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The title compound was prepared by reaction of the elements 
at 700*(2 in the presence of iodine. Its crystal structure-- 
determined from single-crystal diffractometer data--is isotypic 
with that of fl-V,As3: C2/m, a = 1341.1(2) pm, b = 369.34(5) 
pm, c = 962.8(1) pm, fl = 101.97(1) °, and R = 0.027 for 1394 
structure factors and 62 variable parameters. Mn4As3 is the 
member with n = 2 of a series of closely related structures with 
the general composition Mn2+,Asi+,. Other members of this 
series are the modification III of Mn3As2 (with n = 1) and the 
two closely related structures of MnAs (with n = oo). The 
structural relationships of these compounds and the other 
known manganese arsenides Mn2As, Mn3As2(I), Mn3As2(II), and 
MnsAs4 are pointed out, emphasizing the numerous Mn--Mn 
bonds in these arsenides with high manganese content. © 1995 
Academic Press, Inc. 

INTRODUCTION 

In contrast to the binary system manganese-phosphorus 
which contains three modifications of MnP4 (1-5),  there 
are no manganese arsenides with a high content of arsenic. 
Mn3As (6), two modifications of Mn2As (7-9), and two 
modifications of MnAs (10-12) have been known for some 
time. In addition to these, the phase diagram of the binary 
system manganese arsenic as reassessed by Okamoto (13) 
contains several compounds with intermediate composi- 
tions. We have already reported MnsAs4 (14) and about 
three modifications of Mn3As2 (14-16). According to our 
investigations only one compound remained with an un- 
known structure and this is the compound Mn4As3 re- 
ported here. Its powder pattern shows little resemblance 
to that of the compound Mn4As3 reported by Brauer  (17). 
A preliminary account of our work on Mn4As3 was given 
at a conference (18). 

PREPARATION OF MANGANESE ARSENIDES 
WITHIN THE COMPOSITIONAL RANGE BETWEEN 

Mn2As AND MnAs 

Originally we attempted to establish the phase diagram 
of the binary system manganese arsenic. However,  because 
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of contradictions with previously reported experimental 
results and because of the persistent coexistence of 
Mn3As2(I), Mn3As2(II), and MnsAs4 we were not success- 
ful in that respect. Nevertheless, we have reproducibly 
prepared the three modifications of Mn3As2 as well as 
Mn4As3 and MnsAs4 and their preparation conditions are 
reported here. 

Starting materials were powders of manganese (Her- 
aeus: -325  mesh, 99.5%) and arsenic (Ventron: pieces with 
diameters of about 1 cm). The arsenic was purified twice 
by fractional sublimation prior to the reactions. The mixed 
powders, with starting compositions varying between the 
atomic ratios Mn:As = 2:1 and 1:1, were annealed in 
evacuated sealed silica tubes for up to 1 week at tempera- 
tures of 600 or 650°C. Frequently the prereacted products 
were ground to fine powders, pressed to pellets, and an- 
nealed again in silica tubes at the desired temperatures. 
Usually the silica tubes were visibly attacked by the sam- 
pies, however, the energy dispersive X-ray analyses of the 
crystals used for the crystal structure determinations did 
not reveal any silicon. Nevertheless, single-phase products 
were usually obtained from samples with a slight excess 
of manganese in the starting composition. 

Mn4As3 was repeatedly obtained by reacting the pow- 
ders of the elements for 1 day at 650°C, followed by an 
annealing of the cold-pressed pellets for 1 day at 700°C. 
Samples of Mn4As3 annealed at 800°C resulted in 
Mn3As2(I) and MnAs. The crystals used for the structure 
analysis were obtained by annealing the prereacted powder 
in the presence of iodine. Mn4As3 can also be prepared 
from samples of Mn3As2(I) by heating these samples at 
temperatures between 580 and 700°C for a few minutes. 
Crystals of this compound have the form of needles. They 
are grey with metallic luster. 

The low-temperature phase Mn3As2(III) is obtained by 
annealing pellets of the prereacted samples for 2 days at 
temperatures of 650°C or as high as 850°C. Annealing at 
higher temperatures resulted in Mn3As2(I). Single crystals 
of Mn3As2(III) were obtained by chemical transport as 
described earlier (16). 

