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Understanding the complex metallic element Mn. II. Geometric frustration
in b-Mn, phase stability, and phase transitions

J. Hafner and D. Hobbs
Institut für Materialphysik and Center for Computational Materials Science, Universita¨t Wien, Sensengasse 8/12, A-1090 Wien, Austr

~Received 26 September 2002; revised manuscript received 21 January 2003; published 8 July 2003!

In the preceding paper@D. Hobbs, J. Hafner, and D. Spisˇák, Phys. Rev. B68, 014407~2003!#, we have
started anab initio spin-density-functional study of the complex structural and magnetic phase behaviors of
Mn by a detailed investigation ofa-Mn. It was shown that the complex crystalline and noncollinear antifer-
romagnetic structures are the results of the conflicting tendencies to maximize simultaneously bond strength
and magnetic moment. The present work extends this study to the remaining four polymorphs of Mn. Frus-
tration of antiferromagnetic exchange interaction~which is the driving force leading to noncollinearity in
a-Mn! is found to be even stronger inb-Mn. However, in contrast to the current assumption that the magnetic
frustration is restricted to the sublattice of the Mn II atoms, with the Mn I atoms remaining nonmagnetic, we
find that the antiferromagnetic Mn I-Mn II coupling is strongest, leading to the stabilization of a ferrimagnetic
phase upon slight expansion. At equilibrium, a nonmagnetic and a weakly ferrimagnetic phase are energetically
virtually degenerate. Antiferromagnetic ground states are found forg- and d-Mn ~face- and body-centered
cubic, respectively!, while hexagonale-Mn is only marginally magnetic at equilibrium. Magnetism strongly
influences the mechanical properties of all polymorphs. Due to the stabilization of the antiferromagnetic state
on expansion, theg- and d-phase are exceptionally soft, whereasb- and e-Mn where magnetism is nearly
completely suppressed are mechanically hard.a-Mn is found to be soft in the noncollinear antiferromagnetic
state, but hard in the nonmagnetic phase.a-Mn is found to have the lowest energy at ambient pressure, under
compression a structural phase transition toe-Mn is predicted, in agreement with recent experiments. In
summary, the structural and magnetic phase diagram of even the complex metallic element is well explained by
the density-functional theory.

DOI: 10.1103/PhysRevB.68.014408 PACS number~s!: 75.25.1z, 61.66.Bi, 75.50.Ee, 61.50.Ah
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I. INTRODUCTION

Manganese is known to be the most complex meta
element. At ambient pressure, Mn assumes four differen
lotropic forms.1,2 The nonmagnetica phase stable at room
temperature adopts a complex crystal structure with 58
oms in the cubic elementary cell.3 Below a Néel temperature
of TN595 K, a-Mn orders antiferromagnetically in a non
collinear structure.4,5 The magnetic phase transition
coupled to a tetragonal distortion of the crystal structure.6 At
T51000 K, a structural phase transition to theb phase oc-
curs.b-Mn is a simple cubic with 20 atoms in the unit cell.7,8

In the high-temperature state, whereb-Mn is stable, it is
paramagnetic. The magnetic characterization of quenc
specimens has demonstrated9–11 that althoughb-Mn remains
paramagnetic down to the lowest temperatures, it sh
strong spin fluctuations leading also to a large electronic s
cific heat12 and to a characteristic temperature dependenc
the nuclear spin lattice relaxation rate following aAT
behavior.13 Consequently,b-Mn has been characterized as
spin-liquid. A weak doping with nonmagnetic elements su
as Al, In, Sn, or Sb drives a transition to an unconventio
spin-glass-like ground state.11,14

The face-centered cubic~fcc! g phase is stable in the na
row temperature interval between 1368 and 1406 K,
higher temperatures up to the melting point ofTM
51517 K thed-phase has a body-centered cubic~bcc! struc-
ture. g-Mn quenched to room temperature is face-cente
tetragonal, the small tetragonal distortion~0.17%! is caused,
similar to the distortion of thea phase, by antiferromagneti
0163-1829/2003/68~1!/014408~15!/$20.00 68 0144
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ordering.15 The magnetic ordering transition occurs at a te
perature of aboutTN;500 K.16,17 g-Mn may also be stabi-
lized by an epitaxial growth on Cu~100! or Ni~100!
substrates.18,19Theg-Mn films are tetragonally distorted an
assume a high-spin antiferromagnetic ground state of typ
bcc Mn films have been produced by an epitaxial growth
a Fe~100! substrate.20 The particular interest in epitaxially
stabilized film ofg- andd-Mn is motivated by the fact that a
sufficiently large lattice constants of the substrate, hig
moment ferromagnetism has been expected to occur at
temperature.

Recent high-pressure studies21 found a structural phase
transition atpc5158– 165 GPa. A new diffraction peak ap
pearing in the high-pressure phase can be indexed eithe
the ~110! reflection of a bcc lattice, or the~111! reflection of
a fcc structure, or as the~101! reflection of a hexagona
close-packed~hcp! structure. The volume changes at th
transition are the estimated to be 2.0, 9.4, and 5.6–7.4%
bcc, fcc, and hcp, respectively~assuming an axial ratio be
tweenc/a51.55 andc/a51.65 for the hcp structure!. Be-
cause of the smallest volume discontinuity, the bcc struct
was adopted as the most likely candidate for the hi
pressuree phase of Mn.21 However, it was pointed out that
bcc structure would be in contradiction to the regular str
tural trends across the transition metal series, predicting
hcp crystal structure for the group VII elements of the 4d
and 5d series—and also of the 3d series if the magnetic
moment is quenched by compression. Total energy calc
tions performed in the local-spin-density approximati
~LSDA! also predict the hcp phase of Mn to be lower
energy than either the fcc or bcc phase.22–25 However, one
©2003 The American Physical Society08-1
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should remember that LDA calculations lead to the wro
magnetic ground state for the elements next to Mn in thed
transition series, predicting bcc Cr to be nonmagnetic inst
of antiferromagnetic26 and Fe to be hcp and nonmagne
instead of bcc and ferromagnetic.27 For both metals, it has
been demonstrated that semilocal corrections to
exchange-correlation functional in the form of a generaliz
gradient approximation~GGA! correct the prediction of the
magnetic ground state.

Due to the structural complexity of thea and b phases,
most attempts to study the electronic and magnetic prope
of Mn have been restricted to the simplerg, d, ande phases,
see Refs. 15, 22–25, 28–39—but this list is not conside
to be exhaustive. Although there are some differences in
details, the calculations performed in the LSDA agree on
following.

~i! At equilibrium, the hcp phase is predicted to have t
lowest energy, but the structural energy differences are m
smaller than those calculated for the other metals of thed
series.23

~ii ! The calculated equilibrium volume is substantially t
low, the error being about twice as large as for the ot
3d-metals~with the exception of iron!.

~iii ! With increasing atomic volume, all three crystall
graphic forms of Mn show transitions from a nonmagnetic
a low-spin magnetic phase and further to a high-spin m
netic phase. This holds for both the antiferromagnetic a
the ferromagnetic configurations, at the experimental volu
antiferromagnetism is generally energetically more favora
than ferromagnetism.29,30,33,39 However, Fujii et al.,31

Kübler28, and Moruzziet al.29 find d-Mn to be ferromagnetic
at equilibrium, the transition to an antiferromagnetic st
occurring only in an expanded state. In the intermedi
range, ferrimagnetic and spin-spiral structures have b
reported.30,37,38It also has to be emphasized that all magne
energy differences are very small around equilibrium.

