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“14-1-11" phase compounds, based on magnetic Mn ions and typified hyMo®i,; and Bg,MnBi;,
show an unusual magnetic behavior, but the large nurti@) of atoms in the primitive cell has precluded
any previous full electronic structure study. Using an efficient, local-orbital-based method within the local-
spin-density approximation to study the electronic structure, we find a gap between a bonding valence-band
complex and an antibonding conduction-band continuum. The bonding bands lack one electron per formula
unit of being filled, making them low carrier densipytype metals. The hole resides in the MpBétrahedral
unit, and partially compensates for the high-sgtn Mn moment, leaving a net spin neag4 that is consistent
with experiment. These manganites are composed of two disjoint but interpenetrating “jungle gym” networks
of spin-‘z—1 MnBi; units with ferromagnetic interactions within the same network, and weaker couplings
between the networks whose sign and magnitude is sensitive to materials parame®daBGais calculated
to be ferromagnetic as observed, while for;B&nBi,; (which is antiferromagnetjcthe ferromagnetic and
antiferromagnetic states are calculated to be essentially degenerate. The band structure of the ferromagnetic
states is very close to half metallic.
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[. INTRODUCTION Sr or Ba and Bi can be substituted for by Sb or’Ammprise
a rather difficult case of a magnetic system with a complex
Recently many new magnetic phenomena have been digtystal structure. The structure will be described in detail
covered, such as colossal magnetoresisfaf@®IR), a new ~ below; however, with its four formula unitd04 atomsand
type of heavy fermion systén(LiV,0,), and spin Peierls Nine m_equwalent sites, and a magnetic ordering at 15—70_K
ground states in magnetic insulators. Spin-glass behavior hdgdicating an exchange coupling of the order of 10 meV, this
been found and studied intensively in magnetic insulator§'@SS Presents a strenuous test for state-of-the-art electronic
without structural disordeYA related aspect of complexity in structure methods. Understanding the existence of such a

: - o e ructure is itself an interesting topic in solid state chemistry.
crystalline magnetg arises when magnetic ions are d'St”bUteﬁseems to be consistent withgthepsimplified picture provide)él
regularly but interionic distances are large,l nm. One

. - by the Zintl-Klemm-Bussmarifi concept, which we will re-
example is the class of metallic rare eaftR) silicides y ! us Pt which we wi

. . ) ) fer to as the Zintl concept. This picture represents a gener-
RsPhoSie, and the corresponding germanides, which preseny i ation of the octet rule for binary semiconductors and in-

multiple ordering transitions vyith temperatgﬁél_s the range sulators, and invokes a charge balance betweeminally

of a few K. Examples of dilute magnetic insulators arecjosed-she)l structural units which themselves may be co-
NagM,LisF1,,°> and the rare-earth phosphomolybdates valently or ionically bonded complexes as well as simple
RP0,(M003),X 30H,0, which order below 1 K, and some- jons. However, both of the compounds that we address in
times much below. A more well-known example is the heavydetail in this paper are metalfic*in their magnetically or-
fermion superconductor UBg which superconducts at 0.9 dered phases, whereas the Zintl arguments that have been
K and is near an antiferromagnetic instabifitfhese intrigu-  applied to these compounds would be more appropriate if
ing materials, with their complex exchange interactionsthey were semiconducting. In fact, the magnetic ordering and
transmitted through intermediate bonds, are examples of thiése metallicity seem to be correlated in these materials,
continuing, perhaps even accelerating, growth and study ofhich would be broadly consistent with a Ruderman-Kittel-
more complex compounds. The complexity may be structurakasuya-YosiddRKKY )-type of modet® for the origin of the

in origin (many atomic sites of low symmetry in the unit Magnetic interactions.

cell), or it may be rooted in complex magnetic and electronic _ 1he two materials chosen for the present study are

interactions (many different exchange couplings, perhapsC@aMnBii;, which is ferromagneti¢FM) with Curie tem-
competing and frustrating perature To=55 K, and antiferromagnetic (AFM)

In this paper we present a first-principles density-BaaMnBiy;, with a Neel temperaturély=15 K. The ob-

functional study of the electronic properties of two represenServed magnetic moment of Mn and the ordering tempera-

tative compounds of the so-called *14-1-11" phases Whichtures (several tens of Kgive rise to several fundamental
: . . ' questions:
are a clear example of materials showing simultaneous com (1) What is the charge state of Mn, and how does it relate

plex atomic and magnetic structures. The 14-1-11 pt‘@iase?0 structural stability and conduction behavior?
typified by Ca,MnBiy;, where Ca may be substituted for by (2) Given that th)(/a Mn ions are magnetic, Why is the or-
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dering temperature of the order of 50 K when the distancé&ug expected from a simpld® configuration.

between Mn ions is at least 10 A? These two apparently contradictory observations are rec-
(3) What is the bonding path that provides the magneticonciled by the near-half-metallic band structure: the holes
coupling? (one per Mn atornleft in the majority spin valence band

(4) How is the magnetic order coupled to the carriers inreside in the Bj tetrahedron that encapsulates the Mn ion.
these compounds, some members of which show a colosshe effective~4ug magnetic moment is still relatively well
magnetoresistance nedg? localized. As we will see below in more detail, both the

The only previous theoretical work on the electronic experimental moment of-4upg and our observation of an
structure of this class of compounds was done by Gallupalmost half-metallic band structure can already be antici-
Fong, and Kauzlarick! who considered a single-formula- pated from the electronic structure of the isolated MnBi
unit simplification of semiconducting G#&aAs,. They tetrahedron, using the charge derived from applying the va-
concluded that the bonding in this compound is consistenfence counting rulesn=9).
with the Zintl concept of valence counting using covalently The paper is organized as follows. Sections Il and lll
bonded subunitgdiscussed below The greatest difference describe the crystal structure and the method of calculation,
between this compound and those we study in this paper iespectively. Magnetic energies and their interpretation in
the substitution of thep metal atom Ga in the site of inver- terms of exchange couplings are presented in Sec. IV, and
sion symmetry with the transition-metal atom Mn. Ga isSec. V presents an analysis of the magnetization and its dis-
trivalent, whereas the metallicity of the Mn-based com-tribution along the unit cell. The density of states of crystal-
pounds indicates a different valence for Mn. line Ca,4MnBi,; and Ba,MnBi;; are analyzed in Sec. VI,

We conclude, in fact, that Mn is in a divalent state, with followed by a discussion of charge transfers and their rela-
five 3d localized and magnetic electrons. This difference,tion with the formal valences in Sec. VII. Section VIII is
trivalent Ga versus divalent Mn, leaves one unoccupiedievoted to an examination of the electronic states near the
bonding orbital in the valence bands, giving a metallic be-Fermi level, along with their relation to the anisotropic na-
havior, as observed. The FM metal @Q&nBi,, is close to a ture of the magnetic couplings. In Sec. IX the main results
half-metallic filling'® of the bands. Our results suggest thatfor the solid are reinterpreted as simple consequences of the
adding one additional electron per formula unit to the itiner-electronic structure of the isolated MnBiharged clusters. A
ant valence bands should lead to a semiconducting consummary is presented in Sec. X.
pound. Adding less than one more carrier could produce a

half-metallic FM situation. The most ldirect way _of doing SO || cRYSTAL STRUCTURE AND ITS IMPLICATIONS
would be the replacement of a fraction of alkaline earth at-
oms with a trivalent atom, viz. GaY. A less likely possi- The structure of the alkaline-earth metal pnictide com-

