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Abstract

Binary solid solutions based on B-Mn have been systematically investigated from a structural
point of view. The site occupancies of the substitutional solute elements Al, Co, Fe, In, Ir, Ni, Os, Ru,
Si, Sn and Zn on the two distinct sites of its crystal structure have been determined experimentally by
Rietveld refinement of X-ray or neutron powder diffraction data. The atomic distribution is discussed
in light of the changes of lattice parameters in the solution and compared between the different
chemical systems. A systematic analysis of the volume change within the complete binary systems
has been carried out. Anomalies are observed and explained for the time, by assuming that Mn
presents two different atomic radii at its two different sites. This feature is unique in metallic solid
solutions in the absence of any mixed valence. The study is complemented by a detailed DFT
investigation of the different systems demonstrating an anomaly with the description of the Mn
atom by traditional first-principles calculations. This problem leads to miscalculation of the lattice
parameter of pure Mn and, as a consequence, of the site occupancies in the binary systems. The
importance of the ordering of the solute element for the Calphad modeling is discussed and the use
of a two sublattice model for the description of B-Mn solid solutions in agreement with the presence
of two different Wyckoff positions, instead of the conventional disordered solution model, is highly
recommended.
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1. Introduction

Among transition metals, Mn is unique. Firstly, it is the element with the most allotropic
forms. Secondly, two of them, a- and B-Mn, are unique crystal structures that are not found as stable
structures for any other element. They are complex structures compared to the classical transition
metal structures bcc, hep and fcc and are characterized by the presence of different non-equivalent
sites which is rather unusual for pure elements.

The a-Mn structure (A12, c/58) [1, 2] is a pseudo-Frank-Kasper or topologically close packed
(TCP) phase with 4 different sites in the space group /43m (217). This structure also exists as the
structure of intermetallic compounds. It is then known as the Mgy;Al;, or TisRe,, structure type
depending on the state of order or as the x phase, and exists in Al-Mg and in many rare earth—Mg
and Re based systems.

The B-Mn structure (A13, cP20) [3] possesses 2 different sites in space group P4,32 (213), as
shown in Fig. 1. The coordination polyhedron around site 8c (x=0.0635,x,x) is an icosahedron



(coordination number (CN) 12). That around site 12d (1/8, y=0.202, y+1/4) has CN14 and is also a
Frank-Kasper polyhedron. The structure can therefore be considered as a TCP phase. The crystal
structure may be interpreted in different ways summarized in Ref. [4] and has been related to the
C15 structure [5]. It is a chiral structure. For a discussion on the determination of the absolute
structure, see Ref. [6]. In the following, since only powder diffraction results will be discussed,
chirality is not considered. The same structure is adopted by several binary intermetallic compounds
where the two elements occupy the two different sites in a completely (MgsRu, [7]) or partially
(AugNb41[8], Cos5Zn, 5 [5], CuggisSio.ass [9]) ordered manner. In other systems, the state of order is
unknown (Ag—Al, Al-Au, Fe—Mo, Fe—Re, Ga-V). Ternary derivatives such as Co-Mn—Zn compounds
are skyrmion-host materials [10]. An ordered variant is known in which site 8c is split into two
different 4a sites of space group P2,3, which are occupied differently. The structure type is then
AlAu, [11] and the phase exists in Al-Au and Al-Cu systems. A filled variant known as & nitride or
carbide also exists in many systems (sulfides, borides and phosphides are also reported) [12-15]. The
prototype is then MosAl,C. The interstitial element is placed in a pseudo-octahedral site. All ©
compounds are purely ternary compounds. They neither originate from pure Mn nor from a known
binary B-Mn compound by filling the interstitial site.

Figure 1: B-Mn crystal structure. The two sites 8c (blue) and 12d (red) are indicated with their
respective coordination polyhedron CN12 (blue) and CN14 (red).

The transition between the a- and B-Mn has been well studied [16]. There is no obvious
relationship between the structures. However, the diffraction patterns of the two structures are
somewhat similar with the main peaks of a-Mn and B-Mn being very close to each other. This is
because a,, is very near to \2 ap. This seems to be only a coincidence related to the fact that the ratio
of the number of atoms per cell between the two structures (58/20) is close to (V2)°.

It should be noted that it is difficult to retain the B structure of pure Mn by quenching. This
becomes much easier for solid solutions where the solute seems to stabilize the structure. While
pure o-Mn orders antiferromagnetically at 95 K [17], B-Mn does not [18]. However, small amounts of
alloying elements may induce the onset of magnetic ordering [19-24]. According to Drain et al. [25],
pure B-Mn is a spin-liquid that transforms into a spin-glass with substitution. According to the same
authors, the calculated ground state is ferrimagnetic. The study of the magnetic properties of B-Mn
solid solutions is therefore quite interesting.

