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In the preceding papdiD. Hobbs, J. Hafner, and D. Spis Phys. Rev. B68, 014407(2003], we have
started arab initio spin-density-functional study of the complex structural and magnetic phase behaviors of
Mn by a detailed investigation af-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 interactigrhich is the driving force leading to noncollinearity in
a-Mn) is found to be even stronger j[BtMn. However, in contrast to the current assumption that the magnetic
frustration is restricted to the sublattice of the Mn Il atoms, with the Mn | atoms remaining nhonmagnetic, we
find that the antiferromagnetic Mn I-Mn Il 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 foundyfand &Mn (face- and body-centered
cubic, respectively while hexagonak-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, the~ and &phase are exceptionally soft, wherg@sand e-Mn where magnetism is nearly
completely suppressed are mechanically hartiin is found to be soft in the noncollinear antiferromagnetic
state, but hard in the nonmagnetic phasén is found to have the lowest energy at ambient pressure, under
compression a structural phase transitionetidn 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.
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[. INTRODUCTION ordering?® The magnetic ordering transition occurs at a tem-
perature of abouTy~500 K.1®17 »-Mn may also be stabi-
Manganese is known to be the most complex metallidized by an epitaxial growth on QuOO or Ni(100)
element. At ambient pressure, Mn assumes four different asubstrates®**The y-Mn films are tetragonally distorted and
lotropic forms? The nonmagnetiex phase stable at room assume a high-spin antiferromagnetic ground state of type 1.
temperature adopts a complex crystal structure with 58 acc Mn films have been produced by an epitaxial growth on

oms in the cubic elementary céiBelow a Neel temperature @ F&100 substraté® The particular interest in epitaxially
of Ty=95 K, a-Mn orders antiferromagnetically in a non- stabilized film ofy- and &-Mn is motivated by the fact that at

is sufficiently large lattice constants of the substrate, high-
moment ferromagnetism has been expected to occur at low
temperature.
Recent high-pressure studitdound a structural phase
transition atp,=158-165 GPa. A new diffraction peak ap-
aring in the high-pressure phase can be indexed either as

collinear structurd® The magnetic phase transition

coupled to a tetragonal distortion of the crystal strucfuke.
T=1000 K, a structural phase transition to tBghase oc-
curs.3-Mn is a simple cubic with 20 atoms in the unit céfl.
In the high-temperature state, whegeMn is stable, it is

paramagnetlc. The magne_nc characterization of qu_ench e (110 reflection of a bcc lattice, or th@11) reflection of
specimens has demonstraited that althoughs-Mn rémains 5 fec structure, or as thél0l) reflection of a hexagonal
paramagnetic down to the lowest temperatures, it Showélose—packed(hcp) structure. The volume changes at the
strong spin fluctuations leading also to a large electronic sp&;ansition are the estimated to be 2.0. 9.4. and 5.6—7.4% for
cific heat? and to a characteristic temperature dependence ¥cc, fee, and hcp, respective(assumi,ng a}1 axial ratio be-
the nuclear spin lattice relaxation rate following A tweenc/a=1.55 andc/a=1.65 for the hcp structuyeBe-
behavior® Consequentlys-Mn has been characterized as acause of the smallest volume discontinuity, the bce structure
spin-liquid. A weak doping with nonmagnetic elements suchwas adopted as the most likely candidate for the high-
as Al, In, Sn, or Sb drives a transition to an unconventionapressures phase of Mrf! However, it was pointed out that a
spin-glass-like ground stat&* bce structure would be in contradiction to the regular struc-
The face-centered cubiécc) y phase is stable in the nar- tural trends across the transition metal series, predicting an
row temperature interval between 1368 and 1406 K, ahcp crystal structure for the group VIl elements of the 4
higher temperatures up to the melting point afy and & series—and also of thed3series if the magnetic
=1517 K thes-phase has a body-centered cuflico struc-  moment is quenched by compression. Total energy calcula-
ture. »-Mn quenched to room temperature is face-centeredions performed in the local-spin-density approximation
tetragonal, the small tetragonal distortith17% is caused, (LSDA) also predict the hcp phase of Mn to be lower in
similar to the distortion of ther phase, by antiferromagnetic energy than either the fcc or bcc phd$eé® However, one
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should remember that LDA calculations lead to the wrongfrom conflicting tendencies related to the half-fillddand:
magnetic ground state for the elements next to Mn in ttie 3 (i) According to Hund’s rule, the magnetic spin-moment
transition series, predicting bcc Cr to be nonmagnetic insteashould be maximum(ii) for a half-filled band only bonding

of antiferromagneti® and Fe to be hcp and nonmagnetic and no antibonding states are expected to be occupied, strong
instead of bcc and ferromagneticFor both metals, it has bonding leading to short interatomic distances. However,
been demonstrated that semilocal corrections to thelose interatomic distances tend to quench magnetism. The
exchange-correlation functional in the form of a generalizedcomplex crystal structure at-Mn is the result of a compro-
gradient approximatiofGGA) correct the prediction of the mise between these two conflicting tendenciesin may be
magnetic ground state. considered as an intermetallic compound formed by large,

Due to the structural complexity of the and 8 phases, strongly magneti¢Mn |, Mn 1) and small, weakly magnetic
most attempts to study the electronic and magnetic propertigd/in 111) or even nearly unmagnetidn 1V) atoms. In fact
of Mn have been restricted to the simplgrs, ande phases, the structure of--Mn is isotypic to that ofy-phase Fe-Cr-Mo
see Refs. 15, 22—-25, 28—39—but this list is not consideredlloys. The noncollinear magnetic structure®Mn is due
to be exhaustive. Although there are some differences in thto the fact that the small Mn IV atoms arranged on triangular
details, the calculations performed in the LSDA agree on thdaces of the coordination polyhedra around the large Mn |
following. atoms are not entirely unmagnetic. Their frustrated antiferro-

(i) At equilibrium, the hcp phase is predicted to have themagnetic coupling leads to a local spin arrangement similar
lowest energy, but the structural energy differences are mucto that in the Nel phase of a frustrated triangular antiferro-
smaller than those calculated for the other metals of tthe 3 magnet. The noncollinear orientation of the magnetic mo-
series® ments on the other Mn atoms is a direct consequence of this

(i) The calculated equilibrium volume is substantially too basic frustration.
low, the error being about twice as large as for the other Frustration is also believed to be of central importance for
3d-metals(with the exception of iron understanding the strong spin-fluctuations characteristic for

(iii) With increasing atomic volume, all three crystallo- quencheds-Mn.***®In fully frustrated lattices such as the
graphic forms of Mn show transitions from a nonmagnetic toKagomeor the pyrochlore lattices, the frustration of antifer-

a low-spin magnetic phase and further to a high-spin magromagnetic interactions in local triangular rings overcomes
netic phase. This holds for both the antiferromagnetic andny magnetic ordering and these systems behave as classical
the ferromagnetic configurations, at the experimental volum@r quantum spin liquid&®~>2The purely geometrical picture
antiferromagnetism is generally energetically more favorablef frustration applying to these structures, however, cannot
than ferromagnetisf?*>3%%° However, Fuijii etal,® be transferred to-Mn without modifications. TheA13
Kiibler®, and Moruzziet al?® find 5-Mn to be ferromagnetic ~ structure of3-Mn (space groug4,32)"®>3contains 20 Mn

at equilibrium, the transition to an antiferromagnetic stateatoms on two inequivalent sites, Mn | ¢&ite9 and Mn I
occurring only in an expanded state. In the intermediatd12d siteg. Figure 1a) shows a perspective view of the unit
range, ferrimagnetic and spin-spiral structures have beecell of 8-Mn. The structure is rather difficult to describe and
reported®®3738|t also has to be emphasized that all magneticfor the full lattice, the character of the geometrical frustration
energy differences are very small around equilibrium. is not evident. The magnetic characterizatiorBefin, how-

