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Understanding the complex metallic element Mn.
I. Crystalline and noncollinear magnetic structure of a-Mn
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Manganese is an element with outstanding structural and magnetic properties. While most metallic elements
adopt a simple crystal structure and order magnetically—if at all—in a simple ferromagnetic or antiferromag-
netic configuration, the stable phase of manganese at ambient conditions, paramagdvietiadopts a com-
plex crystal structure with 58 atoms in the cubic cell. At aaNemperature offy=95 K, a transition to a
complex noncollinear antiferromagnetic phase takes place. The magnetic phase transition is coupled to a
tetragonal distortion of the crystalline structure. In this paper we preseab anitio spin-density functional
study of the structural and magnetic propertiesxein. It is shown that the strange properties of Mn arise
from conflicting tendencies to simultaneously maximize according to Hund’s rule the magnetic spin moment
and the bond strength, as expected for a half-filebland. Short interatomic distances produced by strong
bonding tend to quench magnetism. The crystal structure-dn is essentially a consequence of these
conflicting tendencies—it may be considered as a topologically close-packed intermetallic compound formed
by strongly magneti¢Mnl, Mnll) and weakly magneti¢Mnlll) or even nearly nonmagneti®nlV) atoms.

The noncollinear magnetic structure is due to the fact that the MnlV atoms arranged on triangular faces of the
coordination polyhedra are not entirely nonmagnetic—their frustrated antiferromagnetic coupling leads to the
formation of a local spin structure reminiscent of theeNstructure of a frustrated triangular antiferromagnet.
Consequently, also the other magnetic moments are rotated out of their collinear orientation. The calculated
crystalline and magnetic structures are in good agreement with experiment. However, it is suggested that the
magnetism leads to a splitting of the crystallographically inequivalent sites into a larger number of magnetic
subgroups than deduced from the magnetic neutron diffraction data, but in accordance with NMR experiments.
In a companion paper, the properties of the other polymorphs of Mn and their relative stability will be
discussed.
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I. INTRODUCTION 5% Cu, the tetragonal distortion can be made to disappear
and structure of the quenchadphase is fc€ Recent high-
From the point of view of its structural and magnetic pressure studiésfound a structural phase transition from
properties, Mn can be considered as the most complex of al-Mn to an as yet not completely characterized phase. On
metallic elements. As a group VIl element Mn would be the basis of a new diffraction peak appearing above the tran-
expected, according to the regular structural trends in thejtion pressure of 165 GPa, it has been suggested that the
series of the 4 and T transition metals, to crystallize in a pew phase might be bce, but on the basis of density func-
hexagonal close-packethcp A3 structure:? It is well tional calculations it was argued that the high-pressure phase
known, however, that the magnetism of the: @lements dis-  e-Mn is hcp, in agreement with the stable crystal structures
turbs this regular structural sequence. While for Fe and Cef Tc and Ré
magnetism merely stabilizes the body-centered cubar) Magnetic ordering adds to the bewildering structural com-
A2 and the hcpA3 structure, respectively, instead of the hcp plexity of Mn. a-Mn, fct y-Mn, and the quenched fcc phase
A3 and face-centered cubffcc) Al structures of thedand  are antiferromagnets with eetemperatures of y=95,52°
5d homologues, Mn behaves in a totally different way. 570, and 450 K, respectively. While the magnetic structures
a-Mn, the most stable polymorph under normal conditionsof fcc and fct Mn are simpléplanes perpendicular to the
of temperature and pressure has an exotic crystal structuegis are ferromagnetically polarized, the sign of the polariza-
containing 58 atoms in a cubic unit cefbtructure Report tion alternates from one plane to the next, type-I antiferro-
symbol A12, Pearson symbol cI58, space grdigd 43m),®>  magnetism, the magnetic transition af-Mn is coupled to a
see Fig. 18-Mn exists in the temperature interval from 1000 tetragonal distortion. Neutron diffraction d3t&* indicate
to 1368 K and is simple cubic with twenty atoms per unit that the magnetic structure is antibody-centeishce group
cell (A13 structure, space group4,32).*° The fccy-phase 142 m) leading to an increase of the crystallographically in-
is found in the high-temperature region between 1368 an@quivalent atomic positions from 4 to!6.The different
1406 K, at higher temperatures up to the melting point ofatomic sites are also magnetically inequivalent: neutron-
Tm=1517 K thed phase has the bcc structure. By quench-scattering datd;'* magnetic torque measuremefitsand
ing y-Mn to room temperature, it can be stabilized in a face-nuclear magnetic resonand&IMR) investigations® have
centred-tetragonalfct) A5 structure. With the addition of been interpreted in terms of a noncollinear antiferromagnetic
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B-Mn using nuclear magnetic resonatttéas shown that
type-| sites are essentially nonmagnetic, only type-ll atoms
carrying paramagnetic moments. Even an only modest dop-
* ing with Al drives a transition from a spin liquid to an un-
; conventional spin-glass-like ground state.
w While the structural and magnetic properties of the ferro-
magnetic metals Fe, Co, and Ni are now thoroughly well
| explained on the basis of local-spin-dens{tySD) theory
| including generalized gradient correctiof&€GC's) (see,
! e.g., Moroniet al,?° and references thergjrthe incommen-
| surate spin-density-wave ground state of bcc @efs.
21,22 and the complex magnetic configurations @f and
B-Mn continue to defy theoreticians. For the simpher J,
and e phasesab initio LSD calculations of phase stabilities
and magnetic properties yield good agreement with experi-
ment on samples produced by quenching or epitaxial growth
if GGC’'s are included in the exchange-correlation
. functional®?32% Oguchi and Freem&n could even demon-
- strate that the tetragonal distortion observe@-Nn is mag-
netically driven. An important result is the evidence for a
competition between high- and low-spin states in these
) , ) phases. Fow- and3-Mn, however, LSD investigations have
FIG. 1. (Colon Crystaliine and magnetic structure of antiferro- poen restricted to calculations of the collinear antiferromag-
mzlalgneECa-Mn._tAEjomuc EOZ!t'OntTQ‘ n thi ftl:]” cubu¢teti§gona)lumi netic structures at the experimental density and crystal
cell and magnitude and directions ot the magnetic MOMEN'S &l .1,re26-28 A high-spin state of the Mn atoms at sites |
shown. Atoms on crystallographically inequivalent sites are marke . . .
and Il, and a marginally magnetic character of those on sites

by different colors: dark blue: Mnl, light blue: Mnll, green and . 4 . . .
turquoise: Mnlll (&) and (b), yellow and yellow-green: Mni\@a) Il and IV is predicted in agreement with experiment, but

and (b). The length of the arrows is proportional to the calculatedr?mhlng could be said ab_OUt phase Stab!“ty and the correla-
magnetic moment, their directions indicate the orientations of thélon_between the r_nagn_e_tlc an_d geo_me_trlc structures. On the
moments in the optimized magnetic structure. The magnetic moP@sis of a semiempirical tight-binding method and a
ment on the Mnl site has been aligned parallel to @@)) direc- Hubbard-type exchange Hamiltonian,sStand Kre$ have
tion. The limits of the unit cell are marked by the red dots con-calculated both collinear and noncollinear magnetic struc-
nected by straight lines, nearest-neighbor connections are alddires fora-Mn. Beyond a critical value of the intra-atomic
drawn. Coulomb potentialJ, the collinear calculations converged to
high moments on sites | and I, somewhat smaller moments
structure with large magnetic moments on sites | and Il ann sites 1, and almost nonmagnetic type-IV atoms. For the
much smaller moments on the remaining positions—siteqioncollinear calculations, no complete convergence could be
IVa and IVb could be occupied even by nonmagnetic Mnobtained, but nevertheless an interesting result emerged: For
atoms. The details of the antiferromagnetic structure, howthe type Ill and IV atoms not twéas suggested on the basis
ever, depend considerably on the assumptions made for thsf the analysis of the experimental dataut three magnetic
magnetic form factors of the Mn atoms occupying the vari-subclasses have been found. This could indicate that the true
ous sites—evidently high- and low-spin sites could displaymagnetic structure is even more complex than suggested so
very different form factors. One explanation for the stability far.
of the a-Mn structure postulates indeed that the Mn atoms Due to the recent progress in LSD theory, even very com-
with different magnetic and electronic configurations behaveplex crystalline and magnetic structures can now be com-
similar to atoms with different sizés—a point of view puted with high accuracy. Modern plane-wave based tech-
which is suggested by the analogy of theMn and the niques [using either ultrasoft pseudopotentidigt or
x-phase structuregadopted, e.g., by intermetallic com- projector-augmented-waveéBAW’s)**3 allow to calculate
pounds such as AMg;7 or FegCri,Mo;). analytically the Hellmann-Feynman forces acting on the at-
The properties of3-Mn are hardly less complex. In the oms and the stresses acting on the unit cell. This enables a
simple cubic cell there are two inequivalent sitddéakamura  dynamic or static optimization of very complex crystal struc-
et al1® have shown recently th@-Mn remains magnetically tures(even structures considerably more complex tha¥in
disordered down to the lowest temperatufegl K) and ex-  have been treatd$ andab initio molecular-dynamics simu-
hibits strong spin fluctuations. Canals and LactdiRave lations of molten or glassy materiafs3® Noncollinear mag-
pointed out that the behavior @-Mn is very similar to that netic structures can now be treated at various levels of so-
of compounds with fully frustrated latticeésuch as the phistication:(i) within an atomic-sphere approximation, the
kagomeor pyrochlore latticeswhere the frustration over- spin-density has spherical symmetry within the overlapping
comes any magnetic ordering and suggests that it should @omic spheres, within each sphere the direction of the mag-
considered as a spin liquid. The magnetic characterization afetic moment is fixed’- (ii) within a full-potential linear-
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TABLE I. Crystallographic information on the nonmagnetic bcc and the antiferromagnetic tetragonal phaselsogpace-group and
atomic positions.