bility would be Mn—Fe, if Fe would assume a trivalent, poundsA;,MPry;, which we will call theAMPn structure,
high-spind® configuration. The alternative is that Fe would was experimentally determined, and described in detail by
assume al® configuration, and therefore also be divalent,Kurotomo, Kauzlarich, and Web.In the present calcula-
and the system would remain metallic. tions we have used the coordinates given by these authors.
The current interpretation assigns & ¥alence to the Mn  A34MPn;; compounds have a body-center-tetragofsplace
atoms in these compound&!’ This disagrees with our find- group 14, /acd) unit cell with four formula units(104 at-
ings as stated above, but it seems a very reasonable assun@s: a=17.002 A andc=22.422 A for Ca;MnBi,;, and
tion considering that the measured magnetic moment is verg=18.633 A and:=24.340 A for Ba,MnBiy;."" The struc-
close to 4ug /Mn for this class of materials. However, M~ ture can be viewed as consisting of: interstitial alkaline earth
also seems to imply a semiconducting charactez.  atoms, isolated B{Bi3'% atoms, distorted MnBi(Bi2) tet-
Cay,GaAs), in contradiction to the experimental evidence. rahedra, and Bi(Bil-Bi4-Bil) linear units. The MnBj tet-
While the valencdor charge stateof an ion in a solid is a rahedra are translated Byalong thec axis alternating with
very useful concept, it does not necessarily represent an athe Bi anions, which are rotated by 90° with respect to each
tual ionic charge; indeed, it is widely recognized that “ionic other, as shown in Fig. 1. The isolated Bi atoms are situated
charge” is an ill-defined concept, particularly so for metalsbetween the Bi and MnBj, groups, along a screw axis
and narrow-gap semiconductors. Nevertheless, the “chargehich coincides with the axis. All the Mn atoms in the unit
state” often continues to be meaningful, and the charge stateell are symmetry equivalent. The alkaline earth cations oc-
of the Mn atom in these materials was deduced from meaeupy four inequivalent sites, but the distinctions will not con-
surements of the high-temperature magnetic susceptibilitygern us.
which is indicative of moments of 4 g . This moment was The MnBi, tetrahedra are slightly flattened within theb
assigned to Mn, arriving at d* (trivalent assignment. We plane, with the distortion increasing by1° when Ca ion is
find, however, that the density of states contains a peak, wetlubstituted for by Bdthe inequivalent angles are 118.0° and
below the Fermi energy, originating from five bands per for-105.4° for the Ca compoundAll bond lengths in the system
mula unit (i.e., per Mn atom which derive from Mn &l also increase with this substitution, for whiehand ¢ in-
states. This situation allows us to identify the Mn ion ascrease by 9-10%, with a corresponding volume change of
having ad® configuration, consistent only with a divalent nearly 30%. The Mn-Bi bond distance, for example, in-
charge state. Nevertheless, the moment that we obtain is conreases from 2.814 ACa) to 2.935 A(Ba). The Bi-Bi bond
sistent with the experiment, being closer tagthan to the length in the Bj units also increases from 3.335(&a) to
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FIG. 1. One view of the crystal structure of &InBi,;, em-
phasizing the two interpenetrating sublattices of MnRitrahedra,

one shown as white and the other one darker. The'&icks” are (C) i C}% b C%
also shown; the Ca atoms and the isolated Bi atoms are not shown, e e
QP ..

for clarity.

3.498 A (Ba),! indicating that both this unit and the Mnpi

tetrahedra are substantially environment dependent. ° °

There are four cations located close to the Bi2 atoms in 6% %
the tetrahedron, with Bi-Ca distances in the range 3.2—-3.3 A, o °
and 3.5-3.6 A for Bi-Ba separatiomsThe Bi4 central atom w o Qi@ o

in the Biz unit is surrounded by four cations, while the ter-

minal Bil atoms are coordinated with eight catidi@a-Bi
P 1

bonds Of.3'2_3'4 A and Ba-Bi dlstanc_es Of_3'5_3'75 %‘)' order possible without enlarging the unit cell. A00 plane is

. As pointed out in Ref. 16, and \,’Vh'Ch W_'" provg to be shown. The open circles with arrows indicate Mn with its spin

important to understand the magnetic couplings, this crystalgirection, the filled dots indicate Bi sites, and the gray lobes indi-

line structure can also be regarded as two interpenetratingyte honding patterns schematically. Some of the exchange con-
networks formed by MnBi tetrahedra. Each tetrahedron siants are shown.

only belongs to one of these networks, and is linked to the

four nearest MnBj groups in the same network along the .
Bl group g centered on the Ga atom which becomes G&PnAlthough

tetrahedral directions, i.e., through a Bi-Bi bond. This loose .
bond, with the Bi atoms 4.5-5 A apart, is mediated by thre hese formal charges are quite large and should not be taken
’ ) ' iterally, such valence counting has proven to provide a very

cations(atomsAl, A1l’, andA3 in Ref. 11, which are com- - . 14
mon nearest neighbors to both BBi2) atoms. Figure 2 good description of the electronic structure of, {&aAs "

shows a schematic representation of this connectivity on the 1€ metallic —or semiconducting character of the
(100 plane. A.,MnBi{; materials therefore seems to depend in an essen-

In contrast, the identification of the interaction pathway i@/ Way on the valence of the Mn atom. A trivalent Mn atom
between MnBj tetrahedra belonging to different networks is 1S isovalent with Ga and implies a semiconducting com-
not so clear. Different paths can be envisioned, all involvingP@und (which the A;,MnBi,, compounds are nptwhile a
several cations and at least one of the isolated Bi atomdivalent Mn ion will imply a metallic compoundas ob-
(Bi3). served but appears to violate formal charge neutrahty.

For compounds such @,,GaPn,, formal valence argu- One of the main objectives of this paper is to resolve this
ments and accumulated experience indicate that the ele€onundrum.
tronic structure can be rationalized in terms of a model where
each alkaline earth atom cedes two electronsA¢13, three Ill. METHOD OF CALCULATION
of these valence electrons are collected by each isolated Pn
atom (4PA"), seven electrons can be transferred to thg Pn  The calculations have been performed with the program
units leaving unoccupied the antibonding molecular SIESTA'®™?! an optimized code which allows standard
state!* and the remaining electrons go to the tetrahedrordensity-function&f calculations on systems with hundreds

FIG. 2. lllustrations of the three inequivalent types of AFM
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TABLE I. Core radii (in a.u) used for the generation of the (ii) antialigned FM chaingFig. 2(b)], and (iii) out-of-phase

pseudopotentials. AFM chains[Fig. 2(c)]. Similar chains run out of this plane,
: and ultimately the various bonding chains form two interpen-
Mn Bi Ca Ba etrating three-dimensional networks, as described in Sec. Il.
e 200 220 3.20 350 Only four of the eight nearest Mn neighbors of a given Mn
atom belong to the same network as the central one, and only
p 2.20 2.90 3.30 4.00 in the configuration(i) (in-phase AFM chainsthe eight
ry 1.90 2.90 3.00 3.50 g P 9

neighbors are antiferromagnetically aligned.
From the figure it is clear that there are two distinct near-

of atoms. This method has been successfully applied to th@St neighbor interactions, labeldd and J;. The second-

study of the electronic and structural properties of many dif-n€ighbor interactionJ, is also shown. We will obtain an

ferent material€? including magnetic clustefé.The compu- ~ €stimate of these couplings assuming an effective spin cou-

tational cost and memory requirements to build up the?ling

Hamiltonian matrix scale linearly with the size of the system,

i.e., is of orderN [O(N)] where N is the number of o () czez

atoms'>?while for the evaluation of the density and energy Hspin Et <IEJ> Ji'SS) @)

one can choose between standard methods, or make use of , i ) )

the recently develope®(N) technique® In this work we ~ Where S'==1 represents a normalized spin variable. The

have used a standard diagonalization of the Hamiltonian bdhdext labels the types of couplings, axfg) denotes spin

cause we are interested in the band structure and charact®@irs of that type. Note that in some treatments, bonight

istics of specific states. correspond td'S? whereSis the spin of the magnetic atom.
The basis set is a linear combination of pseudoatomic For both compounds we have calculated the energies for

orbitals?*?®? In the present calculations we have used aFM order and for the three AFM configurations described

double¢ polarized* 2~ pasis set for all the atoms. A shell above. Of the AFM alignments, the antialignment of FM

