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The crystal structure, magnetic properties, and a schematic band structure have been determined for
the new class of magnetic compounds of the type MngNi,Bi,. This class includes Mn,Pd,Bi,,
Mn,Rh,Bi,, and Mn;Cu,Bi,. The structure has been calculated with the aid of Patterson and difference
Patterson analysis of powder x-ray diffraction data. The spontaneous magnetic moment at 4.2 K for
these compounds lies in the range 50-64 emu/g and Curie temperatures range between-7 °C and
183°C. Molar Curie constants have been measured. A schematic band-structure model has been
determined. It is based on local-site symmetries and includes both strongly correlated and itinerant d
electrons. As in the Heusler and Ni;Mn alloys, antiferromagnetic coupling of a small percentage of
Mn-atom moments appears to be associated with atomic disorder. Within the experimental limits of
apparent atomic ordering, the magnetization and Curie constants predicted from the band model are in

agreement with experiment.

I. INTRODUCTION

A new class of magnetic compounds has recently
been reported.! The chemical formulas are
Mn;X,Bi, for X=Ni, Pd, or Rh, and MnyCu,Bi,.
X-ray diffraction spectra indicate that all four
compounds have essentially the same structure.
This crystal structure had not been previously re-
ported. These compounds show large spontaneous
magnetization with Curie temperatures ranging be-
tween -7 °C and 183 °C.

This paper presents an interpretation of the mag-
netic properties of these compounds. This inter-
pretation is based on a schematic density-of-
states-versus—energy diagram derived according
to principles described previously. 23 Since this
derivation requires a precise knowledge of the
crystal structure, we first describe the structure
and the evidence used in the structure determina-
tion. We next review the experimental measure-
ments of low-temperature moment and high-tem-
perature susceptibility. The schematic density-of-
states curve is then derived. Finally, quantitative
predictions that follow from this qualitative anal-
ysis are compared with the magnetic data.

II. CRYSTALLOGRAPHY

Single crystals of these materials were not
available, and hence it was necessary to determine
the crystal structures entirely from powder data.
It is well known that it is in general very difficult
to obtain precision structure data from powder
patterns because of the overlapping reflections;
however, the Patterson projections yielded useful
information for this structure.

The experimental methods used were as follows:
A Norelco vertical-plane scanning diffractometer?
(modified to include a long parallel slit collimator),
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a vacuum path and specimen chamber,® and a dif-
fracted beam focusing graphite monochromator
were used. The specimen was rotated continu-
ously in its own plane to reduce crystallite statis-
tical errors. A copper tube operated at 50 kV and
25 mA was used with an angular aperture of 4° in
the back-reflection region and 1° in the front-re-
flection region. A portion of the pattern was re-
corded with both apertures to obtain the scaling
factor. The diffractometer was controlled by an
IBM System 7 computer and the pattern was scanned
using 0.05° (26) steps and a 2-sec counting time
per step. The data were recorded on disk and
transferred to an IBM 360/195 computer for anal-
ysis. A curve-fitting method was used to provide
peak positions, basedon all data pointsineach line
profile, and integrated intensities.® These experi-
mental integrated intensities were measured and
provided by Taupin and Parrish. The pattern was
indexed using Taupin’s method.’

The diffractometer patterns of Mn;Ni,Bi, and
Mn;Pd,Bi, are shown in Figs. 1(a) and 1(c). They
are both cubic with a lattice parameter =12 A.
This cubic cell contains eight Mn;X,Bi, units.

A (001) Patterson projection was calculated first
by assuming that all ambiguous lines [overlapping
(hk0) and (kkl)] were entirely due to (k20) [Fig.
2(a)] and second by assuming that all ambiguous
lines have no (#%k0) contribution. The general fea-
tures of the two projections were similar, differ-
ing only in peak shape and peak height. These pro-
jections suggest a two-sublattice structure. One
sublattice has a large electron density and the other
a much smaller electron density. Since the Bi
atom has a much higher atomic number than any of
the other atoms and since the Patterson function is
proportional to the square of electron density, it is
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likely that Bi occupies the first sublattice.