The similarity of a. and B with intermetallic structures has led to them being referred to in the
literature as 'single element’ or 'self' intermetallic compounds. Though uncommon structures, they
possess extended solubility ranges in many different binary systems as shown in Fig. 2 which also
makes them attractive.
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Figure 2: Maximum solubility in (a) a- and (b) B-Mn phases of transition metals and several p-
elements as implied by the current versions of the phase diagrams [26] (Refs. [27] for I—Mn and [24]
for Mn—0s systems).

Depending on the system, one may observe that the solubility may be large in o (Mn—Re),
large in B (Al-Mn) or large in both phases (Fe—Mn). The magnitude of this solubility and the
availability of different sites for the substitution make it important to determine the location of the
solute through the measurement of the site occupancies. This is relevant in the framework of a
general understanding of substitutional defect mechanism in TCP phases (see e.g., Ref. [28] for the o
phase and Ref. [2] for the X phase). This is also critical in the framework of the Calphad modeling of
such phases which are typical examples of terminal substitutional solid solutions with multiple
sublattices [29]. The site occupancies in a-Mn have already been studied experimentally and
reviewed in Ref. [2]. In the present work, we review the knowledge on the B-Mn phase, bring new
experimental determination of site occupancies in many different systems using X-ray and neutron



diffraction. To complete the study, we will also present first principles calculations in the frame of the
density functional theory (DFT) to study atomic volumes, phase stability and site occupancies.

2. Experimental details

All the samples were synthesized by powder metallurgy. Mn powder was obtained by
crushing Mn flakes recently washed with hydrochloric solution. For the other elements, commercial
powders were used (for details see Table 1). In each case, a pellet (6 mm diameter) was obtained and
pressed to 2 tons. Reaction treatment in argon backfilled silica tubes was chosen according to the
known phase diagrams [30] or the literature in the specific cases of Ir-Mn [27] and Mn—Os [24]. After
the thermal treatment, the samples were analyzed by Electron Probe Microanalysis (EPMA).

Table 1: Source and characteristics of the raw materials used for the synthesis.

Element Provider Purity Grain size
(%)
Mn Alfa Aesar 99.95 pieces reduced into powder (<100 um) before preparation
Al Alfa Aesar 99.97 <44 um
Co Aldrich 99.9 <150 um
Fe Alfa Aesar 99.9 <74 um
In Alfa Aesar 99.99 <44 um
Ir Chempur 99.9 <44 um
Ni Alfa Aesar 99.996 <125 um
Os Aldrich chemical 99.9 <44 uym
Ru Chempur 99.9 <60 um
Si Alfa Aesar 99.9985 <20 um
Sn Baudier 99.9 <44 um
Zn Ceras 99.999 <44 ym

X-ray diffraction (XRD) was used to characterize the samples. Samples were easily reduced to
powder and were measured using Cu Ka radiation and the Bragg-Brentano geometry. The
diffractometer is equipped with a graphite monochromator in the diffracted beam. The Rietveld
method was used to analyze the XRD data. Internal coordinates, isotropic displacement parameters,
and site occupancies were refined. The refinement of the displacement parameters is always
affected by the micro-absorption phenomenon. They are therefore not reported. Site occupancies
were refined assuming the complete occupancy of both sites (no vacancy) and a global composition
matching the analyzed (EPMA) composition. Thus, only the distribution of a given amount of the
solute on the two sites was refined corresponding to the refinement of a single parameter.

Neutron diffraction was used for the solute elements without X-ray diffraction contrast
(atomic number close to that of Mn: Co, Fe, Ni, Zn). The samples (powder, ~5 g) were contained in a
vanadium can (diameter 5 or 8 mm). The measurement was performed at the ILL on D1B
diffractometer in Debye-Scherrer geometry (A=1.29 A, 26 range 1-129°). The data analysis was very
similar to that used for the X-ray results. Absorption correction was taken into account. In several
cases, the negative scattering factor of Mn exactly compensates that of X at one or the other site. In
this case, the position and the displacement parameter for this site was fixed to the X-ray data. In
one case, Mngs;Feq s, the scattering factors of Mn (-3.7 fm) and iron (9.45 fm) almost compensate
for the overall composition. Though a nice diffraction pattern was obtained (which testifies the order



between the two sites), it is impossible to conduct the refinement of the site occupancies since any
distribution of atoms gives roughly the same intensity ratios between the peaks.