(iv) Because of the underestimation of the atomic volumegver, has led to the assumption that the magnetic properties
fcc y-Mn is predicted to be marginally nonmagnetic atcan be interpreted by considering paramagnetic moments on
equilibrium2%°° whereas bcesMn is found to be weakly the Mn Il sites only, the Mn | atoms being almost
ferromagnetic with a moment of aboupg . For &Mn, this  nonmagneti¢>°! The Mn Il sublattice shown in Fig. ()
is in conflict with experiment suggesting antiferromagneticcan be regarded as a network of corner-sharing triangles—in
ordering with a similar estimate for the moméffor -Mn  this respect, the sublattice is similar to the two-dimensional
strong antiferromagnetic ordering with a high experimentalKagomelattice. In 8-Mn, however, the triangular network is
moment of 2.3 at room temperature has been repoftét, not planar. Each triangle is perpendicular to one of[t]
the Curie temperature of quenched fed/n being about 450 axes such that neighboring triangles form an anglsatis-

K. fying cos¢$=1/3. Hence, the Mn Il-sublattice has been
(v) Generalized-gradient corrections to the exchangetermed as “three-dimensional Kagonfagtice.” Canals and
correlation functional increase the equilibrium volume andLacroix*® have shown that for a classical Heisenberg Hamil-
stabilize magnetism, leading to improved agreement witlionian with antiferromagnetic nearest-neighbor interactions
experiment*3° on the Mn ll-sublattice only, the ground state is a degenerate
For o~ and pB-Mn, previous electronic structure spin spiral with a wave vectdmqq] along the body diago-
calculationd>~** have been restricted to collinear magneticnal. It is of evident interest to verify these conjectures by a

calculations, a noncollinear solution was searched using spin-polarized calculation of the electronic structure.
semiempirical tight-binding technigde put without conclu- According to the augmented spherical wayesW) cal-
sive results. Only very recently, we have succeeded in peeulations of Sliwkoet al,*? 8-Mn is nonmagnetic in the ex-
forming a full ab initio calculation of the crystalline and the perimentally determined structure. At expanded volume
noncollinear magnetic structures @Mn*®4’ (hereafter, this (Aa=+3%), BMn is reported to be ferrimagnetic with
work will be referred to as). We have demonstrated that the small moments on both sitesu(Mnl)=0.15g and
outstanding structural and magnetic properties of Mn arisg.(Mn 1) = —0.57ug. Hence, the assumption of entirely
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FIG. 1. (Colon (a) Pictorial
representation of the unit cell of
B-Mn. Blue balls represent Mn |
atoms, light green balls Mn Il at-
oms (red balls merely mark the
corners of the unit cell The
shortest nearest-neighbor bonds
are drawn. The arrows visualize
the ferrimagnetic moments calcu-
lated at a slightly expanded vol-
ume. The smaller Mn | moments
are oriented along the positive
direction, the larger Mn Il mo-
ments are oriented antiparallel to
the Mn | moments(b) Mn Il 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 of
the [111] axes. One of the “dis-
torted wind mill” elements
formed by three nearly regular
corner-sharing triangles is high-
lighted by the shading of the tri-
angles. The angle between two
triangles satisfies cas=1/3; Cf.
text.

(b)

nonmagnetic Mn | atoms is not confirmed. As&daas used possible the frustration on the triangular Mn I sublattibat

the linearized muffin-tin-orbitalLMTO) technique to calcu- no indication how this is achieved is given in the papEor
late the electronic and magnetic structuresBe¥in. At the  this NLF-AF structure, Asada reports for the experimental
equilibrium lattice constant, a ferrimagnetic phase with mo-density almost vanishing Mn | moments apd(Mn I)|
ments of u(Mn1)=0.2 ug and u(Mn Il) =—1.25u5 was =2.0 ug, and for the equilibrium atomic volum@vhich is
found to be more stable than the nonmagnetic state. In addfeund to be 3 pct larger than in experimgnu(Mn I)
tion, Asada considered a “nearly least frustrated antiferro=0.2 ug and|u(Mn 1) |=2.38ug.

magnetic”(NLF-AF) phase in which the moments on all Mn  In the present work, we extend our study of the structural
| sites are all parallel, whereas the Mn Il moments are forceénd magnetic properties of Mn, startedliwith the investi-

to point into different directions such as to release as far agation of a-Mn, to the remaining four polymorphs. As In
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TABLE I. Crystallographic information of-Mn.

Space group: P4,32 a=6.29 A (expt), a=6.007 A (theon
Atom Wyckoff Coordinates
position
Mn | 8c (X,x,X), (1/2+x, 1/2—x, —X), (L/2—x, —X, —x 1/2+X),

(—x,1/2+x,1/2—X), (3/4—x,3/4—x,3/4—X),
(1/4—x,3/4+x,1/4+X), (1/4+x,1/4—X,3/4+X),
(3/4+x, 114+ x,1/4—X)
x(expt.)=0.006120.0636

x(theor.)=0.059¢ 0.06¢'

Mn 11 12d (1/8y,1/4+Y), (y,1/4+y,1/8), (1/4+y,1/8y),
(3/8,~y,3/4+y), (—v,3/4+y,3/8), (3/4+y,3/8~Y),
(5/8,1/2-y,3/4—y), (1/2—y,3/4—y,5/8), (3/4-y,5/8,1/2-Y),
(718,1/2+y,1/4—y), (1/2+y,1/4—y,7/8), (1/4-y,7I8,1/2+Y),
y(expt.)=0.2062 0.2022
y(theor)=0.190¢ 0.20¢'

®Reference 7. €At the theoretical equilibrium lattice constant.
PReference 53. dAt the experimental lattice constant.

we perform first-principles spin-density functional calcula- dination numbefCN) 14 occupied by six Mn | atoms at the
tions of the crystalline, electronic, and magnetic structureslistances listed above and eight Mn |l, three at
using the projector-augmented wave technift®. The  d;(MnIlI-Mn Il) =0.413% and dy(Mn [I-Mn 1) =0.422%
exchange-correlation function@lproposed by Perdew and each and two aiz(Mn 1I-Mn Il) =0.5153 (all distances are
Zunger’ together with the spin interpolation of von Barth calculated using the internal parameters of Prefstétence,
and Hedif® and the generalized-gradient correctihef  the local coordination is similar to that of the Mn IV and Mn
Perdewet al,>® has been used. For any further technical as!! sites in a-Mn surrounded by an icosahedron and a CN13
pects, we refer td. The paper is organized as follows. In Frank-Kasper polyhed_ron, respectively. AII these polyhedra
Sec. Il, we discuss the properties #iMn, with particular My be decompose_d into more or less distorted tetrahedra.
attention to the magnetic structure and to the frustration of Due to the low sng-symmetr&trlgonal arounq th¢111]

the magnetic interactions. Section Il presents the results fo xis and orthorhombic with the symmetry a>([’i510)], the
the high-symmetry polymorphg-, &, ande-Mn. Section IV -Mn structure is difficult to describe. O’Keefe and