Next, a difference Patterson® was calculated us-
ing the X =Ni and X =Pd diffractometer data. The
result, shown in Fig. 2(b), is again a projection
onto the (001) plane. It essentially shows the pro-
jected vectors from the replaceable atom, which is
set at the origin, to the other atoms in the crystal.
The pronounced atom positions in Fig. 2(b) there-
fore represent the heavy Bi atoms relative to the
Ni or Pd atom positions. This suggests that the
Ni or Pd atoms are on the §, % positions in Fig.
2(a). Some caution must be exercised because we
are dealing with polycrystals and because Patter-
son maps do not give electron density directly.

From the systematic absences in the reflections
given in Fig. 1, the unit cell was found to be face-
centered cubic with the following space groups
possible: F23, Fm3, F432, F4,32, F43m, and
Fm3m. Since F432 differs from Fm3m only in
point groups containing 96 or more atoms, we need
not consider F432 further.

Except for 48-fold groups or higher, which we
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FIG. 1. X-ray diffrac-
tometer data, intensity
vs 20 (deg), for MnyNi,Bi,
[(a) experimental, (b) cal-
culated] and MnsPd,Biy
[(c) experimental, (d) cal-
culated]. CuKa radiation.
The vertical sensitivity
was increased by a factor
of 2 at 31° and again an-
other 2 at 65° for all
curves in order to facil-
itate comparison of
higher angle lines

also ignore, all point groups may be described in
terms of the point groups 4a-24g of space group
F43m. To describe in this notation the sublattices
observed in Fig. 2, we use x= i for 24f, x=~0 for
24g, and x~%, 3, 3, & for 16e. We will call them

a2
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FIG. 2. (a) (001) Patterson projection for powder sample
of MnyNiyBi;. (b) Difference Patterson using Mn;Ni,Bi,
and MngyPd,Bi4s. All overlapping lines are assumed to
contribute fully to (r20).
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leiatgi Mn - 24d, and (16Mn+16X) — 32f (x=0.104 for X
8;’::‘ 2:d =Ni and 0.114 for X=Pd). The final structure is
@ Mn, X at 32 shown in Fig. 3. This structure is remarkably

a’2

FIG. 3. Structure of MngNi,Bi,.

Two octants of the
unit cell are shown, The other octants have one or the
other of these two structures and are arranged so that
no two adjacent octants have the same atomic arrange-
ment,

f, & e, €3, es, and e,, respectively, and the ap-
proximation sign is to allow distortions of the sub-
lattice atoms about these “ideal” lattice positions.
As suggested by the Patterson analysis, the 32 Bi
will be placed on one sublattice. In terms of the
above notation, this means all Bi are on either
24f + 4c + 4d or 16e, + 16e4 (or permutations).

Symmetry factors® have been calculated for the
4a-24g point groups in F43m for small distortions
about the two-sublattice model. The remainder of
the analysis consists of calculating structure fac-
tors using these symmetry factors for the zero-
intensity (111), (200), and (220) lines, for the (331)
line, which is absent for X=Ni, and for various
other nonzero lines of importance. This is essen-
tially a trial and error procedure, but a number of
simplifications are possible. (i) Consideration of the
symmetry factors for the (111) and (331) lines
shows that they are identical except for distortion.
Since (111) has zero intensity and (331) is a strong
line, this means that it is essential to include dis-
tortion in this structure. (ii) Consideration of the
(200) and (420) lines in a similar manner indicates
that Bi-atom displacements are more likely along
(100) than along (111). This suggests that Bi is on
24f +4c +4d. (iii) The difference Patterson has in-
dicated that 16 Ni or 16 Pd are on the other sub-
lattice from the Bi and therefore on e sites; the
final location is 3 (e, +e,). The Mn are found to fill
the remaining 3 (e, +e,) sites and also the 24¢ sites.
The 4a and 4b sites remain empty.

Comparison of these site occupations with the
other allowed space groups shows that the highest-
allowed symmetry group is Fm3m. In terms of
Fm3m notation, the final structure is Bi - 8¢, Bi
— 24e(x =0.285 for X=Ni and 0. 290 for X=Pd),

well indicated by the projections shown in Fig. 2.