of d orbitals was also included for the Ba and Ca species¢hains, as shown in Fig.(, is always the one favored.
This amounts to 15 orbitafgwo s, tend, and a polarization ~Therefore, the minimum-energy AFM configuration occurs
(P) shell with 3p orbitals| for Mn, 13 orbitals(two s, six p, wh(_—:tn one _of the Mn networks is entirely spin-up, the other
and fiveP d) for Bi, and ten orbitalgtwo s, five d, and three entlrgly spin-down. . .
P p) in the case of Ca and Ba, making 1192 orbitals in total. Since the energy differences are quite srt@dl expected
The core electrons are replaced by norm-conservindgt Was necessary to study the convergence of7the energies
pseudopotentiald generated from the atomic configurations With respect to both the number of poirtisutoff®’) in the
[Ar]3d®4s? for Mn, [Hg]6p7%6d°25°25 for Bi%2 and, regl-space grid, and thk-point mesh used to_ sample the
[Ar]4s! and[Xe]6s! for Ca and Ba respectively. The core Brillouin zone. Cutoffs up to 216 Ry for GgMnBiy, and 147
radii used in the generation of the pseudopotentials can bBY for Ba,,MnBiy; were used, with up to 1R points in the
found in Table 1. We apply the pseudopotentials using thdrréducible Brillouin zone. The results shown in the follow-
fully separable formulation of Kleinman and Byland@r. ing have been obtained with three inequivallemoints, and
The calculations have been carried out in the local spirf cutoffs of 150 and 147 Ry for the Ca and Ba compounds,
density approximatiofLSDA),3* and a partial-core correc- respectively. W_lth these_ parameters the total energy is con-
tion for the nonlinear exchange correlafforhas been in- verged, for a given basis set, to 10 meV/Mn, while the en-
cluded for all the species. This correction is especially im-€rgy differences between different configurations, which
portant to obtain reliable moments in magnetic atoms, bughow a faster convergence, are converged to 5 meV/Mn.
some care has to be taken in choosing the pseudocore radius. The calculated total energy differences are presented in
We found that a pseudocore radius of 0.70 a.u. leads to verj@ble Il. For Ca,MnBiy, the FM state is more stable by 25

good results in comparison to all-electron calculatidhs. =5 mMeV per Mn atom than the lowest energy AFM phase,
in accord with the observation of ferromagnetism in this

compound. In a simple nearest-neighbor Ising or Heisenberg
modeling of the spin coupling, this energy would correspond
to a FM exchange coupling af~3 meV. For Bg;MnBiy4

In this section we report on the relative stability of FM the energy difference is much smaller, with the FM phase
and AFM alignments of the Mn moments and the magnetid=5 meV/Mn more stable, i.e., degenerate to within our
couplings deduced from the corresponding values of the totalccuracy. This compound is observed to be AFM, vifith
energy in both compounds. Since the calculations are already 15 K, with the low ordering temperature reflecting smaller
very large with the primitive crystallographic cell, we have magnetic interactions than in &nBi,;.
not considered any magnetic alignments that would enlarge Table Il also presents the exchange couplings of the ef-
the cell. Even so, with four magnetic Mn atoms in the cellfective spin HamiltoniaEq. (1)]. Each Mn atom has eight
there are three distinct types of AFM alignments, shown inMn first neighbors, four on thél00) planes and four on the
Fig. 2 in the(100) plane. The configurations are better ex- (010 planes, at distances of 10.18 A for the Ca compound
plained in terms of two distinct...-Mn-Bi-Bi-Mn- . . . (10.84 A for Bg,MnBi;). Already from the energies in
“chains” in this plane:(i) in-phase AFM chaingFig. 2(@)],  Table I, it is evident that two different first-neighbor cou-

IV. RESULTS FOR TOTAL ENERGIES
AND MAGNETIC COUPLINGS
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TABLE II. Upper: energies of the three antiferromagnetic align-  TABLE Ill. Population and moments of the Md shell, and
ments pictured in Fig. 2 relative to the ferromagnetic alignment.magnetic moments of Mn atoms and MpBétrahedra as obtained
The type of AFM order in BaMnBiq, [type(a), (b), or (c), or other,  from a Mulliken population analysis for the FM ¢MnBi,,, and
is not established experimentallyNumerical uncertainties are ex- Ba;,MnBiy;. MA MBI, stands for the net magnetic moment per
pected to be~=5 meV. Lower: Exchange couplings for a short- formula unit, while u;'is the effective moment per Mn atom as
range Ising model determined from the total-energy differencespbtained from measurements of the high-temperature magnetic sus-
The couplings correspond to those pictured in Figl2.; are the  ceptibility.
value of the couplings if second and third neighbors would enter in

the energy expression via a single exchange conésaetthe texjt Ca,,MnBiy; Ba,,MnBi,;
Energy(meV) CayMnBiy, Bay, ,MnBiy, Qj 4.67 4.74

Q} 0.51 0.42
AFM(a)—-FM 59 12 g 416 432
AFM (b)-FM 25 4 . 4.45 4.62
AFM(c)—FM 52 13 Hnsi, 4.22 435
Experiment FM AFM Hong MnBiy, 4.25 4.40
Exchange constant¥) Ca ,MnBi; Ba; ,MnBi; uiPt 4.8 4.8
Ji 63=5 15+5
J1 23%5 2=5 obtained using a Mulliken analysis suffer, like those obtained

J2 27+10 7+10 via all similar techniques, from an inherent arbitrariness:
J2+3 9£3 2%3 both the charge density and the total charge are observables
Tc, mean field 13820 K 28+ 20 K of th_e system, but their p_artition in_to different gtomiclike
Te., experiment Te=55 K Ty=15 K contributions cannot be uniquely defined. Accordingly, Mul-

liken population trends and differences are more meaningful
than their absolute values, and their use is fairly common. In
plings need to be included. In fact, if just one exchange conthis way we obtain information about the effective valence
stant were to be used in a model with only first-neighborstate and magnetic moment of the Mn atoms, the polarization
interactions, the energies of configuratidghsand(c) in Fig.  of the surrounding atoms, and the degree of localization of
2 should be identical. Physically, the need of two constants ighe total magnetic moment.
easily understood as a consequence of the presence of two The magnetic moments on the Mn atoms for the FM com-
Mn networks: stronger interactions can be expected withipounds, as obtained from the difference between the Mul-
the same networkJg) than between atoms in different net- liken populations of the majority- and minority-spin densi-
works (J7). This is clearly confirmed in Table II, whedg is  ties, are shown in Table Ill. They are found to be nearly
shown to be much lager thalj for both compounds. independent of the t_ype of magnetic order, and Q|ﬁer by 4%:
There are two second neighbors located at 11.21 A+45s for Ca,MnBiy,, and 4.62:g for BayMnBiy,. The
(12.17 A) along thes axis. The four third neighbors can be Parts of the moment attributable to the Shell are 4.165
found 12.02 A (13.18 A) away, along t{é00) and equiva- and 4.3%g, respectively, with about Ouls and 0.2:p in-
lent directions. In the crystallographic cell these last atomgluced in the & and 4p states in each compound. The
are equivalent to the second neighbors, yet located at som&Pin-up population(Table 1il) of the Mn 3d orbitals ap-
what larger distances due to the tetragonal distortion of th@roaches five electrons, indicative oﬂ%gonﬁguraﬂon. Sev-
cell. Further neighbors are at more than 17 A for both com€ral factors can contribute to a reduction of the Sopula-
pounds, and their interaction constants are expected to N, the most important being the hybridization with the 6
much smaller. With the calculated energy differences we canstates of the neighboring Bi atoms. The identification of the
not make independent estimations of the secody) @nd conf|_gurat|0n of_ Mn as 8° will be_ also confirmed from a
third (J) nearest-neighbor couplings. At this point, we candetailed analysis of the electronic band struct(see Sec.
choose to restrict the interactions up to second neighbors/! B), providing further support to our picture of a divalent
and obtain a value fod,. Another possibility is to consider Mn atom. _
second and third neighbors as entering into Ek.at the The total moments per formula unit of the FM state are
same footing, i.e., through aaveragedcoupling constant Calculated to bésee Table I} 4.25u5 for Ca,MnBiy; and

[J,.3=(2J,+4J3)/6]. The values for these exchange con-4-40ug for Ba;,MnBiy;, which become 1ig and 17.Gug
stants are also listed in Table 1. per cell, respectively. With all the majoritystates occupied,

each Mn atom should contribute with a magnetic moment of
+5ug (+20ug in the unit cel). However, an analysis of the
contributions to thed bands indicates that this moment, al-
though still mostly localized in Mn, is somewhat spread out
In this section we study the distribution of the magneticto the neighboring Bi atoméBi2) due to the considerable
moment in the unit cell with the help of the Mulliken popu- hybridization between the Mnd3states and the b states of
lation analysis® It must be recognized that the populations Bi. Therefore, it is more safely pictured as associated with

V. MAGNITUDE AND DISTRIBUTION
OF THE MAGNETIC MOMENT
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the five atoms in the MnBitetrahedra, rather than with the
Mn atoms alone.