3. Calculation details

The DFT method has been used to perform the electronic structure calculations [31, 32]. The
Projector Augmented Wave (PAW) pseudo-potentials method was used as implemented in the VASP
Package with a 600 eV cutoff energy [33-36] (VASP 6.2 version using PAW POTCAR files: PBE version
54, with the standard state, such as Mn with 7 electrons). After several tests using different
functionals (LDA or PBE-sol [37]), the exchange and correlations were considered in the Generalized
Gradient Approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional [38, 39].
Calculations with collinear spin polarization were considered. Both the lattice parameters and
internal atomic coordinates were fully relaxed by several intermediate steps, so that the self-
consistent total energy calculations converged to less than 0.01 meV. The final energies were
calculated using the linear tetrahedron method with Blochl corrections [40]. The Monkhorst-Pack
procedure was used to generate 220 points in the irreducible wedge of the Brillouin zone, from a
19x19x19 k-points meshing [41]. The charge distribution on the atoms was investigated using Bader’s
topological analysis [42], using the code developed by Henkelman et al. [43].

Since the B-Mn phase is composed of two nonequivalent 8c and 12d sites, four ordered
configurations can be calculated for a binary Mn—X system: MngMn1,, XgMn,, MngXy,, XsX1,. These
four compounds were calculated systematically for a set of 11 Mn-X binaries, with X =Al, Co, Fe, In, Ir,
Ni, Os, Ru, Si, Sn, Zn. In addition, the dilute solutions MnyoX; with distributions of X either in 8c and
12d were also considered. The heat of formation of each configuration is given by the difference of
its total DFT energy with respect to the element energies in their stable reference state (SER).

In addition to this systematic investigation of the B-Mn phase, X pure elements and about 40
Mn—X intermetallic compounds with different crystal structures were also calculated under the same
conditions.

4, Results
4.1. DFT calculations

All the results are given in Table S1 of Supplementary Material. The ground state of each
system is plotted in Fig. S1.

Analyzing the ground state of the B-Mn phase for each system i.e., the relative position of the
configurations XsMn,, and MngX;, compared to the pure elements in the 3-Mn structure, one may
easily distinguish four possible cases.

- none of the binary configurations is stable (X=Co, In, Sn)
- XsMny, only is stable (no system)

- MngX;, only is stable (X=Al, Ir, Ni, Os, Ru, Zn)

- both configurations are stable (X=Fe, Si)

For the third group, the solute X prefers site 12d, the higher CN14 site. For the fourth group,
the solute X prefers site 8¢, the smaller CN12 site, at least for X concentration lower than 0.4. For the
first group, it is more difficult to establish site preference, and one has to look at the relative energies



of the diluted structures Mn;XMn,, and MngMn1.X. In each case the second arrangement is found to
be more stable indicating the preference for the site with CN14.

The electronic charge transfers support this discussion of site preference. They have been
calculated using Bader's theory. This method looks for the cancellation of the squared wave function
gradient in direct space and integrates the electron in the corresponding sphere. Well used for the
description of molecular bonds in organic chemistry, the approach is more limited for metallic bonds,
with a known poor estimation of the Bader radii and charges but giving the general trends by relative
comparison. According to Table S1, the corresponding properties vary as a function of the
distribution of atoms along their site. Pure Mn shows an electronic charge transfer from the site 12d
to 8c (about 0.1 e-), which leads to a better localization of the 3d orbitals in 8c and thus to a smaller
Bader radius in site 8c than in site 12d. This trend is similar for other pure elements where 8c is
always negatively charged with an associated smaller radius, except for Si which differs from the
other d-electrons elements because of its s-p characters. In the binary compounds, it is interesting to
note that the ground state compounds show also an anionic preference for valence electron rich
atoms in the site 8c. This is in agreement with the discussion in Ref. [44] suggesting that the majority
components are cationic in nature because of nearest neighbor distance criterion.

The atomic volume calculated by DFT for pure Mn (10.7 A*for a, 10.8 A*for B) is much
smaller than the experimental one (12.2 A® for o, 12.6 A’ for B). To help understanding this anomaly,
we systematically calculated the atomic volume of 40 different intermetallic phases in various Mn—X
systems (X = Al, Co, Fe, In, Ir, Ni, Os, Ru, Si, Sn, Zn) by DFT (in PBE, at 400 eV and 800 eV cutoffs). The
relative difference between the DFT volume and the experimental one is shown in Fig. S2 as a
function of X content. It shows that the volume of Mn-based intermetallic compounds, whatever the
crystal structure, is systematically underestimated and that the deviation is proportional to the Mn
concentration. It is shown that the volume of - and B-Mn underestimated by DFT is neither related
to any particular feature of these two structures nor to the magnetic contribution (since the
deviation occurs also with X elements that are not magnetic), but rather related to the presence (and
proportional to the amount) of Mn itself as an element.