The high-temperature phase Mn3As2(I) can be prepared 

344 



S T R U C T U R E  OF  M A N G A N E S E  A R S E N I D E S  

TABLE 1 
Cell Parameters of Manganese Arsenides in the Range between Mn2As and MnAs 

Compound  Space group a (pm) b (pm) c (pm) /3 (°) V (nm 3) Ref. 

Mn3Asz(I) C2/m 1385.6(6) 377.7(2) 1362.2(8) 107.79(3) 0.6788 (15) 
Mn3As2(II) Crnc21 376.1(1) 1376.0(2) 1319.0(1) 90.0 0.6826 (14) 
Mn3As2(III) C2/m 1324.7(3) 369.5(1) 904.6(4) 132.23(3) 0.3279 (16) 
Mn4As3 C2/m 1341.1(2) 369.34(5) 962.8(1) 101.97(1) 0.4665 this work 
MnsAs4 Cmc21 376.1(1) 1376.0(2) 1212.3(2) 90.0 0.6274 (14) 
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by a heat treatment of the prereacted samples for 1 day 
or 1 week at 900°C. Well developed crystals were obtained 
by longer annealing times. This compound is best retained 
by quenching the silica tubes in ice water. In contrast to 
Mn3As2(II) and Mn3Asz(III), the high-temperature phase 
Mn3As2(I) does not have the ideal composition. The struc- 
ture determination of a single-crystal resulted in the com- 
position Mn2.896(a)As2 (15) and from the refinements of this 
structure from data collected of a twinned specimen the 
compositions Mn2.883(3)As 2 and Mn2.89(2)As2 were obtained 
(15). Samples of this high-temperature structure are stable 
at temperatures as low as 725°C. However, when such 
samples are kept at 700 or 580°C they decompose within 
a few minutes to Mn3As2(III) and Mn4As3. 

Both Mn3As2(II) and MnsAs4 were obtained reproduci- 
bly only together as well developed intergrown crystals 
with dimensions of up to 0.5 × 0.5 x 1 mm 3. They are 
stable at temperatures of 800 and 900°C and are usually 
attached to the surface of pellets of the high-temperature 
phase Mn3As2(I). As was pointed out above, the exact 
composition of this phase is Mn2.89As2. The off-stoichiome- 
try is caused by the partial occupancy of one manganese 
position, which is tetrahedrally coordinated by arsenic 
atoms. The closely related structures of the intergrown 
crystals Mn3As2(II) and MnsAs4 are both stoichiometric 
and both have a tetrahedral site coordinated by arsenic 
atoms. In Mn3Asz(II) (Mn6ms4) this site is occupied by 
manganese atoms and in MnsAs4 this site is entirely 
unoccupied (14). It seems possible that Mn3As2(I) 
(= Mn2.89Asz) is metastable. It may be the first reaction 
product in this compositional range, which slowly decom- 
poses to the large intergrown crystals of Mn3As2(II) and 
MnsAs4 on prolonged heating. 

These five phases (Table 1) are the only ones observed 
by us in the more than 100 samples prepared in the range 
between Mn2As and MnAs at various temperatures be- 
tween 650 and 900°C. The phase diagram as reported by 
Yuzuri and Yamada (19) and reassessed by Okamoto (13) 
contains the phases /3-Mn3As2, a-Mn3As2, and Mn4ms3, 
and these most likely correspond to Mn3As2(I), Mn3As2 
(III), and MnaAs3. We do not have the experimental equip- 
ment to confirm the previously reported phase transitions 
at 750 and 775°C. The compounds Mn3As2(II) and MnsAs4 

are formed only after prolonged annealing and apparently 
do not have their correspondence in the published phase 
diagrams. 