In this structure the 32 Bi atoms in the unit cell
form a fcc sublattice with a sublattice constant
equal to one-half the lattice constant of the unit
cell. The remaining sites may be described as
octahedral or tetrahedral relative to the Bi sublat-
tice. There are 32 octahedral sites; 24 of these
(24d) are filled by Mn. Of the 64 tetrahedral sites,
32 are filled (32f with 16 Mn and 16X, X =Ni or
Pd). There is considerable distortion about the
empty octahedral sites as indicated by the arrows
in Fig. 3.

The chemical composition of the Cu compound
is different than that of Ni or Pd, so the difference
Patterson analysis cannot be applied. Also, since
the scattering factors of Mn and Cu are very sim-
ilar, it has not been possible to determine experi-
mentally the location of the copper. However, a
reasonable assignment, by comparison with the
Ni and Pd compounds, is Cu on the tetrahedral
sites. The X=Rh compound has not been prepared
in single-phase quality, so no structure work has
been done on it.

Theoretical diffraction patterns calculated by
the Smith program, '° based on the model of Fig.

3, are shown in Fig. 1. (A table of calculated and
observed integrated intensities has been published. )!
The apparent good agreement between the experi-
mental and calculated patterns is confirmed by the
residual factor (§|I, - I, /¥],) based on these in-
tensities. From the first 52 lines, a residual fac-
tor of 0.16 was calculated for both X=Ni and X
=Pd with no temperature or other corrections in-
cluded.

III. MAGNETIC PROPERTIES

The magnetic properties of these compounds
were measured using a PAR vibrating-sample mag-
netometer. This magnetometer was modified by
mounting a thermocouple directly on the vibrating
sample rod with the thermocouple junction essen-
tially in contact with the sample to ensure accurate
sample-temperature measurements. Also, pro-
vision was made to allow measurements with the
sample chamber evacuated.

A magnetization-versus-field loop taken using
Mn;Ni,Bi, at room temperature is shown in Fig.

4. The coercive force of all four of these com-
pounds is in the range 100-200 Oe. Measurements
at 4.2 K are shown in Fig. 5. It is interesting to
note that the Ni compound shows a much steeper
approach to saturation at 4.2 K than at 68 K. It
seems likely that some antiparallel spin alignment
is occurring in this compound below 68 K. It will
be seen later that comparison of low-temperature
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FIG. 4. Magnetization vs applied field for powder
sample of MnsNi,Bi, at room temperature. The sample
weight is 291 mg.

moment with high-temperature susceptibility sug-
gests there may be a small fraction of antiparallel
spins at low temperature for all four compounds.
The saturation magnetization at 4.2 K is shown in
Table I and is derived from these curves by plot-
ting magnetization as a function of H -! and extrap-
olating to the intercept at H -1=0. We have also
plotted magnetization as a function of H -2 (approach
to saturation primarily due to anisotropy) in addi-
tion to H™! (approach to saturation primarily dueto
imperfections)“ and have found that over the avail-
able range of field it is not possible to distinguish
between these two methods. Both methods give the
same saturation magnetization to within 1%.
Reciprocal susceptibility versus temperature
is shown in Fig. 6. The curve for X =Cu shows a
transition at 280 °C from one straight line to a

70 =
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FIG. 5. Magnetization vs applied field for the Ni, Pd,
and Cu compounds at 4.2 K. The dashed curve is for
the Ni compound at 68 K.
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TABLE I. Magnetic properties of Mn-X-Bi compounds.
X a(d) 6(°C) T,(°C) o*emu/g) o,(emu/g) Cumole
Ni 12.16 108 101 39.4 64 12.4
. ; . - 8.3(T>280°C)

[ 12,18 202 183 39.3 50.5

4 o 20.5 8. 7(T<280°C)
Rh 12,31 - -7 .
Pd  12.44 67 54 28.0 58 12.7

20° C, 20 kOe.

second line nearly parallel to the first. Depending
upon sample heat treatment, data along either of
the two lines alone have been obtained over this
entire temperature interval. This effect may be
due to temperature-dependent ordering of the Mn
and Cu between the octahedral and tetrahedral
sites.