. . Andersofi have shown that a certain class of structures in-
summarizes the structural energy of all allotropes and dis:

e : ... _cluding 8-Mn may be described in terms of a dense packin
cusses the possibility of a pressure-induced phase transitiof idegtiﬁ;al infini>t/e cylinders(“rod packing”). In the Fr)eal 9
We conclude in Sec. V.

structures, these rods are replaced by strings of atoms or of

group of atoms. In the case @Mn, the rods consist of a

Il. CRYSTALLINE AND MAGNETIC repeating sequence of four Mn I-Mnlitetrahedra and
STRUCTURES OF B-Mn Mn llg “metaprisms” centered by Mn [a metaprism is a

polyhedron intermediate between an octahedrentifangu-

lar antiprism, parallel triangles rotated by 60° with respect to
The crystallographic information o8-Mn (A13-typg is  each otherand a triangular prisnirotation angle zen in

summarized in Table |, a picture of the unit cell is given inthe g-Mn metaprism the rotation angle is ¢d§11/14)

A. Crystal structure and magnetic frustration

Fig. 1(a). The structure is simple cubic, space grdef,32  =38.2° in the ideal geomettyAn ideal value for the free
(or P4532) witha=6.29 A, see Refs. 7,8,53. There are two parametey of the Mn Il sites is defined by the requirement
inequivalent Mn sites: Mn | in (8) position and Mn Il that the equilateral faces of the metaprisms be congruent

in (12d) position. It is important to emphasize that—as (and hence as many of the shortest Mn 1I-Mn Il distances as
already noted for theAl2 structure ofa-Mn—most ex-  possible are equalleading toy=0.2035. The parametarin
amples of theA13 structure occur as binary alloys, e.g.,the coordinates of the Mn | sites is determined by the con-
FeRe;. The structure is more compact around the Mn lIdition that the six shortest Mn I-Mn Il distances be all
sites. Each Mn | atom is surrounded by a distorted icosaheequal—this happens for=0.0678. The measured structural
dron whose vertices are occupied by three Mn | at a distancparameters are very close to these ideal values. With these
d;(MnI-Mn 1) =0.37@ (where a is the cubic lattice con- parameters, the ratio of the shortest Mn I-Mn Il distance to
stany and nine Mn Il at distances ofi(Mn I-Mn II) Mn [I-Mn |l distance is 1.055 so that the Mn I-Mnglketra-
=0.401%, 0.425%, and 0.4258. The coordination polyhe- hedra are nearly reguldthe ratio is 1.061 in the real struc-
dron around Mn Il is a Frank-Kasper polyhedron with coor-ture).
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The connection with the network of corner-sharing tri- of the same order of magnitude as the static disordered mo-
angles forming the Mn Il sublatticksee also Fig. (b)] and  ments in the spin-glass-lik-Mn, _,Al alloys.
used for the discussion of the geometric frustration of the Little attention has been paid so far to the implication of
magnetic interactiort$*® may be established by noting that the assumption of nonmagnetic Mn | atoms on the electronic
neighboring “rods” share Mn Il atoms such that Ml Structure. Nakamuret al™* only no . . . ‘this suggests that
metaprisms share corners. However, in view of the closenedbe 3d electron levels of site- atoms are far below the Fermi
of the shortest Mn I-Mn Il and Mn II-Mn |l distances, the level and/or the site | contribution to the Fermi-level density
crystal geometry provides little justification for a discussionof states is small.” In view of the crystal structure, such a
of frustration in terms of the magnetic coupling between thedrastic difference in local densities of states of Mn | and Mn
Mn Il atoms alone. Il atoms would be highly surprising.

In view of the importance of the nearly regular
Mn I-Mn 1l 5 tetrahedra in the structure, the proper reference
for discussing frustration may be rather the tetrahedral net-
work of the majority atoms in a Laves phase—indeed ¥Mn  We have performed a simultaneous optimization of the
and RMn, compounds R=rare earth metalhave been ex- crystalline, electronic, and magnetic structures SMn
tensively examined for frustration effe®.52The coordina- ~ without any symmetry constraint and allowing for nonmag-
tion of the majority atoms in the Laves phases is icosahedrahetic, collinear, and noncollinear magnetic configurations.
the coordination polyhedron of the larger minority atoms is aMagnetization has been described using the unconstrained
CN16 Friauf-Frank-Kasper polyhedron whose vertices ar¢ector-field approach reviewed in detail inDue to the ab-
occupied by 12 majority and 4 minority atoms. Hence, asence of symmetry constraints, all Mn atoms within the unit
unifying feature of thes-Mn and Laves structures is that cell are considered as inequivalent and, in principle, the cal-
both are polytetrahedral. In the Mn-based Laves phases, trailations admit for different moments on each site—this is
ground state is magnetically disordered due to frustrationimportant in view of the geometric frustration of the mag-
strong antiferromagnetic correlations between the Mn atomsetic interactions. In this respect our calculations are similar
are suppressed. The similarity between B#n and the to the setup used by Asdtain his NLF-AF structure.
Laves phases is further supported by the fact that nonmaggrillouin-zone integrations have been performed on a
netic impurities substituting for Mn induce a spin-liquid to 4X4x4 grid (extending over the entire Brillouin zone in the
spin-glass transition in both casés. absence of symmetry constraingd using a modest smear-

The assumption that only the Mn Il atoms carry a para-ng of the one-electron levels to improve converge(sael
magnetic moment, while the Mn | atoms are nonmagnetic igor further detailg.
based on the interpretation of the nuclear-magnetic- Our results for the total energy, internal structural param-
resonance(NMR) spectrd“*3148% and of the magnetic eters, and magnetic moments are summarized in Fig. 2. The
neutron-scattering datd.Due to the low site symmetry, both calculated equilibrium atomic volume ¥=10.84 & (a
Mn sites inB3-Mn possess an electric-field gradient, which on=6.007 A), corresponding to an underestimate of
site | has axial symmetry and on site Il is nonaxial. The—13.5 pct. in the volumé&—4.7 pct. in the lattice constant
difference in symmetry allows a unique assignment of thecompared to the experimental value of Prestdtowever,
NMR signals. Nuclear quadrupole resona®¥QR) mea- one has to bear in mind that the experimental value refers to
surements lead to a nuclear quadrupole coupling constant @f high-temperature phase quenched to room temperature.
~30 MHz at site Il and a significantly smaller one of only Still, the equilibrium volume is probably somewhat
1.5-7 MHz at site I(Refs. 11,13,68 The presence of a underestimated—like for all @ antiferromagnetqCr, a-,
zero-field NQR signal is a clear indication of the absence ofind 8-Mn, and y-Fe—cf. also the discussion if). The in-
magnetic ordering. Upon a modest degree of doping with Alternal structural parameters are found to be almost indepen-
the NQR signals disappear rapidly. Instead, zero-field resodent of the atomic volume; at equilibrium, we calculate
nances in the NMR spectra appear at low and high frequen=0.059 andy=0.195; at the experimental volume, we find
cies, around 10—20 MHz and 80—100 MHz at an Al concenx=0.060 andy=0.20 in very good agreement with the ex-
tration of 10—20%. Assuming a hyperfine coupling constanperimental value¢see also Table)l
of —80——100 Oejug (which is the same as ia-Mn, see At all atomic volumes lower than about 11.8 Anon-