~iv! Because of the underestimation of the atomic volum
fcc g-Mn is predicted to be marginally nonmagnetic
equilibrium,30,39 whereas bccd-Mn is found to be weakly
ferromagnetic with a moment of about 1mB . For d-Mn, this
is in conflict with experiment suggesting antiferromagne
ordering with a similar estimate for the moment,40 for g-Mn
strong antiferromagnetic ordering with a high experimen
moment of 2.3mB at room temperature has been reported,2,41

the Curie temperature of quenched fccg-Mn being about 450
K.

~v! Generalized-gradient corrections to the exchan
correlation functional increase the equilibrium volume a
stabilize magnetism, leading to improved agreement w
experiment.24,39

For a- and b-Mn, previous electronic structur
calculations42–44 have been restricted to collinear magne
calculations, a noncollinear solution was searched usin
semiempirical tight-binding technique,45 but without conclu-
sive results. Only very recently, we have succeeded in
forming a full ab initio calculation of the crystalline and th
noncollinear magnetic structures ofa-Mn46,47 ~hereafter, this
work will be referred to asI ). We have demonstrated that th
outstanding structural and magnetic properties of Mn a
01440
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from conflicting tendencies related to the half-filledd band:
~i! According to Hund’s rule, the magnetic spin-mome
should be maximum;~ii ! for a half-filled band only bonding
and no antibonding states are expected to be occupied, st
bonding leading to short interatomic distances. Howev
close interatomic distances tend to quench magnetism.
complex crystal structure ofa-Mn is the result of a compro-
mise between these two conflicting tendencies:a-Mn may be
considered as an intermetallic compound formed by lar
strongly magnetic~Mn I, Mn II ! and small, weakly magnetic
~Mn III ! or even nearly unmagnetic~Mn IV ! atoms. In fact
the structure ofa-Mn is isotypic to that ofx-phase Fe-Cr-Mo
alloys. The noncollinear magnetic structure ofa-Mn is due
to the fact that the small Mn IV atoms arranged on triangu
faces of the coordination polyhedra around the large M
atoms are not entirely unmagnetic. Their frustrated antifer
magnetic coupling leads to a local spin arrangement sim
to that in the Ne´el phase of a frustrated triangular antiferr
magnet. The noncollinear orientation of the magnetic m
ments on the other Mn atoms is a direct consequence of
basic frustration.

Frustration is also believed to be of central importance
understanding the strong spin-fluctuations characteristic
quenchedb-Mn.11,48 In fully frustrated lattices such as th
Kagoméor the pyrochlore lattices, the frustration of antife
romagnetic interactions in local triangular rings overcom
any magnetic ordering and these systems behave as clas
or quantum spin liquids.49–52The purely geometrical picture
of frustration applying to these structures, however, can
be transferred tob-Mn without modifications. TheA13
structure ofb-Mn ~space groupP4132)7,8,53contains 20 Mn
atoms on two inequivalent sites, Mn I (8c sites! and Mn II
(12d sites!. Figure 1~a! shows a perspective view of the un
cell of b-Mn. The structure is rather difficult to describe an
for the full lattice, the character of the geometrical frustrati
is not evident. The magnetic characterization ofb-Mn, how-
ever, has led to the assumption that the magnetic prope
can be interpreted by considering paramagnetic moment
the Mn II sites only, the Mn I atoms being almo
nonmagnetic.11,51 The Mn II sublattice shown in Fig. 1~b!
can be regarded as a network of corner-sharing triangles
this respect, the sublattice is similar to the two-dimensio
Kagomélattice. Inb-Mn, however, the triangular network i
not planar. Each triangle is perpendicular to one of the@111#
axes such that neighboring triangles form an anglef satis-
fying cosf51/3. Hence, the Mn II-sublattice has bee
termed as ‘‘three-dimensional Kagome´ lattice.’’ Canals and
Lacroix48 have shown that for a classical Heisenberg Ham
tonian with antiferromagnetic nearest-neighbor interactio
on the Mn II-sublattice only, the ground state is a degene
spin spiral with a wave vector@qqq# along the body diago-
nal. It is of evident interest to verify these conjectures by
spin-polarized calculation of the electronic structure.

According to the augmented spherical wave~ASW! cal-
culations of Sliwkoet al.,42 b-Mn is nonmagnetic in the ex
perimentally determined structure. At expanded volu
(na513%), b Mn is reported to be ferrimagnetic with
small moments on both sites:m(Mn I) 50.15mB and
m(Mn II) 520.57mB . Hence, the assumption of entire
8-2
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UNDERSTANDING THE COMPLEX . . . . II. . . . PHYSICAL REVIEW B68, 014408 ~2003!
FIG. 1. ~Color! ~a! Pictorial
representation of the unit cell o
b-Mn. Blue balls represent Mn I
atoms, light green balls Mn II at-
oms ~red balls merely mark the
corners of the unit cell!. The
shortest nearest-neighbor bond
are drawn. The arrows visualiz
the ferrimagnetic moments calcu
lated at a slightly expanded vol
ume. The smaller Mn I moments
are oriented along the positivez
direction, the larger Mn II mo-
ments are oriented antiparallel t
the Mn I moments.~b! Mn II sub-
lattice in a doubled unit cell of
b-Mn, consisting of a network of
corner-sharing triangles. All tri-
angle planes are normal to one o
the @111# axes. One of the ‘‘dis-
torted wind mill’’ elements
formed by three nearly regula
corner-sharing triangles is high
lighted by the shading of the tri-
angles. The anglef between two
triangles satisfies cosf51/3; Cf.
text.
o
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nonmagnetic Mn I atoms is not confirmed. Asada44 has used
the linearized muffin-tin-orbital~LMTO! technique to calcu-
late the electronic and magnetic structures ofb-Mn. At the
equilibrium lattice constant, a ferrimagnetic phase with m
ments of m(Mn I) 50.2 mB and m(Mn II) 521.25mB was
found to be more stable than the nonmagnetic state. In a
tion, Asada considered a ‘‘nearly least frustrated antifer
magnetic’’~NLF-AF! phase in which the moments on all M
I sites are all parallel, whereas the Mn II moments are for
to point into different directions such as to release as fa
01440
-
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d
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possible the frustration on the triangular Mn II sublattice~but
no indication how this is achieved is given in the paper!. For
this NLF-AF structure, Asada reports for the experimen
density almost vanishing Mn I moments andum(Mn II) u
52.0 mB , and for the equilibrium atomic volume~which is
found to be 3 pct larger than in experiment!, m(Mn I)
50.2 mB and um(Mn II) u52.38mB .

In the present work, we extend our study of the structu
and magnetic properties of Mn, started inI with the investi-
gation ofa-Mn, to the remaining four polymorphs. As inI,
8-3
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TABLE I. Crystallographic information onb-Mn.

Space group: P4132 a56.29 Å ~expt.!, a56.007 Å ~theor!

Atom Wyckoff Coordinates
position

Mn I 8c (x,x,x), (1/21x, 1/22x, 2x), (1/22x, 2x, 2x 1/21x),
(2x,1/21x,1/22x), (3/42x,3/42x,3/42x),
(1/42x,3/41x,1/41x), (1/41x,1/42x,3/41x),
(3/41x,1/41x,1/42x)
x(expt.)50.0061,a 0.0636b

x(theor.)50.059,c 0.060d

Mn II 12d (1/8,y,1/41y), (y,1/41y,1/8), (1/41y,1/8,y),
(3/8,2y,3/41y), (2y,3/41y,3/8), (3/41y,3/8,2y),
(5/8,1/22y,3/42y), (1/22y,3/42y,5/8), (3/42y,5/8,1/22y),
(7/8,1/21y,1/42y), (1/21y,1/42y,7/8), (1/42y,7/8,1/21y),
y(expt.)50.206,a 0.2022b

y(theor)50.190,c 0.200d

aReference 7. cAt the theoretical equilibrium lattice constant.
bReference 53. dAt the experimental lattice constant.
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we perform first-principles spin-density functional calcu
tions of the crystalline, electronic, and magnetic structu
using the projector-augmented wave technique.54,55 The
exchange-correlation functional56 proposed by Perdew an
Zunger,57 together with the spin interpolation of von Bar
and Hedin55 and the generalized-gradient corrections58 of
Perdewet al.,59 has been used. For any further technical
pects, we refer toI. The paper is organized as follows.
Sec. II, we discuss the properties ofb-Mn, with particular
attention to the magnetic structure and to the frustration
the magnetic interactions. Section III presents the results
the high-symmetry polymorphsg-, d-, ande-Mn. Section IV
summarizes the structural energy of all allotropes and
cusses the possibility of a pressure-induced phase trans
We conclude in Sec. V.