(a) Nonmagnetica-Mn, Space grouﬁ'g-IZ3m.
a=8.865 A (expt),? 8.532 A (theory).

Atom  Number Internal coordinates

Mnl 2 (000, (333
MAIE 8 [(xxx), (6, =X, —X), (< X% =), (X~ X, X)]+(0,00); (3,3, 5)] (1) =0.317 (expt)* x(11)=0.3176 theory
Mnlll 24 [(%%,2),(%,—%,—2),(=X,X,~2),(~ X, —X,2) + cyclic permutation+[(0,00):(5.7,3)] x(ll1)=0.357, z(Ill)=0.034

(expt)? x(111)=0.3563,z(I11)=0.0372(theory)

MnlV 24 [(x,%,2),(%,—%,—2),(—x,X,— 2),(— X, — X,2) + cyclic permutations+[(0,00);(3,3,
(expt)? x(IV)=0.0883,z(IV)=0.2810(theory)

Nl=

)] x(IV)=0.089, z(IV)=0.282

(b) Antiferromagnetica-Mn, Space group42m.
a=8.877 A(expt),” 8.669 A (theory; c=8.873(expt),® 8.668 A (theory.
Axial ratio: 0.99955(expt),” 0.9999(theory.

Atom  Number Internal coordinates

Mnl 2000, (333

Mnll 8 [(%,%,2),(X,—X,—2),(—%,X,— 2),(—%,—x,2)]+[(0,00);(3,3,3)] x(11)=0.3192,2(11)=0.3173(expt)°
x(11)=0.320,z(I1)=0.319(theory

Mnilla 8 [(X,X,2),(X,— X, —2),(—=%X,— 2),(—X,—X,2) ] +[(0,00):(3,%,3)] x(Ila)=0.3621,z(1lla)=0.0408(expt)"
x(llla)=0.355,z(I1la)=0.032 (theory

Mnilib 16 [(X,y,Z),(X,_y,_Z),(_X,y,_Z),(_X,_y,Z),(y,X,Z),(y,_X,_Z),(_y,_X,_Z),(_y,_X,Z)]‘f‘[(0,0,0);(%,%,%)]
X(IIlb)=O.3533,y(|lIb)=O.0333,Z(IIlb)=0.3559(expt)b x(I111b)=0.355,y(lllb)=0.033,z(Illb)=0.354 (theory)

MnlVa 8  [(x,x,2),(x,—X,—2),(—X,X,~2),(—%,—%,2)]+[(0,00);(3,3,3)] x(IVa)=0.0921,z(IVa)=0.279Gexpt)"
x(IVa)=0.088,z(IVa)=0.283(theory)

MAIVD 16 [(xy,2),(x,=y,=2). (= Xy, =2). (=X, =¥,2),(¥,%,2), (¥, =X, =), (=YX, =), (=Y, = %.D)]+[(0,00): 3. 3.3)]
x(1IVb)=0.0895,y(IVa)=0.2850,z(1Vb)=0.0894(expt)” x(IVb)=0.088,y(IVb)=0.283,z(IVb)=0.087 (theory)

a¥amada, Ref. 13, lattice constant extrapolated o0 K.
bLawsonet al, Ref. 14(Neutron diffraction.

ized augmented-plane-waVELAPW) approa(:tﬁ9 the quan-  Il. CRYSTALLINE AND MAGNETIC STRUCTURE OF
tization axis is fixed only within the almost touching muffin- a-Mn
tin spheres, magnetization density and exchange field are
described as vector fields in the interstitial regf8rind iii )
PAW (Refs. 32,33and FLAPW approaches allow for a fully ~ The crystal structure of the nonmagnetic phasexd¥in
unconstrained vector-field description of noncollinearwas first resolved by Bradley and Thevilisn the basis of
magnetisnf! 42 powder x-ray data and shortly later refined by Prebtsing

The present work is devoted to an ab initio LSD investi-Single-crystal data. The structure is body-centred cubic,
gation of the crystalline and magnetic structures of all knowrspace grouf>-143m), and based on the principle of topo-
phases of Mn. In the first part we present a detailed study dbgical close-packing. The 29 atoms per primitive unit cell
the crystalline and noncollinear magnetic structures of58 atoms per cubic celare distributed over four crystallo-
a-Mn, a forthcoming paper will extend the investigations to graphically inequivalent sitetsee Table ). The two atoms
the other polymorphs and examine the conditions for theilbccupying sites | are located at the corner and at the center of
coexistence. The present paper is organized as follows. lthe cubic cell(see Fig. 1. Atoms of type Il are located on
Sec. Il we review briefly the state-of-the-art of experimentstetrahedra centred at sites |, the edge of this tetrahedron mea-
exploring the magnetic structure of-Mn and of previous sures 0.51% a wherea is the lattice parameter of the cubic
attempts to calculate the magnetic structure in a collineacell. Sites IV occupy the vertices of a tetrahedron truncated
approximation. Section Ill outlines our method, with specialat its four corners such that the small triangular faces deco-
reference to the unconstrained vector-field description of theate the faces of the inner tetrahedron formed by type Il
magnetization density. Section IV discusses the calculatedtoms (the edge of this larger tetrahedron measures 0.798
crystalline and magnetic structures, Sec. V the electronicka). The 12 MnlV atoms and the 4 Mnll atoms together
structure ofa-Mn, and we summarize in Sec. VI. form a CN16 Friauf coordination polyhedrbharound the

A. State-of-the-art: Experiment
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TABLE Il. Absolute values of the magnetic momeriis units of ug) at the crystallographically inequivalent sites@fMn according
to various experiments. In the analysis of the experimental data either a coliid@al) or a noncollineafNCL) structure has been
assumed. The number of atoms is per cubic cell

Yamagata and Lawson  Yamada Yamada  Kunitomi  Oberteuffer Kasper and  Kasper and

Tazawa et al. et al. et al. et al. et al. Roberts Roberts
Ref. 16 14 13 13 12 11 10 10
Model NCL NCL NCLA® NCLB?®  COLL COLL COLLA® coOLLB®
Site No.of atoms Mi i Mi Mi i Mi i Mi
| 2 2.05 2.83 2.05 1.9 1.35 1.8 1.54 2.5
Il 4 (8) 1.84 1.83 1.79 1.7 1.35 1.4 1.54 2.5

4 1.75

llla 8 (24) 0.62 0.61 0.61 0.6 0.99 1.2 3.08 1.7
Ilb 16 0.57 0.48 0.57 0.6
IVa 8 (24) 0.22 0.45 0.22 0.2 0.22 0.1 0.0 0.0
Vb 16 0.31 0.48 0.31

38Models A and B are based on different choices of the magnetic form factor, cf. text.
®Models A and B represent different fits to the same set of diffraction data.

Mnl atoms. The second-neighbor shell contains the 24 Mnllitheoretical approach for determining the magnetic structure
atoms which form eight equilateral triangles created by trunof a-Mn, extending a technique introduced by Berfidor
cating a cubgedge 0.71X a) at its eight corners. Mnll at- |ocalized magnetic moments to itinerant systems. A thirteen-
oms are also surrounded by a CN16 Friauf polyhedron occuparameter model for a noncollinear magnetic structure was
pied by 1 Mnl, 6 Mnlll, and 9 MnIV. Mnlll has coordination  proposed. The magnetic point group symmetry is isomorphic
number(CN) 13 (2 Mnll, 7 Mnlll, and 4 MnlV). MnlV is  to ejtherD,4 or Cs,, depending on the orientation of the
icosahedrally surrounded by 1 Mnl, 3 Mnll, 5 Mnlll, and 3 principal axis along eithdr100] or [111]. On the basis of the
MnlIV. ) . . . . . neutron diffraction data, the second alternative could easily
The smallest magnetic unit cell is obtamgd i antlpargllelbe discarded, but the determination of a complete set of pa-
moments for each pair of atoms at the relative bcc position, eters depends rather critically on assumptions on the un-
[(0,0,0) and §,7,7)] are assumed. Most attempts to deter-known magnetic form factors. Yamads al’® constructed
mine the magnetic structure are based on magnetic neutrgitogether five different noncollinear models, all are based on
scattering. Shull and Wilkinsdrfirst established the exis- the assumption of a form factor common to all sites. The five
tence of antiferromagnetic ordering. Kasper and Roberts form factors are constructed from the Freeman-Wéfson
demonstrated that the atoms in different sites have differengjtals of the free Mn atom, using either the ®rbital alone
magnetic moments and proposed two different models withyr admixtures of 10 or 20 % ofstorbitals (which may add
nonmagnetic MnlV atoms and large moments varying beyr subtract from the @ form factors. The magnetic mo-
tween 1.545 and 3.08:5 at the remaining sitetsee Table  ments according to two of these models are listed in Table IL.
II). According to their model, each Mnl atom is surroundedpepending on the choice of the basis functions for the irre-
by a tetrahedron of Mnll atoms with antiparallel moments atqycible representations, sites Il and IV split into two sub-
a distance of 2.82 A. Each Mnll atom is surrounded by sixgroups each. The absolute values of the magnetic moments
Mnlll at distances of 2.49 or 2.96 A with alternating mag- are somewhat larger than for the collinear models, but the
netic moments such that the coupling between neighboringecrease in the sequence from I to IV is confirmed.
Mnlll atoms (distance 2.67 }ds antiferromagnetic. On the Recenﬂy Lawson et a_|.l4 performed high_reso|uti0n
other hand Arrottet al* interpreted the magnetic structure neytron-diffraction studies on both single-crystal and powder
of a-Mn in terms of a static spin-density wave, in analogy tospecimens. Their analysis of the experimental data was based
the magnetic ground-state of antiferromagnetic Cr. A neutroyn the use of Shubnikov groups, i.e., magnetic space groups
diffraction study by Oberteuffeet al™* led to qualitative that are supergroups of the ordinary crystallographic space