Ref. 4, this leads to static moments of @d—0.2ug and  magnetic and an almost ferrimagneeMn (with a small
~1ug, assigned to sites | and Il, respectivély> The dif-  magnetic moment of 0.25u45 at sites Il and essentially non-
ferent magnetic character of both types of sites appears alsnagnetic Mn | atomsare energetically degenerate within the
in the nuclear spin-lattice relaxation rateT1/ which is  accuracy of our calculations which is estimated to be a few
about 20 times larger at site Il than at site I. Neutron-meV/atom. At expanded volumes, a ferrimagnetic state with
scattering studies reveal strong antiferromagnetic spin fludarge moments at sites Il and smaller, but by no means neg-
tuations in pure3-Mn, which persist even in the spin-glass- ligible, moments at sites | develogsee Figs. 1 and)2in

like state of B-Mn;_,Al, (x>0.03), integration of the agreement with the results of Sliwkai al*?and of Asad4?
quasielastic neutron spectra over the entire Brillouin zoneit the experimental volume\(=12.44 &), Sliwko et al.
leads to Mn Il moments in agreement with those from thefind B8-Mn to be nonmagnetic, while Asada calculates mo-
NMR spectra. This has led to the assumption that the paranents of~0.2ug and ~1.25uy for sites Mn | and Mn II,
magnetic moments in the spin-liquid phase of pasein are  respectively, in a constrained ferrimagnetic configuration and

B. Crystalline and magnetic structures—Theory
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-8 verified that the persistence of a small magnetization at an
T g0 [ increased density is not the result of an insufficient conver-
g L gence of our calculations. To understand this behavior, we
> 84 Bsta-Mn-NM must remember that the calculations are performed with the
= L . version of the PAW for noncollinear magnetizations in an
:Zj 8.6 , - unconstrained vector-field description. These calculations
3 i Beta:Mn-FIM 1 (like those fora-Mn reported inl) are performed without
e 881~ . N any symmetry constraint—hence this setup admits for mag-
0251 I ) I E—— | netic fluctuations within the unit cell coupled to local distor-
L Type-LFIM i tions from the perfect structure. In the multidimensional pa-
2 0.2 - rameter space of the crystalline and magnetic coordinates,
B - . the magnetic potential-energy surface is extremely flat. In
B 0151 — practice, the fluctuations in the magnetization from one Mn |
8 r T or Mn Il atom to another are very small in magnitude and
g 0'1__ TypelFIM e ] dire_ction, and the graph§ report the average moments. Im-
E go5E= == =6 0t60606660 =" ——— ] posing symmetry constraints on the atomic positions and col-

linearity of the magnetic moments does not lead to a quali-

T 4 I ; | ; } ; } ; | tative change of this picture: the ferrimagnetic minimum
g 3k _ disappears already at~10 A3, but the curvature of the

s oL N moment vs volume relation remains the same. Our result of
E (L b degenerate nonmagnetic and weakly ferrimagnetic states at
3 ol oo ] equilibrium  is—within the limits of a mean-field

= L """"‘*&&o__ﬁ i description—not inconsistent with the experimental charac-
2 e RN 3 terization of 3-Mn as a spin liquid.

S 2 Type-I-FIM\\\\ 7 This persistence of the magnetic moment over a wide
2 SC S~ range of densities i8-Mn is indicative of a high degree of

= 4 é . 1'0 . 1'2 ' 1'4 ' 1'6 frustration of the magnetic interactions—a similar behavior

has been found for the Mn IV sites &Mn if the directions
Volume (A’ /atom) of the magnetic moments are constrained to a collinear ori-
entation(see Fig. 2 inl). In a-Mn, the antiferromagnetic
interaction between the Mn IV atoms is highly frustrated, as
these atoms occupy triangular facets on the CN16 polyhe-
dron around Mn I. If the collinear constraint is relaxed, a
local spin arrangement similar to the &lestate of a triangu-
even larger Mn Il moments in a noncollinear, but not furtherlar antiferromagnet is assumed and the Mn IV moments
characterized “nearly least frustrated antiferromagnetic’show the expected critical behavior at the onset of noncol-
structure. We have also made several attempts to find a poknear magnetic orderingvhich is triggered precisely by the
sible noncollinear spin configuration, but independent of thormation of static moments on the Mn IV sile$n contrast
initialization of the magnetic structure, the calculations al-to a-Mn, the 8-Mn lattice is fully frustrated and the frustra-
ways relaxed to a nonmagnetic or to a nearly collinear ferrition cannot be eliminated by a noncollinear spin arrange-
magnetic state, depending on volume. ment.

The volume dependence of the local magnetic moments The ferrimagnetic ordering of expandg@Mn with a fer-
shows a very unusual behavior: at a strongly expanded vokomagnetic order on both type-I and type-Il sublattices is a
ume, both the Mn | and the Mn Il moments are as large asather surprising result, which contradicts the assumption un-
3—4ug. The limiting value of Qug set by Hund’s rule derlying the interpretation of the observed magnetic charac-
would, however, be approached only at much larger volumeger of 8-Mn, namely, the antiferromagnetic coupling between
where a fully occupied 4 band begins to separate from the the Mn Il atoms is much stronger than the Mn I-Mn Il
3d band(cf. the investigation of the large-volume magnetic interaction. To the contrary, the ferrimagnetic order shows
behavior of the 8 metals by Moruzzi and Marcé®. At  that the dominant antiferromagnetic interaction is that be-
smaller volumes, the magnetic moment of the Mn | atoms igween inequivalent atoms. A ferrimagnetic ground state of an
reduced more rapidly, but on both sites the transition to @lement is by itself a rather surprising result, although it is
nonmagnetic state is extremely sluggish, a small momentather common in intermetallic compounds. The possibility
persists over a very large volume range. This is a strangef ferrimagnetic ordering in bcé-Mn has been discussed by
behavior—for all 31 metals in one of the common metallic Moruzzi and Marcu¥® and by Sliwkoet a3’ They reported
structureg(including bcc and fcc My it has been showt®®  a ferromagnetic ground state at equilibrium, ferrimagnetic
that the volume dependence of the magnetic moment is ne€sCl-type ordering at an expansion of about 3 pct., and a
essarily singular, the magnetic to nonmagnetic transition betransition to type-1CsCl-typg antiferromagnetism at 8 pct.
ing usually of second order—for the more complex behaviorexpansion. Hence, ferrimagnetism appears as a possible in-
of y~ and &Mn, see also the following section. We have termediate state between ferromagnetic and antiferromag-

FIG. 2. Total energy, internal structural parametersof sites I,
1/2+y for sites Il, cf. Table ), and local ferrimagnetic moments for
B-Mn.

014408-6



UNDERSTANDING THE COMPLEX ... . Il. ... PHYSICAL REVIEW B58, 014408 (2003

TABLE Il. Equilibrium atomic volumeV, magnetic ground statéFM—antiferromagnetic, type 1 or 2,
FIM—ferrimagnetic, NCL—noncollineay structural enthalpy differenc&H at zero pressure relative to the
a phase, bulk moduluB,, and its pressure-derivativg), of all five Mn polymorphs. Cf. text.

Phase Magnetic V (theop V (exp AH By (theoh By (exp  Bgy(theoy  Bg(exp

State &) (A% (meV) (GP3 (GP3
a-Mn  AFM-NCL 11.08 12.08 0 188 158 6.0 4.6
B-Mn FIM 10.84 12.44 63 269 4.7
»Mn AFM1 11.16 12.98 67 144 7.4
SMn AFM2 11.12 146 166 6.8
eMn AFM 10.72 61 246 5.2

®Reference 6.

bReference 21.

‘Reference 7, room-temperature measurements on quenched specimens.

