
PHYSICAL REVIEW B 103, 014101 (2021)

High-pressure structural study of α-Mn: Experiments and calculations
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Manganese, in the α-Mn structure, has been studied using synchrotron powder x-ray diffraction in a diamond
anvil cell up to 220 GPa at room temperature combined with density functional calculations. The experiment
reveals an extended pressure stability of the α-Mn phase up to the highest pressure of this study, in contrast to
previous experimental and theoretical studies. On the other hand, calculations reveal that the previously predicted
hcp Mn phase becomes lower in enthalpy than the α-Mn phase above 160 GPa. The apparent discrepancy is
explained due to a substantial electron transfer between Mn ions, which stabilizes the α-Mn phase through the
formation of ionic bonding between monatomic ions under pressure.
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I. INTRODUCTION

At ambient conditions manganese crystalizes in, unparal-
leled among the elements, the complex α-Mn structure [space
group I-43m (217), Z = 58]. It was proposed [1] that the
complexity (with a very large number of atoms in the cubic
unit cell) of this structure originates from a combination of the
presence of three electronic levels with comparable stability
and magnetic ordering, resulting in different atomic sizes.
Thus, Mn atoms with different atomic sizes are accommo-
dated in different crystallographic sites; that is, Mn atoms
behave as if they are different atoms with different sizes [1,2].
Indeed, the α-Mn phase is analogous to the χ phase in binary
or ternary intermetallic systems [2].

One would expect that under pressure the suppression of
the magnetic moments [3] will result in a pressure-induced
phase transition towards a much simpler crystal structure with
equal atomic size. Previous experimental x-ray diffraction
(XRD) studies [2,4] reported a somewhat surprising stability
of the α-Mn phase up to at least 150 GPa. At higher pressure,
a phase transition was reported by Fujihisa and Takemura
[2] based on the appearance of a new low-intensity Bragg
peak above 165 GPa that coexisted with the main Bragg peak
of the α-Mn phase up to 190 GPa. After considering three
simple metallic structures (bcc, fcc, and hcp), a bcc structure
was suggested as the high-pressure phase based on the lower
volume collapse during the transition of the α-Mn to the bcc
phase rather than the other two possible phase transitions.
A follow-up first-principles theoretical study challenged this
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conclusion and predicted that the hcp phase has lower en-
thalpy than both the bcc and fcc phases in the 0–200-GPa
pressure range and thus should be the high-pressure (HP)
phase above 165 GPa [3]. However, the α-Mn phase was not
included in the theoretical study, and therefore, the relative
stability of the hcp over the α-Mn phase remains an open
question.

To date, the crystal structure of the HP phase of Mn
remains controversial: experimentally, the quality of the pre-
vious XRD study does not allow definitive indexing of the
HP phase, and theoretically, the relative stability of the α-
Mn and hcp phases was not examined. In order to address
these issues, we have carried out a detailed x-ray powder
diffraction and computational study of α-Mn up to 220 GPa.
Surprisingly, no pressure-induced phase transition was exper-
imentally observed up to the highest pressure of this study,
and manganese remains in the α-Mn phase. Interestingly, our
density functional theory (DFT) calculations predict that the
hcp Mn phase becomes lower in enthalpy than the α-Mn phase
above 160 GPa, which suggests the hcp phase is energetically
favorable at high pressure. The apparent discrepancy is at-
tributed to a significant kinetic energy barrier separating the
α-Mn phase from the hcp phase. Substantial electron transfer,
as concluded from the result of Bader charge analysis [5],
between Mn atoms in the α-Mn phase results in an ioniclike
bonding and stabilizes this phase over the purely metallic
hcp Mn.

II. METHODS

A. Experimental methods

High-purity commercially available (Sigma-Aldrich, >

99.9%) fine powder of Mn was used for the angle dispersive
XRD measurements. The sample was loaded into a dia-
mond anvil cell with neon as a pressure-transmitting medium
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(PTM). A Pilatus 1M CdTe detector was used at the undulator
XRD beamline at GeoSoilEnviroCARS (sector13), Advanced
Photon Source (APS), Chicago, to collect pressure-dependent
x-ray diffraction data. The x-ray probing beam spot size was
focused to approximately 2–4 μm; additional details on the
XRD experimental setups are given in Ref. [6]. Pressure was
determined using a known room temperature equation of state
(EOS) of Ne [7]. Integration of powder diffraction patterns
to yield scattering intensity versus 2θ diagrams and initial
analysis were performed using the DIOPTAS program [8]. Cal-
culated XRD patterns were produced using the POWDER CELL

program [9] for the corresponding crystal structures according
to the EOSs determined experimentally and theoretically in
this study and assuming continuous Debye rings of uniform
intensity. Le Bail refinements were performed using the GSAS

software [10]. Indexing of XRD patterns was performed using
the DICVOL program [11] as implemented in the FULLPROF

SUITE.