4.2. Experimental results

The synthesis was successful for all samples and homogeneous B single-phase samples were
generally obtained. The quenching was efficient to stabilize the B phase and the samples are
therefore considered to be in the equilibrium state at the temperature they have been prepared.
Only in few cases, secondary phases were observed by diffraction but always in a small amount.
Additionally, in some cases traces of MnO were noticed by neutron diffraction technique in which
this phase is more visible, but never in a quantity such that it could affect the composition of the B-
Mn phase which is, anyhow, checked by EPMA. Examples of X-ray and neutron diffraction diagrams
are presented in Fig. 3 in the form of conventional Rietveld plots. The results are presented in Table 2
including the EPMA and results from the Rietveld analysis (lattice parameters, internal coordinates
and site occupancies).
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Figure 3: Rietveld plot of (a) Mng¢Aly 4 (X-ray) and Mng ggNig 1, (neutron). Experimental (points),
calculated (line) and difference (line below) patterns are shown. The markers show the positions of
the diffraction lines. The second phase in (b) is MnO.



Table 2: Sample nominal composition, heat treatment, analyzed composition from EPMA, lattice parameter and internal coordinates from XRD, site
occupancies (in atom per site i.e., ranging from 0 to 8 or 0 to 12, * indicates neutron results), remarks. Typical estimated standard deviations for lattice
parameters are 0.0001 A and 0.0003 for internal coordinates.

Composition Heat treatment  Analyzed a (A) X Occupancy Occupancy Remarks, presence of additional phases
composition 8c (atom) 12d (atom)

MngoAlg 1 870°C, 14 days Mno.9194)Alo.081(2) 6.3485 0.0644 0.2026 -0.05(6) 1.67(6)

Mng gAlg > 870°C, 14 days Mno sos(a)Alo.192(2) 6.3823 0.0660 0.2033 -0.02(5) 3.86(5)

Mng 7Alg 3 870°C, 14 days Mno 7344)Alo.266() 6.4046 0.0672 0.2038 -0.20(3) 5.52(3)

Mng 6Alg 4 870°C, 14 days Mno 6a1(2)Alo.359(2) 6.4256 0.0681 0.2045 -0.08(4) 7.26(4)

MnggCog.» 900°C, 14 days Mno .786(2)C00.214(2) 6.3192 0.0638 0.2017 3.64(5)° 0.64(5)"

MngCog.4 900°C, 14 days Mno.599(1)CO0.401(1) 6.2850 0.0623 0.2008 6.33(7) 1.69(7)"

MnggsFep s  850°C, 14 days Mno sso(2)F€0.15002) 6.2951 0.0632 0.2021 2.40(2)° 0.60(2)"

Mng7.Fegrs  850°C, 14 days Mno 695(2)F€0.305(4) 6.2727 0.0631 0.2027 site occupancies cannot be refined

Mngolng.1 870°C, 14 days Mno.90s5(5)|N0.0945(5) 6.5190 0.0672 0.2040 0.05(4) 1.84(4)

Mngolro1 850°C, 14 days Mno s15(3)IT0.082(3) 6.4508 0.0646 0.2025 1.54(2) 0.10(2)

MnggsNig1,  750°C, 14 days Mno s762)Nio.124(2) 6.3615 0.0631 0.2022 2.09(1)* 0.39(1)* MnO in the neutron pattern

MnggsOsg15  950°C, 14 days Mno 862(2)0S0.138(2) 6.4619 0.0639 0.2031 2.52(2) 0.24(2)

Mng 70503 950°C, 14 days Mno.700(4)0S0.300(4) 6.5687 0.0643 0.2037 5.22(3) 0.78(3) hcp phase

Mngss0sg45  950°C, 14 days Mno_s51)0S0.45(1) 6.5711 0.0647 0.2044 7.84(9) 1.16(9) hcp phase

MnggRUg 1 750°C, 14 days Mno gsa(3)RUo.106(3) 6.4124 0.0638 0.2023 1.60(3) 0.52(3) MnO and a-Mn

MnggRug» 750°C, 14 days Mno 751(9)RUo.249(9) 6.4916 0.0648 0.2032 3.75(5) 1.23(5)

Mng gsSio.12 900°C, 14 days Mno ss3(1)Sio.117(1) 6.2727 0.0604 0.1988 2.2(1) 0.1(1)

Mng.gSng.1 870°C, 14 days MnNo.904(1)SNo.096(1) 6.5091 0.0667 0.2036 0.02(3) 1.90(3) Mn3Sn and MnO

MngsZng.> 850°C, 10 days

500°C, 10 days Mno.s60(2)ZN0.140(2) 6.4050 0.0654 0.2038 -0.02(2)" 2.82(2)" a-Mn (and MnO in the neutron pattern)




Lattice parameters as a function of solute composition are plotted in Fig. 4. They emphasize
the increase (or decrease) of the lattice parameters generated by the substitution. The same plot is
presented in Fig. S3 with a comparison of the available literature. Additionally, for each system a
complete atomic volume plot function of the composition including all the phases is presented in
Figs. S4. This plots also contain the DFT volumes for the B phase.
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Figure 4: Lattice parameter as a function of the solute composition. Atomic radii are shown in
brackets.

