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Single crystals of a third modification of Mn;As, were obtained
by chemical transport from 780 to 730°C of prereacted samples in
sealed silica tubes in the presence of iodine. This compound is the
major reaction product when the elemental components are an-
nealed in the appropriate ratio at 650°C. The structure was deter-
mined from single-crystal diffractometer data: C2/m, a =
1324.7¢3) pm, b = 369.5(1) pm, c = 904.6(4) pm, § = 132.23(3)°,
Z = 4, R = 0.024 for 34 variables and 553 structure factors. It is
closely related to the structures of V3As; and TisTe,. The similari-
ties and the differences in the near-neighbor coordinations of the

three Mn3As; modifications are discussed. @ 1994 Academic Press, Inc.

INTRODUCTION

The phase diagram of the manganese-arsenic system
was reassessed by Okamoto (1), based mainly on pre-
vious work by Schoen (2) and Yuzuri and Yamada (3).
According to these authors, several phases exist in the
compositional range between Mn:As and MnAs. Re-
cently, the structures of two modifications of Mns;As;
were reported. MnsAs,(I), with the exact composition
Mn; gyAss, is a high-temperature phase with a tendency
for twinning (4). Upon cooling this phase seems to de-
compose to intergrown crystals of Mn;As,(II) and
MnsAs, with very closely related structures (5). The com-
pound MnjAs;(IIl), reported here, is obtained at lower
temperatures. At least one more compound exists in this
compositional range, for which we determined the com-
position to be MngAs; {(6). A preliminary account of the
present work has appeared previously (7).

SAMPLE PREPARATION

Mn,As,(I11) was prepared by reaction of the powdered
elements manganese (Heraeus, —325 mesh, 99.95%) and
arsenic (Ventron, pieces <1.3 cm). The arsenic was
ground and purified by fractional sublimation prior to the
reactions. Samples with starting compositions between
5:3 and 4:3 were annealed in evacuated silica tubes at
600-650°C for a week. The powder patterns of the dark

! To whom correspondence should be addressed.

gray products showed Mns;As;(III) as the major phase
and often also as the only phase. A well-crystallized sam-
ple of this arsenide was obtained by chemical vapor
transport of the ground product in the presence of iodine
with a charge temperature of 780°C, a growth zone tem-
perature of 730°C, and a reaction time of 10 days.

Energy dispersive X-ray analyses revealed no impurity
elements heavier than neon. The crystals are needie-
shaped, brittle, gray with a metallic luster, and stable in
air. They are slightly attacked by water, the color chang-
ing to brown within 1 day.

STRUCTURE DETERMINATION

Crystals of Mn;Asy(III) were investigated on a Weis-
senberg camera to find a specimen suitable for the collec-
tion of the intensity data. They showed a C-centered
moneclinic cell. The cell constants were obtained by a
least-squares fit of Guiner powder data {Table !) using «-
quartz (@ = 491.30 pm, ¢ = 540.46 pm) as a standard: g =
1324.7(3) pm, b = 369.5(1} pm, ¢ = 904.6(4) pm, 8 =
132.23(3)°, Vv = 0.3279 nm*. A single crystal with the
dimensions 0.2 x 0.02 x 0.02 mm® was mounted on an
automated four-circle diffractometer (Enraf-Nonius
CAD4) and intensity data were recorded using graphite-
monochromated MoKo radiation, a scintillation counter,

“and a pulse-height discriminator. The background was

measured on both sides of each 8/28 scan. The intensities
of 2839 reflections were recorded within the whole recip-
rocal space up to 24 = 70° and an empirical absorption
correction was applied using psi-scan data. The ratio of
the highest to the lowest transmission was 1.19. Equiva-
lent reflections were averaged (internal residual R; =
0.026) and weak reflections {(<3c) were omitted.