A reverse polarization of (2.4—3)[(0.6—0.75ug/
MnBi, unit] must be present to recover the calculated mo-
ment. From the data in Table Il it is clear that this back
polarization is also concentrated in the MpBetrahedra,

whose magnetic moment almost recovers the total value per -80 CalaMnBi11 .
formula unit. Part of this is due to the occupation, through ~120 L1 L]
hybridization, of the minority-spin Mrd orbitals. The re- 120 — T .
mainder is mostly divided among the Bi2 atoms, which have g0 [(®) ‘

a magnetic moment of- —0.06ug per Bi atom, the largest
in the cell after Mn. This moment is quite modest, but it is in
fact built up from two much larger contributions that tend to
cancel each other- +0.20ug coming from their participa-
tion in the majority Mn 3 bands (as previously com-

DOS (states/eV)
o

DOS (states/eV)
IS
o o

PHYSICAL REVIEW B65 144414

Majority

Minority

Minority

i
0 4

mented, and a~ —0.26ug component coming from the po- ! Ba14MnBi11
larized Bi 6p bands responsible for the reverse polarization. 0 s
The amount of spin polarization spread around the rest of the Energy (eV)

cell is negligible (~0.001ug per Bi or A atom on average

Only the isolated Bi atom$Bi3), and the alkaline-earth at- FIG. 3. Total densities of states per unit cell f@y ferromag-
oms (A1l and A3 connecting the MnBjtetrahedra present a netically aligned CaMnBiy; and, (b) Ba,MnBiy;. The energies
small polarization of~—0.03ug and ~+0.02ug, respec- refer to the Fermi level.

tively.

An analysis of the Mulliken populations of all the studied timations based on the measured Curie constants and our
AFM orders, for both Ca and Ba compounds, indicates &alculated total moments. The polarization of the itinerant
very similar picture: the calculated moment per formula unitvalence electrons was invoked in those works to explain this
has to be assigned to the MnBietrahedra, being neither discrepancy between the measured saturation moments and
fully localized in the Mn ion nor spread over the whole unit the fitted .. However, more recent measurements using
cell. This moment, of~4pug, is built up from two distinct ~ single crystal®*’ indicated that the saturation moment is
contributions: a~ 5. moment coming from the fully occu- Cclose to 4ug/Mn, in better agreement with our calculations.
pied majority spin 8 shell of Mn, and a~—1ug reverse
polarization coming from the |6 states of the four Bi atoms
in the MnBi, complex. The MnBj tetrahedra are therefore
the magnetic unitsn these compounds.

Experimentally, an effective momenfc{¢s) of 4.8ug has
been obtained for both compounds from the high
temperature susceptibility.In fact, for all the related com-
poundsA;,MnPny;, where Bi is substituted for by Sb or As,
and the cation sites are occupied by Ca, Sr, or Ba atps,
is always found within the range (4.8-54).% For
Yb4MnBiy; and YbhMnShy; (Refs. 16, 17 ues iS also
measured to be 4.8 . This has been interpreted, using the
standard form for the Curie constaméffI ng(J+1),uZB With five valence electrons for Bi, two for Ca, and seven
whereJ is the total effective angular moment agds the  for Mn, and four formula units per cell, the occupied valence
Landeg factor2® as a signature of the presence of localizedbands of these compounds must accommodate 360 electrons,
~4ug moments in all these compounds. This seems to be ir roughly 180 occupied bands of each spin. The total den-
good agreement with our calculated magnetic moment pesity of stategDOS) of FM Ca ,MnBi,; and Bg,MnBi,; are
formula unit(i.e., per MnBj, tetrahedrojy However, all pre-  shown in Figs. 8a) and 3b), respectively, which also reveal
vious works assigned these magnetic moments solely to treome general features. These plots have been obtained using
Mn atoms, leading to the conclusion that Mn is in & 3 three inequivalenk points and a Gaussian broadening of 0.1
valence state with four unpairetielectrons, which is in con- eV. Tests indicate that using more complieampling(up to
tradiction by our findings. 12 inequivalentk pointg produces almost identical results.

A better quantity to compare with our calculation of the The occupied valence bands are 4—4.5 eV wide and nearly
magnetic moment is the experimental saturation momenfjlled. A “gap” of ~1 eV separates the valence complex
which is the value of the ordered moment parallel to thefrom a continuous spectrum of unoccupied states coming
applied field(M,). The initial work on hysteresis loops for mainly from the Ca-Bi hybridization. Within the gap, 0.5 eV
powder sample$!' observed saturation moments of above the top of the valence band, we find four nartov2
(2.5-3)ug/Mn, which are~30% smaller than both the es- eV) bands. In the minority-spin DOS, near the top of the gap

VI. DECOMPOSITION OF THE ELECTRONIC
SPECTRUM

Besides the character of the band structure near the Fermi
_energy, which will be discussed in detail in a separate sec-
tion, the general features of the electronic structure and or-
dering of the levels are the same for both FM and AFM
orders, and very similar for Ca and Ba compounds. There-
fore we will concentrate here on the FM order.

A. Total density of states, general structure

144414-6



BONDING, MOMENT FORMATION, AND MAGNETIC . .. PHYSICAL REVIEW B 65 144414

Ca14MnBi11

for Ca4MnBi;, and confused with the onset of the conduc- LT
tion band in Bg;MnBi;;, we can also find a peak that con- (a)
tains the unoccupied Mnd3bands.

The band complexes below the gap consist of 182 bands
of each spin for AFM states, for which the spin directions are
equivalent. For FM order there are 192 majority band and
172 minority bands, as the majority bands contain 20 more
bands(for the five occupied 8 electrons of the four Mn
atoms than the minority bands. The total number of bands in
the valence complex is consequently the same for FM and
AFM states: four electrons lacking for these compounds to
become semiconductors. The 172 bands not associated with
the d states of Mn have mainly a Bi character. 44 of them,
located approximately 9 eV below the Fermi energy, are due
the Bi 6s states. The remaining 128, which form the upper-
most valence-band complex, can be classified as Bi 6
bands, exhibiting some degree of hybridization with Mn and
Ca/Ba states. From the 44 Bi atoms present in the unit cell 0
we could expect to have 132 Bptbands, however. The four
Bi 6p bands left out of the valence complex form the, al- Energy (eV)
ready mentioned, narrow peak in the middle of the gap. N ) _ )

These bands correspond to very localized states associated F'G- 4. Densities of states projected into the kistates in(@)
with the Bi; chains(see below: Ca;4MnBi; anq,(p) Ba;;,MnBi;. The Fgrml Ievgl defines the zero

The DOS at the Fermi energff) is higher for the ma-  ©F €nergy. Solid lines denote the majority-spin DOS, and dashed
jority spin (Fig. 3, and both compounds are very close toIlnes the minority-spin DOS. The exchange splitting~igl eV in
half metallic, with the minority bands almost fully occupied each case.

(as discussed laterFrom the specific heat Siemensal *?

o)}

I
__=%.