II. CRYSTALLINE AND MAGNETIC
STRUCTURES OF b-Mn

A. Crystal structure and magnetic frustration

The crystallographic information onb-Mn (A13-type! is
summarized in Table I, a picture of the unit cell is given
Fig. 1~a!. The structure is simple cubic, space groupP4132
~or P4332) with a56.29 Å, see Refs. 7,8,53. There are tw
inequivalent Mn sites: Mn I in (8c) position and Mn II
in (12d) position. It is important to emphasize that—
already noted for theA12 structure ofa-Mn—most ex-
amples of theA13 structure occur as binary alloys, e.g
Fe2Re3 . The structure is more compact around the Mn
sites. Each Mn I atom is surrounded by a distorted icosa
dron whose vertices are occupied by three Mn I at a dista
d1(Mn I-Mn I) 50.376a ~where a is the cubic lattice con-
stant! and nine Mn II at distances ofd(Mn I-Mn II)
50.4011a, 0.4253a, and 0.4256a. The coordination polyhe-
dron around Mn II is a Frank-Kasper polyhedron with coo
01440
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dination number~CN! 14 occupied by six Mn I atoms at th
distances listed above and eight Mn II, three
d1(Mn II-Mn II) 50.4139a and d2(Mn II-Mn II) 50.4225a
each and two atd3(Mn II-Mn II) 50.5153a ~all distances are
calculated using the internal parameters of Preston7!. Hence,
the local coordination is similar to that of the Mn IV and M
III sites in a-Mn surrounded by an icosahedron and a CN
Frank-Kasper polyhedron, respectively. All these polyhe
may be decomposed into more or less distorted tetrahed

Due to the low site-symmetry@trigonal around the@111#
axis and orthorhombic with the symmetry axis~110!#, the
b-Mn structure is difficult to describe. O’Keefe an
Anderson8 have shown that a certain class of structures
cludingb-Mn may be described in terms of a dense pack
of identical infinite cylinders~‘‘rod packing’’!. In the real
structures, these rods are replaced by strings of atoms o
group of atoms. In the case ofb-Mn, the rods consist of a
repeating sequence of four Mn I-Mn II3 tetrahedra and
Mn II6 ‘‘metaprisms’’ centered by Mn I@a metaprism is a
polyhedron intermediate between an octahedron (5̂ triangu-
lar antiprism, parallel triangles rotated by 60° with respect
each other! and a triangular prism~rotation angle zero!, in
the b-Mn metaprism the rotation angle is cos21(11/14)
538.2° in the ideal geometry#. An ideal value for the free
parametery of the Mn II sites is defined by the requireme
that the equilateral faces of the metaprisms be congru
~and hence as many of the shortest Mn II-Mn II distances
possible are equal!, leading toy50.2035. The parameterx in
the coordinates of the Mn I sites is determined by the c
dition that the six shortest Mn I-Mn II distances be a
equal—this happens forx50.0678. The measured structur
parameters are very close to these ideal values. With th
parameters, the ratio of the shortest Mn I-Mn II distance
Mn II-Mn II distance is 1.055 so that the Mn I-Mn II3 tetra-
hedra are nearly regular~the ratio is 1.061 in the real struc
ture!.
8-4
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UNDERSTANDING THE COMPLEX . . . . II. . . . PHYSICAL REVIEW B68, 014408 ~2003!
The connection with the network of corner-sharing t
angles forming the Mn II sublattice@see also Fig. 1~b!# and
used for the discussion of the geometric frustration of
magnetic interactions11,48 may be established by noting th
neighboring ‘‘rods’’ share Mn II atoms such that Mn II6
metaprisms share corners. However, in view of the closen
of the shortest Mn I-Mn II and Mn II-Mn II distances, th
crystal geometry provides little justification for a discussi
of frustration in terms of the magnetic coupling between
Mn II atoms alone.

In view of the importance of the nearly regula
Mn I-Mn II 3 tetrahedra in the structure, the proper referen
for discussing frustration may be rather the tetrahedral
work of the majority atoms in a Laves phase—indeed YM2
andRMn2 compounds (R5rare earth metal! have been ex-
tensively examined for frustration effects.60–62The coordina-
tion of the majority atoms in the Laves phases is icosahed
the coordination polyhedron of the larger minority atoms i
CN16 Friauf-Frank-Kasper polyhedron whose vertices
occupied by 12 majority and 4 minority atoms. Hence
unifying feature of theb-Mn and Laves structures is tha
both are polytetrahedral. In the Mn-based Laves phases
ground state is magnetically disordered due to frustrat
strong antiferromagnetic correlations between the Mn ato
are suppressed. The similarity between theb-Mn and the
Laves phases is further supported by the fact that nonm
netic impurities substituting for Mn induce a spin-liquid
spin-glass transition in both cases.11

The assumption that only the Mn II atoms carry a pa
magnetic moment, while the Mn I atoms are nonmagneti
based on the interpretation of the nuclear-magne
resonance~NMR! spectra11,13,14,63 and of the magnetic
neutron-scattering data.11 Due to the low site symmetry, bot
Mn sites inb-Mn possess an electric-field gradient, which
site I has axial symmetry and on site II is nonaxial. T
difference in symmetry allows a unique assignment of
NMR signals. Nuclear quadrupole resonance~NQR! mea-
surements lead to a nuclear quadrupole coupling consta
;30 MHz at site II and a significantly smaller one of on
1.5–7 MHz at site I~Refs. 11,13,63!. The presence of a
zero-field NQR signal is a clear indication of the absence
magnetic ordering. Upon a modest degree of doping with
the NQR signals disappear rapidly. Instead, zero-field re
nances in the NMR spectra appear at low and high frequ
cies, around 10–20 MHz and 80–100 MHz at an Al conc
tration of 10–20%. Assuming a hyperfine coupling const
of 280–2100 Oe/mB ~which is the same as ina-Mn, see
Ref. 4!, this leads to static moments of 0.1mB– 0.2mB and
;1mB , assigned to sites I and II, respectively.11,13 The dif-
ferent magnetic character of both types of sites appears
in the nuclear spin-lattice relaxation rate 1/T1 , which is
about 20 times larger at site II than at site I. Neutro
scattering studies reveal strong antiferromagnetic spin fl
tuations in pureb-Mn, which persist even in the spin-glas
like state of b-Mn12xAl x (x.0.03), integration of the
quasielastic neutron spectra over the entire Brillouin zo
leads to Mn II moments in agreement with those from
NMR spectra. This has led to the assumption that the p
magnetic moments in the spin-liquid phase of pureb-Mn are
01440
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of the same order of magnitude as the static disordered
ments in the spin-glass-likeb-Mn12xAl alloys.