agreement with model B of Kasper and Roberts, albeit Wiﬂbroups” The space group of nonmagnetieMn is 143m so

significantly lower values of the magnetic momeritee . . .
Table I)). Yamada and co-workefs!® succeeded in growing that the Shubnikov group,43m or one of its subgroups is
indicated. The cubic and rhombohedral subgroups were

a single crystal ofx-Mn and performed a magnetic neutron . ; . : : .
diffraction study on this sample. As the result of a first analy-found to be incompatible with the diffraction data, the best fit

sis, Kunitomi et al*? proposed a collinear model for the Was obtained with the tetragonal Shubnikov gréyg2'm’,
magnetic structure which agrees with Oberteutféal. on  which is a subgroup of the tetragonal space grédgm,
decreasing magnetic moments in the sequepge>|u,|  albeit with an axial ratio ot/a=0.999549 hardly deviating
> | |>|pv|, but predicts even smaller magnetic momentsfrom unity), the sites Il and IV split into two subgroups
(see Table . Yamad4® developed a systematic group- each, in accordance with the analysis of Yam&dahe
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TABLE Ill. Values of the magnetic momentm units of ug) at the crystallographically inequivalent siteseeMn according to collinear
theoretical calculations.

Sliwko  Antropov Asada Asada "Ssand Present Present Present  Present
etal.? et al.? Krey 2 work? work? work®  work®
Ref. 26 27 28 28 29
Method ASW LMTO-GF LMTO LMTO B TB-LMTO  TB-LMTO VASP VASP
Functional LSDA LSDA  GGA GGA' Hubbard LSDA GGA GGA' GGA®
Site No. of atoms i Mi Mi Mi i Mi Mi Mi
| 2 1.79 2.2 2.67 2.82 2.1 3.00 3.26 2.79 3.19
1 8 +1.43 -1.8 2.29 2.99 -1.7 —-2.31 —2.69 —222 =279
Illa 8 0.52 0.66 1.11 1.00 1.81
Ilib 16 (24) —0.40 —0.52 —0.59 —2.28 0.9 —0.54 —-1.10 —-1.00 -—-181
IVa 8 —-0.17 —0.05 —0.06 0.0 0.00
IVb 16 (249) —-0.17 0.17 0.52 1.72 0.0 0.06 0.07 0.0 0.00

@Calculations performed for the cubic structure of paramagnetfién.
bCalculations performed for the tetragonal structure of antiferromagnelin.
Calculations performed for a fully relaxed tetragonal structure.
Theoretical equilibrium volumévASP-GGA), O =11.2 A¥/atom.
®Experimental equilibrium volumeQ =12.05 A/atom.

Theoretical equilibrium voluméLMTO-ASA), O =13.50 A/atom.

meaning of the Shubnikov-group symbBi42'm’ is the =~ NMR spectra was not sufficient to resolve four different mo-

same as that of the ordinary space-group syniam, ex- ~ Ments. In Table Il only the moments corresponding to the
cept that the body-centering operator, the mirror planes, anff'® Main peaks are listed. The important point is that this
the twofold rotations are replaced by operators that flip thdVork indicates that the magnetic symmetry @Mn might

magnetic moment as the symmetry operation is applied to * e even lower than derived from the neutron work. However,

magnetic atom. The crystallographic information on the telt is also necessary to emphasize that the analysis is based on

tragonal structure of the antiferromagnetic phase is summdf€ assumption of a cubic crystal symmetry. Given the fact

rized in Table I. The magnetic structure is shown to be nonthat the cubic symmetry is broken below theelNesmpera-

collinear, with a modest canting of the moments on sites 1{U"e: the argument must be reconsidered.
with respect to the direction of those on sites | and a strong
canting of the moments on sites I(ka and IVab). The ab-
solute values of the magnetic moments are compiled in Table
[l—for sites | and IV the moments are considerably larger Only a very few attempts have been made to calculate the
than in the noncollinear model proposed by Yamatlal,”>  magnetic ground-state of-Mn. Sliwko et al?® used the
comparable moments are predicted for sites IIl. local-spin-density  approximation (LSDA) and the

The diffraction studies have been supplemented by otheaugmented-spherical-wa¥&SW) method® to calculate the
experimental investigations. Yamagata and Asay&rpar-  electronic and magnetic structure for the cubic structure of
formed a nuclear magnetic resonan®MR) study, using the paramagnetic phase in a collinear approximation. No
the single-crystal specimen on which the diffraction studiesstructural optimization was performed. The magnitudes of
of Yamada and co-workerst al!?'% had been performed. the magnetic moments listed in Table Ill were found to be in
The resonance spectra for the atoms at sites Il show twoeasonable agreement with those proposed by Yamada
distinct peaks at different hyperfine fields and consequentlgt al’® It is disturbing, however, that according to Sliwko
two types of magnetic moments on sites Il, with differentet al. out of the four Mnll atoms surrounding Mnl in a tet-
magnitudes and different canting angles have been postwahedral configuration, two have parallel and two antiparallel
lated. In view of the group-theoretical analysis of Yanfdda moments. This contradicts both the structure reported by Ya-
this means that the magnetic moments of the Mnll atomsnadaet al. and the group-theoretical analysis—such a solu-
cannot be described by using a single vector basis function ition cannot be constructed by any linear combination of the
disagreement with the analysis of the diffraction data. Thevectorial basis functions for site Il. That such a solution ex-
signal from the site 11l atoms has a complicated structure. lfists at all indicates a lower symmetry of the magnetic struc-
in analogy to the interpretation of the NMR spectra of theture. Antropov et al?’ performed calculations using the
site Il atoms, the use of two vector basis functions for rep-Greens-function linearized muffin-tin-orbital (LMTO)
resenting the magnetic moments of Mnlll and MnlV is con- method, admitting for a tetragonal distortion of the unit cell.
sidered, the consequence is that at both types of sites carfyheir calculations lead to magnetic moments that are signifi-
four different types of moments and not only two as derivedcantly larger than the ASW resul(see Table IlJ. This very
from the diffraction data. However, the resolution of the short paper does not report the actual magnitude of the te-

B. State-of-the-art: Theory
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tragonal distortion, and the absolute values of the moments0,5)) is such a highly efficient tool for calculating the elec-
quoted for the two subsets on sites Il and IV are identicakronic and magnetic structure of even very complex systems.
and differ only in the sign. In addition, it permits to treat noncollinear magnetism in a
Another LMTO calculation in the atomic sphere approxi- Heisenberg-like approximation, i.e., the spin-quantization
mation (ASA), using the generalized gradient approximationaxis is fixed within each atomic sphere, but allowed to rotate
to the exchange-correlation functional was presented bfrom one sphere to anoth&r®® However, for delicate prob-
Asada?® Asada used the cubic structure determined for thdems such as structural and magnetic energy differences, the
paramagnetic phase, allowing the lattice parameter to relaxoss of accuracy due to the ASA may be problematic. Fur-
The assumed magnetic structure was collinear, with the maghermore, interatomic forces cannot be calculated using the
netic moments on the Mnlll sites antiparallel to those on theeMTO-ASA and hence the technique cannot be used for the
other three types of sites. This assumption is disturbing sinceptimization of complex crystal structures.
it contradicts the results of all experimental analyses. Still, a The calculation of the Hellmann-Feynman forces acting
stable solution with surprisingly large moments could beon the atoms is straightforward in a plane wave basis. If the
found (see Table Il}, which is 79 meV/atom lower in energy electron-ion interactions are described by pseudopotentials,
than the nonmagnetic solution. Relaxation of the atomic volplane-wave techniques are also a very efficient tool for
ume leads to an equilibrium lattice constant about 3.6 perstudying the properties of materials at a microscopic level.
cent larger than experiment. However, this result must bé&tandard norm-conserving pseudopotentials are, however,
considered with some caution, given the well-known ten-computationally expensive to use, particularly for first-row
dency of the LMTO-ASA to produce too large lattice con- elements, transition metals, and rare-earth elements. This
stants. On expansion, the magnetic moments increase vepyoblem has been circumvented to some extent by the use of
rapidly, at the equilibrium volume all calculated magnetic ultrasoft pseudopotentiaf§>3® which relax the norm-
moments range between Lg and 3.Qug, i.e., far beyond conserving condition that is usually imposed on the pseudo-
the experimental estimates, especially for the low-spin Mnllicharge density. This approach has allowed the first-row and
and MnlV sites. transition-metal elements to be treated efficiently. However,
An attempt to determine the noncollinear structure ofsubstantial difficulties persist for the earlg-3ransition met-
a-Mn was made by &s and Krey® They used a semi- als, where the overlap of thed3valence charge density with
empirical tight-binding method. Their Hamiltonian consiststhe 3p “semicore states” cannot be neglected. Difficulties
of a paramagnetic part with Slater-Koster parameters for fcalso exist for magnetic transition metals because spin-
Mn taken from the compilation of Papaconstantopouldus densities tend to be more localized than charge densities. It
and a Hubbard-type exchange potential, the intra-atomibias been demonstrat8dthat for the magnetic phases of
Coulomb repulsionJ between electrons with parallel spin these materials in particular, the “nonlinear core corrections”
being treated as an adjustable parametér-3 eV was introduced by Louieet al®® to correct for the inherent non-
found to be a lower limit for the existence of a well defined linearity of the exchange-correlation functional are insuffi-
antiferromagnetic order—the results for=3.55 eV are re- cient. Due to the rather localized nature of the spin density,
ported in Table Il and found to be in reasonable agreemengxchange, and correlation must be treated on the basis of the
with the LSDA results. An attempt to determine a noncol-full all-electron charge and spin densities. This is possible
linear structure, starting from the model structure by Kuni-using an approach proposed by 8i*? and recently ex-
tomi et al? failed to produce a convergent result. Neverthe-tended by Kresse and Joub®rtcombining ideas from
less, this attempt was remarkable because a tendency to sgiseudopotentials and linearized-augmented-plane-wave
the Mnlll and MnlV atoms not only in two, but in three (LAPW) methods into an elegant framework known as the
subsets was found. This might indicate that—in accordancerojected augmented wayBAW) method.
with the NMR investigations—the true magnetic structure
might have lower symmetry than suggested by the analysis
of the neutron diffraction data. A. The projector-augmented-wave method