DOS (arb. units)
N

B (o N

N

DOS (arb. units)

: . P single peak centered 2.7 eV belokr with a width of
obtained the Ferml_ level DOSN(Eg)=1.7+0.7 states/ roughly 1 eV(respectively 0.4 e}/ Thed states do hybridize
eVatom for BaMnBiy;, and 1.6-0.1 states/eVatom for i ol states above this pedwith mainly Bi 6p character
the similar compound $MnBiy; . These are quite large val- 1, yhe gap just abovE, . The minority states are unoccupied
ues, Comparable. to the DOS df bgnd 'metals. However, 54 are concentrated in a peak 1.3 eV abBye This unoc-
Siemenset al. pointed out that contributions to the specific cupied peak is narrow in GaMnBiy, (0.6 eV), and lies
heat coming from the nuclear hyperfine splitting, not taken, ....n the gap(also see Fig. B In Ba MnBiy, it is much
into account in their analysis, could obscure their resunsbroader(at least 1 eY meeting the bottom of the conduction

leading to Igrge .apparent values of the electronic DOS. II'band, and exhibiting a higher degree of hybridization with
fact, our estimations of the DOS & are much smaller: the conduction states.

N(Eg)=0.3 states/eV atom for both Ca and Ba compounds
with FM order. For AFM order, N(Eg)=0.40-0.46
states/eV atom depending on the specific AFM alignment.
These values can be compared with the average DOS in the The spin-averaged DOS projected into the different types
valence-band complex; leaving aside the Mn bands, we havef Bi atoms in the unit cell can be found in Fig. 5. The B 6
256 bands for both spin orientations distributed over a rangbands lie 9—-10 eV below the Fermi level, and have a negli-
of ~4 eV, leading to an averag€N(E))=0.6 states/ gible hybridization with states of different characters. The Bi
eV atom. 6p states make up a large component of the valence bands,
exhibiting hybridization with both Mn and alkaline-earth
states, and hence are crucial in the bonding and in the mag-
netic coupling. The valence bands are 4 eV wide in
Because of the magnetic moment on the Mn atom, weBa,,MnBi,;, and slightly(5%) wider in the smaller volume
begin our discussion of the electronic bonding with thedin Ca ,MnBi;; compound. There is a “gap” of1 eV between
states. In all the cases we have considered, the simple chahe valence and conduction bandgceptthat a very narrow
acterization is that the majorityl states are filled and the set of unoccupied bands lies within this gap. Although in Fig.
minority states are empty, with an exchange splitting be5 we have neglected the small effects due to the induced
tween them of~4 eV. Accordingly, the Mn atom can be exchange splitting, it should be kept in mind that the polar-
described as having ad3 configuration or, alternatively, a ization of the Bi 6 states neaE is crucial to understanding
2+ valence. The MnBijtetrahedron is compressed along thethe magnitude and distribution of the magnetic moment.
a-b plane, and only thel,, andd,, states are degenerate, so  The complications are still considerable, since there are
the crystal-field results in four distinctlevels. The crystal- four distinct Bi sites. The Bi2 sites correspond to the dis-
field splitting is negligible, however. In GaMnBi;;  torted MnBj, tetrahedron, the Bilinear chain is formed by a
(Bay4MnBiy,), shown in Fig. 4, the majoritd states lie in a central Bi4 atom bonded to two Bil atoms, and there are also

C. Bi character

B. Mn character
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|' i N ! ' ' ' FIG. 6. Contour plot in thg001) plane of the density of the
I Bi(3) (d) antibonding o* states localized in the Bi chains of FM
|' I Ca sMnBiy;. These four bands are located within the gap, around 1
l' ', eV above the Fermi energy. The contours begin at 3
i ! X 10" e/Bohr®, and increase by steps of<6L0"* e/Bohr® (seven
I . 1 - A and 14 electrons per unit cell respectiveljhe positions of the Mn
-12 -8 -4 0 4 and Bi atoms in the plane are indicated schematically.

Energy (eV)
compound. The conduction bands contain the rest of the Bi

FIG. 5. Densities of states projected into #ong dashed lines 6p spectral weight along with Bid, Ca or Bas, and Mn 3,
at lower energigs p (solid line), and d (dashed lines at higher 3p, and minority 31 contributions.
energies symmetry orbitals of the Bil, Bi2, Bi3, and Bi4 sites in
ferromagnetically aligned GgMnBi,. The differences occur pri-
marily in the gap region 0—2 eV, and are discussed in the text. D. Ca/Ba character
Spin-averaged spectra have been plotted; only the polarization on The formal valence picture suggests considering the Ca
the Bi2 site ¢~ —0.06ug) is appreciable. and Ba atoms as dipositive ions. This picture should not be

taken too literally, as we find song p, andd alkaline-earth

four isolated Bi3 atoms. The first thing that is evident from contributions to the DOS in the valence-band regifigure
the Bi spectra in Fig. 5 is that there is not a great deal ohot shown. The Ca/Bad DOS peaks lie 4 eV abovEg,
difference in the densities of states of the four Bi sites, indi\yhereas thes and p contributions are spread over a large
cating that their charges are not very different. The Bil-Bi4-region from~ —3 eV through and above thebands, with
Bil linear unit has only a smalbut nonzerp DOS atEr,  rather little structure in their distribution.
whereas both the Bi2 bonded to the Mn and the “isolated”
Bi3 site have much larger fractions of the Fermi-level DOS. CHARGE TRANSFER AND FORMAL VALENCE
In the case of the Bi2 atoms this DOS is almost entirely due
to the majority spin contribution. Now we address the question of whether the formal va-

The unoccupied “gap states,” one state, and therefore onkence that the Zintl picture associated with the different
band for each Bi unit (four in the unit cel) are associated groups of atoms provides a reasonable description of our
with the Bil and Bi4 atoms only, with no appreciable spinresults. The formal valences are’CéBa?", isolated Bf ™,
polarization. Since they lie in the gap and have a dispersioBig‘ linear chains, and Mngf tetrahedra. These latter two
of only 0.2 eV, these states are quite localized. Figure @re very large charges and, as can be expected, the Mulliken
shows contour plots of their density in a plane containing thepopulations are much smaller, although still indicative of
Bil1-Bi4-Bil sites. Their shape, with nodes in the bond re-large charge transfers. For example for, MnBi,; we ob-
gion between Bil and Bi4 atoms, and the fact tis#te Fig. tain C28", MnBi43'7_, Bi32'8_, and B¥2 . The main rea-
5) they have a larger weight in the central Bi4 atom, reveakon for this difference between formal and Mulliken charges
them as antibonding- molecular orbitals. The presence of can be traced back to the fact that, while there is not a single
theses™ states and the negligible population of thet §tates  state with pure or main Ca/Ba character, most of the states in
of the Bi4 atom, which rules out the possibility ofdsp®  the valence band exhibit some small hybridization with the
hybridization, confirm the description of the8i anion asa orbitals of the alkaline-earth atoms, specially those at the top
hypervalent “three center, four electron” bonded structure.of the valence band with the states of Ca/Ba. In fact, the
This type of bonding was already predicted for;Am population of the alkaline-earth ior¢he only orbital that
CaGaAs; by Gallup et al,** who applied first-principles would be included in a simplified description of these atbms
calculations to a simplified modéBO-atom unit ce)l of this  is only 0.4 electrons for both Ca and Ba compounds, pictur-
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FM Ba 41\/[11]_D,i most completely occupied up to the gap, with a very small
1 11 contribution to the Fermi level DOGee Figs. 5 and)6All

Deformation density plot these data together identify the;Binit as having a formal

y 7/ \\\\\gaj < &%J/ valence of 7. The weight of the gap peaks in Fig. 5 suggest
% @a that less charge is transferred to the central Bi4 than to the
@ . 5 Bil sites, which is confirmed by the Mulliken analysis
2 A 2 < (around 0.8| less. This completely agrees with the “three-
= N o center, four-electrons” model of bonding proposed for the
(a) J o %‘ Bi3 unit*
2} We now discuss the cases of the MpRinits and the
D ¢ 5 < isolated Bi3 ions. On the one hand, a formal charge of 3
@ 2 5 would correspond to closed-shell Bi3 anions, with a negli-
? % /\7@%/\ gible contribution to the DOS aEf. (S)n the other hand,
N /Q / m considering the 2 effective valence d®) of the Mn atom,
s ” 5@ 2 ; @ " the MnBi,; group would be formally able to accept up to ten

electrons. This implies that a Mngi~ tetrahedron would be
Bohrs lacking one electron to be closed shell. This agrees with our
analysis of the electronic structu¢(8ec. VI A), which indi-
cates that these compounds lack four electron per unit cell
5 (i.e., one electron per MnBigroup to become semiconduc-
tors. Furthermore, taking into account the calculated reverse
- polarization of the Bi2 sites, the hole associated to each
0 = MnBi49_ tetrahedron should be expected to be aligned with
g% the atomic moment of the corresponding Mn. This is con-
firmed by the data presented in Fig. 8, where a plot of the
density associated to the holes for AFM,gMnBi; [align-

