge density analysis.

Clearly, the low-volume and low-moment B3; phases for
MnP and MnAs are well separated from the large-volume
high-moment B8, phases of MnP, MnAs, MnSb and MnBi.
The local magnetic moments for Mn in B3; compounds is
below 2 g, which for the B8, structures is only the case
for MnP. Inspecting the PBE data the magnetic moment
monotonously increases with the Mn volume reaching the
highest value of 3.38 up for MnBi. This is different for the
DFT+U(U et ope) calculations because MnAs and MnBi have
the largest moments of 3.56 and 3.58 pup, respectively (see
also table 4). The reason for the large Mn moment in MnAs
as compared to PBE is the choice of Uegtope = 1.4 €V which
is the largest of all Ulefsop values of all MnX compounds.
Although U gt ope = 1.2 €V for MnP is close to the value for
MnAs the Mn moment is significantly smaller than for MnAs
because of the significantly smaller volume of the unit cell
and consequently local volumes of Mn and P. Note that there
is a general trend to larger volumes for each compound when
U et opt 18 switched on as it is expected because of the repulsive
effect of the enhanced correlation in comparison to PBE.

Mn Bader volume [A’]

Figure 5. Local Mn magnetic moments versus Bader volume of
Mn for MnX (X = P,As,Sb,Bi) compounds as also partially listed
in table 4. Comparison of PBE results with data of DFT + U
calculations.

3.2. Further considerations

3.2.1 MnP. As already noticed before most of the theoretical
work on MnP is devoted to the study of the involved magnetic
properties. Early on the Mn moments and its interplay with
structural properties have been in the focus of research [4, 5].
More complicated magnetic interactions have been studied in
[7] discussing structural conditions for metamagnetism or in
[8] focussing on magnetic interactions between adjacent MnP
layers of MnP-based compounds. Recent work [9, 10] reveals
a spiral ground state with a pressure dependent propagation
vector and a ferromagnetic state in between, as observed in
the experimental phase diagram. In our calculations we find
that ferromagnetic MnP clearly favors the orthorhombic B3,
structure as readily seen from table 2. The stabilization of the
B3, structure is largest for PBE and decreases with increas-
ing U switching to B8 for values of Uy beyond 1.6eV.
This change in stability is likely due to the increasing magn-
etic Mn moment for larger U.y, which also leads to larger



J. Phys.: Condens. Matter 31 (2019) 054001

R Podloucky and J Redinger

0.1

transition path

Figure 6. VASP total energy difference E™ — EB8 for MnAs along
the structural transition path going from B8, to B3;. The intermediate
structures were obtained by by linearly interpolating between the
PBE derived structural parameters of the B8, and the B3, structures.
The same structures were used for the U = 0.5 eV calculation.

atomic volumes, favored by the B8, structure. Comparing to
other theoretical work, there is surprisingly little informa-
tion available for formation energies, only [6] give a value of
—85.6 kJ mol~! for the B3, structure calculated with PBE for
experimental lattice parameters which is much less negative
than our PBE value, mostly due to their larger cell volume of

12.27 A3/atom. The values given by the Materials Project for
B3;-MnP [57], 119 kJ mol ', and B8;-MnP [58], 89 kJ mol ",
agree well with our PBE values for AH and slightly worse
with the experimental values in table 2.

3.2.2. MnAs. MnAs was studied mostly for magnetic order-
ing, e.g. by mapping on a Heisenberg Hamiltonian in order
to calculate the Curie temperature [14]. An extensive and
thorough study by an ab initio approach for the effective on-
site Coulomb interaction parameters [2] resulted in values
for MnAs of Urpayy = 1.73 eV and J = 0.56¢V, yielding
(U —1J) = 1.17eV agreeing rather well with our calculated
value of 1.4eV. It should, however, be noted that the calcul-
ations in [2] were done for the cubic zinc-blende structure
with an atomic volume of 22.54 A per atom whereas in our
case the volume per atom is 17.48 A’ for the geometrically
relaxed B8 structure.

Because of the expected competition of the B8; and B3,
structures also for MnAs both structures were studied. For this
we started with the converged structural parameters as calcu-
lated for MnP and let VASP relax the structure in the MnAs
calculation. For PBE both structures could be stabilized with
the unexpected results, that the total energy for B3; was lower
than for B8; contradicting the experimental findings of a
stable hexagonal B8, structure below 300 K.

As shown in figure 6 for the PBE calculation the total energy
for the B8, structure is less negative than for B3, with a local
energy minimum around B8;. The structural stability changes
when the VASP calculation is done with a small Ui = 0.5 eV.
Then, the energy is lowest at B8; showing a shallow minimum
at the B3, structure. Already at U = 0.2 eV the B3, struc-
ture changes into B8, when a stress tensor technique is used

by VASP for structural relaxation. The closeness of both stuc-
tures is manifested by the thermodynamic study in [54] which
shows a remarkable A-like phase transition at 315.6 K above
at which temperature the B3, structure is stabilized. On the
theoretical side, the close competition between both structures
is also found in [12] where for PBE the cohesive energy was
found to be the same for both structures. However no values
for the formation energy were given.