The evolution of the lattice parameters is generally linear for the system in which several
compositions have been measured, in the composition range that has been investigated. As usual for
solid solutions, the slope should be related to the radius of the solute element. However, several
elements (Ir, Ni, Os and Ru) increase the lattice parameters much more than expected from their
atomic radius. For example, Ni, in principle smaller than Mn, increases the lattice parameter, and this
as much as Al which is obviously much larger than Ni. At this point we may mention that the atomic
radius of Mn itself (in principle 1.35 A) is still a matter of controversy (see e.g., the discussion in Refs.
[2, 28]). In these two works, an atomic radius around ry, = 1.30 A was extrapolated.

The atomic coordinates xg. and y,,, plotted in Fig. S5 show a linear evolution as a function of
the composition. The slope is related to the atomic radius of the solute, more strictly than the lattice
parameter itself. A plot of y;,4 as a function of xg is also shown.

Site occupancies, plotted in Fig. 5, are very well rationalized by considering two types of X
solute elements. Several elements occupy exclusively site 12d while the other elements strongly
prefer site 8c but also have a small occupancy on site 12d. Contrary to what is observed for the
lattice parameters, the site preference is clearly determined according to the atomic radius of the
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solute element. Elements with atomic radius smaller than 1.37 A (Co, Fe, Ir, Ni, Os, Ru, Si) occupy low
CN site 8c, preferentially. Elements with atomic radius larger than 1.37 A (Al, In, Sn, Zn) occupy high
CN site 12d, exclusively. The limit of 1.37 A does not correspond to the radius of Mn. Ir, Os and Ru
are clearly larger than Mn and occupy nevertheless the sites of smaller CN. Electronic criterion better
justifies the distribution of the elements. The d elements with more valence electrons than Mn
occupy sites of lower CN (but no element with less valence electron has a solubility higher than

5 at.%) while more electropositive p elements (excepting Si) occupy the sites with high CN.
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Figure 5: Site occupancies (in atom per site) on sites (a) 8 and (b) 12d as a function of the solute
composition.

This very clear ordering between one or the other site is similar to that observed in the a-Mn
structure [2] but contrasts with what is observed in other TCP phases such as the o phase in which
mixing in several sites at the same time is almost always the rule [28].

5. Discussion
5.1. Synthesis

The sample synthesis using powder metallurgy was successful. In the literature, mainly arc
melting was used, also successfully. However, we believe that, given the high vapor pressure of
manganese at the melting temperatures of the different elements, powder metallurgy allows a
better control of the composition and the synthesis of alloys with refractory elements (Os...). This
technique was also successfully used previously in the synthesis of a-Mn samples in particular with
Re and Ru [2]. It also prevents segregation during the solidification. It seems that diffusion is
sufficiently fast at the chosen temperatures corresponding to the stability of the -Mn phase (around
1000°C) to warrant a complete reaction between grains with sizes ~40 um.

5.2. Comparison with literature

12



A review of the literature data on f-Mn solutions is given in Table 3. The type of data
indicated in the different references is provided. Other publications are not mentioned in the Table
3, mainly because they address the magnetic properties of several systems at the same time [19, 23,
45-48]. It is evident that the main focus of all the previous literature on B-Mn solutions was the study
of the magnetic properties, or better said, of the changes of the magnetic properties of pure B-Mn
[49, 50] with the solute nature, and sometimes concentration.

Table 3. Literature data on -Mn solutions. Lattice parameters are reported in most publications.

Solute Reference Type of data
Al [51] Site occupancies (X-ray diffraction), magnetic properties
[52] Magnetic properties
[53] Magnetic properties
[54] Magnetic structure, site preference (neutron diffraction)
Co [20] Magnetic properties
[55] Site occupancies (neutron diffraction)
[56] Site occupancies (neutron diffraction), magnetic properties
[57] Magnetic properties, magnetic structure, site preference (neutron
diffraction)
Fe [58] Site preference (Md&ssbauer), magnetic properties
[22] Site preference (M6ssbauer)
[59] Site preference (M6ssbauer)
[55] Site occupancies (neutron diffraction)
[60] Site preference (Md&ssbauer), magnetic properties
Ge' [21] Magnetic properties
In [61] Site preference (neutron diffraction), magnetic properties
Ir [27] Site preference (X-ray diffraction), magnetic properties
Ni [55] Site occupancies (neutron diffraction)
Os [24] Phase diagram, magnetic properties, site occupancies
[62] Specific heat, magnetic properties
[63] Magnetic properties
[64] Magnetic properties
Ru [65] Site preference (X-ray diffraction), magnetic properties
[66] Magnetic properties
[67] Magnetic properties
[68] Magnetic properties, magnetic structure
Sn [69] Site occupancies (MdOssbauer), magnetic properties
[70] Site occupancies (Mossbauer, neutron diffraction)
[22] Site preference (Mdéssbauer)