Little attention has been paid so far to the implication
the assumption of nonmagnetic Mn I atoms on the electro
structure. Nakamuraet al.11 only note . . . ‘‘this suggests that
the 3d electron levels of site-I atoms are far below the Fer
level and/or the site I contribution to the Fermi-level dens
of states is small.’’ In view of the crystal structure, such
drastic difference in local densities of states of Mn I and M
II atoms would be highly surprising.

B. Crystalline and magnetic structures—Theory

We have performed a simultaneous optimization of
crystalline, electronic, and magnetic structures ofb-Mn
without any symmetry constraint and allowing for nonma
netic, collinear, and noncollinear magnetic configuratio
Magnetization has been described using the unconstra
vector-field approach reviewed in detail inI. Due to the ab-
sence of symmetry constraints, all Mn atoms within the u
cell are considered as inequivalent and, in principle, the
culations admit for different moments on each site—this
important in view of the geometric frustration of the ma
netic interactions. In this respect our calculations are sim
to the setup used by Asada44 in his NLF-AF structure.
Brillouin-zone integrations have been performed on
43434 grid ~extending over the entire Brillouin zone in th
absence of symmetry constraints! and using a modest smea
ing of the one-electron levels to improve convergence~seeI
for further details!.

Our results for the total energy, internal structural para
eters, and magnetic moments are summarized in Fig. 2.
calculated equilibrium atomic volume isV510.84 Å3 (a
56.007 Å), corresponding to an underestimate
213.5 pct. in the volume~24.7 pct. in the lattice constant!
compared to the experimental value of Preston.7 However,
one has to bear in mind that the experimental value refer
a high-temperature phase quenched to room tempera
Still, the equilibrium volume is probably somewha
underestimated—like for all 3d antiferromagnets~Cr, a-,
andb-Mn, andg-Fe—cf. also the discussion inI ). The in-
ternal structural parameters are found to be almost indep
dent of the atomic volume; at equilibrium, we calculatex
50.059 andy50.195; at the experimental volume, we fin
x50.060 andy50.20 in very good agreement with the e
perimental values~see also Table I!.

At all atomic volumes lower than about 11.8 Å3, non-
magnetic and an almost ferrimagneticb-Mn ~with a small
magnetic moment of;0.25mB at sites II and essentially non
magnetic Mn I atoms! are energetically degenerate within th
accuracy of our calculations which is estimated to be a f
meV/atom. At expanded volumes, a ferrimagnetic state w
large moments at sites II and smaller, but by no means n
ligible, moments at sites I develops~see Figs. 1 and 2! in
agreement with the results of Sliwkoet al.42and of Asada.44

At the experimental volume (V512.44 Å3), Sliwko et al.
find b-Mn to be nonmagnetic, while Asada calculates m
ments of;0.2mB and ;1.25mB for sites Mn I and Mn II,
respectively, in a constrained ferrimagnetic configuration a
8-5
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J. HAFNER AND D. HOBBS PHYSICAL REVIEW B68, 014408 ~2003!
even larger Mn II moments in a noncollinear, but not furth
characterized ‘‘nearly least frustrated antiferromagnet
structure. We have also made several attempts to find a
sible noncollinear spin configuration, but independent of
initialization of the magnetic structure, the calculations
ways relaxed to a nonmagnetic or to a nearly collinear fe
magnetic state, depending on volume.

The volume dependence of the local magnetic mome
shows a very unusual behavior: at a strongly expanded
ume, both the Mn I and the Mn II moments are as large
3 – 4mB . The limiting value of 5mB set by Hund’s rule
would, however, be approached only at much larger volum
where a fully occupied 4s band begins to separate from th
3d band~cf. the investigation of the large-volume magne
behavior of the 3d metals by Moruzzi and Marcus30!. At
smaller volumes, the magnetic moment of the Mn I atom
reduced more rapidly, but on both sites the transition t
nonmagnetic state is extremely sluggish, a small mom
persists over a very large volume range. This is a stra
behavior—for all 3d metals in one of the common metall
structures~including bcc and fcc Mn!, it has been shown29,30

that the volume dependence of the magnetic moment is
essarily singular, the magnetic to nonmagnetic transition
ing usually of second order—for the more complex behav
of g- and d-Mn, see also the following section. We hav

FIG. 2. Total energy, internal structural parameters (x for sites I,
1/21y for sites II, cf. Table I!, and local ferrimagnetic moments fo
b-Mn.
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verified that the persistence of a small magnetization at
increased density is not the result of an insufficient conv
gence of our calculations. To understand this behavior,
must remember that the calculations are performed with
version of the PAW for noncollinear magnetizations in
unconstrained vector-field description. These calculati
~like those fora-Mn reported inI ) are performed without
any symmetry constraint—hence this setup admits for m
netic fluctuations within the unit cell coupled to local disto
tions from the perfect structure. In the multidimensional p
rameter space of the crystalline and magnetic coordina
the magnetic potential-energy surface is extremely flat.
practice, the fluctuations in the magnetization from one M
or Mn II atom to another are very small in magnitude a
direction, and the graphs report the average moments.
posing symmetry constraints on the atomic positions and
linearity of the magnetic moments does not lead to a qu
tative change of this picture: the ferrimagnetic minimu
disappears already atV;10 Å3, but the curvature of the
moment vs volume relation remains the same. Our resul
degenerate nonmagnetic and weakly ferrimagnetic state
equilibrium is—within the limits of a mean-field
description—not inconsistent with the experimental char
terization ofb-Mn as a spin liquid.

This persistence of the magnetic moment over a w
range of densities inb-Mn is indicative of a high degree o
frustration of the magnetic interactions—a similar behav
has been found for the Mn IV sites ina-Mn if the directions
of the magnetic moments are constrained to a collinear
entation ~see Fig. 2 inI ). In a-Mn, the antiferromagnetic
interaction between the Mn IV atoms is highly frustrated,
these atoms occupy triangular facets on the CN16 poly
dron around Mn I. If the collinear constraint is relaxed,
local spin arrangement similar to the Ne´el state of a triangu-
lar antiferromagnet is assumed and the Mn IV mome
show the expected critical behavior at the onset of nonc
linear magnetic ordering~which is triggered precisely by the
formation of static moments on the Mn IV sites!. In contrast
to a-Mn, theb-Mn lattice is fully frustrated and the frustra
tion cannot be eliminated by a noncollinear spin arran
ment.

The ferrimagnetic ordering of expandedb-Mn with a fer-
romagnetic order on both type-I and type-II sublattices i
rather surprising result, which contradicts the assumption
derlying the interpretation of the observed magnetic char
ter of b-Mn, namely, the antiferromagnetic coupling betwe
the Mn II atoms is much stronger than the Mn I–Mn
interaction. To the contrary, the ferrimagnetic order sho
that the dominant antiferromagnetic interaction is that
tween inequivalent atoms. A ferrimagnetic ground state of
element is by itself a rather surprising result, although it
rather common in intermetallic compounds. The possibi
of ferrimagnetic ordering in bccd-Mn has been discussed b
Moruzzi and Marcus30 and by Sliwkoet al.37 They reported
a ferromagnetic ground state at equilibrium, ferrimagne
CsCl-type ordering at an expansion of about 3 pct., an
transition to type-1~CsCl-type! antiferromagnetism at 8 pct
expansion. Hence, ferrimagnetism appears as a possibl
termediate state between ferromagnetic and antiferrom
8-6
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TABLE II. Equilibrium atomic volumeV, magnetic ground state~AFM—antiferromagnetic, type 1 or 2
FIM—ferrimagnetic, NCL—noncollinear!, structural enthalpy differenceDH at zero pressure relative to th
a phase, bulk modulusB0 , and its pressure-derivativeB08 of all five Mn polymorphs. Cf. text.