B. Theoretical methods

First-principles calculations were performed using the
spin-polarized version of the Vienna Ab initio Simulation
Package (VASP) [12]. The generalized gradient approxima-
tion was employed with projected augmented wave potentials
[13,14] and the Perdew-Burke-Ernzerhof exchange correla-
tion functional [15]. The wave functions were expanded in
a plane wave basis set with an energy cutoff of 300 eV.
The valence electron configuration of 3p63d54s2 for the Mn
atom was employed. A crystal structure search was carried
out using the particle swarm-intelligence optimization algo-
rithm [16,17]. All predicted crystal structures were processed
through density functional theory calculations. Since we are
interested in the high-pressure (simple) phases of Mn, a struc-
ture search was carried out at 100, 165, and 230 GPa with
unit cells containing between 2 and 20 Mn atoms. Lattice
dynamical calculations were performed using the linear re-
sponse Hessian matrix obtained using the VASP program on a
7 × 7 × 7 q-point mesh and a 2π × 0.08 Å−1 k-point spacing
and postprocessed using the PHONOPY code [18].

C. Results and discussion

Figure 1 shows integrated diffraction patterns of Mn at
selected pressures up to 220 GPa. No discontinuous changes
(e.g., appearance of new Bragg peaks) are observed, and all
the main Bragg peaks of the α-Mn phase are observed up to
the highest pressure of this study. Moreover, no sign of the
Bragg peak attributed to bcc Mn by Fujihisa and Takemura
(expected at 10.9◦ in the pattern in the inset of Fig. 1) is
observed in any of the patterns in our study, and all observed
Brag peaks can be indexed with the α-Mn phase.

From the XRD data, the cell volume of the α-Mn structure
is determined as a function of pressure and compared with
the values reported in Ref. [2] (see Fig. 2). Our obtained EOS
implies a less compressible structure than the one in Ref. [2].
We conducted unweighted fits to the experimental P-V data
using a third-order Birch-Murnaghan EOS [19] and deter-
mined the bulk modulus B and its first derivative B′ at zero
pressure: B0 = 204(3) GPa and B′

0 = 3.7(4). B0 determined

FIG. 1. XRD patterns of α-Mn at selected pressures on pres-
sure increase. The red pattern is the calculated pattern of α-Mn at
14 GPa. Miller indices of the main peaks are also noted. The asterisks
mark Bragg peaks from the rhenium gasket. The inset shows an
expanded view of the pattern at 191 GPa. The x-ray wavelength is
λ = 0.3344 Å.

FIG. 2. (a) Volume-pressure data for α-Mn. The solid curve is
an unweighted third-order Birch-Murnaghan EOS fit to the experi-
mental data points [19]. The data from Ref. [2] (black dots) are also
plotted for comparison.
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FIG. 3. (a) Comparison between the XRD pattern of Mn at
190 GPa from Ref. [2] (black) and the calculated pattern of hcp
Fe at 190 GPa (red) using the EOS of Ref. [23]. Miller indices of
hcp Fe are denoted. Miller indices in the experimental pattern are
initial indices taken from Ref. [2]. The peaks indexed G100 and
G101 are Bragg peaks from the Fe gasket. (b) Comparison between
the experimental XRD patten of this study (black) and the calculated
pattern of hcp Mn using the calculated EOS of this study (red).

in this study is substantially higher, while B′
0 is lower than the

ones determined by Fujihisa and Takemura using the Vinet
EOS [20]: B0 = 158(3) GPa and B′

0 = 4.6. Using a fixed B′
0 =

4.6 and Vinet EOS, we determined B0 = 176(1) GPa, which
is closer to the value in Ref. [2]. One possible explanation
for the difference in the determined elastic parameters might
be the different methods used in the two studies for pressure
determination: Ne EOS in our study [7] and Fe (gasket) EOS
in Ref. [2]. Use of the gasket as a pressure marker could
provide an inaccurate pressure [21,22]. We do not expect that
the use of Ne as the PTM in our study as opposed to a 4:1
mixture of methanol and ethanol in Ref. [2] should play a role
at these pressures [23].

Aiming to resolve the discrepancy concerning the presence
of the additional Bragg peak in the study of Fujihisa and
Takemura, in Fig. 3(a) we compare the experimental XRD
pattern of Mn at 190 GPa from Ref. [2] and the calculated

FIG. 4. Calculated enthalpy differences for α-Mn and hcp Mn
phases as a function of pressure. The enthalpy of the α-Mn phase is
taken as the reference.

pattern of hcp Fe at 190 GPa using the EOS of Ref. [23]. As
can clearly be seen, the new Bragg peak initially attributed
to the 110 peak of bcc Mn in Ref. [2] can be indexed with
the 002 peak of hcp Fe (gasket) in addition to the other
peaks already index with the 100 and 101 reflections of Fe.
Moreover, in the patterns of Ref. [2] the relative intensity of
the new peak appears to follow the same relative intensity
increase as the other two Bragg peaks of hcp Fe with increas-
ing pressure. Based on these two observations, it is plausible
to conclude that the Bragg peak observed above 160 GPa
in Ref. [2] is actually an additional (002) peak originating
from the gasket and, in reality, there is no pressure-induced
phase transition of Mn taking place, in agreement with our
study.