* solute not studied in the present work

Lattice parameters in the solid solutions are generally well known and can be compared with
our own results in Fig. S3 showing a good agreement. Several studies were devoted to the
localization of the solute in the structure, in particular because of its influence on the magnetic
properties. In general, only the qualitative site preference was obtained from the analysis of either
Mossbauer or diffraction data. This was done mostly by comparison between the experimental data
and models generated by a substitution on one or the other site. Intermediate cases in which the
solute would be partitioned on the two sites were not considered in these studies. The study of the
literature suggests that one should be very careful in analyzing the data, especially from Mossbauer
spectroscopy. This is because many errors can be produced and completely inverse site occupancies
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reported (see e.g., Ref. [59] contradicted by Ref. [55] for Fe with a re-analysis of the previous data,
and Ref. [70] contradicted by Ref. [71] for Sn).

Only, in few cases, a real refinement of the data is provided allowing a quantitative
determination, for a single composition: Al [51], Co [55], Fe [55], Ni [55], Sn [22, 69, 71]. A
determination as a function of composition occurs in even fewer cases (Co [56]). In summary, in the
literature only trends are given, qualitative site preference but rarely a quantitative analysis has been
made and when it is the case, the refinement has not always been conducted in satisfactory
conditions.

In the present work, for the first time, a systematic and comparative study is provided. It
encompasses all the possible solutes having a substantial solubility. Our study is conducted as a
function of composition when the homogeneity range is sufficiently large, and the refinements have
been conducted using rigorous Rietveld analysis conducted in the same conditions for all the
samples. When data is available, our results confirm the trends shown in the literature (see the
comparison in Fig. S6), but subtle features such as the slight occupancy of site 12d by the atoms
preferring site 8c are revealed in the present work.

5.3. Volume anomalies

An analysis of the atomic volume in all the systems we have studied as a function of
composition is provided in Fig. S4. The plots allow us to put into perspective the volume of the f-Mn
phase with the volume of all other phases. These plots were intended to find an explanation for the
volume anomalies noticed previously in certain systems.

First, the volume of pure a. (12.2 A%) and B-Mn (12.6 A%) should be considered. Both are very
small, especially when compared with the volume that can be expected for pure Mn in the fcc
structure (at room temperature), extrapolated from that of the fcc solid solutions in Fe—Mn, Ir-Mn
and Mn—Ni systems (~13.2 A%). This would indicate either a very high compacity (around 80%) for
these two structures compared to fcc, already known to be one of the most compact structures
(compacity 74%), or the fact that Mn radius is different in these two structures. Both explanations
can be considered.

A better compacity than fcc can be achieved only if one considers the packing of atoms with
different sizes. This is actually the basic construction principle of TCP structures of which B-Mn is a
representative. B-Mn structure has already been presented as a kind of self-intermetallic compound.
One could therefore imagine that it is constituted by atoms with different sizes (‘large’ Mn and
‘small’ Mn). An analysis of the distance between sites of CN12 gives an atomic radius of 1.18 A while
that between the sites of CN14 gives an atomic radius of 1.32 A supporting, at least qualitatively, this
assumption. Note that this has been postulated also in Ref. [4]. This is also confirmed by the Bader
radius obtained from the DFT calculations in 3-Mn (1.36 for 8c-CN12 and 1.38 A for 12d-CN14). The
systematic study of the Bader charges of Mn alloyed with the X element also shows a clear electronic
charge transfer from the site 12d to site 8c site, leading to a preference for a negative charge on site
8c and an associated smaller Bader volume, consistent with its small coordination associated with
shortest nearest neighbor distances compared to 12d [44].

We consider now binary systems. When a solute substitutes Mn, one should not consider its
atomic size compared to that of Mn but rather the size difference compared to the type (‘large’ or
‘small’) of Mn it replaces, depending on the site the solute occupies. For the elements preferring site
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12d (CN14), the magnitude of the cell parameter increase as a function of composition follows a
logical trend: larger atoms (In, Sn) have a larger effect than smaller atoms (Ga, Al, Zn). The weak
lattice parameter increase of Al is explained by the small difference of atomic radius between Al and
the ‘large’ Mn it replaces. A ‘large’ Mn apparent atomic radius of ~1.38 A would explain most of the
data.