The PAW methotf*® is an all-electron method for
Ill. METHODOLOGY electronic-structure, total-energy and force calculations
which is closely related to the ultrasoft-pseudopotential
The particular challenge in a calculation of the structuraltechnique®®! In the PAW approach, charge and spin densi-
and magnetic ground state efMn is to achieve simulta- ties are decomposed into pseudodensities and compensation
neously the high accuracy necessary to determine the strudensities accounting for the difference between the
tural energy difference between its cubic and tetragonapseudodensities and all-electron densities. The pseudodensi-
phases and the magnetic energy differences between diffeties consist of a smooth part expressed in a plane-wave rep-
ent possible spin-structures, and the computational efficiencsesentation and localized augmentation charges accounting
necessary for treating a system with so many degrees of freéer the violation of norm conservatiol® Both
dom. Kohn-Sham spin-density functional theory has provedugmentation- and compensation charges are represented on
to be a very successful, particularly when used in conjuncradial support grids. Very recently Kresse and JotiBegm-
tion with an efficient electronic structure-code. onstrated that there is a one-to-one correspondence between
The tight-binding linear-muffin-tin-orbital technique in ultrasoft pseudopotentials and the PAW approach and
the atomic-sphere approximatigifB-LMTO-ASA) (Refs.  adapted the technigue to metallic systems. The advantage of
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the PAW technique is that it is an all-electron approach anetlectrons. A total charge-density and a spin-density may be
provides the full wave functions that are not directly acces-calculated by taking the sum and the difference of the
sible with the pseudopotential approach. Additionally, thespin-up and spin-down densities, respectively. As long as

potential is determined from the full charge density. only collinear magnetic structures with a fixed spin-
The all-electron wave functiof¥ ) is generated from quantization axis are considered, charge and spin densities
the pseudo wave functigW ) using are scalar quantities and the step from nonspin-polarized to

spin-polarized calculations is trivial. The situation is much
~ ~ more complex for noncollinear magnetic structures.
(Vo) =[Wed+ 2 (|6)—[B))(PITm). D)
B. LSDA and GGA for noncollinear spin structures

The all-electron partial wavelsp;) are obtained by radi- . . : N
ally integrating the Schidinger equation for a set of energies . Von Barth and Hed|.n"§‘ local-spin-density theory implic-
itly allows for noncollinear spin arrangements, butier

€k and are orthogona_hzed to the core states. Here the mdexet 213755 and Sandratskii and Guletiwere the first to
is a short-hand notation for the atomic sRe, the valence-

electron quantum numberdms and the reference eneraies implement the noncollinear description in an electronic-
d ) . 1eT91ES structure code. Following Kaler et al,®”% the total energy
€, used for the construction of the projectors. The index

. . o : is expressed in terms of ax2 density matrix with elements
ste.mds. for the Pand-mdex and tkepom-ts within the -f|rst ny,(r) =n“#(r), wherea, =1, | stand for the spin quantum
Brillouin zone.|¢;) are the pseudo partial waves, which arepnympers. The electron density is then given by the trace
functions of a radial grid multiplied by spherical harmonics, Ty ne5(r)] of the density matrix. The vectorial magnetiza-

and coincide with the corresponding all-electron partiakjon density is defined by the projection of the density matrix

waves outside some augmentation region. Finally, the Projecs, the vector of the Pauli spin matricés(r)=2aﬁn“"(r)

tor function |Ei) for each pseudo partial wave is localized >3 In the Kohn-Sham density functional the Kinetic-

Ly . . . -0
within the augmentation region and obeys the relatlonenergy contribution is calculated in terms of the spin-up and

(pil #;)= 8 - In this formalism, the charge density at a point spin-down eigenfunctions, the electrostatic terms depend
r is the expectation of the real-space projection operatop, the scalar densityr, only. In the local-spin-density

Ir)(r| and is given by approximation the exchange-correlation enefgyf n*#] is
~ 1 ~1 defined by
n(r)=n(r)+n(r)—nkr), 2)
where the soft pseudocharge density is E [n“ﬁ]=f N7, (r) e, N*A(r)]dr
XCl r XCl
(=2 fu(Tplr)<r|¥pn) @ .
m " m " :j nTr(r)exc[nTr(r)!|m(r)|]dr' (7)

(f, stands for the Fermi-Dirac occupation functiohe

on-site charge-densities! andn?, are expressed in terms of ~ The density matrixn®?(r) is composed of a soft
the projector functions and the pseudowaves- and allpseudodensity and augmentation and compensation
electron partial waves, contributions—in complete analogy to the scalar case. The
generalization is straightforward—it is sufficient to add spin-
ni(n= > fu(Tap)<eilr)(rlo)<p| ¥ @ indices to the pseudo wave functi¢W ,|r)—(W5|r). The
m,(i,i) actual functional form ok,, can be parametrized in several
ways. In the LSDA, we used the exchange-correlation func-
tional proposed by Perdew and Zurtfdsased on the quan-
~1 - - - tum Monte Carlo simulations of Ceperley and Altfdor the
nt(n= > fu(Talp)(&IN<r[é)pj¥m (5 interacting electron gas. For the intermediate spin polariza-
) tions we used the interpolation proposed by von Barth and
The total energy can be expressed as Hedin>* _ _ L
The generalized gradient approximati@®GA) has been
E=E[n(N]+EnX ) ]-EYnir)], (6)  developed with the aim of incorporating the leading nonlocal
5 5 corrections to the LDA. In the GGA, the terms added to the
whereE, E!, andE! are functionals of the wavefunctions exchange-correlation functional depend also on the gradients
and the charge densities listed above. We refer the interestad electron-density and magnetization spin density and be-
reader to the paper of Kresse and JouBidar further theo-  cause in a noncollinear description, there is no global spin-
retical details. The particular advantage of the PAW tech-quantization axis, this leads to further approximations. Even
nique is that it combines the accuracy of the best all-electroif there is no global magnetization axis, at every point in
methods with the efficiency of the most advanced pseudopaspace a local coordinate system may be defined such that the
tential techniques. magnetization points along the locahxis. In evaluating the
For magnetic calculations, orbitals and charge densitie§&GA contributions to the exchange-correlation functional,
must be calculated separately for spin-up and spin-dowffior the evaluation of the gradients only projections of the

and
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magnetization on the local spin-quantization axis are used ivienna LMTO packad® is a standard semirelativistic linear-
a standard GGA. This approximate treatment should be adzed muffin-tin orbital code using the atomic sphere approxi-
curate if the magnetization direction rotates only slowly.  mation and the so-called combined correction tetfid.In

Out of the many different GGA functionals proposed in the TB-LMTO the most localized basis set is constructed via
the literature we choose the form proposed by Peré¢w g canonical transformation. The atomic sphere radius is the
al.> the approach of White and Bfftihas been used to same on all types of Mn sites. Noncollinear spin structures

calculate the spin-polarized GGA potentials. may be treated in an approximation assigning individual
spin-quantization axes to the atomic sphéfes.

C. Local spin-quantization axes vs unconstrained vector-field VASP is a first-principles plane-wave code which treats

description of magnetization exchange and correlation in the local density approximation

The actual implementation of the noncollinear LSDA de-Potentials®**or using projector-augmented wavés®Here
pends considerably on the band-structure method. Within théhe all-electron PAW method has been used. The solution of
ASW, (TB-)LMTO, and TB techniques, a spin-quantization the Kohn-Sham equations is performed using an efficient
axis is assigned to each atomic site and the local spin-up ariterative matrix diagonalization routine based on a sequential
spin-down orbitals are related to global spin-coordinates by &#and-by-band residual minimization method—direct inver-
rotation in spin spac#.*856:5°The direction of the magnetic sion in the iterative subspacdkMM-DIIS) is used. The
moments changes discontinuously from one site to theharge density is updated using an improved Pulay mi¥ing.
next—evidently this picture is most appropriate for local- For the spin-polarized exchange and correlation potentials
moment magnetism. The implementation within the PAWthe GGA functional of Perdevet al®® as implemented by
and full-potential linearized = augmented-plane-wavewhite and Bird®is employed. The same GGA functional has
(FLAPW) approaches is much better adapted for itinerangso been used for the construction of the PAW potentials.
magnetic systems: The plane-wave part of the magnetization Tpe optimization of the atomic geometry, including ionic

density(and the corresponding contributions to orbitals a”dcoordinates, volume and shape of the unit cell, is performed

potential$ is represented by a vector field on a regular threeyig the conjugate-gradient minimization of the total energy,

dimensional grid in real and reciprocal space. In the PAWusing the Hellmann-Feynman forces on the atoms and