The positional parameters of the atoms were deter-
mined by Patterson and successive Fourier syntheses.
The structure model was then refined by full-matrix least-
squares cycles using atomic scattering factors (9) cor-
rected for anomalous dispersion (10). A parameter cor-
recting for secondary isotropic extinction was refined and
the weighting scheme inciuded a term based on the
counting statistics. Refining the occupancy and the ther-
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TABLE 1
Guinier Powder Pattern of
Mn;Asy(IT)*

hk I o, [ I, I

00 1 222 223 vw 5
20-1 28 219 ww 3
I1-1 84 85 m 17
00 2 — 892 3
40-2 915 98 w 14
20 1 1048 1048 m 19
40 -3 1213 1214 ww 4
11 1 1264 1264 m 20
311 1276 1277 m B
L2 1315 BI® m 7
312 1331 1332 s 5
40 0 1663 10
31 0} 1666 {1668] m { 27
31-3 1840 1833 vs 92
40 -4 — 195 — 3
60 -3 2064 2065 w 9
20 2 2125 2126 s 49
11 2 2039 2137 m 34
11-3 2228 226 m 36
S1 -3 — 268 — 5
20 4 — 2345 — 3
60 -4 2397 2398 m &
ST -1 2531 2531 ws 100
60-1 — 37 — 4
31-4 2776 2779 m 25
02 0 202 2930 vs 56
60 -5 — 3% — 6
11 3 — 45 — 4
11-4 — 3584 — 8
20 3 — 3649 — 9
71 -4  — 3663 — 3
80 -4 — 3671 — 4
80 -3 3749 3748  ww 10

¢ The diagram was recorded with
CuKe, radiation. All observed reflec-
tions and all reflections with calculated
intensities [, > 2 are given. The @ values
are defined by Q = 100/d? (nm~%). For
the intensity calculations (8), the posi-
tional parameters of the refined strnucture
were used.

mal parameters together revealed no deviations from the
ideal occupancy values greater than 0.9%. Therefore the
ideal occupancies were assumed for the final cycles. A
conventional residual of R = 0.024 resulted for 553 struc-
tures factors and 34 variable parameters. The final differ-
ence Fourier synthesis showed the values of +0.8 e~/A>
as the highest and lowest densities. The final positional
parameters and interatomic distances are listed in Tables
2 and 3. The anisotropic thermal parameters and the
structure factors are available from the authors.
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TABLE 2 -
Atomic Parameters of Mn;As,(IITy
Atom C2/m X ¥ z B
Mnl 44 0.30820(9) 0 0.6832(1) 0.88(2)
Mn2 4i 0.38883(8) 0 0.0869(1) 0.83(2)
Mn3 2d 0 H 3 1.23(3}
Mn4 2a 0 0 0 0.78(3)
Asl 4 0.06069(6) 0 0.34317(8) 0.78(1)
As2 4i (.24682(6) 0 0.17768(8) 0.76(1)

@ The atomic parameters were standardized by the program STRUC-
TURE TIDY (11). The last column contains the equivalent isotropic B
values (% 100, in units of nm?) of the ellipsoidal thermal parameters.

DISCUSSION

The crystal structure of the third modification of
Mn;As; (Fig. 1) shows no great similarity to the struc-
tures of the other two modifications (4, 5). Both of these
can be described as being composed of building elements,
which are derived from the NiAs- and Ni;In-type struc-
tures, where the arsenic and indium atoms form hexago-
nal close-packed arrays. In the structure of Mn;As,(I1II)
distorted close-packed layers of arsenic atoms alse can
be visualized, however, the close-packed sheets formed
by the arsenic atoms are rather frequently disrupted by
the manganese clusters around the Mn4 atoms, and
therefore we do not consider the MniAs,(IIT) structure to
be as closely related to the NiAs- and Ni;In-type struc-
tures as the other two modifications.