YReference 68, value obtained by extrapolation of high-temperature data to room temperature.

netic orderings. Due to the inequivalence of the two types obf 8-Mn at two different densities. At the equilibrium density
Mn-sites, ferrimagnetism iB-Mn appears to be even more where the nonmagnetic and weakly ferrimagnetic states of
likely. However, Mohret al*® have argued that the ferrimag- B-Mn are energetically degenerate, only in the ferrimagnetic
netism in&-Mn corresponds only to a collinear projection of state very weak exchange splitting in the local density of
an energetically more favorable spin-spiral state. Similarlystate(DOS) at the Mn Il sites 0f~0.2 eV is recognizable. At
we cannot entirely discard the possibility that the ferrimag-this density, the local DOS o8-Mn is very similar to the
netic state of an expandeg-Mn represents only a local |gcal DOS at the Mn 11l and Mn 1V sites ia-Mn (cf. Fig. 7
minimum. The change in the magnetic characteBdin by i |)—this is not unexpected as the local environments are
alloying with nonmagnetic elements such as Al is due to tWQery similar as well: icosahedral and CN14 coordination at
effects:(i) expansion of the crystal lattice leading to a stabi-gjies | and 11 ing-Mn, icosahedral and CN13 at sites IV and
lization of the local moments andi) randomness of the || jn o-Mn. The total DOS at the Fermi level is rather low
magnetic interactions. It remains to be seen whether this ran-_ 0.8 states/eV atom spir-this is about one order of mag-
domness is necessary to stabilize the spin-glass-like groungliyde lower than deduced from the specific-heat measure-
state or whether this is also the ground-state of the expandgfents!? confirming the strong enhancement due to spin fluc-
B-Mn. tuations. The local DOS’s shown here are also in good agree-
However, even fors-Mn, our new results demonstrate ment with those reported by Sliwket al*2 At an expanded
that type-2 antiferromagnetism is energetically more favoryojume, the large ferrimagnetic moments are reflected in a
able than either ferromagnetism, ferrimagnetism, or type-}ather large exchange splitting. However, we note also rather
antiferromagneti'sm, see also the following seption. In thebronounced differences in the majority and minority DOS'’s,
study of Moruzzi and Marcu® other types of antiferromag- indicating a substantial variation of the exchange splitting
netism have not been considered, because they have mixturﬁﬁ,ough the Brillouin zone. At both densities, the local
of parallel and antiparallel nearest-neighbor moments anghos's at sites | and Il are quite similar—band width and
this was expected to lead to an increased magnetic energyeenter of gravity of thel bands are almost the same. This is
expected from the local geometries, but in marked contradic-
tion to the speculations put forward to justify the assumption
The bulk modulus of3-Mn has been calculated by fitting of a vanishing magnetic coupling between Mn | and Mn I
the energy vs volume data to a Birch-Murnaghan equétion atoms. Altogether the LSD calculations suggest that a funda-
and to the “universal equation of state” proposed by Vinetmental modification of the interpretation of the magnetic be-
et al® Both fits agree on a very high value of the bulk havior of g-Mn, based on geometric frustration on the
modulus ofBy=269+2 GPa and a pressure derivatizg  type-ll sublattice alone, will be necessary.
= 9By /dp=4.7 for a ferrimagnetig-Mn at equilibrium(see
also Table I}, for nonmagnetig3-Mn an even higher value of
B,~300 GPa results. This is a rather remarkable result.
Whereas in, we had calculated fa#-Mn a bulk modulus of

Bo=188 GPa which is softer than that of the other ferromag-  As recapitulated in the Introduction, the magnetic proper-
netic or antlferrpmagnetm metals, we now figeMn to be  tjes of the highly symmetric polymorphs of Mn have been
much harder, with a bulk modulus comparable to that of thejiscussed repeatedly in the literature. However, most of these
nonmagnetic 4 and 5 metals. studies are concerned with just one structural and magnetic
configuration, and with the exception of the work of Asada
and Terakur# and of Ederet al*° gradient corrections to the
Figure 3 presents our results for the total, site-, spin-, anéxchange-correlation functionahow known to be essential
angular-momentum-decomposed electronic density of statder a correct prediction of the cohesive and magnetic prop-

C. Bulk modulus

Ill. STRUCTURAL AND MAGNETIC ENERGIES
OF THE HIGHLY SYMMETRIC POLYMORPHS

D. Electronic structure of g-Mn
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erties of the 8-metalg have been neglected. Also so far no
attempt has been made to determine the structural energy-

difference betweern- and3-Mn and the more compact high-
temperature polymorphs. Therefofe, &, and e-Mn have
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FIG. 3. Total, site- and angular-momentum
decomposed spin-polarized electronic density of
states of the weakly ferrimagnetic phageMn.
The left panels show the DOS calculated at the
theoretical equilibrium density, the right panels
the DOS at the experimental density. Note that at
equilibrium the nonmagnetic and ferrimagnetic
phases are energetically degenerate. Full line—
total DOS, dotted—short, and long-dashed lines
represent thes, p, and d components, respec-
tively. The energy zero is at the Fermi level.

A. Face-centered cubicy-Mn

We have compared the paramagnetic, ferromagnetic,
type-1, and type-2 antiferromagnetic configurations of

been included in our study. Our results for the total energiey-Mn. The type-1(CuAu-type solution is lowest in energy
and magnetic moments as a function of volume are summdrom the onset of magnetic ordering ¥t 10 A® up to the

rized in Fig. 4.
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FIG. 4. Total energy and magnetic moment in
paramagnetic, ferromagnetic, and antiferromag-
netic fcc y-Mn, bce 6Mn, and hcpe-Mn vs vol-
ume. Circles, squares, and triangles represent the
calculated values, the continuous lines are merely
a guide to the eye.
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moment alternates between planes stacked alaad)) is B. Body-centered cubicé-Mn
also energetically more favorable than ferromagnetism—a g 4 hees-Mn, our calculations predict a transition from

ferromagnetic solution exists only f(_)r gtomic volumes |ar9ertype-2(in-plane to type-1(CsCl-type antiferromagnetic or-
than abgut 12'5_%‘ At the equilibrium volume ofV  gering on expansion. Type-2 ordering sets in at a substan-
=11.1 A% the antiferromagnetic moment is 1. Both tially higher density ¥~9 A%) than type-1 orderingonset
the. volume and the magnetic moment are somewhat undeg; /11 A%). The onset of low-moment ferromagnetic or-
estimated compe:lgred to the values estimated for quencheghying is found at about the same density as type-1 antifer-
yMn (V=124 &, 11=2.4ug), the moment calculated at romagnetism. Up to a volume of12.2 A, ferromagnetism
the experimental volumeu(=2.3ug) agrees well with ex- i energetically more favorable than type-1 antiferromag-
periment. Compared to the LSD calculations of Moruetzi  otism. At a critical volume of-13.5 &, a low-spin/high-
al.** and Eder,” the onset of magnetic ordering is shifted to spin transition in the ferromagnetic phase is observed.
higher densities and the equilibrium volume is increased, im-" 5 ;¢ results are qualitatively similar to the LSDA results
proving agreement with experiment. This agrees with theys kibler and of Moruzziet al,28-30 byt the onset of mag-