Phase Magnetic V ~theor! V ~exp! DH B0 ~theor! B0 ~exp! B08~theor! B08~exp!
State (Å3) (Å3) ~meV! ~GPa! ~GPa!

a-Mn AFM-NCL 11.08 12.05a 0 188 158b 6.0 4.6b

b-Mn FIM 10.84 12.44c 63 269 4.7
g-Mn AFM1 11.16 12.95d 67 144 7.4
d-Mn AFM2 11.12 146 166 6.8
e-Mn AFM 10.72 61 246 5.2

aReference 6.
bReference 21.
cReference 7, room-temperature measurements on quenched specimens.
dReference 68, value obtained by extrapolation of high-temperature data to room temperature.
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netic orderings. Due to the inequivalence of the two types
Mn-sites, ferrimagnetism inb-Mn appears to be even mor
likely. However, Mohnet al.38 have argued that the ferrimag
netism ind-Mn corresponds only to a collinear projection
an energetically more favorable spin-spiral state. Simila
we cannot entirely discard the possibility that the ferrima
netic state of an expandedb-Mn represents only a loca
minimum. The change in the magnetic character ofb-Mn by
alloying with nonmagnetic elements such as Al is due to t
effects:~i! expansion of the crystal lattice leading to a sta
lization of the local moments and~ii ! randomness of the
magnetic interactions. It remains to be seen whether this
domness is necessary to stabilize the spin-glass-like gro
state or whether this is also the ground-state of the expan
b-Mn.

However, even ford-Mn, our new results demonstrat
that type-2 antiferromagnetism is energetically more fav
able than either ferromagnetism, ferrimagnetism, or typ
antiferromagnetism, see also the following section. In
study of Moruzzi and Marcus,30 other types of antiferromag
netism have not been considered, because they have mix
of parallel and antiparallel nearest-neighbor moments
this was expected to lead to an increased magnetic ene

C. Bulk modulus

The bulk modulus ofb-Mn has been calculated by fittin
the energy vs volume data to a Birch-Murnaghan equatio65

and to the ‘‘universal equation of state’’ proposed by Vin
et al.66 Both fits agree on a very high value of the bu
modulus ofB0526962 GPa and a pressure derivativeB08
5]B0 /]p54.7 for a ferrimagneticb-Mn at equilibrium~see
also Table II!, for nonmagneticb-Mn an even higher value o
B0;300 GPa results. This is a rather remarkable res
Whereas inI, we had calculated fora-Mn a bulk modulus of
B05188 GPa which is softer than that of the other ferrom
netic or antiferromagnetic metals, we now findb-Mn to be
much harder, with a bulk modulus comparable to that of
nonmagnetic 4d and 5d metals.

D. Electronic structure of b-Mn

Figure 3 presents our results for the total, site-, spin-,
angular-momentum-decomposed electronic density of st
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of b-Mn at two different densities. At the equilibrium densi
where the nonmagnetic and weakly ferrimagnetic states
b-Mn are energetically degenerate, only in the ferrimagne
state very weak exchange splitting in the local density
state~DOS! at the Mn II sites of;0.2 eV is recognizable. At
this density, the local DOS ofb-Mn is very similar to the
local DOS at the Mn III and Mn IV sites ina-Mn ~cf. Fig. 7
in I )—this is not unexpected as the local environments
very similar as well: icosahedral and CN14 coordination
sites I and II inb-Mn, icosahedral and CN13 at sites IV an
III in a-Mn. The total DOS at the Fermi level is rather lo
~; 0.8 states/eV atom spin!—this is about one order of mag
nitude lower than deduced from the specific-heat meas
ments,11 confirming the strong enhancement due to spin fl
tuations. The local DOS’s shown here are also in good ag
ment with those reported by Sliwkoet al.42 At an expanded
volume, the large ferrimagnetic moments are reflected i
rather large exchange splitting. However, we note also ra
pronounced differences in the majority and minority DOS
indicating a substantial variation of the exchange splitt
through the Brillouin zone. At both densities, the loc
DOS’s at sites I and II are quite similar—band width a
center of gravity of thed bands are almost the same. This
expected from the local geometries, but in marked contra
tion to the speculations put forward to justify the assumpt
of a vanishing magnetic coupling between Mn I and Mn
atoms. Altogether the LSD calculations suggest that a fun
mental modification of the interpretation of the magnetic b
havior of b-Mn, based on geometric frustration on th
type-II sublattice alone, will be necessary.

III. STRUCTURAL AND MAGNETIC ENERGIES
OF THE HIGHLY SYMMETRIC POLYMORPHS

As recapitulated in the Introduction, the magnetic prop
ties of the highly symmetric polymorphs of Mn have be
discussed repeatedly in the literature. However, most of th
studies are concerned with just one structural and magn
configuration, and with the exception of the work of Asa
and Terakura24 and of Ederet al.39 gradient corrections to the
exchange-correlation functional~now known to be essentia
for a correct prediction of the cohesive and magnetic pr
8-7
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FIG. 3. Total, site- and angular-momentu
decomposed spin-polarized electronic density
states of the weakly ferrimagnetic phaseb-Mn.
The left panels show the DOS calculated at t
theoretical equilibrium density, the right pane
the DOS at the experimental density. Note that
equilibrium the nonmagnetic and ferrimagnet
phases are energetically degenerate. Full line
total DOS, dotted—short, and long-dashed lin
represent thes, p, and d components, respec
tively. The energy zero is at the Fermi level.
o
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tic,
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erties of the 3d-metals! have been neglected. Also so far n
attempt has been made to determine the structural ene
difference betweena- andb-Mn and the more compact high
temperature polymorphs. Thereforeg-, d-, and e-Mn have
been included in our study. Our results for the total energ
and magnetic moments as a function of volume are sum
rized in Fig. 4.
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A. Face-centered cubicg-Mn

We have compared the paramagnetic, ferromagne
type-1, and type-2 antiferromagnetic configurations
g-Mn. The type-1~CuAu-type! solution is lowest in energy
from the onset of magnetic ordering atV;10 Å3 up to the
free-atom limit. Type-2 antiferromagnetism~the sign of the
in
g-

the
ely
FIG. 4. Total energy and magnetic moment
paramagnetic, ferromagnetic, and antiferroma
netic fccg-Mn, bccd-Mn, and hcpe-Mn vs vol-
ume. Circles, squares, and triangles represent
calculated values, the continuous lines are mer
a guide to the eye.
8-8
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moment alternates between planes stacked along@111#! is
also energetically more favorable than ferromagnetism
ferromagnetic solution exists only for atomic volumes larg
than about 12.5 Å3. At the equilibrium volume of V
511.1 Å3, the antiferromagnetic moment is 1.6mB . Both
the volume and the magnetic moment are somewhat un
estimated compared to the values estimated for quenc
g-Mn (V512.4 Å3, m.2.4mB), the moment calculated a
the experimental volume (m.2.3mB) agrees well with ex-
periment. Compared to the LSD calculations of Moruzziet
al.33 and Eder,39 the onset of magnetic ordering is shifted
higher densities and the equilibrium volume is increased,
proving agreement with experiment. This agrees with
well-known tendency of the GGA to reduce the bo
strength, to stabilize magnetic ordering, and to produce s
stantially larger magnetovolume effects than the purely lo
LSDA.27 However, the present all-electron PAW calculatio
predict a smaller effect of the GGA on the equilibrium vo
ume and a smaller magnetovolume effect than the calc
tions of Ederet al.39 using ultrasoft pseudopotentials, a
though both sets of calculations produce almost ident
results for the magnetic moment as a function of volume
for the electronic DOS at a fixed volume. The differen
between the all-electron and pseudopotential calculations
be traced back to an isotropic contribution of the gradi
terms to the internal pressure arising mostly from the reg
where valence- and core electrons and spin densities ove
In this region, the difference between the all-electron a
pseudodensities becomes important—the effect is larger
the magnetic terms because the spin densities tend t
more localized. This difference cannot be eliminated by n
linear core corrections, it can be made to disappear only
choosing a very hard pseudopotential requiring also a v
extended basis set. We also note that the difference betw
the all-electron and the pseudopotential calculations is la
in Mn than in all other magnetic 3d metals.