The intuitive expectation on elemental metals under pres-
sure is that they are all likely to favor close-packed structures
(hcp, fcc, and variants). At sufficient compression, when most
valence electrons are pushed into interstitial sites, the crys-
tal structure of elemental metals is mainly determined by
the packing of the cations, similar to the situation at ambi-
ent conditions, and therefore, close-packed structure would
emerge. To investigate this possibility, we carried out a crystal
structure search at 100, 165, and 230 GPa, which bracket
the transition pressure reported by Fujihisa and Takemura [2]
and the maximum pressure reached in this study. The hcp
Mn (space group P63/mmc) was found to be the most ener-
getically favorable phase, followed by fcc Mn (space group
Fm-3m), and bcc Mn (space group Im-3m) was the least
stable. This finding is consistent with the results of Zheng-
Johansson et al. [3], where the hcp phase was reported as the
most stable one compared with the bcc and fcc structures.
Specifically, the calculated relative enthalpies of α-Mn and
hcp Mn as a function of pressure (Fig. 4) show that the hcp
phase becomes lower in enthalpy than α-Mn above 165 GPa,
implying a possible phase transition above this pressure. For
this reason in Fig. 3(b) we compare the experimental pattern
of this study with the calculated pattern of hcp Mn using the
EOS of hcp Mn calculated in this study. Obviously, there is
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FIG. 5. The temperature-dependent (a) H + Fvib for α-Mn and
hcp Mn at 180 GPa (see text). The enthalpy of hcp Mn at 0 K was
used as the zero-point reference. (b) Vibrational entropies of α-Mn
and hcp Mn at 180 GPa. The inset shows hcp Mn having slightly
lower vibrational entropies below 160 K.

a strong discrepancy between the two patterns, thus ruling
out the presence of hcp Mn, even at the level of coexistence
with α-Mn (the strongest 101 peak of hcp Mn cannot be
observed).

Below the melting point of a material, the lattice contribu-
tion to the free energy Fvib can play an important role in the
relative stability of two different phases [24,25]. We therefore
analyze the effects of lattice vibration on both α-Mn and hcp
Mn at a pressure (180 GPa) that is slightly above the calcu-
lated α-Mn → hcp Mn transition. The calculated H + Fvib

for α-Mn and hcp Mn at 180 GPa are shown in Fig. 5(a) as
functions of temperature. The enthalpies H are taken from
the static calculation (Fig. 4). The hcp Mn is generally more
stable than α-Mn up to the maximum temperature (1500 K),
indicating the absence of any lattice dynamic or thermally
induced phase transition.

The calculated temperature dependence of the vibrational
entropies S of the two phases are shown in Fig. 5(b). Below
160 K, the entropy of α-Mn is slightly higher than that of
hcp Mn. Although, in this temperature range, the entropic
contribution to the free-energy difference is finite and in fa-
vor of α-Mn [see Fig. 5(b), inset], it is much less than the
internal energy difference and therefore cannot induce a phase
transition from hcp Mn to α-Mn. In fact, at 0 K, hcp Mn is
0.020 eV/atom more stable than α-Mn. In the same vein, at
sufficiently high temperature (above 160 K) below the melting
temperature of Mn, hcp Mn has a slightly higher entropy
and is progressively more stable than the α-Mn, e.g., 0.023
eV/atom more stable than α-Mn at 1500 K. Thus, in the
pressure range of interest, the lack of transition to hcp Mn
is not likely due to temperature effects.

To gain further insight into the extended pressure stability
of the α-Mn phase and, more importantly, to understand the

FIG. 6. Average per atom Bader charge transfer of Mn ions in
the corresponding Wyckoff positions as a function of pressure, as
calculated in this study.

discrepancy between experimental and theoretical results we
examined alternative mechanisms that can stabilize the α-Mn
phase. In this context, we performed charge transfer calcula-
tions in both the α-Mn and hcp Mn phases as a function of
pressure using Bader analysis [5]. In the case of hcp Mn, no
charge transfer between Mn ions was observed for the whole
pressure range of this study. On the other hand, a surprisingly
substantial charge transfer is predicted for Mn ions in the
α-Mn phase above 100 GPa for all four crystallographically
inequivalent Wyckoff positions (2a, 8c, 24g, and 24g). As
can clearly be seen in Fig. 6, the charge transfer is low up
to 100 GPa, followed by a first-order-like increase above this
pressure.