TABLE 3
Interatomic Distances of Mn;As,(IITY

Mnl 1 Asl 258.0 Mn4 2 As2 249.2
2 As2 260.0 2 Asl 263.2
2 Asl 265.4 4 Mn2 278.5
2 Mn4 288.0 4 Mnl 288.0
1 Mn2 303.5
1 Mn2 303.9
2 Mnl 314.8 Asl 1 Mnl 358.0
2 Mn2 262.2
Mn2 1 As2 250.8 1 Mn4 263.2
2 As2 256.7 2 Mnl 265.4
2 Asl 262.2 2 Mn3 275.8
2 Mnd 278.5
1 Mn3 295.6
1 Mnl 303.5 As2 1 Mn4 249.2
1 Mnt 303.9 1 Mn2 250.8
2 Mn2 256.7
Mn3 As2 257.0 1 Mn3 2570
4 Asl 275.8 2 Mnli 260.0
pA Mn2 295.6

2 All interatomic distances shorter than 340 pm are listed. Standard
deviations are equal or less than 0.1 pm.



THE CRYSTAL STRUCTURE OF Mn;As,(111)

FIG. 1. Crystal structure and coordination polyhedra of Mn;As,
(III). The coordination polyhedra correspond to the interatomic dis-
tances as listed in Table 3. The numbers in the upper left-hand corner
correspond to the atom designations. Distorted hexagonally close-
packed arsenic layers are indicated by the letters A and B in the lower
left-hand part of the drawing. There also aill Mn-Mn bonds shorter than
315 pm shown.

Nevertheless, many coordination polyhedra are similar
in the three modifications. In all modifications the manga-
nese atoms occur in octahedral and square pyramidal ar-
seni¢ coordination. Trigonal bipyramidal and tetrahedral
coordination occur only for the manganese atoms in
Mn;As;(I} and Mn;As;(1I), while square planar arsenic
coordination of manganese atoms is found only in the
structure of MnsAs,(III). In addition, each manganese
atom forms several weak Mn—Mn bonds in all three mod-
ifications. In Mn;As,(IIT) they range between 278.5 and
314.8 pm. In Mn;As»(D) this range extends from 278.8 to
329.2 pm, and in Mn;Asx(1II) from 282.4 to 326.7 pm. Only
two kinds of coordination occur for the arsenic atom in
the three modifications: the bicapped (coordination num-
ber (CN) 8) and the monocapped (CN 7) trigonal prism of
manganese atoms. There are no bonding As—As interac-
tions in any of the three modifications: the shortest As—
As distances are all greater than 340 pm.

The average Mn-As distances of the three modifica-
tions are compared in Table 4. As can be expected, these
distances reflect the coordination numbers. They range
from 247.3 and 249.3 pm for the tetrahedrally coordinated
Mn7 and Mn6 atoms of MniAss(I) and Mn;As,(IT), re-
spectively, to between 269.5 and 272.9 pm for the octahe-
drally coordinated manganese atoms of the three modifi-
cations. In general, the Mn-As distances are slightly
shorter in Mn,Asy(III) than they are in the other two
modifications. This slight difference may be rationalized,
at least to some extent, by the differences in the Mn—Mn
bonding. For instance, the six different manganese atoms
with square pyramidal arsenic coordination of Mn;As,(I)
and Mn;As;(II) have six or seven manganese neighbors
(with Mn—Mn distances covering the range 278.8 t0 329.2
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TABLE 4
Comparison of the Average Interatomic Mn-As Distances in
the Three Modifications of Mn;As,

As coordination

of Mn atoms MnsAs,([) Mn,As([1)  MnyAs, (1D
CN = 6 (octahedral) Mnl: 272.9 Mn2: 272.4  Mn3: 269.5
Mn2: 272.5
CN = 5 {square Mn3: 264.0 Mnl: 261.8  Mnl: 261.8
pyramidal) Mnd: 260.7 Mn3: 264.8 Mn2:; 257.7
Mnb: 2659 Mn3: 263.8
CN = 5 (trigonal Mn5: 267.3 Mn4: 269.3 —
bipyramidal)
CN = 4 (tetrahedral) Mn7: 247.32  Mné: 249.3 —
CN = 4 (square planar) — -— Mn4: 256.2
Mn coordination
of As atoms Mn,As; (1} Mn;As,(I1) Mn;As;(111)
CN = 8 (bicapped Asl: 266.3 As2: 269.4 Asl: 266.0
trigonal prism) As2: 269.1 Asd: 267 8
CN = 7 (monocapped As3: 259.0% Asl: 259.4 As2: 255.8
trigonal prism) Asd: 2599 As3: 259.4