3.2.3. MnSbh. Magnetism is also in the center of theor-
etical research on MnSb. Early calculations at experimental
geometries [20] found a Mn magnetic moment of 3.3 up and
a small negative moment on the Sb site in good agreement
with our results and other work [4, 11]. Interestingly, the
stabilization of a ferromagnetic alignment was explained by
covalent interactions of unoccupied states of the Sb-5p band
with the Mn-3d bands [20]. DFT+U calculations [23] with
U = 3 eV gave values for the structural parameters simiol%r
to the present ones, e.g. the atomic volume, V, = 20.96 A,
is only slightly below our calculated value of 21.07 10\3. How-
ever, from the Uy dependence of the volume presented in
[23] one would expect a reduction of V, for smaller values of
U ¢r worsening the agreement. The results of DFT calculations
[24] were also used in high-temperature series expansions of
the magnetic susceptibility to predict quite well the Curie
temperature of ferromagnetic MnSb. Calculations for cubic
MnSb [22] predicted half-metallicity which makes it a prom-
ising candidate for room temperature spin injection into semi-
conductors. Although the cubic polymorph is predicted to be
less stable by ~80-85 kJ mol~! and predicted to decompose
[21] there is evidence for a successful epitaxial growth [22].
To our knowledge no theoretical estimates of formation ener-
gies exist besides a much too small value of —6.56 kJ mol !
as reported by the materials project [59] yielding a
non-magnetic configuration.

3.2.4. MnBi. Regarding theoretical studies MnBi poses no
exception from the focus on magnetic rather than thermody-
namical properties. The first spin-polarised band-structure
calculations [25] produced a magnetic moment of 3.6 up in
agreement with our results and [11] and showed the Mn-3d
electrons are partially delocalised and strongly hybridized
with Bi-6p states. MnBi also shows a giant Kerr effect which
according to the calculations in [26] is caused by the combina-
tion of the large Mn magnetic moment and the large spin—orbit
coupling of Bi together with the strong hybridization between
the Mn-3d bands and Bi-6p states. A reasonable description of
the magnetic properties like saturation magnetization, aniso-
tropy constant, and Curie temperature was found both in [27]
and [28]. Recent DFT+U calculations with Ues = 2 eV [29]
successfully explained temperature dependent anomalies of
lattice constants and magnetic properties and were able to
pin-point the sign change of the magnetic anisotropy energy
to small increases in the basal lattice constant, but also stated
that a single U.g cannot be adjusted to reproduce both lat-
tice constants and magnetic moment perfectly. Consequently
the calculated value of V, in [29] amounts to 25.23 A’ much

23
larger as compared to our present value of 23.57 A for an
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U of 0.7eV, which, however, is only slightly larger than the
PBE value of 23.06 AB reported also in [29]. Yet, concern-
ing formation energies to our knowledge only a positive DFT
value of 88.5 kJ mol ~!is reported by the materials project [60]
yielding a non-magnetic configuration which readily decom-
poses into elemental Mn and Bi.

4. Summary and conclusion

We tried to predict the energies of formation and structural
stabilities for ferromagnetic MnX compounds. However,
DFT calculations with a parameter free local exchange-
correlation functional such as the PBE aproximation, failed.
The PBE results (i.e. compounds and elemental solids were
all calculated with PBE potentials) in figure 3 show good
agreement with experiment for MnP and MnAs, whereas for
MnSb and MnBi AH is zero or even significantly positive.
Compared to experiment and the calculations with Ueg, A
H increases too fast when going from MnP to MnBi (i.e.
larger sizes of the X atoms). When shifting the all-PBE
data down by a constant by about 70 kJ mol~! in order to
get a good agreement with experiment for MnBi then the
formation energy for MnP is far too negative. Only a non-
constant shift varying with X could possibly give the right
correction. Assuming that the PBE calculations for the MnX
compounds and elemental Mn are correct, then the correc-
tion could only come from the elemental phases of the X
atoms. For useful corrections one would need less negative
total energies for Sb and Bi and the change must be quite
substantial, namely 60-70 kJ mol~L, which we consider as
an unrealistic error. Therefore, we conclude that the largest
error of AH comes from the PBE total energy calculations
for the MnX compounds.

Discussing now the DFT+U calculations one has to keep
in mind, that two different Uy for Mn 3d-states were used,
namely one for y-Mn (Uetf,opt = 1.3 €V) and X-dependent
values of U op for fitting to the measured formation ener-
gies of the MnX compounds. Interestingly, Uef,ope = 1.2 and
1.4eV for MnP and MnAs agree rather well with the value
1.3eV for v-Mn, and for these compounds the PBE results
are good. One might argue, that because of the similar Ul opt
the enhanced exchange-correlation effects basically cancel
each other in the energy difference by which AH is defined
in (6) and (7). The situation is quite different for MnSb and
MnBi with their smaller values of Ue,ope = 0.9 and 0.7¢V.
Would we increase these values to about 1.3eV then the total
energy becomes less negative and as consequence the forma-
tion energy is wrong, as discussed for the PBE results. The
values Ugpeff for MnSb and MnBi are significantly smaller
than 1.3 eV for v-Mn, and the enhanced exchange-correlation
effects do not cancel. In comparison to PBE for MnSb and
MnBi the total energies do not increase (i.e. getting less neg-
ative) so much as for Mn when switching on Ugg. In other
words, the repulsive effects introduced by DFT+U are less
for MnSb and MnBi than for v-Mn. Therefore, AH is lowered
in comparison to the PBE results and some kind of ‘bonding’
effect is mimicked.

Summarizing our study, it is obvious that even for not
strongly correlated systems, such as the MnX compounds
with Uegr,ope < 1.4 €V corrections beyond the standard PBE
approach are needed in order to get a correct enthalpy of for-
mation. It would be higly desirable to design such corrections
free from empirical parameters, or at least being valid for
some larger class of materials.
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