approach this grid covers the complete cel, in the FLAPW resses on the unit cell. Brillouin zone integrations in our

approach the plane-wave description applies only to the "Nzalculations are performed on a grid of Monkhorst-Pack spe-

terstitial space outside the muffin-tin spheres. The augmen-. Coe7 . :
tation and compensation charges of the PAW, and the charg%&aI points” using grids varying from X 2x2 to 8x8x8

inside the muffin-tin spheres in the FLAPW approach are,epending on the size of the unit (.:(:ﬂhis. refers to calcula-
represented on spherical support gt If only the tions for the other polymorphs with simpler crystal struc-

spherical-symmetric part is included, this corresponds to adured- The Methfessel-Paxton scheme with a broadening of

signing a fixed spin-quantization axis to the augmentation-o'l eV has been used for calculating density-of-states and is

and compensation charges and the muffin-tin spheres, r&&Pidly convergent with respect to ttepoint grid. For the
spectively. In this approximation, intra-atomic magnetic non-noncollinear spin structures of the phase, the calculations
collinearity is excluded in the FLAPW, whereas in the PAW had to be restricted to the coarsest grid. As the_ calculations
it is admitted as far as it is describable by the plane-wavd'@ve been performed within symmetry constraints, the full
contributions alone. If contributions to the on-site terms fromBrillouin zone has to be sampled. Hence even>a2x2

higher-order spherical harmonics are admitted, a full descripM€Sh corresponds to a grid of 84points. However, the

tion of intra-atomic noncollinearity is achievéH? Intra- calculations for the collinear configurations performed on a
atomic noncollinearity has been found to be of decisive im-finer grid allow us to conclude that convergence beyond the

portance in determining the correct spin-wave ground statVe! Of the energy differences between the collinear and
of y-Fe (Refs. 61,62and is also known to exist in magnetic noncollinear phases has be achieved even with this coarse

lanthanides and actinides where spin-orbit coupling isgrid. For a final analysis of the electroniq density (_)f states,
important*! The unconstrained vector-field description is finer meshes and a tetrahedron-integration technique have

particularly valuable when the GGA is used as jumps in thd?€€n used. The cutoff energy for the plane wave expansion

magnetization directions are avoided. As magnetization i¥/as fixed at 250 eV for-Mn, although larger cutoffs of 275

described by a continuously varying vector field, local mag-eV are used for phases with smaller unit cells for testing

netic moments associated with individual atoms can be calPYfPOSES.

culated only by integrating the magnetization density over an _1he noncollinear calculations were performed using the
atomic cell or atomic sphere. It must be born in mind that'Ully unconstrained approach recently developed within our

these magnetic moments are only local projections. For an roup” and briefly sketched above. The method allows both
details of the implementation on noncollinear magnetism irfN€ &tomic and magnetic structures to relax simultaneously
the PAW we refer to our recent wof#. and self-consistently and the magnetization density is de-
scribed as a continuous vector variable of position. Noncol-
linear solutions have been attempted using both the collinear
magnetic structure and the magnetic moments chosen to re-
Our calculations have used the Vienna LMTO packagdlect the experimental data of Yamaéaall® as a starting

and the Viennaab initio simulation packageasp.®3¢354The  point.

D. Computational setup
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An important point to be emphasized is that the structuratalculations are given in the paper of Antropetal?’ (the
relaxation(both atomic and magnejihas been performed paragraph onv-Mn is just ten lineg so we can only specu-
without any symmetry constraint. This is in contrast to mostlate that there is a correlation between the smaller moments
ab initio crystallographic optimization which are performed on sites Mnl and Mnll, and the larger moments on sites
under the constraint of conservation of the space-group synmMnlV.
metry and where charge densities, potentials, and forces are The larger moments on sites Mnl and Mnll agree with the
symmetrized after each iteration. FefMn the discussion in  GGA results of Asad&® the differences in the MnIV mo-
Sec. Il has shown that the magnetic symmetry of the noncolments are probably due to the difference in the basic assump-
linear spin arrangement is not uniquely determined by extions concerning the relative orientation of the Mnl and Mnll
periment. To solve this open question, we proceed to an urmoments(remember that each Mnl atom is surrounded by
constrained structural optimization. The drawback is thafour Mnll and 12 MnlIV). The broken cubic symmetry is
without explicit symmetrization of charge and spin densitiesreflected by small differences in the moments on sites IlI-
and of the interatomic forces and magnetic torques, a highgitV)a and 111V )b (but see the discussion of the noncollinear
level of convergence must be achieved to avoid spurioustructure belolw The GGA tends to enhance the large mo-
symmetry breaking due to numerical fluctuations. The veryments on sites | to Ill, but hardly affects those on sites IV.
small deviation of the axial ratio of the tetragonal antiferro-This indicates that the almost vanishing moments on sites
magnetic phase from unity illustrates that a very high accuMnlV are the consequence of a geometrical frustration. Us-
racy is indeed required. For the present calculations, conveing a Greens-function tight-bindingfB) LMTO technique,
gence criteria have been set for the electronic and magnetige have analyzed the distance dependence of the exchange-
relaxations to changes in the total energy per atom smallgrair-interactionsin a Heisenberg-like model. Strongly nega-
than 10°° eV, for the structural relaxations at fixed cell vol- tive (antiferromagnetic coupling was found at short inter-
umes, forces had to be converged to at least 0.1 eV/A.  atomic distances, switching to positive coupling at larger

distances. Around the Mnl site for example, the exchange

IV. CRYSTALLINE AND MAGNETIC STRUCTURE interaction with the 4Mnll and 12 MnlV neighbors on the
OF a-Mn CN16 coordination polyhedron is strongly antiferromagnetic,
whereas the coupling to the 24 Mnlll neighbors on the sec-
A. Magnetic structure using the TB-LMTO-ASA method ond coordination shell is essentially zero. Pair interactions

Calculations of the electronic and magnetic structure ofVer larger distances are ferromagnetic. This analysis con-
a-Mn in the tetragonal crystal structure of Lawsenal* firms the relative orientation of the Mnl and MnlV moments
and using the experimentally determined lattice constantgnd @lso provides a rationale for the strong quenching of the
and structural parameters have been performed using tH4n!V moments. Using the version of the LMTO technique
LMTO-ASA method in both the LSDA and the generalized &llowing for different spin-quantization axes in inequivalent
gradient approximatiofGGA) to the exchange-correlation &{omic spheres, we have also attempted to find a noncol-
functional. Brillouin-zone integrations have been performedlnear solution, but spin structures initialized according to the
using 2x2x2 and 3<3x 3 k-point grids (the latter corre- Models proposed in the literature always relaxed back to the

sponding to 14 k-points in the irreducible Brillouin zorend ~ collinear solution.
Methfessel-Paxton smearing. A comparison of the results
shows that for calculating total energies the coarser grid is
largely sufficient. A first set of calculations was performed in
a collinear approximation. As previous LMTO and ASW  We begin by discussing the relative stability of the non-
calculationd®~?® disagree even on the sign of the coupled ofmagnetic, collinear antiferromagnetic and noncollinear anti-
the magnetic moments on the inequivalent Mn sites, differenterromagnetic phases ef-Mn. For all magnetic phases the
initializations of the magnetic structure have been chosercrystalline structure has been optimized independently. Fig-
(a) magnetic moments on the Mnl and Mnll sites only andure 2a) shows the total energy of paramagnetic and both
(b) nonzero magnetic moments on the Mnlll and Mnlv sitescollinear and noncollinear antiferromagnetieMn as a func-
as well. Both sets of calculations converged exactly to thdion of volume and Fig. @) shows the variation of the mag-
same solution, with antiparallel orientation of the Mnl and nitude of the magnetic moments on the crystallographically
Mnll moments, in accordance with all experimental esti-inequivalent sites. The magnetic structure is found to be
mates. strongly coupled to the crystal structure—Fig. 3 reports the
We find significant differences compared to previouscalculated variation of the axial ratio and of the internal
LSDA calculations?®?’ In comparison to Sliwkeet al, the  atomic coordinates of all three magnetic phases as a function
much larger moments predicted for sites | andske Table of volume. The onset of magnetic ordering occurs at an
Il) are certainly the consequence of their assumption of atomic volume of about 9.5% up to a volume of about
ferromagnetic coupling of the Mnl atoms to two of its four 12 A® the magnetic structure remains collinear, with non-
Mnll neighbors. The purely antiferromagnetic Mnl-Mnll magnetic Mn atoms on sites IV. For larger atomic volumes, a
coupling resulting from our calculation allows the formation metastable collinear magnetic configuration coexists with the
of larger local Mnl and Mnll moments. Our magnetic mo- stable noncollinear phase.
ments on sites Mnl and Mnll are also larger than those cal- To find this noncollinear structure turned out to be ex-
culated by Antropovet al. Unfortunately, no details of the tremely difficult: initially all calculations performed close to

B. Crystalline and magnetic structure using PAW
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FIG. 2. (a) Total energy of nonmagneti®NM), collinear antifer- 8 10 12 14 16

romagnetic (AFM) and noncollinear antiferromagnetiéNCL)
a-Mn as a function of volumeb) Absolute values of the calculated
magnetic moments on the crystallographically inequivalent sites in  FIG. 3. Variation of the axial ratia/a (upper panéland of the
noncollinear antiferromagnetie-Mn. The nomenclature is as given internal structural parametetfr the notation see Tablg bf anti-

in Table I. Sites Il and IV split into two subsets in the tetragonally ferromagnetica-Mn as a function of volume. The empty circles
distorted antiferromagnetic phase. mark the results calculated for the collinear phase, the full circle the
results for a noncollinear magnetic structure, open squares the re-
sults for the non-magnetic phase. Full and broken lines are a guide
to the eye. The asterisks mark the experimental data of Lawson
et al. (Ref. 14.