IV. INTERPRETATION OF MAGNETIC PROPERTIES

Interpretation of the magnetic properties of these
compounds requires a knowledge of the number #,
of outer d electrons per formula unit, the relative
stabilities of the various d bands, and the ability
to distinguish strongly correlated from itinerant d
electrons.

Each atom has one outer s and three outer p or-
bitals, each orbital having a twofold-spin degener-
acy. Interaction between the metal and metalloid
sublattices creates bonding and antibonding states
as well as states that are nonbonding with respect
to the metal-metalloid interactions. The formula
units Mn,X, [Mn, Bi, and Cu, [Mng JBi, contain 32 6s
and 6p states at Bi atoms and 56 s and p states at
the metal atoms. Therefore, there are 32 bonding,
32 antibonding, and 24 nonbonding s and p states.
Because the metalloid Bi atoms are electronegative
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FIG. 6. Reciprocal susceptibility vs temperature for
the Ni, Pd, and Cu compounds. Ferromagnetic Curie
temperatures are also indicated for each compound.
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relative to the metal atoms, the bonding orbitals
are primarily Bi 6s and 6p bands and the nonbond-
ing and antibonding orbitals are primarily metal-
atom s and p bands. Moreover, the 24 orbitals per
formula unit, though nonbonding with respect to the
metal-Bi interactions, form broad metal-atom con-
duction bands that overlap the metal-atom d bands
as in a transition-element metal or alloy. Since
even with a formal valence 3 - at the Bi atoms

the average valence state at a metal atom is<2 +,
it is reasonable to anticipate that the bonding s and
p bands are filled. Therefore, we make the follow-
ing assumption:

Assumption 1. The bonding orbitals (primarily
Bi 6s and 6p bands) are filled, from which it fol-
lows that the number #, of d electrons per formula
unit is

1)

where 7 is the total number of outer electrons and
ng the number of metal-atom s electrons per for-
mula unit.

In the transition elements, n <1 per atom. In
the compound, overlap of s and d bands is reduced
by the formation of antibonding orbitals. There-
fore, we make the following assumption:

Assumption 2. The antibonding orbitals (pri-
marily metal-atom s and p bands) are empty, from
which it follows that the parameter »r; is con-
strained to the limits

ng=n-32-ng,

0<ng<3. (2)

The schematic density-of-states-versus—energy
curves shown in Fig. 8 conform to these assump-
tions.

In order to distinguish the strongly correlated d
electrons from the itinerant d electrons and to es-
tablish the relative stabilities of the various d
bands, it is necessary to investigate the point sym-
metries at the metal-atom sites. From Fig. 7(a),
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an octahedral site is orthorhombic and the d-orbit-
al identifications relative to the indicated local
axes are the following:

a.=d 2
strongly antibonding with respect to Bi at 8¢;

b, ~d

xy 2
strongly antibonding with respect to Bi at 24e;
by, ~d

yz »

moderately antibonding with respect to Bi at 8c;

16 7d o 2,

forms narrow tetrahedral-octahedral (tet-oct) band
states with Mn/X at 32f;

b ~d

xz )

forms broader tetrahedral-octahedral (tet-oct)
band states with Mn/X at 32f.

From Fig. 7(b), a tetrahedral site has trigonal
symmetry, and the d-orbital identifications are the
following:

Ay = d,,z
strongly antibonding with respect to Bi at 8¢;
cRdy g

yz'o

form tet-oct band states with Mn at 24d;

dyg s

e~dy 2y dy,

form tetrahedral-tetrahedral (tet-tet) band states
among Mn or X at 32f.

Assertion of the formation of narrow d bands on
the metal-atom array is based on the following
assumption:

Assumption 3. Metal-metal separations <3.0 A
at room temperature are short enough for the for-
mation of itinerant-electron d bands.? The tet-oct
site separation is only 2.8 A and the tet-tet sepa-

N
H
(4]

1

|

|
\ |
N

FIG.7. Near-neighbor
configuration at (a) octa-
hedral Mn at 24d and (b)
tetrahedral Mn (or X) at
32f. Diagram (b) also
shows the octet of tetra-
hedral Mn or X about the
empty 4a site.