well-known tendency of the GGA to reduce the bondpeiic ordering is shifted to higher densities as already men-
strength, to stabilize magnetic ordering, and to produce sul;sneq for 4-Mn. It is interesting to note that type-2 antifer-
stant|ail7y larger magnetovolume effects than the purely _Ioca}omagnetism(this type of ordering was not considered in
LSDA. However, the present all-electron PAW_c_aI;uIatmnsmeWous calculationsis found to be preferred over type-1
predict a smaller effect of the GGA on the equilibrium vol- 5 yviterromagnetism. The essential difference is that in the
ume and a smalleggmagnetovolume effect than the calculgy e 1 strycture, all nearest neighbors have antiparallel mo-
tions of Ederetal™ using ultrasoft pseudopotentials, al- nents, whereas in the type-2 structure both parallel and an-
though both sets of calculations produce almost identicajiparallel orientations are found. This feature, the fact that at
results for the magnetic moment as a function of volume angquilibrium the ferromagnetism is energetically intermediate
for the electronic DOS at a fixed volume. The differencepetween both antiferromagnetic variants, and the existence
between the all-electron and pseudopotential calculations cagf a low- to high-spin transition shows that é&Mn, there is
be traced back to an isotropic contribution of the gradienta competition between ferromagnetic and antiferromagnetic
terms to the internal pressure arising mostly from the regiorexchange interactions varying strongly with the interatomic
where valence- and core electrons and spin densities overlagistance. In the work of Moruzzi and Marcsand of
In this region, the difference between the all-electron andSliwko et al.®’ a ferrimagnetic phase was found to have the
pseudodensities becomes important—the effect is larger fdowest energy in the transition region. Molet al3® have
the magnetic terms because the spin densities tend to laegued that the ferrimagnetic structure is just a projection of
more localized. This difference cannot be eliminated by nona spin-spiral state onto a collinear spin-quantization axis. Us-
linear core corrections, it can be made to disappear only bing a version of the ASW method admitting spin-spiral struc-
choosing a very hard pseudopotential requiring also a veryures and the generalized Bloch-theorem of Herfhhe
extended basis set. We also note that the difference betweelispersion relations of spin-spiral states were explored. De-
the all-electron and the pseudopotential calculations is largggending on the atomic volume up to sevémeta stable
in Mn than in all other magneticd metals. spin-spiral states were found. In the transition region be-
For an antiferromagnetig-Mn, we calculate a very low tween the ferromagnetic and the type-1 antiferromagnetic
bulk modulus ofBy,= 144 GPa which is one half the value phases, these spin-spiral states can be about 10—-25 meV/
found for g-Mn and also smaller as the bulk modulus of atom lower in energy than either collinear state. Here, we
a-Mn, cf. Table Il. However, the bulkmodulus increases rap-have not considered spin-spiral states, but the magnetic en-
idly under compressionBy=7.4. Asadd* reports even ergy difference favoring type-2 antiferromagnetism is defi-
smaller values oB,=107 GPa and 86 GPa in his GGA nitely larger than the stabilizing energy reported for the spin-
calculations using an LMTO method and the atomic spheré&piral states.
approximation(ASA) producing a somewhat larger equilib-  The equilibrium volume isv=11.0 A3, the correspond-
rium volume. The tendency of the LMTO-ASA to produce ing antiferromagnetic moment jg=1.35ug in a reasonable
larger equilibrium volume than full-potential calculations is agreement  with the experimental  estimte. The
well known, but the origin of the difference between the datageneralized-gradient corrections increase the volume by
reported in the two publications cited under Ref. 24 remains~0.9 A% and lead to a larger volume. Experimental values of
unclear. Moruzziet al*® also calculate a very low bulk the atomic volume are available only for the stable high-
modulus ofBy=110 GPa using the ASW method. temperature phas¥,(exp.)=14.6 A> at T=1413 K. For the
We have not considered the magnetically induced tetragantiferromagnetics-Mn, we calculate a bulk modulus of
onal distortiof* of y-Mn. The energy lowering induced by By=166 GPa, and a pressure derivativeBgf=6.7, i.e., val-
this distortion was c alculated to be about 13 meV/atom byues comparable to those of thephase. Moruzzet al?® re-
the LMTO-ASA method'® There have also been suggestionsport a bulk modulus of 260 GPa for ferromagnegiévin
that this lattice distortion is coupled to a noncollinear order-(which is the ground state according to their calculations
ing in the form of a multiple spin-density wav&®’ but the ~ Asada reports conflicting results in the two publications cited
experimental evidence refers rather to Mn-based alloys thannder Ref. 24: a ferromagnetic ground state with a very high
to purey-Mn. bulk modulus of 248 GPa, and an antiferromagnétipe-1)
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ground state with two different values for the bulk modulus:meV/atom thans-Mn. The stability of the complex struc-

77 and 150 GPa, respectively. This clearly demonstrates thteire is only partly related to magnetic effects: even nonmag-
difficulty of obtaining well-converged results, given the netic a-Mn is still 38 meV/atom lower in energy thasMn.
small magnetic energy differences and the strong voluméhis is partly in contradiction to speculations in the current
dependence of magnetism. literature on the origin of the stability of the-phase, but
necessary for explaining the stability of paramagnetigin

up to a temperature which is ten times higher than iteINe
temperature.

For e-Mn, the paramagnetic and antiferromagnetic phases The structural energy differences vary strongly with vol-
are found to be energetically degenerate at equilibriv ( ume: under compression, all energy differences are strongly
=10.5 &%), the axial ratio of the hexagonal-close packedreduced, but only for hcp-Mn the reduction is strong
structure is very close to the ideal value @&=1.633. A enough such that a pressure-induced phase transition be-
ferromagnetic solution exists only for~14 A, the para- comes possible. The different elastic behavior of the compet-
magnetic to ferromagnetic transition is of first order. Theing phases is important for understanding that the transition
variation of the total energy and of the magnetic moment asccurs to the hcp and not to the fcc phase, which is compa-
a function of volume is more complex as expected for arable in energy around equilibrium. Although feeMn is
simple second-order transition—the inflections in both theinitially much softer than hcg-Mn, its bulk modulus hard-
energy- and the moment-curves\at 13 A® are indicative  ens very rapidly under compression, leading to an increase of
for a sluggish low- to high-spin transition. the internal energy. On expansion, the energy difference be-

It is remarkable that in spite of the same nearest-neighbaiwveen thea and y the phases is progressively reduced,
environment, magnetism is less stable éMn than in  whereas the3 and € the phases become energetically less
y-Mn. This shows that exchange interactions beyond nearegavorable. Without the energy lowering associated with the
neighbors must be considered. In this respect, the structuréarmation of a noncollinear spin structurgMn would even
property correlation in Mn is similar to that in Fe, where anbecome favored ovex-Mn under sufficiently strong expan-
antiferromagnetic and a nonmagnetic ground state have beaion. This is important for understanding the stabilization of
predicted for the fcc and hcp phases, respectively. We alsthe y phase on alloying with elements inducing a lattice ex-
find that in the bcey-Mn, ferromagnetism persistalthough  pansion.
in a low-spin statpup to densities where it is already com-  The variations in the energy differences are generally
pletely quenched in the other polymorphs. However, in conquite strongly related to magnetic effects, in particular to the
trast to Fe, the magnetic ground state of the bcc Mn is type-8low onset of magnetism in hcp Meee Fig. 4and in8-Mn
antiferromagnetic. (see Fig. 2 Only little change is observed in the energy

Antiferromagnetic e-Mn has a bulk modulus ofB,  difference between the and 6 the phases. Figure 5 also
=246 GPa which is comparable to that of the nonmagnetidlustrates again the contrast, already evident from the calcu-
phases of the other polymorphs—for this structure, the influfation of the bulk moduli, between the mechanically spft
ence of magnetism on the compressibility is rather wsale and § phases and the haré and € phases, witha-Mn in
also the energy vs volume data in Fig. Zhe pressure de- between. We have already emphasized the relation between
rivative of B{=5.1 is much lower than that of fcc and bcc the onset of magnetic-moment formation and the elastic
Mn and also somewhat lower than that calculated fordhe properties.
phase—this will turn out to be important for the phase be-
havior under pressure. Asadaal ?* report values of 242 and
264 GPa for marginally antiferromagnetic hcp Mn in the two A. Pressure-induced phase transition
sets of calculations. Figure 5 suggests that under compression a phase transi-