This effect can be described as a pressure-induced autoion-
ization of the Mn atoms, forming a self-salt, in the α-Mn
phase. The α-Mn structure is arranged in a cubic unit cell with
2a atoms occupying the corners and center of the cube. The
first set of 24g atoms is split into eight three-atom groups,
which form four tetrahedrons with four cornered 2a atoms
and a cluster of four tetrahedrons sharing one vertex made
of the centered 2a atom. The 8c atoms occupy the voids
of eight tetrahedrons, forming nominal eight [Mn5] entities.
These filled tetrahedrons have large Mn-Mn contacts, ranging
between 3.5 and 3.9Å (ambient value). The second set of
24g atoms also split into eight three-atom groups and form
empty tetrahedrons with the 2a atoms exactly the same way.
The empty tetrahedrons have smaller size (Mn-Mn distance:
2.1–2.4 Å), nominally [Mn4] entities. Another way of explain-
ing the structure is that in the bcc unit cell each of the eight
cornered Mn atoms forms a tetrahedron with three Mn atoms,
and the centered Mn atom forms a cluster of eight tetrahedrons
with 24 Mn atoms sharing the center vertex. The unit cell
therefore contains 16 tetrahedrons, but only 8 are filled by 8c
atoms, resulting in alternating small (empty) and large (filled)
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three-dimensional extension of tetrahedrons (see the inset in
Fig. 6).

The calculated Bader charges (Fig. 6) reveal substantial
charge transfer from the small tetrahedrons to large tetra-
hedrons nearby, forming self-ionized [Mn4]δ+ and [Mn5]δ−
pairs. Interestingly, the abrupt increase of the charge transfer
happens slightly below the pressure (165 GPa) at which hcp
Mn becomes lower in enthalpy than the α-Mn phase. Thus,
it is plausible to conclude that the ionic (in addition to the
metallic) character of the bonding in the α-Mn phase above
120 GPa, as opposed to the purely metallic bonding in the hcp
Mn phase, is the driving reason for the stability of the α-Mn
phase.

The occurrence of such strong charge transfer in an el-
emental solid is rare. An early theoretical study suggested
that solid hydrogen can polarize into H+H molecules un-
der pressure [26]. Subsequently, autoionization was observed
in a few elemental solids at high pressure, such as in the
case of the insulating hP4 phase of Na [27], γ -phase of B
[28], and the predicted N6 allotrope [29] and the all-nitrogen
metallic salt [30]. In these cases ionic bonding involves ei-
ther localized electrons (electride phases of alkali metals) or
molecularlike (e.g., Nδ+

2 and Nδ−
5 ) entities. In general, ionicity

in elemental solids is the result of many-body interactions,
which are stronger in squeezed volumes when orbital splitting
is enhanced. The α-Mn structure is made of two tetrahedrons
with very different electronic structures. Under high pres-
sure, the filled [Mn5] tetrahedron becomes anionic and more
stable because its neutral state would have an unoccupied
bonding orbital. This orbital creates an acceptor band below
the Fermi level that receives the electrons transferred from
the [Mn4] tetrahedron nearby. After this, substantial nearest-
neighbor electrostatic attraction arises between [Mn4]δ+ and
[Mn5]δ−, resulting in a very high cohesive energy mak-
ing the α-Mn phase metastable in an extended pressure
range.

Another interesting point to note is that from the crystallo-
graphic point of view, the α-Mn and hcp Mn phases are not
linked by either a group-subgroup relation or a common sub-
group. This means that the α-Mn → hcp Mn phase transition,
if it ever happens, will likely proceed in an abrupt manner with
no clearly defined order parameters [31]. Such a transition
is associated with a very high activation barrier compared to
a displacive reconstructive phase transition. However, since
the phase transition path cannot be uniquely described (by
collective variables), we cannot estimate the energy barrier for
the α-Mn → hcp Mn transition. This kind of dynamic stability

is commonplace for materials under high pressure, where
interesting crystal structures/stoichiometries were found to be
stable beyond their pressure range of stability [32]. From the
above discussion it is plausible to conclude that the extended
stability of the α-Mn could be attributed to both the ionic char-
acter of this phase above 120 GPa and also the presumably
high energy barrier.

D. Conclusion

Our study calls for follow-up experimental (e.g., an x-ray
appearance near-edge structure might provide experimental
evidence of the charge transfer, although the critical pressure
is relatively high for such measurements [33]) and theoret-
ical studies aiming to fully elucidate the mechanism of the
stability of the α-Mn phase. Our Bader analysis revealed that
under pressure, in addition to electride phases and molecular-
like salts, ionic bonding in elemental solids could also exist
between exclusively monatomic ions of the same metallic
element.
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