-
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FIG. 8. Schematic density-of-states vs energy for
Mn, X, [Mng) Biy. Numbers in brackets indicate number
of states per molecule.

ration is 2.6 A for X=Ni and 2.8 A for X=Pd.

Although the d electrons are antibonding with
respect to the Bi array, they may be bonding,
nonbonding, or antibonding with respect to the
metal-atom array. Since there are four tetrahe-
dral-site atoms per formula unit and each contrib-
utes two e orbitals, there are eight bonding and
eight antibonding states per formula unit (two spin
states per orbital) in the tet-tet bands. Note that
tet-tet and tet-oct bands refer to energy bands
containing states formed, respectively, from the
tetrahedral site e orbitals and from mixtures of
tetrahedral e, and octahedral a;,, b,; orbitals.

Because there are four tetrahedral-site atoms
and only three octahedral-site atoms (each atom
contributing two orbitals or four states to the tet-
oct bands), the tet-oct bands contain 12 bonding,
12 antibonding, and four tetrahedral-site nonbond-
ing states per formula unit. In Fig. 8, the 20
bonding (8 tet-tet + 12 tet-oct) and 20 antibonding
itinerant-electron states are indicated by a bimodal
density-of-states—versus—energy curve, the bottom
half representing bonding states and the top half
antibonding states. No attempt has been made to
distinguish the relative stabilities and widths of the
tet-tet and tet-oct bands. However, the fact that
the d orbitals at Ni, Pd, and Cu atoms are more
stable than those at Mn atoms introduces, implic-
itly in Fig. 8, the following assumption:

Assumption 4. In the presence of Mn atoms
having more than four d electrons, Ni, Pd, and Cu
atoms have filled d orbitals.
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Ordering of Ni, Pd, or Cu atoms on tetrahedral
sites makes it possible to assign all their e, elec-
trons to bonding tet-oct band states. Ordering of
X atoms among the tetrahedral sites would make
it possible to assign all their e electrons to bond-
ing tet-tet band states. Therefore, for the case
of ordering of X atoms among the tetrahedral sites,
Fig. 8 need not be modified to account for the
greater stability of the X-atom d orbitals. How-
ever, implicit to the diagram is a confinement of
the d holes to the Mn-atom array.

Observation of a large ferromagnetic moment
introduces the following assumptions:

Assumption 5. The Mn-Bi-Mn interactions are
weak enough that the octahedral a,,, b,,, and by,
orbitals are strongly correlated.

Assumption 6. The tetrahedral-octahedral bands
are narrow enough that the four nonbonding states
per formula unit are strongly correlated.

Assumption 7. The itinerant-electron bonding
states are spin-paired, but the itinerant-electron
antibonding states are magnetized.®

Assumption 8. The strongly correlated elec-
trons at Mn atoms occupy half-filled orbitals, a d®
manifold at octahedral sites and a d2 manifold at
tetrahedral sites, whose energies are separated
from d* and d® manifolds, respectively, by intra-
atomic electron-electron Coulomb energies. #°

Assumption 9. The Mn-Bi-Mn interactions,
which would be antiferromagnetic according to the
rules for superexchange, % are weaker than ferro-
magnetic metal-metal interactions, provided each
octahedral Mn atom sees at least two X-atom
nearest neighbors.