Altogether the comparison of our GGA results with thosetjon from a- to e-Mn will occur. The fact that the hcp phase
obtained in the LSDA shows that the gradient corrections tqs favored under compression over the fcc and bcc phases,
the exchange-correlation functional largely improve the preagrees with the calculations of Zheng-Johanssioal.,2® but
dictions of the magnetic ground state of the highly symmetthe energy differences are so small that it is impossible to
ric polymorphs of Mn. Because of the enormous computagetermine the transition pressure from a double-tangent con-
tional effort, we have not compared the LSDA and the GGAstruction to the energy vs volume curves. We have used the
for the a- and p-phases, but it is evident that here also thefitted Birch-Murnaghan and Vinet equations of statzeady
gradient corrections are necessary to achieve a reasonak|ged for the calculation of the bulk modutb calculate the
prediction of the atomic volume. variation of the enthalpy of ther and e the phases as a
function of pressure—the critical pressure for the phase tran-
sition is than given by the intersection of the enthalpy curves.
Our result is displayed in Fig. @oth fits lead to identical

Structural enthalpy differences at zero pressure betweeresults, we display only that relating to the
the five polymorphs of Mn in their respective magnetic Birch-Murnaghaf® equation of state As both enthalpy
ground states are summarized in Table Il: at zero pressureurves have almost the same sldgie difference in the bulk
a-Mn is lower in energy by 63 meV/atom thg8-Mn, 67  moduli is rapidly reduced under compression, since the pres-
meV/atom thany-Mn, 61 meV/atom than=-Mn, and 146 sure derivative 0By is larger for thex than for theB phase:

C. Hexagonal close-packe@&-Mn

IV. PHASE STABILITY AND PHASE TRANSITIONS
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8 T T T T [ I I T
&e© Alpha-Mn-AFM
L et Beta-Mn-FIM 4
<444 Bcc-Mn-AFM2
vy Fcc-Mn-AFM1
D=p=b> Hcp-Mn-AFM1
82 ©9-® Alpha-Mn-NCL T
g I FIG. 5. Total energy of all five polymorphs of
5 .4l Mn as a function of volume. The different sym-
> bols represent the calculated energies, for each
g L structure the energy of the magnetic phase stable
o at the given volume has been plotted—only for
O .ggl a-Mn the energies of both the collinear and the
g noncollinear antiferromagnetic configurations
[ L have been plotted. AFM—antiferromagnetic
(type-1 or type-2, FIM—ferrimagnetic, NCL—
-8.8— noncollinear.
9 L

Volume (Aa /atom)

B(=5.9 for a-Mn, By=5.1 for eMn, the experimental theory and the experiment. In view of the much larger bulk
valué?! reported fora-Mn is B,=4.6), their crossing point modulus ofe-Mn compared to the-phase, even the differ-

is rather ill defined—p.~ 75+ 25 GPa af =0 K seems to be ence in the zero-point vibrational energies could provide a
a reasonable estimate. At the transition, the volume discorsubstantial part of the increase in the structural energy dif-
tinuity is very small, about 1%. The small volume changeference, cf. also the following paragraph.

compares well with the experimental estimate of a disconti- In I, we have found that the antiferromagnetismaein
nuity of about 2%. The estimated transition pressure is aboulisappears under compression at a volume of 9ch Fig. 2

a factor 2 lower than the transition pressure of 158—-165 GPm |). From our equation of state, we find that this volume
at room temperature reported by Fuijihitzal > However, in  corresponds quite exactly to the critical pressure for the
view of the smallness of the energy differences and the comstructural phase transition. The hcp- Mn, on the other hand,
plexity of the systems involved, we consider this as a nois only marginally magnetic at equilibrium, antiferromag-
unreasonable agreement. Increasing the structural energy difetism disappears already under slight compression, from
ference betweenr- and e-Mn by only 10-15 meV/atom our results shown in Figs. 4 and 6, we estimate the antifer-
would be sufficient to eliminate the discrepancy between theomagnetic to nonmagnetic transition &Mn to occur al-

Birch-Murnaghan (3rd order)
R} I T I T I T I T T T T T T

FIG. 6. Equation of staté&op panel and en-
thalpy of a- and eMn as a function of pressure.
Circles and triangles represent the pressure-
7 N N T T T e volume relation for theab initio calculations, the
continuous solid and broken lines a fit of these
data by a third-order Birch-Murnaghan equation
or the universal equation of state of Vinet al.
(both fits are indistinguishable at the scale of the
plot).
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ready below 10 GPa. Hence, magnetic effects are very imé- than for -Mn. Magnetic effects will also influence the
portant for the surprising stability of the complexMn a— 3 transition. Below the Nel temperature antiferromag-
structure up to ultrahigh pressures. netic «-Mn is much softer thamB-Mn, hence vibrational ef-
fects will even add to the structural energy difference. For a
paramagnetiex--Mn, our calculations predict a much harder
B. Temperature-driven phase transitions bulk modulus of nearly 300 GPa—at least as long as mag-

Under increasing temperature, Mn undergoes a Sequené@tic fluctuations are neglected. HOWeVer, the difference in
of structural phase transitions— 8— y— 8. Although tem-  the compressibilities of nonmagnetie: and g-Mn (AB,
perature effects are not directly considered in this work, we™~20—30 GPa) appears to be too small to attribute the phase
can still make a few comments on temperature-driven phasghange to vibrational effects alone. The strong paramagnetic
transitions. The temperature evolution of the equilibriumfluctuations in g-Mn arising from geometric frustrations
states is determined by the free enefgy E—TS, i.e., from have already been mentioned. Magnetic fluctuations exist
the internal energy we have to subtract the entropy multi2lSO in a-Mn. Neutron-scattering experimefitsof very di-
plied by the temperature. The entropy consists of a vibralute alloys of Sn ine-Mn have demonstrated a very different
tional contribution and a contribution from the fluctuating temperature dependence of the magnetic moments of the
magnetic moment. Asada and Teralgﬂrbave made an at- Crystallographically inequivalent atoms: the Mn | moments
tempt to investigate the temperature-dependent phase tran§iven increase slightly with temperature and their ordering
tions between the, 5, ande phases on the basis ab initio ~ disappears at the e temperature after going through a
total-energy calculations coupled to a quasiharmonic DebyeMaximum, the Mn Il moments decrease rapidly, becoming
Grineisen model for the vibrational entropy. Following disordered already below the &letemperature. The mo-
Moruzzi, Janak, and Schwa?%,the Debye-temperatur®  Ments on the Mn IV sites could even change sign with in-
was estimated from the bulk modulus using a semiempiricafreasing temperature. All this is indicative of large magnetic
relation, the volume-dependence ©f was determined by fluctuations already in the_ antiferromagnet_ic state _and it must
using a relation between the pressure derivative of the bulRe expected that magnetic fluctuations exist also in the para-
modulus and the Gneisen parameter. It must be empha-magnetic state. Hence, the magnetic entropy will favor
sized that this is a rather crude model, since not only the bull-Mn, but only to a sufficiently modest degree to explain the
modulus but also the shear constants determine the Debyéability of a-Mn up to a temperature of, . ;=1000 K
temperature. However, it may serve as a first approximatiot/hich is substantially higher than the temperature corre-
for a qualitative estimate of the relative importance of vibra-sponding to the structural energy differenc&E(a— p)
tional and magnetic contributions to the entropy. Within this=T~730 K].
model, the low values of the bulk modulus ef and &Mn
lead to a much lower Debye temperature and hence to a
faster increase of the vibrational entropy for these two phases
than fore-Mn, changing the energetic order between the fcc This paper concludes our comprehensive investigation of
and the hcp phases already at modest temperattires. the structural, magnetic, and electronic properties of Mn,