For an antiferromagneticg-Mn, we calculate a very low
bulk modulus ofB05144 GPa which is one half the valu
found for b-Mn and also smaller as the bulk modulus
a-Mn, cf. Table II. However, the bulkmodulus increases ra
idly under compression,B0857.4. Asada24 reports even
smaller values ofB05107 GPa and 86 GPa in his GG
calculations using an LMTO method and the atomic sph
approximation~ASA! producing a somewhat larger equilib
rium volume. The tendency of the LMTO-ASA to produc
larger equilibrium volume than full-potential calculations
well known, but the origin of the difference between the d
reported in the two publications cited under Ref. 24 rema
unclear. Moruzziet al.33 also calculate a very low bulk
modulus ofB05110 GPa using the ASW method.

We have not considered the magnetically induced tetr
onal distortion41 of g-Mn. The energy lowering induced b
this distortion was c alculated to be about 13 meV/atom
the LMTO-ASA method.15 There have also been suggestio
that this lattice distortion is coupled to a noncollinear ord
ing in the form of a multiple spin-density wave,16,67 but the
experimental evidence refers rather to Mn-based alloys t
to pureg-Mn.
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B. Body-centered cubicd-Mn

For a bccd-Mn, our calculations predict a transition from
type-2~in-plane! to type-1~CsCl-type! antiferromagnetic or-
dering on expansion. Type-2 ordering sets in at a subs
tially higher density (V;9 Å3) than type-1 ordering~onset
at V;11 Å3). The onset of low-moment ferromagnetic o
dering is found at about the same density as type-1 ant
romagnetism. Up to a volume of;12.2 Å3, ferromagnetism
is energetically more favorable than type-1 antiferroma
netism. At a critical volume of;13.5 Å3, a low-spin/high-
spin transition in the ferromagnetic phase is observed.

Our results are qualitatively similar to the LSDA resu
of Kübler and of Moruzziet al.,28–30 but the onset of mag-
netic ordering is shifted to higher densities as already m
tioned forg-Mn. It is interesting to note that type-2 antife
romagnetism~this type of ordering was not considered
previous calculations! is found to be preferred over type-
antiferromagnetism. The essential difference is that in
type-1 structure, all nearest neighbors have antiparallel
ments, whereas in the type-2 structure both parallel and
tiparallel orientations are found. This feature, the fact tha
equilibrium the ferromagnetism is energetically intermedi
between both antiferromagnetic variants, and the existe
of a low- to high-spin transition shows that ind-Mn, there is
a competition between ferromagnetic and antiferromagn
exchange interactions varying strongly with the interatom
distance. In the work of Moruzzi and Marcus30 and of
Sliwko et al.,37 a ferrimagnetic phase was found to have t
lowest energy in the transition region. Mohnet al.38 have
argued that the ferrimagnetic structure is just a projection
a spin-spiral state onto a collinear spin-quantization axis.
ing a version of the ASW method admitting spin-spiral stru
tures and the generalized Bloch-theorem of Herring,64 the
dispersion relations of spin-spiral states were explored.
pending on the atomic volume up to seven,~meta! stable
spin-spiral states were found. In the transition region
tween the ferromagnetic and the type-1 antiferromagn
phases, these spin-spiral states can be about 10–25 m
atom lower in energy than either collinear state. Here,
have not considered spin-spiral states, but the magnetic
ergy difference favoring type-2 antiferromagnetism is de
nitely larger than the stabilizing energy reported for the sp
spiral states.

The equilibrium volume isV511.0 Å3, the correspond-
ing antiferromagnetic moment ism51.35mB in a reasonable
agreement with the experimental estimate.40 The
generalized-gradient corrections increase the volume
;0.9 Å3 and lead to a larger volume. Experimental values
the atomic volume are available only for the stable hig
temperature phase,V(exp.)514.6 Å3 at T51413 K. For the
antiferromagneticd-Mn, we calculate a bulk modulus o
B05166 GPa, and a pressure derivative ofB0856.7, i.e., val-
ues comparable to those of theg-phase. Moruzziet al.29 re-
port a bulk modulus of 260 GPa for ferromagneticd-Mn
~which is the ground state according to their calculation!.
Asada reports conflicting results in the two publications ci
under Ref. 24: a ferromagnetic ground state with a very h
bulk modulus of 248 GPa, and an antiferromagnetic~type-1!
8-9
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J. HAFNER AND D. HOBBS PHYSICAL REVIEW B68, 014408 ~2003!
ground state with two different values for the bulk modulu
77 and 150 GPa, respectively. This clearly demonstrates
difficulty of obtaining well-converged results, given th
small magnetic energy differences and the strong volu
dependence of magnetism.

C. Hexagonal close-packede-Mn

For e-Mn, the paramagnetic and antiferromagnetic pha
are found to be energetically degenerate at equilibriumV
510.5 Å3), the axial ratio of the hexagonal-close pack
structure is very close to the ideal value ofc/a51.633. A
ferromagnetic solution exists only forV;14 Å, the para-
magnetic to ferromagnetic transition is of first order. T
variation of the total energy and of the magnetic momen
a function of volume is more complex as expected fo
simple second-order transition—the inflections in both
energy- and the moment-curves atV;13 Å3 are indicative
for a sluggish low- to high-spin transition.

It is remarkable that in spite of the same nearest-neigh
environment, magnetism is less stable ine-Mn than in
g-Mn. This shows that exchange interactions beyond nea
neighbors must be considered. In this respect, the struc
property correlation in Mn is similar to that in Fe, where
antiferromagnetic and a nonmagnetic ground state have
predicted for the fcc and hcp phases, respectively. We
find that in the bccg-Mn, ferromagnetism persists~although
in a low-spin state! up to densities where it is already com
pletely quenched in the other polymorphs. However, in c
trast to Fe, the magnetic ground state of the bcc Mn is typ
antiferromagnetic.

Antiferromagnetic e-Mn has a bulk modulus ofB0
5246 GPa which is comparable to that of the nonmagn
phases of the other polymorphs—for this structure, the in
ence of magnetism on the compressibility is rather weak~see
also the energy vs volume data in Fig. 4!. The pressure de
rivative of B0855.1 is much lower than that of fcc and bc
Mn and also somewhat lower than that calculated for tha
phase—this will turn out to be important for the phase b
havior under pressure. Asadaet al.24 report values of 242 and
264 GPa for marginally antiferromagnetic hcp Mn in the tw
sets of calculations.

Altogether the comparison of our GGA results with tho
obtained in the LSDA shows that the gradient corrections
the exchange-correlation functional largely improve the p
dictions of the magnetic ground state of the highly symm
ric polymorphs of Mn. Because of the enormous compu
tional effort, we have not compared the LSDA and the GG
for the a- and b-phases, but it is evident that here also t
gradient corrections are necessary to achieve a reason
prediction of the atomic volume.

IV. PHASE STABILITY AND PHASE TRANSITIONS

Structural enthalpy differences at zero pressure betw
the five polymorphs of Mn in their respective magne
ground states are summarized in Table II: at zero press
a-Mn is lower in energy by 63 meV/atom thanb-Mn, 67
meV/atom thang-Mn, 61 meV/atom thane-Mn, and 146
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meV/atom thand-Mn. The stability of the complexa struc-
ture is only partly related to magnetic effects: even nonm
netica-Mn is still 38 meV/atom lower in energy thanb-Mn.
This is partly in contradiction to speculations in the curre
literature on the origin of the stability of thea-phase, but
necessary for explaining the stability of paramagnetica-Mn
up to a temperature which is ten times higher than its N´el
temperature.