Volume (Cubic Angstrom/atom)

the experimental densityin the volume range of 10 to
13 A®) converged to a collinear solution, even if the starting
point for the optimization of the noncollinear spin arrange-

ment was chosen close to one of the noncollinear StruCtures o ments increase only very slowly, the magnetic frustration

proposed in the literature. Finally we decided as the last at reqyced by a rather pronounced distortion of the crystal
tempt to optimize the magnetic structure at a strongly eXsircture which is much stronger than experimentally ob-

panded volume of 16 A starting with the noncollinear mag- geryeq, If a canting of the magnetic moments from their col-
netic structure proposed by Lawsoetal.™ but with  |ihear directions is admitted, the MnIV moments increase
artificially enhanced magnetic moments on the MnlV sites, ey rapidly, showing almost critical behavior. As the frus-

which showed a pronounced volume dependence at highi,tion of the magnetic exchange interactions is strongly re-
densities. This calculation converged to a well defined nony,ceq by the spin canting, the distortion of the crystalline
collinear minimum substantially lower in energy than the gyrycryre is much weaker. In the following we discuss the

still metastable collinear structure. Noncollinear solutions a%agnetic and crystalline structure of all three phases in more
lower volumes could than be found by using a rescaleqygtail

atomic and magnetic structure as the starting point for the
optimization at stepwise increased density. The volume de-
pendence of the site-dependent magnetic moments and of the
internal coordinates explains this surprising result: As long In the paramagnetic phase, the culfi¢2 structure is

as the MnlV atoms are nonmagnetic, the collinear antiferrofound to represent the ground state. The optimized internal
magnetic structure is only weakly frustrated. The couplingstructural parameters are found to be in very good agreement
between Mnl and Mnll is antiferromagnetic, the frustrationwith experiment(see Table)l, but the calculated lattice con-

of the magnetic coupling in the triangular groups of Mnlll stant and equilibrium volumea=8.532 A, 0=10.71 &)
(Mnllla and Mnlllb atoms couple antiferromagneticallgt-  are substantially lower than the experimental data for the
oms is released by distorting the equilateral triangles to isoparamagnetic phase extrapolated to zero temperatare (
cele triangles. Beyond a critical volume, magnetic moments=8.86 A, 0=11.99 A). An error of 3.7% in a lattice con-

on the MnlV develop. In a collinear spin structure, the MnlV stant and of 10.6% in the atomic volume calculated in the

C. Paramagnetic @-Mn
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GGA has to be considered as an unusually large error for ¢ 32 | - | - - - .
3d metal, but one has to emphasize that the extrapolation o i o
the experimental lattice constants introduces some uncer s neL

tainty.

28 Type I-IVa

D. Collinear antiferromagnetic a-Mn 26

Type I1-IIb

The calculated equilibrium volume of antiferromagnetic

NN distance (A)

241+ R Type UI-Va
a-Mn is Q=11.23 A, compared to an experimental volume L e
of 0=12.05 & according to Lawsort al,'* i.e., the error 2 e .
in the atomic volume is reduced to 6.8%. For comparison: Foe” o Type VeV
For antiferromagnetic bcc Cr, the most accurate GGA calcu- 2= __»~° .
lations also underestimate the atomic volume by 4°18. Foc .
For antiferromagnetie-Fe, GGA calculations also lead toa 18 —

predicted equilibrium volume that is about 7% smaller than
the atomic volume ofy-Fe precipitates in a Cu matrf%.For
the ferromagnetic metals Fe, Co, and Ni on the other hand, FIG. 4. Variation of selected interatomic distances:iVn with
the GGA predicts lattice constants in almost perfect agreevolume: open symbols and broken lines: collinear antiferromagnetic
ment with experimerﬁ‘? Hence it appears that the GGA is phase, full symbols and full lines: noncollinear phase.
less successful in correcting the LSDA overbinding for anti-
ferromagnetic than for ferromagnetid 3netals. agree on almost vanishing magnetic moments on these sites,
At this volume the magnetic structure is essentially stillin agreement with &s and Krey® Sliwko et al?® and
collinear, although the cubic crystal symmetry is broken. TheAntropov et al?’ report slightly larger moments which are,
axial ratio is still very close to unity, but the internal param- however, still appreciably lower than the Mnlll moments
eters summarized in Table | show that some of the relationsvhereas in Asadas results Mnlll and MnlV moments are
holding only in the cubic limit[x(Il)=z(ll), x(llla) nearly equal at the experimental density.
=z(lllb), x(IVa)=x(IVb), y(lllb) =z(llla)] are already At expanded volume, as a substantial moment on the
slightly violated. Compared to earlier collinear calculations,MnlV sites develops, collinear antiferromagnetic Mn under-
the high magnetic moments on sites | and Il predicted by ougoes a strong structural distortion—much stronger than ob-
LMTO calculations are confirmed, but the full-potential served experimentally. This concerns the shape of the unit
PAW calculations lead to larger Mnlll and even smaller cell as well as the internal atomic positiofsee Fig. 3. The
MnIV moments than the LMTO calculations performed in anvariation of the internal parameters leads to strong changes
atomic-sphere approximation, see Table Ill. The onset of @ the interatomic distances—the variation of a few charac-
formation of a magnetic moment on the MnlV sites takesteristic distances is shown in Fig. 4. We find that in particular
place only close to the experimental volume. There are conthe short distances between magnetically equivalent MnlV
siderable differences compared to some of the previous coktoms increase strongly—at larger distances the antiferro-
linear calculations: In agreement with Antropeval?’ and  magnetic interaction decreases strongly and hence the strong
Siss and Kre$® and with our own TB-LMTO calculations, distortion of the MnlV triangle helps to reduce the magnetic
but in disagreement with Sliwket al?® and with Asad®we frustration.
find that the Mnl atom couples antiferromagnetically to all
four Mnll atoms surrounding the central atom—Sliwébal.
had reported ferromagnetic and antiferromagnetic coupling
to groups of two Mnll atoms sharing a common edge of the
Mnll tetrahedron, Asada had assumed a ferromagnetic inter- A noncollinear magnetic structure develops only at a vol-
action. We note that if the Mnll atoms where divided into ume slightly larger than equilibrium. While the magnetic mo-
two magnetically inequivalent groups, this would result in aments at sites | to 11l continue to increase slowéyd hardly
further lowering of the magnetic symmetry which is incom- differ from their values in the collinear phase at)aih the
patible with the symmetry analysis of YamaffaFurther-  noncollinear phase the magnetic moment on the MnlV sites
more, in the models of Sliwket al. and of Asada, all Mnlll  shows critical behavior beyord~ 12 A3. The formation of
atoms carry parallel moments so that no frustration wouldvinlV moments triggers the noncollinear canting of the mag-
occur in the triangular Mnlll groups. We find, again in agree-netic moments. This is illustrated in Fig. 5 showing a three-
ment with Antropovet al. that the four Mnllla atoms couple dimensional representation of the magnetic structure at dif-
ferromagnetically to the central Mnl moment, whereas theferent atomic volumes. While the moments on sites | and |l
eight Mnlllb atoms couple antiferromagnetically. Hence onremain always collinear, those on sites Ill remain in a collin-
an equilateral Mnlll triangle there are one positive and twoear orientation only as long as the MnlV moments are zero.
negative moments and at least one of the exchange interathe MnlV atoms are arranged on the small triangular faces
tions is necessarily frustrated and this drives the structuradf a truncated tetrahedron, the interatomic distances in these
distortion. There are also important differences concerningmall triangles are the shortest inMn. At these short in-
the MnlV moments: Our TB-LMTO and PAW calculations teratomic distances, the exchange interaction between Mn

Volume (A3/atom)

E. Noncollinear antiferromagnetic @-Mn
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FIG. 5. (Color) Noncollinear magnetic structure of-Mn. Top row: Magnetic moments on sitegblue arrow$ and sites Il(purple
arrows, viewed slightly of top(left) and from the fron{right). Arrows of different length and shading indicate the increase of the magnetic
moments on expansion frof =12 to 14 &. Central panel: Magnetic moments on the type-1V atdivige: IVa, purple: IVb, viewed
slightly off-front. The yellow bars mark the short interatomic distances between atoms forming the small triangular faces of a truncated
tetrahedron. Note that the moments on each of these MnlV trimers forms a spin structure with angle of about 120° between neighboring
moments similar to the N phase of a frustrated triangular antiferromagnet. Bottom row: Magnetic moments on sibésdilllla, purple:
Illb). Note how with increasing volume and increasing magnetic moment on the MnlV sites the Mnlll moments rotate away from the
direction collinear to the moments on sites | and 11.GA& 12 A%, the collinear arrangement is still marginally stable.

atoms is always strongly antiferromagnetic as shown by théo the MnlV moments. Whereas the Mnlll moments undergo
The Greens-function LMTO calculations. Hence the situa-a large rotation as the volume and the magnetic moments
tion is similar to that in a frustrated triangular antiferromag-increase, the directions of the MnlV moments do not change
net, and indeed we find that the three MnlIV atofhdMnlVa  at all. This demonstrates that the driving force for the forma-
and 2 MnlVb on a triangle are oriented roughly at 120° tion of a noncollinear structure is really the frustration of the
relative to each other, similar to the &lestructure which antiferromagnetic coupling in the MnlV triangles. Again the
forms the ground-state of a triangular antiferromagnet withinincrease of the moments on sites Ill and 1V is accompanied
the XY model(in reality, the moments deviate slightly from by a structural distortion—Dbut this distortion is now much
a planar arrangement and differ slightly in magnitudegnce  more modest than that calculated for the collinear phase and
the MnIV atoms are magnetically polarized, the Mnlll mo- in good agreement with experimefaimost within the com-
ments begin to rotate away from their orientation collinear tobined experimental and computational uncertainths

the Mnl and Mnll moments, the canting increasing parallelshown in Fig. 4 all interatomic distances scale similarly with
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TABLE IV. The internal structural parameters and magnetic momeats for «-Mn at a series of

volumes, compared with the experimental data. The convention adopted for the Cartesian components of the

magnetic moments is the following: Moments on sites | are aligned dl@@4. The moments for sites IlI

and IV are listed for a set of three atoms forming a common triangle—these are always atoms from all three

different subgroupsa,b1,b2. In the collinear limit the moments on sites a and B are antiparallel.