STRUCTURE DETERMINATION 

Crystals of Mn4As3, investigated on a Weissenberg cam- 
era, showed a C-centered monoclinic cell. The cell con- 
stants (Table 1) were obtained by a least-squares fit of 
Guinier powder data (Table 2) using a-quartz (a = 491.30 

TABLE 2 
Guinier Powder Pattern of Mn4As3 a 

h k l Qo Q¢ Io I¢ 

1 1 0 790 791 vvw 4 
1 1 1 937 937 w 13 
0 0 3 1015 1015 m 21 
4 0 - 2  1111 1112 m 24 
1 1 - 2  1175 1175 w 18 
3 1 0 1257 1256 vw 12 
3 1 - 1  1268 1268 s 38 
1 1 2 1309 1309 s 71 
3 1 1 1469 1469 vw 8 
3 1 - 2  1505 1506 w 14 
4 0 - 3  1541 1541 w 12 
1 1 - 3  1705 1705 vw 9 
0 0 4 1803 1804 w 12 
3 1 2 1908 1908 vs 86 
3 1 - 3  1968 1968 w 15 
5 1 - 1  2132 2131 s 43 
6 0 - 2  2139 2140 s 51 
5 1 0 2187 2186 s 36 
2 0 4 2304 2304 s 44 
5 1 1 2466 2466 w 19 
3 1 3 2575 2573 vw 7 
3 1 - 4  2658 2657 vs 100 
0 2 0 2932 2932 vs 63 
5 1 2 2972 2972 vw 15 
4 0 4 3268 3270 vw 8 
2 0 5 3387 3386 vw 6 

a The diagram was recorded with CuKa~ radiation. All observed reflec- 
tions and all reflections with calculated intensities Ic > 5 are given. The 
Q values are defined by Q = 100/d 2 (nm-2). The observed intensities lo 
are abbreviated as follows: vvw- -ve ry  very weak, m - - m e d i u m ,  w s - v e r y  
very strong, 
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FIG. 1. Crystal structure and coordination polyhedra of Mn4As3. In 
the lower left-side corner the M n - - M n  bonds are indicated. Single-digit 
numbers  correspond to the a tom designations. 

pm and c = 540.46 pm) as a standard. Intensity data were 
collected from a single crystal with the dimensions 0.13 x 
0.02 x 0.03 mm 3 on an automated four-circle diffrac- 
tometer  (Enraf Nonius CAD4) using graphite-monochro- 
mated MoKa  radiation, a scintillation counter, and a pulse- 
height discriminator. The background was measured on 
both sides of each 0/20 scan. The intensities of 5023 reflec- 
tions were recorded within the whole reciprocal space up 
to 20 = 90 °. An empirical absorption correction was ap- 
plied using psi scan data. The ratio of the highest to the 
lowest transmission was 1.22. Equivalent reflections were 
averaged (Ri = 0.026) and weak reflections (<3o-) were 
omitted. 

The structure was determined by Patterson and succes- 
sive Fourier syntheses and refined by full-matrix least- 
squares cycles using atomic scattering factors (20), cor- 
rected for anomalous dispersion (21). A parameter  ac- 
counting for secondary isotropic extinction was optimized 
and the weighting scheme reflected the counting statistics. 
Refining the occupancy and the thermal parameters to- 
gether revealed no deviations from the ideal occupancies 
greater than 0.5%. Therefore,  the ideal occupancies were 
assumed during the final cycles. A conventional residual 
of R = 0.027 resulted for 1394 structure factors and 62 
variable parameters. The final difference Fourier synthesis 
showed electron densities of +1.0 e - / / k  3 a s  the highest 
and -1 .2  e - / ~ k  3 a s  the lowest values. The final positional 
parameters and the interatomic distances are listed in Ta- 
bles 3 and 4. The anisotropic thermal parameters and the 
structure factors are available from the authors. 

DISCUSSION 

The structure of Mn4As3 (Fig. 1) is isotypic with that of 
the high-temperature modification of V 4 A s  3 (23). It con- 

TABLE 3 
Atomic  Parameters of  Mn4As3 ~ 

Atom C 2 / m  x y z B 

M n l  4i 0.22021(5) 0 0.15675(7) 1.100(9) 
Mn2 4i 0.34804(5) 0 0.55192(6) 0.840(8) 
Mn3 4i 0.43466(5) 0 0.28198(7) 0.823(8) 
Mn4 2c 0 0 ½ 0.74(1) 
Mn5 2a 0 0 0 0.96(1) 
A s l  4i 0.06488(3) 0 0.27541(4) 0.704(5) 
As2 4i 0.18384(3) 0 0.64986(4) 0.682(5) 
As3 4i 0.36706(3) 0 0.01855(4) 0.874(6) 