The structural energy differences vary strongly with vo
ume: under compression, all energy differences are stron
reduced, but only for hcpe-Mn the reduction is strong
enough such that a pressure-induced phase transition
comes possible. The different elastic behavior of the comp
ing phases is important for understanding that the transi
occurs to the hcp and not to the fcc phase, which is com
rable in energy around equilibrium. Although fccg-Mn is
initially much softer than hcpe-Mn, its bulk modulus hard-
ens very rapidly under compression, leading to an increas
the internal energy. On expansion, the energy difference
tween thea and g the phases is progressively reduce
whereas theb and e the phases become energetically le
favorable. Without the energy lowering associated with
formation of a noncollinear spin structure,g-Mn would even
become favored overa-Mn under sufficiently strong expan
sion. This is important for understanding the stabilization
the g phase on alloying with elements inducing a lattice e
pansion.

The variations in the energy differences are genera
quite strongly related to magnetic effects, in particular to
slow onset of magnetism in hcp Mn~see Fig. 4! and inb-Mn
~see Fig. 2!. Only little change is observed in the energ
difference between thea and d the phases. Figure 5 als
illustrates again the contrast, already evident from the ca
lation of the bulk moduli, between the mechanically softg
and d phases and the hardb and e phases, witha-Mn in
between. We have already emphasized the relation betw
the onset of magnetic-moment formation and the ela
properties.

A. Pressure-induced phase transition

Figure 5 suggests that under compression a phase tr
tion from a- to e-Mn will occur. The fact that the hcp phas
is favored under compression over the fcc and bcc pha
agrees with the calculations of Zheng-Johanssonet al.,25 but
the energy differences are so small that it is impossible
determine the transition pressure from a double-tangent c
struction to the energy vs volume curves. We have used
fitted Birch-Murnaghan and Vinet equations of state~already
used for the calculation of the bulk moduli! to calculate the
variation of the enthalpy of thea and e the phases as a
function of pressure—the critical pressure for the phase tr
sition is than given by the intersection of the enthalpy curv
Our result is displayed in Fig. 6~both fits lead to identical
results, we display only that relating to th
Birch-Murnaghan65 equation of state!. As both enthalpy
curves have almost the same slope~the difference in the bulk
moduli is rapidly reduced under compression, since the p
sure derivative ofB0 is larger for thea than for theb phase:
8-10
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FIG. 5. Total energy of all five polymorphs o
Mn as a function of volume. The different sym
bols represent the calculated energies, for ea
structure the energy of the magnetic phase sta
at the given volume has been plotted—only f
a-Mn the energies of both the collinear and th
noncollinear antiferromagnetic configuration
have been plotted. AFM—antiferromagnet
~type-1 or type-2!, FIM—ferrimagnetic, NCL—
noncollinear.
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B0855.9 for a-Mn, B0855.1 for e-Mn, the experimental
value21 reported fora-Mn is B0854.6), their crossing poin
is rather ill defined—pc;75625 GPa atT50 K seems to be
a reasonable estimate. At the transition, the volume disc
tinuity is very small, about 1%. The small volume chan
compares well with the experimental estimate of a disco
nuity of about 2%. The estimated transition pressure is ab
a factor 2 lower than the transition pressure of 158–165 G
at room temperature reported by Fujihisaet al.21 However, in
view of the smallness of the energy differences and the c
plexity of the systems involved, we consider this as a
unreasonable agreement. Increasing the structural energ
ference betweena- and e-Mn by only 10–15 meV/atom
would be sufficient to eliminate the discrepancy between
01440
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ut
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e

theory and the experiment. In view of the much larger bu
modulus ofe-Mn compared to thea-phase, even the differ
ence in the zero-point vibrational energies could provide
substantial part of the increase in the structural energy
ference, cf. also the following paragraph.

In I, we have found that the antiferromagnetism ofa-Mn
disappears under compression at a volume of 9 Å3 ~cf. Fig. 2
in I ). From our equation of state, we find that this volum
corresponds quite exactly to the critical pressure for
structural phase transition. The hcp- Mn, on the other ha
is only marginally magnetic at equilibrium, antiferroma
netism disappears already under slight compression, f
our results shown in Figs. 4 and 6, we estimate the anti
romagnetic to nonmagnetic transition ine-Mn to occur al-
.
re-

se
n

he
FIG. 6. Equation of state~top panel! and en-
thalpy of a- ande-Mn as a function of pressure
Circles and triangles represent the pressu
volume relation for theab initio calculations, the
continuous solid and broken lines a fit of the
data by a third-order Birch-Murnaghan equatio
or the universal equation of state of Vinetet al.
~both fits are indistinguishable at the scale of t
plot!.
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ready below 10 GPa. Hence, magnetic effects are very
portant for the surprising stability of the complexa-Mn
structure up to ultrahigh pressures.

B. Temperature-driven phase transitions

Under increasing temperature, Mn undergoes a sequ
of structural phase transitions:a→b→g→d. Although tem-
perature effects are not directly considered in this work,
can still make a few comments on temperature-driven ph
transitions. The temperature evolution of the equilibriu
states is determined by the free energyF5E2TS, i.e., from
the internal energy we have to subtract the entropy mu
plied by the temperature. The entropy consists of a vib
tional contribution and a contribution from the fluctuatin
magnetic moment. Asada and Terakura24 have made an at
tempt to investigate the temperature-dependent phase tr
tions between theg, d, ande phases on the basis ofab initio
total-energy calculations coupled to a quasiharmonic Deb
Grüneisen model for the vibrational entropy. Followin
Moruzzi, Janak, and Schwarz,69 the Debye-temperatureQ
was estimated from the bulk modulus using a semiempir
relation, the volume-dependence ofQ was determined by
using a relation between the pressure derivative of the b
modulus and the Gru¨neisen parameter. It must be emph
sized that this is a rather crude model, since not only the b
modulus but also the shear constants determine the D
temperature. However, it may serve as a first approxima
for a qualitative estimate of the relative importance of vib
tional and magnetic contributions to the entropy. Within th
model, the low values of the bulk modulus ofg- andd-Mn
lead to a much lower Debye temperature and hence
faster increase of the vibrational entropy for these two pha
than fore-Mn, changing the energetic order between the
and the hcp phases already at modest temperatures.24

Due to the large difference in the bulk moduli, even ze
point vibrations could influence the pressure-induced ph
transition between thea and e the phases. Using the sem
empirical relation of Moruzzi, Janak, and Schwarz69 and the
bulk moduli listed in Table II, we calculate Debye temper
tures ofQ~a!5393 K andQ~e!5468 K, leading to a differ-
ence of 5.3 meV/atom in the zero-point energies, which a
to the structural energy difference and leads to an increa
critical pressure ofpc;100625 GPa atT50 K. Using the
same values of the Debye temperatures to calculate the
tribution of the vibrational entropy to the free energies aT
5300 K, we obtain a further contribution to the structur
energy difference of about 7 meV/atom favoring thea phase
and leading to a further increase of the transition press
However, above the Ne´el temperature, we have to use th
larger bulk modulus~see alsoI ) and Debye temperature o
nonmagnetica-Mn, leading to a much smaller difference
the vibrational entropies.