> ment type(a) of those shown in Fig. Rin the (100 plane is
shown. This plane contains Mn atoms, some of the Bi2 at-
L ZEEN ! oms bonded to them, and Bi4 sites. We can verify how the
5 0 5 holes, while not exactly confined to the tetrahedra, are fairly
Bohrs localized in the tetrahedra: the spin-up holes in those tetra-

_ _ hedra where the atomic moment of Mn points in the up di-

FIG. 7. (8) Contour plot of the deformation density of ferromag- yaction, and conversely for spin-down holes. It is worthwhile
netically aligned BgMnBiy, in a (110 plane, illustrating the Bi 4 mantion here that a similar electronic structure, i.e., a
unit bonding (top pane). The bottom panelb) shows the(100 345 My plus a weakly bound polarized hole, was also p;o-

plane through the MnBitetrahedron, indicating that the charge osed by several authors for the pcenters in GaAs in the

“deformation” is rather spherical around the atoms and is thereforxj?l. h dilution limit“X An obvi f thi |
primarily charge transfer. Only the region of increased charge i Ign diiu ion fimit. n obvious consgquence ot this polar-
ization of the valence band holes is tlielose t9 half-

shown, with contours beginning at zero and increasing byed&3 .
The position of the atoms in the planes is indicated by their chemi-meta”'C character of the band structure of the FM com-

cal symbol. The shaded areas correspond to regions with defect gounds, which will be examineq !n dgtail in Sec. VIIl. Hence
charge. we can conclude that the identification of a valence of 9 for

the MnBi, unit and a valence of 3 for the Bi3 ions are mean-

ing them as Ca(B&)F°". Furthermore, Ca/Ba components areingful, and from the point of view of a general picture our
generally very small for each individual eigenstate of theresults are consistent with counting of formal charges.
solid, and formally they can be safely considered as diposi-
tive.

Figure 7 shows the contour plots of the deformation den- Viil. ELECTRONIC STATES NEAR THE FERMI LEVEL
sity (the difference between the self-consistent charge den-
sity and that obtained from the sum of spherical neutral atom
contributiong in different planes for FM BgMnBi;. Two For simplicity we will first discuss the case of the AFM
things can be observedi) there is a great deal of charge order. Figure 9 shows the band structure for AFM
transfer to the Bi atoms from the Ca/Ba atoms, which areCa;,MnBi,; [alignment type(b) of those shown in Fig. R
always surrounded by a region showing a depletion ofThere are two bands unfilled below the gap, and hence there
charge; andii) the deformation density is quite featurelessare four electrons les§.e., one per formula unitthan re-
and spherical around the Bi atoms, indicating that indeed thquired to make this compound a semiconductor. The figure
ionic charge transfer is the main mechanism involved. shows in detail the region of the “gap” between bonding and

We now consider the polyatomic anions. The situation ofextended conduction states. For each spin orientation this
Bi; is specially clear. Two antibonding molecular staf@se  gap contains two groups of bands corresponding to very lo-
per spin remain unoccupied, and the valence states are akalized states: one very narrow group of four bands coming

A. Character of the states
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oF vV 9 T AFM Ca MnBi
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FIG. 9. Band plots along primary symmetry directions for anti-
ferromagnetically aligned GaMnBi;. The narrow bands at 0.8—
1.1 eV arise from the antibonding™ states localized in the Bi
chains. Those marked with stars are formed by the unoccupied
states of Mn. The energies refer to the Fermi level.

fraction of a hole(around 50% The rest of the four holes
correspond to the majority bands, which have several par-
tially occupied bands: five in GgMnBi; and four in
Ba;,MnBiy; .

The almost half-metallic band structure is especially in-
teresting in light of the reported colossal magnetoresistance
in the related compound /Gty odMnShy;.*? The CMR

FIG. 8. Gray scale plot in 4100 plane of the(pseudocharge  System L& ,D,MnOs, with D=Ca, Sr, or Ba, and~ 3, are
density associated to the unoccupied states below théhgigs in ~ believed to  be half-metallic or close to ‘it.
AFM Cay,MnBiy;. Panel(a) shows the spin-up holes, and pati®l  Ely39/Gdy odMNShy; represents a case in which a compound,
the spin-down holes. The arrows schematically indicate the posiEujsMNnShy;, that is isovalent with the ones studied here is
tions of the Mn atoms and the orientations of their atomic magneticdoped with additional carriers (Et— Gd**), which will
moments. The positions of one of the Bi2 and Bi4 atoms are alsalrive it toward half-metallicity.
indicated. We have used a logarithmic scale which saturates to

g o 0w .) 'o |
- p -

black at 103e/Bohr® and to white at 10%%/Bohr® (respectively, Majority PM Ga,MnBi Minority FM Ca; JMnBi;,
22 and 0.1 electrons per unit cell 06 A (a) (b)

< 04 :

(]
from the antibonding states of thesBthains in the energy g 02 ]
range 0.85—-1.05 eV, and ten unoccupietdn bandsinthe @ ° 4 ==Y §<7

. ~__

range 1.2—-1.6 eV, the last ones almost degenerate with tht! -02 A ; ég
beginning of the continuum of conduction states. The energy -04 s

position of these groups of bands is very similar for AFM I HNpP ICNHTI HNPpPTNHT

and FM states, but while the Bbands do not show any spin Minority FM Ba, ,MnBi,

polarization, for FM order the 20 unoccupied M ®ands o6 [ [ ]
only occur in the minority band structure. o ouk i (@ ]
> : L
P; 0.2 r B
B. Half-metallicity of FM compounds g 0L >\;/‘ NNy
The bands for both FM GgMnBi,; and Ba,MnBi,; near _g'i N =
Er, along several symmetry directions, are shown in Fig. 10. =

Except for detailgwhich affect the Fermi-surface shape and r #HNP TNHTL HNPTNHT
therefore might become importanthe bands are similar, and  F|G. 10. Band plots in the vicinity of the Fermi level along
we discuss their common characteristics. The band structuigtimary symmetry directions for ferromagnetically aligned
is very close to half-metallicity. The minority bands are oc-Ba;,MnBi;; and Cq,MnBi;;. The symmetry points correspond to
cupied except for d'-centered pocket that contains only a the tetragonal bee unit cell. The energies refer to the Fermi level.
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-“ TBi v L~ likely conduit for the exchange coupling between Mn atoms.
a) o

‘ ‘ The occupied states, pan@), shows direct charge peaks
along this bonding chain, although the states may be pre-
dominantly antibonding. Panéb) also indicates the density
along this chain, and is apparently more antibonding, since

B

the charge maxima centered on the Bi2 sites do not point

6
-
B
. ’ toward the neighboring Mn atom. However, this has to be
o ° taken with some caution since, as already discussed in Sec.
I, other atoms may intervene in the bonding between neigh-
g boring MnBi, units. In particular, three Ca/Ba common
Q nearest-neighbors of those Bi2 atoms in neighboring con-
) . nected tetrahedra, which are not contained in(ft@) plane
c shown. In fact, the charge maxima in Fig.(jl seem to
- point from the Bi2 atoms to some of those alkaline-earth ions
- located~ +0.7 A over the plane.