Assumptions 5-9 are self-consistent. Strongly
correlated d electrons are characterized by a
splitting of d" and d™! multielectron manifolds and
a contribution to the spontaneous magnetic moment
equivalent to that for localized electrons. Half-
filled, strongly correlated orbitals at Mn atoms
correspond to maximum intra-atomic-exchange
stabilization and maximum splitting of d" and d™*
manifolds. Moreover, the existence of four to
five outer d electrons at the Mn atoms would seem
to dictate half-filled orbitals. In addition, if the
antibonding bands are narrow enough to sustain
spontaneous ferromagnetism (magnetic polarization
of the itinerant-electron bonding and antibonding
states is not shown in Fig. 8), the nonbonding d
electrons must also be magnetized—and hence
strongly correlated. Since the two nonbonding or-
bitals (four states include spin degeneracy) belong
to the tetrahedral-site array and all the X-atom e
orbitals are bonding, this places one of each at the
tetrahedral Mn atoms. Therefore, in Fig. 8 the
d" manifolds are an octahedral-site Mn: d° and a
tetrahedral-site Mn: d°. The empty d™! manifolds
above Ej are separated from the d" manifolds by
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TABLE II. Predicted electron distribution and molecular moments for ordered compounds.

Local at Local at tet tet-tet itinerant tet-oct itinerant oct tet
Formula n ng oct? Mn* X bonding antibonding  bonding antibonding v/ Hg Uya/lp K/ ug
Cuy[Mng) Bi, 85 53 -—ng 9 12 8 8 12 (4 —ny)* 3(13-ny) (13 —ny)
MnyNiy[Mng]Bi, 75 43 -n, 9 4 4 8 n® 12 6-—ng—n)* 3 5-4n) (19-ny
Mn,Pd,[Mny]Bi, 75 43-n, 9 4 4 8 net 12 6-—ng—n)* 3 (6-3n) (19-ny)
Mn,Rhy[Mng]Bi, 73 41 -n 9 4 4 8 ned 12 @—ng—n)* 3 @-4n) A7-ny)

Contributes an equivalent number of Bohr magnetons/formula unit to Mn moments.

the Coulomb energies U, and U;. The strongly
correlated (localized) electrons contribute 3pu 5 to
the moment of each octahedral Mn atom and 2u,4
to the moment of each tetrahedral Mn atom.

Unlike strongly correlated electrons, which ex-
hibit a maximum contribution to the atomic mo-
ment if half-filled, spontaneous ferromagnetism
among itinerant electrons is a maximum if the
bands are i or i filled and would vanish if they
were half-filled.??® (Spontaneous magnetism of
half-filled orbitals is antiferromagnetic.) Although
the number of d electrons at a Mn atom is less than
five, the tet-tet and tet-oct bands are more than
half-filled because each X atom carries ten d elec-
trons. The number of antibonding electrons is suf-
ficient to ensure ferromagnetic-versus-antiferro-
magnetic correlations among the itinerant elec-
trons, ® provided the d electron-poor Mn ions do
not cluster. In a Mn-rich cluster, some Mn atoms
would be coupled antiparallel because the antibond-
ing-electron concentration is diminished. Figure
8 corresponds to ordering of the X atoms among
tetrahedral sites.

The construction of Fig. 8 leaves, in addition to
an uncertainty in the value of n,, an uncertainty
in the distribution of the Mn d electrons. On the
tetrahedral sites, the bonding e electrons are spin
paired at the X atoms and », antibonding electrons
per formula unit occupy the Mn-atom e orbitals.
These contribute (#,/2)u to the moment of each
tetrahedral-site Mn atom. The total number of
antibonding d electrons per formula unit is n, +#n,,
where », are in tet-oct bands. The spin-paired
X-atom e, orbitals account for 3 of the bonding
electrons in the tet-oct bands. Four Mn-d elec-
trons per formula unit must also occupy spin-
paired, tet-oct bonding orbitals. If these were
distributed equally among all the Mn atoms, there
would be 0. 8 bonding d electrons per Mn atom,
and the sum of “localized” plus bonding d electrons
per Mn atom would be 2.8 and 3.8 for tetrahedral
and octahedral sites, respectively. The total num-
ber of antibonding d electrons per formula unit is

Hy+ng=ng—37=6-n,, (3)

the number 37 being composed of 13 “localized”
Mn electrons, 4 X-atom a,, electrons, and 20bond-
ing electrons. In order to equalize the total d-

electron distribution among the Mn atoms, we make
the following assumption:

Assumption 10. If ng=1, so that § (6 -1n,)<1
antibonding electrons per Mn atom are present,
all the antibonding electrons are at the tetrahedral-
site Mn atoms.