Experiment
(Ref. 14
| I Ila b IVa IVb
V=12.05 B X 0.0 0.319 0.362 0.353  0.092 0.089
y 0.0 0.319 0.362  0.033  0.092 0.285
z 0.0 0.317 0.041 0.356  0.279 0.089
M, 0.0 0.14 043 —0.25 0.27 -0.08
M, 0.0 0.14 0.43 —0.25 0.27 —0.45
M, 283 —1.82 043 —-0.32 -—0.45 0.48
[M] 2.83 1.83 0.74 0.48 0.59 0.66
Theory
(Present work
| I Ila b1 b2 IVa Vbl Vb2
v=12 A X 0.0 0.320 0.355 0.355 0.088 0.088
y 0.0 0.320 0.355  0.033 0.284  0.284
z 0.0 0.320 0.033  0.355 0.283  0.088
M, 0.0 -0.01 0.01 0.0 0.0 0.0
M, 0.0 —-0.01 0.02 0.0 0.0 0.0
M, 319 -2.79 181 -1.81 0.0 —-0.01
[M] 3.19 2.79 1.81 1.81 0.0 0.01
v=13 A3 X 0.0 0.320 0.355 0.355 0.088 0.088
y 0.0 0.320 0.355  0.033 0.088  0.283
z 0.0 0.319 0.032 0.354 0.283  0.087
M, 0.0 024 —1.24 0.53 1.25 0.09
M, 0.0 024 —-1.37 -—1.18 132 -164
M, 333  —3.09 149 —203 0.14 0.03
[M] 3.33 3.10 2.37 2.41 1.83 1.64
V=14 A X 0.0 0.320 0.356 0.355 0.088 0.090
y 0.0 0.319 0.355  0.032 0.089  0.282
z 0.0 0.319 0.032 0.354 0.282  0.087
M, 001 -031 -1.64 0.82 1.61 0.18
M, 002 -001 -176 —1.78 1.73 —-2.26
M, 347 —-330 -032 -2.03 0.22 0.04
[M] 3.47 3.31 2.74 2.82 2.37 2.26
V=15 A3 0.0 0.320 0.356 0.355 0.089 0.090
0.0 0.320 0.356  0.032 0.089  0.282
0.0 0.319 0.033 0.354 0.280  0.086
-0.01 -0.19 -1.90 0.81 1.86 0.26
0.0 012 —-201 -2.22 200 -2.65
359 —3.48 1.27 —2.00 0.29 0.04
| 3.59 3.49 3.05 3.10 2.74 2.66

increasing atomic volume so that the coordination polyhedrgroposed by Lawsoet al* We find (see Table 1V that the
remain undistorted—in evident contrast to the collinear soeight Mnlllb and MnIVb atoms split further into two sub-

lution.

groups labeled b1 and b2. Atomic positions within these sub-

However, a closer inspection of the magnetic momentgroups are related through symmetry operations belonging to
reveals a quite substantial difference compared to the modéhe D,y space group. A splitting of the Mnlll and MnlV sites
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into more than two subgroups each was also postulated hbyy Kittel”®), B,=93 GPa(Rosen, Ref. 74 The Bridgman
Yamagata and Asayartfeon the basis of their NMR data and data are based on static compression experiments up to a
explained in terms of the admixture of a second vector basigressure of 10 GPa and have been performed on specimens
function to the representation of the magnetic momentseontaining up to 3% of impurities, Rosen performed ultra-
However, one must not forget that this analysis and the symsonic experiments. More recent static compression experi-
metry analysis of Yamadaare based on the assumption thatments using diamond anvil cell data extending up to 42 GPa
the symmetry of the underlying crystal structure is cubic angproduced values dB,= 131 GPaTakemuraet al., Ref. 75
hence the basis functions of the irreducible representations @id B,=137 GPa(Mori, Ref. 76, respectively. The most

the cubic space group have been used. From Table IV Weacent compression data by Fujihisaal.” extending up to
learn that the moments on the b1 and b2 subgroups differ ino GPa lead to a still higher value d&d,= 158 GPa.
orientation, but show almost no difference in the magnitudeyhereas Takemuret al.reported an anomalously high value

in the magnetic moments. We have also investigated whethgpr the pressure dependence of the bulk moduli (

the reduction of the magnetic symmetry is accompanied by a.6.6), Fujihisaetal. derived a lower value oB{=4.6

reduction of the crystalline symmetry. However, as alreadyiher close to the range characteristic for other transition
the tetragonal symmetry breaking was rather wealka( etals.

=0.99955), a further reduction of the crystalline symmetry \va have calculated the bulk modulus @fMn by fitting

could not be established at the given accuracy of our data. energy vs volume data to a Birch-MurnagHagquation

_Infuture it will be necessary to supplement our calcula-;q 1 the “universal equation-of-state” proposed by Vinet
tions by a group-theoretical analysis similar to that per-o; 5178 Both fits agree on a value @,=188+10 GPa for

formed by Yamada. However, considering the fact that theantiferromagnetiCa-Mn. This is slightly above the range

voluminous study of Yamada dealt only with a possible n0n-, ereq by the experiments, the overestimate is due to the

collinear magnetic structure on a cubic crystalline lattice, thistOO small equilibrium volume. As expected from the energy
will require a substantial effort. vs volume data, nonmagneticMn has a much higher bulk

Finally we want to comments on Fhe importance of USINGmodulus ofBy~260 GPa. Hence the outstanding softness of
an unconstrained vector-field description of the magnetiza-

tion density. We h found that while th I TB a-Mn is clearly due to the strong volume dependence of the
lon density. VW& have tound that while the noncollinear 11 “magnetic moments around the equilibrium volume and not
LMTO calculations with fixed spin-quantization axes within

the atomi h fails to find a stabl li uti directly related to the unusual crystal structure. Sliwko
e atomic spheres fails to find a stable noncollinear solution,; 126" .-~ lated a bulk modulus &B,=139 GPa at the

SUCh _at_stru_cturle IS f?ugd ]tr;]_th?h un;:vr:/st,&?tme?hvectorl-flgl xperimental density, no information on the equilibrium den-
escription implemented within the - ALEr the ana ySISsity corresponding to their LSDA approach is given. Hence

of the spin-wave _ground state” In v-Fe, th_|s faa fu_rther_ the results are not directly comparable, but for an expansion
example for the importance of intra-atomic noncollmearlty.to the experimental value we estimate a bulk modulus very
Another example where atomic-sphere based and unNCcoN se to their value

strained description lead to different results are antiferromag-
netic Cr and Mn monolayers on Cliil) substrates. For Mn/
Cu11l) it was found that while TB-LMTO-ASA V. ELECTRONIC STRUCTURE

CalCUlationgg prEdiCt a noncollinear f\é grOUnd state with The bonding properties and the magnetic character of the
\V3X /3 periodicity, unconstrained vector-field descriptionsstructurally and magnetically inequivalent Mn atoms are of
based on either the PAVRef. 70 or the FLAPW methot  course reflected in the local electronic structure. Figure 6
lead to the conclusion that a row-wise antiferromagneticshows the total and angular-momentum decomposed elec-
structure withc(2x2) periodicity is preferred. For these tronic densities of statg®0S) of a-Mn as calculated for the
simple two-dimensional structures it was also possible to vinonmagnetic and the collinear antiferromagnetic phase at
sualize the vector field of the magnetization density and taequilibrium. These DOS calculations are based on a tetrahe-
explicitly demonstrate the intra-atomic noncollinearities indron integration over a dense Monkhorst-Pack grid. The
the outer regions of the atomic spheres. For the much moreomparison with the calculations performed on a coarser grid
complexa-Mn structure such a visualization is hardly fea- allows us to conclude that the total energies are well con-
sible. verged. Around the Fermi level, the electronic spectrum is
entirely dominated by the @8 states.s-orbitals contribute to
the tail at high binding energies and to the peak at about
—4 eV binding energyp states merely produce a low, struc-
Mn has not only very unusual crystalline and magnetictureless background to thed®OS extending from-5 eV
structures, its bulk modulus is also significantly lower thanup to Eg .
that of its neighbors in the Periodic Table—in striking con-  Surprisingly (in view of the large magnetic moments on
trast to the variation of the strength of bonding with themost of the sites the total spin-integrated DOS’s of both
filling of the d band suggesting a maximum for a half-filled phases are almost identical. Both are characterized by a DOS
band. The experimentally determined values of the bulkminimum just below the Fermi energy. This result is impor-
modulus show a very large scatter. The older experimentgant for understanding the stability of tkephase compared
which are often still referred to in the literature report ex-to the high-symmetryy and § phases above the Betem-
tremely low valuedB,=60 GPa(Bridgman, Ref. 72 as cited perature. Off course we do not suggest that the paramagnetic