= The Mn7 position of Mn;As,(I} is occupied to only 79.1(3)%.
& There is a printing error in Table 3 of Ref. (4): the As3 atom has only
one Mn2 neighbor.

pm), while the two manganese atoms of MniAs;(I1I) have
only four and five manganese neighbors, respectively.
Accordingly, almost all average Mn—As distances of the
square pyramidal manganese atoms of modifications 1
and II are longer than the corresponding distances of
MnsAso(IIT) (cf. Table 4). On the other hand, all manga-
nese atoms of the three modifications with octahedral
arsenic coordination have two additional manganese
neighbors at comparable distances. Nevertheless, the av-
erage Mn-As distances of these manganese atoms are
about 3 pm shorter in Mn3As,(I1I) than they are in the
other two modifications, This may be caused by *‘packing
effects,”” which are difficult to analyze in solid-state
structures, and it correlates with the fact that Mn;As,(I111}
is that modification, which is stable at the lowest temper-
ature, and generally low-temperature modifications have
higher densities. This is indeed the case: the calculated
densities are 6.05, 6.12, and 6.37 g/cm?® for the modifica-
tions, I, II, and III, respectively.

The structure of the third modification of MniAs; is
closely related to the structure of V;As,; (12). Both may
be considered filled-up versions of the TisTes-type struc-
ture (13), which was found also for the arsenides MosAs,
{14) and TasAs, (15). To emphasize the relationships of
these structures we have transformed the structure of
Mn;As;(III) to the body-centered monoclinic setting I2/m
(Fig. 2}, and furthermore we emphasize the metal-metal
bonding within the octahedral clusters, which may be
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14/m

Paim 12/m

VoA (Vghag) | [MnsAs;(il) (Mnghsa |

VaAs, MnzASsy(I1)

FIG. 2. The crystal structure of Mn;AsxI1I) in the nonstandard set-
ting F2/m emphasizing the relationship to the structures of MosAs,
(TisTe,type) and ViAs;, The metal and arsenic atoms are represented
by filled and open circles, respectively. Note that the voids (00) in the
structure of MosAs, (MosT1As,) are filled by two metal atoms at height 0
of the projection direction in V,As, (V,As,) and by one metal atom at
height 0 and another metal atom at height 1/2 in MnsAsy(III) (MngAs,).
The group—subgroup relaticnships of the three structures are shown in
the upper right-hand corner.

regarded as building elements also of related compounds
(16}. The group-subgroup relationships of the three
structure types are shown in Fig. 2 in the manner formal-
ized by Bérnighausen (17). It can be seen, that the voids
(O) in the structure of MosAs; (Mos(lAs,) are filled by
metal atoms at z = 0 in the structure of ViAs; (VgAsy).
This lowers the body-centered tetragonal symmetry I4/m
of the TisTey type structure of MosAs, to the primitive
tetragonal cell P4/m of ViAs;, where P4/m is a klas-
sengleiche (k) subgroup of /4/m. In the structure of
Mn3As,(111) the additional manganese atoms fill the voids
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of the TisTe,-type structure at heights 0 and 1/2 of the
projection direction in such a way that the body centering
is maintained. Thus, in going from the space group I4/m
(TisTey-type) to the space group 12/m of MnyAs,(I11), the
translational symmetry is maintained and only rotational
symmetry is lost. The space group 12/m of Mn;As,(I11} is
a franslationengleiche (£) subgroup of I4/m (18, 19).
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