The general picture of the magnetic couplings that arises
from our calculations is the following: Mn atoms are divided
between two different network&efined by the -Mn-Bi2-

Bi2-Mn- bonding chaing the nearest-neighbor coupling
‘ . within the same network is the strongest and always FM; the
couplings among Mn atoms belonging to different networks
are much smaller and may be AFM, explaining the experi-
mental AFM ground state of BgMnBi4. In particular, the
presence of two internally FM coupled networks is consis-
tent with the observation that, although it suffers an AFM
transition, the Curie temperature obtained for,B&nBiq4
from the fitting of the high-temperature magnetic susceptibil-
ity is positive! Therefore, although we have failed to pre-
dict the antiferromagnetism of BaMnBi;, we expect that
the magnetic alignment in this compound must be quite simi-
lar to the most stable of the AFM orders discussed in this
paper[Fig. 2(b)], i.e., one network is entirely spin-up, and
the other entirely spin-down.

FIG. 11. Gray scale plot in 6.00) plane of the(pseudgcharge It may be worthwhile to point out here that the electronic
density neaEg in FM Ca4MnBiy;. The top panela) shows oc-  structure of the 14-1-11 manganites shares several common
cupied states, and the bottom paft®l holes. The positions of one features with that of diluted magnetic semiconductors
of the Bi2, Bi4, and Mn atoms in the plane are schematically indi‘(DMS’s) (Ref. 43, like Ga_,Mn,As: both systems are
cated. Note the bonding chains coupling Mn atdutarkest spols . type conductors; the valence-band electrons exhibit an an-
fo_rmed by th(_a two intervening Bi2 atoms. We have used a_|°garith‘tiferromagnetic coupling with the Mn atomic spin, and the
m'Essgca'e which saturates to black at f@e/BohP and towhite at 1,54 structure of the FM phases is close to half-metallic; Mn
10" *%/Bohr’ (35 and 0.1 electrons per unit cell respectively is tetrahedrally coordinated with group-V atoms, with a simi-
lar interpretation of the electronic structure of the Mn centers
in the highly diluted limit(small x),** i.e., a 2+ Mn ion

An RKKY model for the magnetic interaction is the sim- (3d®) plus a weakly localized hole. Both types of systems
plest assumption to make in a dilute magnetic metal, and, iexhibit magnetic order in spite of the large separation be-
the absence of other information, that is what has been usedieen magnetic ions, Ga,Mn,As (Ref. 44 being a ferro-
so far in the interpretation of magnetic coupling in thesemagnet with a Curie temperature exceeding 100 K for the
14-1-11 magnet¥ Our identification of near-neighbor cou- optimum doping rang& Based on all these similarities, we
plings (Table I) invalidates a spherical RKKY model, where consider it likely that the mechanism leading to ferromag-
the coupling strength depends only on distance. This concluretism in DMS's is similar to the mechanism that drives
sion is supported by Fig. 11, which shows a gray scale plomost of the 14-1-11 manganites to a FM ground state, and
of the (pseudo)charge density from states ne&: in  that produces strong FM interactions between those Mn at-
CaMnBi; in a (100 plane containing -Mn-Bi2-Bi2-Mn- oms belonging to the same network of MpBétrahedra in
bonding chains. In this figure, pan@) contains the density both Ca and Ba compounds. Unfortunately, while there is a
from states in the range frofB:-0.5 eV toEg. Panel(b)  widespread agreement on the hole mediated origin of ferro-
contains the charge density from the unoccupied states beaagnetism in Ga ,Mn,As and related compounds, the de-
tweenEg and the gaghole9. Both panels clearly show that tailed mechanism is still a matter of some controvéfsy.
the density associated to the states nEarconcentrates The origin of the AFM ground state of BMnBi,,, i.e.,
along the -Mn-Bi2-Bi2-Mn- chains, making them the mostthe antiparallel alignment of the internally FM coupled net-
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C. Magnetic couplings
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MnBi & MnBi °- TABLE IV. Total magnetic momen$ (ug), as a function of the
1 4 1 4 net chargeQ, (|e|) and total number of valence electroNg, for
Down Up Down Up MnPbBj;, MnBi,, and, MnBiPo tetrahedral clusters with a central
i S=1 T ] i S=4 T 1 Mn atom. The cluster geometry was kept to that of the MnBi
oL IR ity oL B tetrahedra in crystalline BgMnBi; .
e e R S MnPbBL2 MBI, % MnBigPdR
S L ,EEEE Qe Ne S Ne S Ne s
o -1 _____ - 1 -
] i -6 32 0 33 1 34 2
w i T T " T T -7 33 1 34 2 35 3
oL 1 1 L 1 ] -8 34 2 35 3 36 4
I I— -9 35 3 36 4 37 5
- = o I 1 -10 36 4 37 5 - -
3 5 T -11 37 5 - - - -

FIG. 12. Energies of the molecular orbitals of the MsiBiand  tg MO’s mainly due to the Mn 8 and Bi 6p states. There-
MﬂBi467 tetrahedral clusters. The zero of energy is located at tthre' in the range of energies shown in F|g 12' there are 12
highest occupied molecular orbital. The cluster geometry was fixed4O’s for both spin orientations, and five additional MO's for
to that of the.MnB,i tetrahedron in crystalline BgMnBi,,. See the  he majority spinonly three levels are seen in Fig. 12 due to
text for notation. the degeneracigsvith main character in the Mn® states,

which corroborates thd® configuration of the Mn atom also
works, is then probably related to the presence in this comin the case of the free-standing MnBilusters. Only one of
pound of (nonspherical RKKY-type AFM interactions be-  the Bi 6p MO's has a larger binding energy than the Md 3
tween Mn magnetic moments in different networks. Thestates. This MO has a clear bonding configuration, wigh a
superexchange mechanism can also play a role, although, tpital from each Bi atom pointing in phase toward the cen-
our estimgtion, a less important one. However, the very smalka| Mn, and includes some hybridization with teeymme-
energy difference between the FM and AFM orders intry orbitals of Mn. Above the energy levels shown in Fig. 12
Ba14MnBi11 constitutes an important d|ff|CU|ty in order to there is a “gap” 0f~2 eV (~3 eV) for the minority(ma_
identify the relevant mechanisms that determine the sign Ojbrity) spin, and well below the HOMO~—9 eV) four
the “internetwork” magnetic interactions. MO’s coming from the Bi & states can be found.

The most striking fact of the electronic structure presented
in Fig. 12 is thehalf-metallic character it suggests: the
minority-spin valence states are all occupied for both clus-
ters, lying at least 0.2 eV below the HOMO. This situation

The results of the previous sections point out that, ratheholds for a large range of net charging of the MnBlusters,
than the Mn ions, the MnBitetrahedra should be considered showing the robustness of the half-metallicity. The most
asmagnetic unitsn these compounds. The amount of chargeprobable origin of this polarization of the Bi states is the
transferred to the MnBj in combination with the effective Pauli exclusion principle: the majority-spin MO'’s have to be
valence of the Mn atom, also plays a crucial role in under-orthogonal to the localized Mnd orbitals, and the corre-
standing the magnetic moment, the conduction propertiesponding increase in kinetic energy pushes these levels to
and the interplay between them. For this reason we devotelsgher energies than those of the minority-spin states. As a
separated section to the study of electronic structure of fregesult, the Bi § states are polarized oppositely to the Mo 3
standing charged MnBitetrahedral clusters and how these moment.
results translate into implications for the solid. As a consequence of the half-metallic electronic structure,

Figure 12 shows some of the energy levels of clusterghe total spin of the tetrahedral MnBtlusters depends on
with a total net charge of-9|e| (nominal for the MnBj  the total number of valence electrons, as shown in Table IV.
group in theA; ,MnBi,; compounds and a smaller charge of Taking into account the® configuration obtained for the Mn
—6|e|. The geometry of the cluster was kept fixed to that ofatom, the MO’s due to the B Bi states can still accommo-

a MnBi, tetrahedron in crystalline BgMnBi,;. Due to the date up to ten extra electrons. In that case, with a net charge
use of periodic boundary conditions, it was necessary to assf —10/e|, both majority and minority states are fully occu-
sume a uniform neutralizing background in the calculationspied and the magnetic moment of the cluster is equal to that
The horizontal scale represents the projection of each masf the Mn 3d shell (5ug). If the net charge of the cluster is
lecular orbital(MO) into the different atomic species. Solid then reduced, the holes are always created in the majority
and thinner dashed lines correspond to Mn andd®ntribu-  spin MO’s and, as a consequence, the total spin of the cluster
tions, respectivelywhich sum to unity. Different degenera- is reduced. In particular, the formal charge of the MnBi
cies of the levels have not been taken into account in makingroup in the manganites studied in this paper-i8|e| (see

the figure. Only the group of levels close to the highest ocSec. VII), which leaves one unoccupied majority-spin state.
cupied molecular orbitalHOMO) is shown, corresponding Therefore, consistent with the electronic structure of the