The  atomic parameters  were standardized by the program STRUC-  
T U R E  TIDY (22). The last column contains the equivalent isotropic B 
values ( x 10 -4, in units of pm 2) of the ellipsoidal displacement parameters.  

tains a variety of coordination polyhedra for both atomic 
species as were also observed for the other manganese 
arsenides with similar composition. The average in- 
teratomic distances roughly reflect the different coordina- 
tion numbers (CN). They decrease from 264.7 and 260.4 
pm for Mnl  and Mn5 with octahedral arsenic coordination 
over 261.2 and 256.6 pm for Mn2 and Mn3, both with 
square-pyramidal coordination, to 254.0 pm for Mn4 with 
quadratic arsenic environment. In addition to these 
strongly bonded arsenic neighbors the manganese atoms 
have between two (Mnl and Mn5) and eight (Mn4) manga- 
nese neighbors at distances covering the range from 279.7 
to 319.9 pm. All of these M n - - M n  interactions may be 

TABLE 4 
Interatomic Distances  of  MrhAs3 ~ 

Mn 1 : 1 As 1 257.5 Mn4: 2As I 249.3 
1As3 259.5 2As2 258.6 
2As3 261.0 4Mn3 279.7 
2As2 274.6 4Mn2 287.0 
1Mn3 287.9 Mn5: 4As3 259.9 
1Mn5 302.5 2As 1 261.4 

Mn2: 1 As2 256.9 2Mn 1 302.5 
2As 1 259.5 As 1: 1Mn4 249.3 
2As2 265.0 2Mn3 255.1 
2Mn4 287.0 1Mn I 257.5 
1Mn3 301.9 2Mn2 259.5 
1Mn3 305.9 1Mn5 261.4 
2Mn2 319.9 As2: 1Mn2 256.9 

Mn3: 1 As3 251.0 1Mn4 258.6 
2Asl 255.1 2Mn3 260.8 
2As2 260.8 2Mn2 265.0 
2Mn4 279.7 2Mn I 274.6 
1Mn 1 287.9 As3: 1Mn3 251.0 
1Mn2 301.9 1Mnl 259.5 
1Mn2 305.9 2Mn5 259.9 

2Mn 1 261.0 

All distances shorter than 354 pm are listed. Standard deviations are all 
equal to or smaller than 0.1 pm. 
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FIG. 2. Crystal structures of a series of manganese arsenides with the 
general composition Mn2+nAsl+,. Of these the compounds Mn3As2(III), 
Mn4As3, and the two modifications of MnAs are known and their unit 
cells are indicated. The others are hypothetic compounds. All atoms are 
located at two heights of the projection direction. All Mn--Mn bonds 
shorter than 320 pm are indicated. 

a rsenic  a toms  have  b i c a p p e d  t r igona l  p r i smat ic  coo rd ina -  
t ion (As2,  ave rage  A s - M n  d i s tance  264.5 pm) ,  m o n o c a p p e d  
t r igona l  p r i smat ic  c o o r d i n a t i o n  (As1,  ave rage  A s - M n  dis- 
t ance  256.8 pm) ,  and  n o n c a p p e d  t r igona l  p r i smat ic  coord i -  
na t ion  (As3,  ave rage  A s - M n  d is tance  258.7 pm) .  

In  Figs. 2 and  3 we show p ro j ec t ions  of  the  va r ious  
m a n g a n e s e  a r sen ide  s t ruc tures  a long  a shor t  t r ans l a t ion  
p e r i o d  emphas i z ing  the  m e t a l - m e t a l  bonding .  In  all of  
these  s t ruc tures  the  a toms  a re  s i tua ted  at  on ly  two levels  
of  the  p ro j ec t i on  d i rec t ion .  I t  can be  seen  (Fig. 2) tha t  the  
s t ruc ture  of  Mn4As3 is a m e m b e r  (with n = 2) of  a ser ies  
of  c losely  r e l a t e d  s t ruc tures  wi th  the  gene ra l  c o m p o s i t i o n  
Mn2+nASl+n. A n o t h e r  r e p r e s e n t a t i v e  (with n = 1) is the  
s t ruc ture  of  Mn3As2(I I I )  (16). T h e  two modi f ica t ions  of  
M n A s  (10-12)  a re  end  m e m b e r s  of  this ser ies  wi th  n = 
~ .  The  s t ruc ture  of  MnEAS (with n = 0) and  MnsAs4 (with 
n = 3) have  no t  been  rea l i zed  up  to  now, and  this seems  
to be  the  case  also for  the  o t h e r  m e m b e r s  of  this ser ies  with 
n > 3. F o r  the  sys tem v a n a d i u m - a r s e n i c  the  c o r r e s p o n d i n g  
ser ies  g2+,,Asl+n has  b e e n  r ecogn ized  (24), a l though  so far  
only  the  c o m p o u n d s  fl-V4As3 (n = 2) and  V A s  (n = ~ )  
a re  k n o w n  for  tha t  system.  Never the les s ,  a s t ruc ture  for  
the  hypo the t i c a l  c o m p o u n d  V3As2 has  b e e n  p r o p o s e d  (24) 
which in fact  is r ea l i zed  by  Mn3As2(II I ) .  