However, it also becomes clear that vibrational effe
alone are not sufficient to reverse the energetic ordering
tween the fcc and the bcc Mn. In this respect, the magn
contributions to the entropy will be important—the smallne
of the magnetic energy differences in the bccd-Mn ~cf. Fig.
4! suggests a larger magnetic contribution to the entropy
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d- than for g-Mn. Magnetic effects will also influence th
a→b transition. Below the Ne´el temperature antiferromag
netic a-Mn is much softer thanb-Mn, hence vibrational ef-
fects will even add to the structural energy difference. Fo
paramagnetica-Mn, our calculations predict a much hard
bulk modulus of nearly 300 GPa—at least as long as m
netic fluctuations are neglected. However, the difference
the compressibilities of nonmagnetica- and b-Mn (DB0
;20– 30 GPa) appears to be too small to attribute the ph
change to vibrational effects alone. The strong paramagn
fluctuations in b-Mn arising from geometric frustration
have already been mentioned. Magnetic fluctuations e
also in a-Mn. Neutron-scattering experiments70 of very di-
lute alloys of Sn ina-Mn have demonstrated a very differe
temperature dependence of the magnetic moments of
crystallographically inequivalent atoms: the Mn I momen
even increase slightly with temperature and their order
disappears at the Ne´el temperature after going through
maximum, the Mn II moments decrease rapidly, becom
disordered already below the Ne´el temperature. The mo
ments on the Mn IV sites could even change sign with
creasing temperature. All this is indicative of large magne
fluctuations already in the antiferromagnetic state and it m
be expected that magnetic fluctuations exist also in the p
magnetic state. Hence, the magnetic entropy will fav
b-Mn, but only to a sufficiently modest degree to explain t
stability of a-Mn up to a temperature ofTa→b51000 K
which is substantially higher than the temperature cor
sponding to the structural energy difference@DE(a→b)
[T;730 K#.

V. SUMMARY AND CONCLUSIONS

This paper concludes our comprehensive investigation
the structural, magnetic, and electronic properties of M
which may with a good reason be considered as the com
metallic element. We have demonstrated that the comp
crystalline and magnetic structures of thea and b phases
result from conflicting physical effects associated with t
half-filled 3d band. According to the Friedel model o
transition-metal bonding, at half filling only bonding and n
antibonding states are occupied, maximizing the cohes
energy and minimizing the interatomic distances. Howev
the Friedel model ignores spin polarization, whereas acco
ing to Hund’s rule for a half-filled band, the parallel align
ment of all spins leads to a maximum of the magnetic s
moment. If spin polarization is complete, both bonding a
antibonding linear combinations of spin-upd states are com-
pletely occupied, and all spin-down states are empty. T
magnetically induced occupation of antibonding states te
to expand the crystal. In reality, because of the rather la
width of thed band and because ofsd hybridization, Mn is
quite far from the limit set by Hund’s rule. Ina- andb-Mn,
nature tries to cope with these conflicting tendencies
adopting topologically close-packed polytetrahedral str
tures in which crystallographically inequivalent lattice sit
are coordinated either by distorted tetrahedra~the sites ad-
mitting only small atoms! or larger Frank-Kasper CN14 an
Friauf CN16 polyhedra that admit larger atoms on their c
8-12
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tral sites and also give rise to a distorted polytetrahed
close packing and therefore good space filling. The loca
increased packing density at the center of the icosah
leads to a broadening of thed band and reduces~or even
quenches! the local magnetic moment. It is significant th
the A12 andA13 structures ofa- and b-Mn are assumed
quite frequently by intermetallic compounds formed by lar
and small atoms (A12: x-phase Ti5Re24, g-Mg17Al12; A13:
Fe2Re3).

As a consequence of the polytetrahedral atomic arran
ment with only triangular facets on the surface of the co
dination polyhedra, the antiferromagnetic exchange inte
tions between the Mn-atoms are at least locally frustrated
a-Mn, the frustration is strongest in the Mn IV triangles o
the surface of the CN16 polyhedra surrounding the M
atoms with the highest magnetic moments. The Mn IV–M
IV distances are also the shortest interatomic distances in
structure. At high densities, the Mn IV moment is complete
quenched. We have found that this is sufficient to release
magnetic frustration and to stabilize a collinear antiferrom
netic structure. At lower densities, the Mn IV atoms beco
magnetic~the local nonmagnetic to antiferromagnetic tran
tion is of second order! and the Mn IV moments adopt o
each triangle a local configuration similar to that of neare
neighbor spins in the Ne´el phase of a frustrated triangula
antiferromagnet. The coupling to the other Mn sites driv
the noncollinearity of the antiferromagnetica-Mn structure,
which increases in proportion to the magnitude of the Mn
moments. The alternative to the canting of the magnetic m
ments would be a large structural distortion—which is, ho
ever, energetically not competitive.

The situation is less clear inb-Mn: the geometric differ-
ence between the inequivalent Mn sites is now much sma
An analysis based on the assumption that only the Mn
atoms are magnetic leads to the conclusion that due to
topology of the Mn II sublattice,b-Mn is geometrically frus-
trated. Our calculations do not support the claim that the
I atoms play no role in determining the magnetic properti
As expected from the tighter binding around the Mn I atom
the magnetic moments on these sites remain smaller tha
Mn II moments even on expansion, but the existence of a
least metastable ferrimagnetic state demonstrates that the
a strong antiferromagnetic Mn II-Mn I coupling. At equilib
rium, we find the nonmagnetic and weakly ferrimagne
phases ofb-Mn to be energetically degenerate—this is co
sistent with the experimentally observed spin-liquid behav
and therefore a very flat magnetic potential-energy surfa
Of course, this potential-energy surface contains also m
degenerate local minima corresponding to noncollinear c
figurations, but in view of the expected flatness of the
minima it is not surprising that the noncollinear calculatio
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fail to converge. Altogether, the Mn-based Laves pha
should be considered as a better reference for discussing
metric frustration in b-Mn than the ‘‘three-dimensiona
Kagomé’’ sublattice of the Mn II atoms alone. The differenc
in the magnetic behavior is also reflected in the elastic pr
erties, with ‘‘soft’’ a-Mn in contrast to ‘‘hard’’b-Mn.

Magnetic frustration also plays an important role in t
highly symmetric Mn polymorphs. Both in fccg-Mn and in
bcc d-Mn, our calculations show that the paramagnetic a
different antiferromagnetic phases are extremely close in
ergy at equilibrium. The gain in magnetic energy upon ev
a very slight expansion significantly influences the equat
of state and contributes to the exceptional elastic softnes
both g-Mn andd-Mn. The hcpe-Mn, on the other hand, is
only marginally magnetic at equilibrium and this is reflect
in a much harder modulus of compression.

Under compression, our calculations predict a transit
from the a to the e phase, at a critical pressure which is
least in reasonable agreement with experiment if the dif
ence in the zero-point energies is added to the structural
ergy difference. The persistence of the antiferromagnetism
a-Mn up to a very high pressure is a very surprising res
but essential for stabilizing thea phase. The hcp structure i
favored under compression over the other two common
tallic structures, agrees with the regular structural trend in
4d and 5d series. Our comments on temperature-driv
phase transitions are admittedly speculative, but the esse
role of magnetic fluctuation is certainly real.

The ability to explain the structural trends across the
riodic table is certainly one of the important successes
density-functional theory,71–73 the present study fills one o
remaining white spots—Mn. Although our investigation
predict the correct energetic order between the differ
phases, explain the origin of noncollinearity ina-Mn and the
nature of the pressure-induced phase transition, agreem
with experiment is not perfect: in all phases we find t
equilibrium volume to be underestimated. Generalize
gradient corrections to the exchange-correlation functio
represent an important improvement, but similarly as for
neighboring antiferromagnetic element in the periodic tab
Cr, they are not sufficient to completely close the gap
tween theory and experiment.
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