For the elements preferring site 8c (CN12), the magnitude of the increase is also qualitatively
reproduced: larger atoms (Ir, Ru, Os) have a larger effect than smaller atoms (Ni, Co, Fe, Si). The
absence of a strong lattice parameter decrease for Co and Fe is explained by the small difference of
atomic radius between these elements and the ‘small’ Mn it replaces. A ‘small’ Mn apparent atomic
radius of ~1.25 A would explain most of the data.

This explanation has the merit to explain why Ni with an evidently smaller atomic radius than
Al increases as much the lattice parameter and why the expansion related to the solution of Ir, Ru
and Os is so large.

For a complete substitution of Mn by an element having an atomic volume intermediate
between the ‘small’ and the ‘large’ Mn radii, one would therefore expect, first, an increase of the
volume when replacing the ‘small’ Mn on the CN12 site, up to the composition Mng X4, for a
perfectly ordered scheme, then a decrease when replacing the ‘large’ Mn on the CN14 site. By
chance, Co has been observed as a metastable phase in the B-Mn structure after decomposition of
an organo-metallic [72]. The plot of atomic volume for Co—Mn system in Fig. S7 perfectly fits the
proposed model since a maximum is indeed observed for the B-Mn solid solution volume. The
maximum is not located exactly at the composition Mng¢Cog.4. This is explained by the fact that the
substitution is not completely ordered, and that Co starts to replace Mn on the CN14 site before
reaching the composition MngsCog 4.

5.4. DFT anomalies

The equilibrium volume calculated by DFT-PBE is extremely small (10.7 A*for o, 10.8 A*for ),
even much smaller than the experimental one, already shown above to be very small. This is not the
usual behavior for PBE which generally tends to overestimate the cell parameters. Similar volumes
are obtained with LDA (10.1 A*and 10.2 A® for o and P respectively), PBE-sol functional (10.4 A*and
10.5 A’) and even a meta-GGA using SCAN (10.5 A). This behavior has already been noticed in the
literature [18, 25], even using full potential method, but was not explained, as far as we are aware.

For a-Mn, a calculation with a cutoff larger than usual (800 eV) allows a better reproduction
of the volume, but this is not the case for B-Mn. Many tries have been done with manual
optimization, taking care of the non-colinear spin polarization, etc. and conclude than the PBE Mn
potential has a weird behavior dealing with the B-Mn structure. Given that the pseudo or full
potentials methods choice seems to have no impact on this outcome, the anomaly must be linked to
an inherent issue with the semilocal type of approximation. This holds true regardless of the DFT
package used. Consequently, a more sophisticated level of approximation for the exchange-
correlation effects is necessary in the case of manganese.

To understand the discrepancy between calculated and experimental volumes, we
performed systematic calculations of all the ordered compounds through the complete binary
systems (see Fig. S2), including many non-magnetic elements. It is evident that the difference
between calculated and experimental volumes gets larger as a function of the Mn concentration. The
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discrepancy is therefore not related to the structure of B-Mn, as also shown by the DFT calculation of
Mn in the fcc structure (10.7 A%) but rather to the element itself. This result also highlights the fact
that this behavior is independent of the magnetic contribution, since the deviation is observed for
high X concentrations, when X is a paramagnetic element and in cases when the DFT binary
calculation converges to a non-magnetic state. This indicates a clear problem with the actual Mn
pseudo-potential or, at least, with the semilocal (LDA, GGA, meta-GGA) type of approximation
(regardless of which DFT package is used), such that a more advanced level of approximation for the
exchange-correlation effects should be used in the case of Mn.

For the binary systems, we can compare the experimental site occupancies with the obtained
site preference obtained from the DFT calculations. Except for Fe and Si, we found a systematic
preference for the site of larger coordination. This is consistent with the observed site occupancies
for Al, In, Sn and Zn, but not at all for Co, Ir, Ni, Os and Ru that prefer the site of smaller coordination.

All the Mn compounds, as we have shown previously, suffer from an underestimation of their
atomic volume by DFT proportional to Mn composition. This would necessarily include the ordered
configurations that we have calculated MngX;, and XgMny,. The plots in Figs. S4 show that the
calculated volume of these two configurations is always far below that obtained from drawing a
straight line between the experimental volume of pure Mn and the calculated volume of the
configuration XXy, representing the element X in the structure of B-Mn, which is in reasonable
agreement with the experimental volume for the element X. This volume reduction is due to the
wrong DFT calculation of Mn compounds. But this imposes a strain on the X atom in the structure
that may not have sufficient space. This would explain why this element would be more stable in the
high CN configuration because it has more space to accommodate its atomic size. This may explain
the wrong site preference obtained from DFT for the elements Co, Ir, Ni, Os and Ru.