F. Mechanical properties
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FIG. 6. Total(full lines) ands, p, d-decomposeddotted, short-
and long-dashed ling®lectronic density of states for nonmagnetic
(NM) and collinear antiferromagneti@FM) Mn, calculated at the
equilibrium atomic volume. FIG. 7. Spin-polarized local densities of states on the crystallo-

graphically inequivalent sites in collinear antiferromagnetic Mn.
local moments vanish completely above the eNe Broken and dashed lines show thep, andd components of the

temperature—a disordered local-moment picture is certaini{?©S:
adequate for the paramagnetic state. However, within a
mean-field description such as the DFT, the total electroniecnagnets®° A similar conclusion can be drawn from the
energy of the paramagnetic phase has to be calculated usitggal spin-polarized DOS at sites Il. Spin-polarization effects
the nonmagnetic DOS. are much smaller on sites Il and 1V, but the positions of the
For the collinear antiferromagnetic phase we can decomband centers and the local magnetic moments are again com-
pose the local DOS’s at the inequivalent sites into thepatible with an itinerant picture and a constant value of the
majority- and minority-spin contributions, see Fig. 7. This Stoner parameter df~1 eV,ugl. At the equilibrium vol-
analysis reflects the different character of the Mn atoms ocume, the magnetic moments on sites IV are essentially zero,
cupying the crystallographically inequivalent sites and resspin-polarization effects in the DOS are absent. However,
veals drastic differences in the local electronic structure andilso for the low-spin sites the Fermi level is pinned in a
in the exchange splitting. While the DOS on the high-spinminimum of the local DOS.
sites | and Il is strongly structured and displays a deep mini- Compared to the ASW calculations of Sliwkb al?® our
mum at the Fermi energy, those on sites Il and IV showelectronic structure shows more structure and a more pro-
rather little structure. Essentially we can interpret the locahounced exchange-splitting on sites | and I, but less struc-
variations in the electronic structure in terms of “magneticture on the weakly magnetic sites Ill and IV. These differ-
impurity states” on sites | and Il, immersed in a matrix of ences are clearly to be attributed to the use of the atomic-
weakly magnetic or nonmagnetic Mnlll and MnlV atoms. sphere approximation in the ASW calculations, with equal
On the Mnl sites carrying the largest magnetic momentsadii on all sites. For thex-Mn structure this leads to large
we find an almost completely filled majoriy band and a differences in the local overlap of the atomic spheres and the
strongly depleted minority band. In terms of the positions ofspherical averaging within the spheres tends to level the local
the dominant peaks in the occupied majority-spin band andariations in charge and spin densities. For this structure the
of the empty minority-spin band we estimate an exchangatomic-sphere approximation is certainly a rather crude one.
splitting of aboutA,,~4.5 eV. If the splitting is calculated The strong differences in the local DOS also lead to pro-
in terms of the band centers, a somewhat smaller value afounced differences in the local magnetization densities and
about 3.5 eV is obtained. From the ratio of magnetic momenhence in the local magnetic form factor. This demonstrates
and exchange splitting we obtain a value of the Stoner pathat the previous analyses of the magnetic diffraction data
rameter ofl =A,/u~1 eVug® characteristic for itinerant based on the assumption of a magnetic form factor common

Energy (eV)
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3

the stability of the noncollinear compared to the collinear
25k 1 _' structure.
2 — — —
sk T ] VI. SUMMARY AND CONCLUSIONS
1 £ - Our study sheds an interesting light on the structural and
05l T ] magnetic complexity of Mn. We find that indeed—as pro-
oA L. i posed already many years ago—the ground state-bfn
oA A | may be interpreted as an intermetallic compound formed by
E 25| [ Topellla] [ ypemm] ] Mn atoms of different size related to their magnetic proper-
s L I b ties. The crystal structure af-Mn shared withy-phase al-
e L 1 _ loys (e.g. FggCr;oMo;0) and y-Mg;7Al 4, is built by CN16
g 151 - - Friauf coordination polyhedra around the Mnl and Mnl| sites
% e T ] carrying large magnetic moments. The Mnlll and MnlV sites
2 + . with smaller momentgand hence smaller diametgrsave
051 T ] CN 13 and CN 12, with a local icosahedral symmetry around
o LA = A RN S the MnlV sites. We have demonstrated that even in a non-
25| [ Twweva) T [rwwervy) N magnetic phase this complex structure is at least locally
L 1 - stable—stability with respect to other crystal structures will
2r T 7] be discussed in a following paper. Our results also explain
15k € - the exceptional softness afMn—the low bulk modulus is a
L T h consequence of the rapid variation of the magnetic moments
L 1 i and the magnetic energies around equilibrium.
0.5 - - The tendency to form such a compact crystalline arrange-
o LARES et [ AR il ) ment arises from the half-filled Md-band—in the energeti-
-6 -4 -2 0 2 -4 -2 0 2

cally favorable structure only bonding orbitals should be oc-
cupied and this leads to short interatomic distances.

FIG. 8. Local densities of states on the crystallographically in-HOWeVer, this strong-bonding tendency is in conflict with the
equivalent sites in noncollinear antiferromagnetic Mn, calculated afendency to maximize the magnetic spin moment according
a slightly expanded volume. For the symbols see Fig. 7. to Hund’s rule. Strong bonding and short interatomic dis-

tances not only tend to quench the magnetic moment, for a
to all sites must be considered only as first estimates anthetal where the nearest-neighbor exchange interaction is ex-
should be repeated with more realistic site-dependent forrpected to be antiferromagnetias for all d-band elements
factors. However, the present plane-wave based calculationgith half or less-than-half filled bangisthis also leads to a
does not directly give us access to the individual atomic fornconflict with the local topology imposed by the close-
factors—this could be achieved only via a projection ontopacking requirement. As in the topologically close-packed
local spin-dependent orbitals. polytetrahedral Frank-Kasper phases to whichAl& struc-

An analysis of the local DOS is more difficult for the ture is closely related, the coordination polyhedracefMn
noncollinear phase. Since the direction of the magnetizatiohave only triangular faces. On these faces antiferromagnetic
varies continuously throughout the lattice, it is not straight-coupling between nearest neighbors is necessarily frustrated.
forward to define majority and minority components. Only If the interatomic distances are short enough, the local mo-
an approximate definition based on magnetization directionments are completely quenched. This happens for the CN16
averaged over atomic spheres would be possible. In additiopolyhedron surrounding Mnl for the twelve MnlV sites with
the computational effort associated with a noncollinear cala fivefold surface coordination. The four Mnll sites with sur-
culations forbids the use oflapoint mesh fine enough for a face coordination six and a somewhat large distance from the
tetrahedron-integration and the extension of the calculationsenter can form a large magnetic moment. The frustration
to excited states more than 1 eV above the Fermi energwrising from the formation of a magnetic moment on the
Hence only the spin-integrated DOS produced withMnlV sites can be relieved either by a large structural dis-
Methfessel-Paxton smearing are reproduced in Fig. 8. Thegdertion or by a canting of the moments whose coupling is
calculations have been performed for a slightly expandednost strongly frustrated.
volume of 13 & where appreciable transverse components Our results are not in perfect agreement with
of the magnetizations have been found on sites Ill and IVexperiment—even in the GGA, a certain tendency to
The large volume lead to an overall reduction of the bandverbinding exists so that at the theoretical equilibrium vol-
width compared to the collinear results shown in Fig. 7.ume, the calculated magnetic structure is still collinear. How-
Compared to the collinear calculations the local DOS’s orever, a noncollinear structure develops at a slightly expan-
sites 1ll and IV with canted magnetic moments show moresion. In this respect, the situation in Mn is similar to that in
pronounced minima at the Fermi level. This is clearly a con-Cr where at the calculated equilibrium distance the antifer-
sequence of the successful relief of the magnetic frustrationsomagnetic moment is totally quenciéd and where the
by the canting of the Mnlll and MnlV moments and reflects magnetic moment shows critical behavior as a function of

Energy (eV)
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volume—in evident analogy with the volume dependence oMnll sites. A splitting into more than two magnetic sub-
the MnlV moments. The noncollinear structure developinggroups has also been suggested on the basis of NMR
around the experimental density is similar to that propose@xperiments—but we do not find any sign for a splitting of
on the basis of the experimental data: large, almost collineahe Mnll sites into two magnetic subgroups. Such a splitting
magnetic moments on sites | and Il, substantially smaller angyould lower the magnetic symmetry belold,,, whereas
strongly canted moments on sites Il and IV. However, athe splitting of the Mnlll and MnlV sites is still compatible
detailed comparison is difficult because the analysis of th&uith this space-group symmetry.
data is based on assumptidssich as a magnetic form factor  So far we have discussed only the phase of Mn. A
common to all Mn atomsthat are in contradiction to the forthcoming papéi,l will be devoted to the other
calculated electronic structure and also in at least partial corpolymorphs—their crystalline, magnetic, and electronic
tradiction to the experiment itself. structures, their stability relative to the phase and to pos-
The most important new aspect resulting from our studysible pressure-induced transitions between these phases.
is a splitting of the Mnlll and MnlV sites in three and not Without anticipating too much of these results, we only men-
only in two magnetic subgroupgbut no crystallographic tion that the calculations predict the correct energetic order
splitting beyond that in two subgroups deduced from experiof the polymorphs at zero pressurer¥B8>y) and a
men). For the MnlV sites this can be related directly to the pressure-induced transition from the phase to the
frustrated antiferromagnetic interactions in the small MnlIV hexagonal-close-packedphase(confirming a still inconclu-
triangles on the surface of the CN16 Friauf polyhedronsjye interpretation of the high-pressure data
around Mnl. The antiferromagnetic coupling leads to a local
arrangement of the spins similar to that in theeNghase of

a frl_Jstrated triangular _antiferromagne_t. Whereas the spin di- ACKNOWLEDGMENTS
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