O c t a h e d r a l  Mn6 clusters  occur  in mos t  c o m p o u n d s  
shown in Fig. 2. T h e y  fo rm str ings by  shar ing  corners  

0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 

Mn2As, P4/nmm (Cu2Sb-lype) 

-o~ 

Mn3As2(I), C2/m 

Mn: • • As: O 0 

O 

• v "O 

O O 

Mn3As2(ll), Cmc21 

0~0- -o - ' 0~= .0  o ' . 9  o*.o 

MnsAs 4 (Mn5*As4) ,  Cmc21 

cons i de r ed  as w e a k l y  bonding .  Never the les s ,  the  t he rma l  
p a r a m e t e r s  of  the  m a n g a n e s e  a t o m s  ref lect  ma in ly  the  arse-  
nic coo rd ina t ion .  T h e y  a re  large  for  the  M n l  and  Mn5 
a t o m s  (Tab le  3) with o c t a h e d r a l  a resen ic  env i ronme n t ,  
smal le r  for  the  Mn2 and  Mn3 a t o m s  with  s q u a r e - p y r a m i d a l  
a rsen ic  coo rd ina t ion ,  and  the  smal les t  for  the  Mn4 a t o m  
with quad ra t i c  a rsen ic  coo rd ina t ion .  The  th ree  d i f fe ren t  

FIG. 3. Crystal structures of the manganese arsenides Mn2As, 
Mn3As2(I), Mn3As2(II), and MnsAs4. Atoms drawn with light and heavy 
symbols are separated from each other by half a translation period of 
the projection direction. All Mn--Mn bonds shorter than 322 pm are 
indicated; in addition Mn--Mn bonds of 326.7 pm in Mn3As2(II) and 
328.1 pm in MnsAs4 are drawn with dashed lines, while the Mn--Mn 
bonds of 322.3 pm in MnaAs2(II) are omitted to emphasize the similarities 
of the structures. The structure of MnsAs4 is closely related to that of 
Mn3As2(II) (Mn6As4) from which it can be derived by the formation of 
vacancies which are indicated by asterisks. 
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along the projec t ion  direction.  Perpend icu la r  to that  
direct ion these oc tahedra  are l inked via m e t a l - m e t a l  
b o n d e d  chains. These  chains increase in length  with 
increasing value of n. For  the two e n d - m e m b e r s  of this 
series with the compos i t ion  M n A s  and  n = oo the 
oc tahedra  have disappeared.  In  the NiAs- type  modifica- 
t ion of M n A s  the m e t a l - m e t a l  b o n d e d  chains are paral lel  
to the hexagonal  axis. 

The  close re la t ionships  of the in tergrowth structures 

Mn3As2(II) and  MnsAs4 have b e e n  discussed before  
(14). Both  structures conta in  bui ld ing  e lements  of the 
hexagonal  NiAs  and the "fi l led" NiAs  s t ructure  of Ni2In. 
This is also the case for MnaAs2(I) (15). In  Fig. 3 these 
s t ructures  are represen ted  in a way which allows us to 
recognize their  similarity with the s t ructure  of Mn4As3 
and  the o ther  s tructures of Fig. 2. It can be seen that 

the Cu2Sb-type s t ructure  of Mn2As shown in Fig. 3 is 
closely re la ted to the hypothet ical  manganese  arsenide 
Mn2As of Fig. 2. 
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