Due to the large difference in the bulk moduli, even zero-which may with a good reason be considered as the complex
point vibrations could influence the pressure-induced phasmetallic element. We have demonstrated that the complex
transition between the: and e the phases. Using the semi- crystalline and magnetic structures of theand 8 phases
empirical relation of Moruzzi, Janak, and Schwérand the  result from conflicting physical effects associated with the
bulk moduli listed in Table I, we calculate Debye tempera-half-filled 3d band. According to the Friedel model of
tures of @(a)=393 K and®(e)=468 K, leading to a differ- transition-metal bonding, at half filling only bonding and no
ence of 5.3 meV/atom in the zero-point energies, which addantibonding states are occupied, maximizing the cohesive
to the structural energy difference and leads to an increaseshergy and minimizing the interatomic distances. However,
critical pressure op.~100+25 GPa aff=0 K. Using the the Friedel model ignores spin polarization, whereas accord-
same values of the Debye temperatures to calculate the coimg to Hund’s rule for a half-filled band, the parallel align-
tribution of the vibrational entropy to the free energiesTat ment of all spins leads to a maximum of the magnetic spin
=300 K, we obtain a further contribution to the structural moment. If spin polarization is complete, both bonding and
energy difference of about 7 meV/atom favoring thehase antibonding linear combinations of spin-dstates are com-
and leading to a further increase of the transition pressureletely occupied, and all spin-down states are empty. The
However, above the N temperature, we have to use the magnetically induced occupation of antibonding states tends
larger bulk modulugsee alsd) and Debye temperature of to expand the crystal. In reality, because of the rather large
nonmagneticx-Mn, leading to a much smaller difference in width of thed band and because efl hybridization, Mn is
the vibrational entropies. quite far from the limit set by Hund’s rule. la- and 8-Mn,

However, it also becomes clear that vibrational effectsnature tries to cope with these conflicting tendencies by
alone are not sufficient to reverse the energetic ordering beadopting topologically close-packed polytetrahedral struc-
tween the fcc and the bcc Mn. In this respect, the magnetitures in which crystallographically inequivalent lattice sites
contributions to the entropy will be important—the smallnessare coordinated either by distorted tetrahefte sites ad-
of the magnetic energy differences in the BEMn (cf. Fig.  mitting only small atomgor larger Frank-Kasper CN14 and
4) suggests a larger magnetic contribution to the entropy foFriauf CN16 polyhedra that admit larger atoms on their cen-

V. SUMMARY AND CONCLUSIONS
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tral sites and also give rise to a distorted polytetrahedrafail to converge. Altogether, the Mn-based Laves phases
close packing and therefore good space filling. The locallyshould be considered as a better reference for discussing geo-
increased packing density at the center of the icosahedmetric frustration in 8-Mn than the “three-dimensional
leads to a broadening of the band and reduce®r even Kagomé sublattice of the Mn Il atoms alone. The difference
qguenchesthe local magnetic moment. It is significant that in the magnetic behavior is also reflected in the elastic prop-
the A12 andA13 structures ofe- and B-Mn are assumed erties, with “soft” a-Mn in contrast to “hard”8-Mn.
quite frequently by intermetallic compounds formed by large Magnetic frustration also plays an important role in the
and small atomsA12: y-phase TjRe,s, y-Mg;7Al15; A13:  highly symmetric Mn polymorphs. Both in fcg-Mn and in
FeRe). bcc 5-Mn, our calculations show that the paramagnetic and
As a consequence of the polytetrahedral atomic arrangedifferent antiferromagnetic phases are extremely close in en-
ment with only triangular facets on the surface of the coor-ergy at equilibrium. The gain in magnetic energy upon even
dination polyhedra, the antiferromagnetic exchange interaca very slight expansion significantly influences the equation
tions between the Mn-atoms are at least locally frustrated. llof state and contributes to the exceptional elastic softness of
a-Mn, the frustration is strongest in the Mn IV triangles on both y-Mn and 6-Mn. The hcpe-Mn, on the other hand, is
the surface of the CN16 polyhedra surrounding the Mn lonly marginally magnetic at equilibrium and this is reflected
atoms with the highest magnetic moments. The Mn IV-Mnin a much harder modulus of compression.
IV distances are also the shortest interatomic distances in this Under compression, our calculations predict a transition
structure. At high densities, the Mn IV moment is completelyfrom the « to the e phase, at a critical pressure which is at
qguenched. We have found that this is sufficient to release thkeast in reasonable agreement with experiment if the differ-
magnetic frustration and to stabilize a collinear antiferromagence in the zero-point energies is added to the structural en-
netic structure. At lower densities, the Mn IV atoms becomeergy difference. The persistence of the antiferromagnetism in
magnetic(the local nonmagnetic to antiferromagnetic transi-«-Mn up to a very high pressure is a very surprising result,
tion is of second ordg¢rand the Mn IV moments adopt on but essential for stabilizing the phase. The hcp structure is
each triangle a local configuration similar to that of nearestfavored under compression over the other two common me-
neighbor spins in the Mg phase of a frustrated triangular tallic structures, agrees with the regular structural trend in the
antiferromagnet. The coupling to the other Mn sites drivesdd and 5 series. Our comments on temperature-driven
the noncollinearity of the antiferromagneteMn structure, phase transitions are admittedly speculative, but the essential
which increases in proportion to the magnitude of the Mn IVrole of magnetic fluctuation is certainly real.
moments. The alternative to the canting of the magnetic mo- The ability to explain the structural trends across the pe-
ments would be a large structural distortion—which is, how-riodic table is certainly one of the important successes of
ever, energetically not competitive. density-functional theor{*~"3the present study fills one of
The situation is less clear i-Mn: the geometric differ- remaining white spots—Mn. Although our investigations
ence between the inequivalent Mn sites is now much smallepredict the correct energetic order between the different
An analysis based on the assumption that only the Mn Iphases, explain the origin of noncollinearitydavin and the
atoms are magnetic leads to the conclusion that due to theature of the pressure-induced phase transition, agreement
topology of the Mn Il sublattice3-Mn is geometrically frus-  with experiment is not perfect: in all phases we find the
trated. Our calculations do not support the claim that the Mrequilibrium volume to be underestimated. Generalized-
| atoms play no role in determining the magnetic propertiesgradient corrections to the exchange-correlation functional
As expected from the tighter binding around the Mn | atomsyepresent an important improvement, but similarly as for the
the magnetic moments on these sites remain smaller than timeighboring antiferromagnetic element in the periodic table,
Mn Il moments even on expansion, but the existence of an &Er, they are not sufficient to completely close the gap be-
least metastable ferrimagnetic state demonstrates that theretigeen theory and experiment.
a strong antiferromagnetic Mn 11-Mn | coupling. At equilib-
rium, we find the nonmagngtic and weakly ferri_mggnetic ACKNOWLEDGMENTS
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