The significance of this assumption is that all the
moment (6 -1,)uy per formula unit contributed by
the (r, +n,) antibonding electrons appears at the
two tetrahedral-site Mn atoms and none at the oc-
tahedral-site Mn atoms, so that

Uymloct) =31 and py,ltet) = (5 -3 n)up . (4)

In this case, the distribution among », and »n, has
no consequence for the magnetic properties. More-
over, the separation between octahedral sites is
relatively large, so that antiferromagnetic cou-
pling between octahedral-site Mn atoms is domi-
nated by the ferromagnetic coupling between tetra-
hedral and octahedral Mn atoms. Implicit in Eq.
(4) is the following assumption:

Assumption 11. The Mn-atom moments may be
described, to first order, by a spin-only spectro-
scopic splitting factor, g =2, since the orbital mo-
mentum is quenched by the crystalline fields.

Table II summarizes the above assumptions for
the compounds Mn,X,[Mng|Bi,, X =Ni, Pd or Rh,
and for Cu,[Mn,]Bi,. It is assumed that the d or-
bitals of Rh and Cu, as well as those for Ni and
Pd, are completely filled in the presence of Mn
atoms. The model is seen to provide a quantita-
tive prediction of the atomic and molecular mo-
ments of the atomically ordered ferromagnetic
compounds in terms of one adjustable parameter
ng, where 0<n <3. The model also indicates
that, in the absence of X-atom ordering among the
tetrahedral sites, there may be Mn-rich clusters
within which a Mn-atom moment is coupled anti-
parallel at low temperatures.

In order to compare the model with paramag-
netic data, it is possible to calculate a Curie con-
stant:

Cro1 = %[31’%“ + 2p2tetJ s
(5)
p%= (/1) [((ipa/ 1 5) + 2],

and pe =0 for Cu, [Mn,]Bi,. Both low-tempera-
ture magnetization and high-temperature paramag-
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TABLE III. Experimental and predicted moment and
susceptibility.

Low temperature Molar
moment (4g/molecule) Curie constant
Experiment Calculated® Experiment Calculated
Mn,Cu,Bi, 11.4 11.4 8.3% 8.3
Mn;Ni,Biy 14.1 17.4 12.4 12.1
Mn;Pd,Bi, 13.7 17.4 12,7 12.1

2Calculated for ng=1.6 and perfect atomic order.
°T>280° C.

netic data for Cu, [Mny]Bi, can be fit, (see Table
III), with

ng=1.6, (6)

which falls nicely within the prescribed limits for
this adjustable parameter. For comparison with
experiment, n,=1.6 is chosen in Table III for the
Mn,X, [Mny]Bi, compounds as well. The fact that
the calculated moment is larger than found experi-
mentally implies the existence of some (up to 10%
in X =Ni) antiparallel Mn-atom moments at low
temperatures. As already noted, the field depen-
dence of the magnetization at 4.2 K provides evi-
dence for some antiparallel moments in Mn,Ni,
[Mn,;]Bis. At highest temperatures, where all the
short-range antiparallel atomic moments are de-
coupled, the reciprocal susceptibility versus tem-
perature should approach a straight line that gives
a Curie constant close to the theoretical value.

The situation is presumably analogous to nearly
ordered NigMn and to the Heusler alloy MnCu,Sb,
where Mn-Ni-Mn or Mn-Cu-Mn interactions
are ferromagnetic and nearest-neighbor Mn-Mn
interactions are antiferromagnetic.

V. CONCLUSIONS

A consistent description of the crystal structure,
magnetic properties, and schematic band struc-
ture of the Mn;X,Bi, family of compounds has been
achieved. However, quantitative comparison of
the predicted and measured magnetic properties
appears to be influenced by lack of ordering of the
X atoms among the tetrahedral sites. The appar-
ent success of the model supports the several as-
sumptions on which it is based. These include
general assumptions that have proven useful for
the interpretation of other magnetic compounds.
This exercise provides another, quite complex,
illustration of how quantitative predictions about
atomic moments may be obtained from general
physical arguments without a detailed knowledge
of the band structure.
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