To demonstrate this feature, calculations have been made for the Mn—Ni system with an
expanded cell. Formation enthalpies relative to the pure elements in their standard state are plotted
as a function of volume in Fig. 6. For volumes comparable to the expected experimental volume
(above 12.5 A%/at.), the configuration NigMny, starts to be stable over the configuration MngNi,.
Though the energies cannot be compared quantitatively (because one cannot compare the relative
stability of different configurations at different compositions, and because it is difficult to guess at
which volume should be taken each configuration), the plot is however very meaningful qualitatively.
It explains how the wrong volume estimation affects the relative stability of the two binary
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configurations as illustrated schematically in the inset of Fig. 6.
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Figure 6: DFT enthalpies of formation (relative to the pure elements in their standard state) of the
different ordered configurations in the Mn—Ni system as a function of the volume using PBE. The
inset shows the relative effect of the dilatation, obtained by increasing the DFT volume, on the
ground state.

5.5. Comparison between a- and B-Mn phases

Very few elements have a large solubility in both phases allowing a comparison. This is the
case only for Fe and Ru. The site occupancies of these two elements in the two phases are compared
in Fig. S8. It can be seen that similar trends are observed i.e., preferential occupancy of the low
coordination sites (CN12, 24g, in a- and 8c in B-Mn phases). Of course, the situation is more complex
in a-Mn structure because of a larger number of sites and the availability of a site of intermediate
coordination (CN13). But, overall, the same trends are observed.

5.6. Calphad modeling

The behavior we observe here with a clear site preference and, therefore, a strong difference
with a classical terminal solid solution behavior was anticipated in our previous work [29], especially
because of the similarity with the a-Mn structure also studied in one of our previous works [2].Both
phases have the structure of intermetallic compounds. They should therefore be described as such
i.e., using the sublattice model [73] rather than a disordered substitutional solid solution model

consisting in imposing, from the thermodynamical point of view, the same site occupancy on both
sites.
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We propose to use a sublattice model (Mn,X)g(Mn,X),,. Such a model allows to respect and to
take into account the experimental site occupancies. The difference on the calculated configurational
entropy can be huge since our model orders at the composition MngX;, or XgMn,, (zero mixing
entropy) while the mixing entropy is almost maximum in a conventional single site substitutional
model. This cannot be corrected using excess terms because the temperature dependence of the
Gibbs energy is not the same. Not only the entropy, but also the enthalpy itself can be incorrectly
calculated since the enthalpic contribution of the ordered compound can only be taken into account
using interaction parameters. The shape of the enthalpy curve is therefore very different.

Another issue is the phase continuity, possible in some systems, with an intermetallic of the
same structure. The system Co—Mn—Zn illustrates perfectly this problem [74]. As said in the
introduction an intermetallic exists in the binary system Co—Zn with the same crystal structure as -
Mn. In the ternary system, this compound accepts a Mn solubility going all the way to the pure
element (see Fig. 2 in Ref. [74]). While it would be logical to describe the binary compound with a
sublattice model (Co,Zn)s(Co,Zn)1,, as it is the rule, it may extend up to pure B-Mn only by using the
same model that should therefore be also used for binary B-Mn solid solutions in Co—Mn and Mn—Zn
system, and by extension to any system involving Mn. Note also that the site occupancies have been
measured in this ternary system [10] and are in agreement with the results found for the binary Co—
Mn and Mn—Zn.

As described in Ref. [29], note that the ordering discussed here differs from the ordering of
conventional solid solutions since, in the present case, the different sites are already present in the
pure element, the ordered dissolution of the solute occurs with the first atom, does not involve
breaking of symmetry and change of the space group and there is no phase transition.

In particular, systems such as Fe—Mn [75] and Al-Fe—Mn [76-79] should be reoptimized in
this context given both the technological importance of these systems and the extremely wide
homogeneity range of the B-Mn solid solution. Note that the proposed model has been very recently
used for the optimization Mn—Fe—Ti system [80, 81].

6. Conclusion

Solid solutions based on B-Mn have been studied in various binary systems. Cell volume
dependence as a function of composition is anomalous and is explained by considering two different
radii for Mn on the two sites of the crystal structure. There is a considerable partitioning of the solute
atoms on either site, with some elements preferring the site of high CN, the others the site of low
CN, and follows both geometric and electronic criteria. Contrary to what is generally observed for
these kinds of systems, DFT calculations fail in both reproducing lattice parameters and site
occupancies. We have shown that this is due to an improper description of Mn atom in the frame of
the PBE-DFT. This obviously has implications for all the literature calculations reporting energies and
volumes of compound with this element.
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