IX. DISCUSSION: STUDY OF CHARGED MnBi 4
CLUSTERS
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TABLE V. Population of the Mrd shell and magnetic moments is almost unchanged for the rest of the tetrahedra (4z39
of different groups of atoms, as obtained from a Mulliken popula-The case of the Po substitution is a little bit more compli-
tion analysis for FM BaMnBi,;, and the compounds obtained by cated. The magnetic moment of MaBio®~ should increase
substituting a Bi atom in one of the MnBietrahedra by a Pb atom g 5, This is again reflected in the results for the solid, but
and a Po atom, respectively. In all cases the structure of thg, this case the observed change is more modest,u4.52
Bay,MnBiy; was maintained. The data correspond to the substitutedh g 4.325 (see Table V. This different behavior is re-
(MnBisX) groups, while those in brackets correspond the remain saq 15 two different effects. In the first place, the Po sub-
ing MnBi, tetrahedra. stitution adds one electron to the tetrahedron which is prob-
ably accompanied by a delocalization of the associated MO’s

X—Pb 8856;/':‘:;'43)( X—Po (Wannier functions in the soljdthus the picture solely based
on the electronic structure of the isolated clusters becomes
Qq 5.14(5.15 5.15 5.16(5.15 less accurate. Another effect comes from the fact that the
i 4.24(4.33 4.32 4.34(4.32 band structure of BgMnBi;;, while very close to half-
i 4.56(4.63 4.62 4.66(4.62 metallic, is not totally half-metallic. With the addition of one
Hmingigx 3.73(4.39 4.35 4.52(4.32 eleptron the half-metallic'ity is reached, forcing the total mag-
Hunit cell 16.98 17.59 17.04 netic moment to have integer values, which consequently

diminishes it from 17.58 5 to 17ug with the Po substitution.

As expected, all the changes of the magnetic moment ob-

clusters and the formal valence, we can expect a magnetigerved upon chemical substitution occur without much modi-

moment of~4ug on each MnBj°~ tetrahedron, as obtained fication of either the charge or the moment associated to the

in our calculations for the solids. The data in Table IV alsoMn atom, or itsd shell.

show that, if the charge transfer to the Mn tetrahedra is lower

than nine electrons, even a larger reduction of the magnetic X. CONCLUSIONS

moment could be expected. The robustness of the depen-

dence of the total spin on the number of electrons is also In this paper we have presented and analyzed the results

shown by substituting one of the Bi atoms by Pb, whichof first-principles, full-unit-cell, LSDA calculations of

provides one electron less, and by a Po atom, which provideSa; ,MnBi,; and Bg,MnBi,;. The general agreement be-

one electron more than Bi to the cluster valence populationtween our results and the available experimental information
Since the rest of the atomic groups in the unit cell aresupports a microscopic framework within which to under-

formally closed shell, we can expect the main properties oftand these complex materials, which show the simultaneous

the crystal to arise from MnBiclusters, at least as far as the presence of localized Mn magnetic moments and metallicity.

interaction between Mn&?’ units is weak enough in the We also provide evidence of additional properties, not yet

solid. With such a simplified model we can already anticipatecorroborated by measurements, such as near half-metallicity

the following properties. of the FM manganites. We summarize our main conclusions
(i) The presence of a polarized hole localized in eactas follows.
MnBi, tetrahedron. (i) Electron counting based on the Zintl picture, which

(i) As a consequence of the reverse polarization of th&isualizes these materials as an ionically bound collection of
valence-band holes, the magnetic moment should be reducélpositive alkaline earth ions and negatively charged ions
considerably from the Mit value to near 4. and covalently bonded polyatomic anions (MgBi, B, ™,

(i) The FM order should exhibit a half-metallic band and BF~), is a good starting point for the description of the
structure with approximately four unoccupied majority-spinelectronic structure of these compounds, as suggested by
bands(one for each Mn atom in the unit cgll Gallupet al*

(iv) The hopping of these holes between neighboring tet- (i) The Mn ions should be regarded as divalent?Nn
rahedra should be the main mechanism of electric transportather than the original picture that considersda con-

These results are in fact corroborated by the calculationfiguration (3+ valence for the Mn ion. Charge balance
for the solids presented in the previous sections, that takis maintained by the introduction of one hole into the B 6
into account the full interconnectedness of the lattice. In adstates in the MnBi tetrahedron; a heuristic connection
dition, we have performed calculations for some fictitiousGa " (Bi,)*? «—Mn?"(Bi,)**" can be drawn, which also
materials that provide further support to the idea that an arrelates the charge states in the tetrahedron to the insulating or
gumentation based on the MO'’s of the isolated clusters igonducting character of the solid. The hole in thg &itra-
still meaningful for the crystal. In one case we have substihedron can hop to neighboring MnBiinits, accounting for
tuted a Bi atom with Pb in one of the MnBgroups of the the (hole) conduction in CgMnBi;; and Ba,MnBiy;.
unit cell of Bg 4MnBiy;. According to Table IV the magnetic (iii) In spite of the majority Mn 8 states being fully
moment of the resulting MnPb?i’ tetrahedron should de- occupied, the experimental magnetic moment-afug per
crease to g.g from the 4ug of the pure Bi cluster. In Table formula unit(i.e., per Mn atonnis recovered in our calcula-

V we can see that, in the solid, this substitution is in facttions, since the hole in the Btetrahedron is parallel to the
accompanied by a decrease of both the tdgl0.61ug) and  Mn moment(the unpaired electron is antiparallel
the local magnetic moment, which becomes a.Z3or the (iv) The FM compounds are close to half-metallic, with
tetrahedron where the substitution has been performed whildae minority bands almost completely occupied.
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(v) The AMPn crystal structure introduces its own pecu- cluster orbitals of some of the $hetrahedra, as is done in
liar magnetic coupling. The MnBitetrahedrathe magnetic  every Bj, tetrahedron in CaMnBi; and Ba,MnBi;, with
units of these compoundisare distributed in two disjoint in-  an accompanying unbalanced spin. Further study will be re-
terpenetrating three dimensional networks. Magnetic couquired to develop a consistent picture of this fluctuating va-
pling is ferromagnetic within each network, and AFM order |ence system.
arises if there are AFM interactions between tetrahedra from Qur description also gives insight into the interplay be-
different networks. These anisotropic magnetic couplingsween the conduction and magnetic properties, and may play
cannot be understood within a traditional, isotropic RKKY g crucial role in the CMR behavior observed in some of the
scheme. 14-1-11 manganites. In particular, it provides a simple pic-

(vi) Our calculations also provide some insight into theture of the pressure induced ferromagnetic transition ob-
puzzle of how the transition temperatures can be as high aserved in Sy;MnAs,;,%! which seems to be accompanied by
70 K for this family of compounds when the Mn-Mn are a semiconductor-metal transition, and was previously inter-
more than 10 A apart. One point is that the Mn-Mn distancepreted as signature of a RKKY-type magnetic interaction.
is not the meaningful parameter, rather the relevant paran€ompressing théMPn structure causes an increase in the
eter is the Bi2-Bi2 distance which determines the hoppindnteraction between the MnBunits, with the corresponding
along the -Mn-Bi2-Bi2-Mn- chains. increase of the hopping probability of the localized valence-

(vii) We speculate that full three-dimensional ordering ishand holes. These holes are simultaneously responsible of
enhanced by the comparatively strong FM coupling withinthe conduction process and vehicles of the exchange interac-
each network, analogously to the situation in layered cution between Mn atoms and, therefore, a decrease in the re-
prates such as L&uO, which order magnetically above sistivity of these systems is necessarily accompanied by
room temperature in spite of very weak interlayer exchangetronger magnetic interactions.

coupling®®
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