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Magnetic Structures and Properties of Mn, ,Co,As
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The pseudo-binary MnAs—CoAs system has
been investigated by X.ray and neutron dif-
fraction and magnetic susceptibility measure-
ments. Mn, ;Co,As exhibits slightly tempera-
ture dependent regions of limited solid solu-
bility (05¢<0.20+0.03, 0.50+0.05<¢<1 be-
low 350 °C). At lower temperatures the crystal
structure is of the MnP type, except for a
very small range near the composition MnAs,
where the NiAs type structure prevails. At
higher temperatures the NiAs type structure
predominates. In both structure types the
substituted atoms .are randomly..distributed
over the metal sub-lattices.

The temperature characteristics of the mag-
netic susceptibility show a consistent trend in
their changes with ¢ above room temperature,
the Curie-Weiss Law being fulfilled in the
region of the high temperature NiAs type
structure.

The low temperature NiAs type phase ex-
hibits ferromagnetism. A double, a-axis heli-
magnetic mode is found below 196 —152 K for
Mn-rich Mn, ,Co,As samples (0.06<¢<0.15)
with MnP ¢ structure. The spiral param-
eters depend both on composition and tem-
perature.

Earlier communications consider the interest-
ing magnetic properties of V,_MnAs,!

Cr,_,MnAs,%* and Mn, ;Fe,As,* all of which
take the MnP type structure with random
distribution of the two kinds of metal atoms
over the metal sub-lattice. Since CoAs® (like
VAs,* CrAs,” MnAs (40—120 °C),® and FeAs?)
takes this structure type, ‘symmetry con-
siderations” suggest that it may be rewarding

to explore the magnetic properties of
Mn,_,CosAs.
EXPERIMENTAL

The binary compounds MnAs and CoAs
were prepared by heating weighed quantities

of the elements [(99.94+ 9 Mn (The British
Drug Houses; crushed powder from commercial,
electrolytic grade material), 99.99+ 9% Co
(Johnson, Matthey & Co.; turnings from rods),
and 99.9999 9% As (Koch-Light Laboratories)]
in evacuated, sealed quartz tubes as described
in Refs. 4 and 5. The binary arsenides were
mixed in proportions according to the desired
ternary compositions and subjected to a series
of annealings at 850 or 1000 °C, interrupted by
intermediate crushings. The samples were
then cooled to 600 °C over 2 d and finally
quenched in ice water.

The applied experimental techniques (X-ray
and neutron diffraction and magnetic suscep-
tibility measurements) have been described
earlier.!?

RESULTS

(i) Homogeneity ranges and atomic arrange-
ments. An isothermal cross-section of the
pseudo-binary MnAs—CoAs system at room
temperature (as derived from samples quenched
from 600 °C) shows that this system exhibits
a two-phase miscibility gap for 0.20+0.03 <
t<0.50+0.05 of the formula Mn, ,Co,As. The
limits of the solid solubility ranges have been
determined from the variations in the unit cell
dimensions with ¢ (Fig. 1), and further con-
firmed by application of the disappearing phase
principle to the X-ray powder data. Samples
with atomic (Mn + Co)/As ratios different from
1.00 have not been examined in this study.
As evident from Fig. 1 the NiAs and MnP type
structures are alternating as the stable atomic
arrangement at room temperature in the
Mn.rich region of Mn,_;Co,As. Thus, the NiAs
type structure prevails for 0.00<¢{<~0.01
and 0.10+0.01<£<0.20+0.03, whereas the
MnP type governs the rest of the single phase
fields stated above.
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Fig. 1. Room temperature unit cell dimensions
of Mn, ,Co,As as functions of ¢ for samples
quenched from 600 °C (filled symbols). Open
symbols represent values derived by extrapola-
tion from high temperature data. Circles and
squares refer to MnP and NiAs type structures,
respectively.
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The crystallographic and magnetic phase
relationships in the MnAs—CoAs system are
illustrated in Fig. 2, where data for the system
VAs—MnAs? are included for the purpose of
comparison. Apart from a slight broadening
of the two-phase field, the most prominent
feature of the high temperature portion of the
phase diagram is the complete predominance
of the NiAs type structure. Since the NiAs
type atomic arrangement occurs as both low
and high temperature forms in MnAs, the
designations I and II, respectively, introduced
in Ref. 1, are conveniently adopted here. The
second or higher order MnP=NiAs(II) type
transition in Mmn, ;Co;As is detected by low
and high temperature neutron and X-ray
(Fig. 3) diffraction methods, as well as by
magnetic susceptibility measurements (see ii).

X-Ray and neutron diffraction data show
that the substituted atoms are randomly
distributed over the metal sub-lattices in both
the MnP and NiAs type atomic arrangements
at all temperatures. The unit cell dimensions
and positional parameters for the samples
studied by neutron diffraction are listed in
Table 1.

(ii) Magnetic susceptibility. The temperature
characteristics of the reciprocal magnetic sus-
ceptibility show a consistent trend in their
changes with the composition parameter ¢
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Fig. 3. Unit cell dimensions of selected Mn‘_i‘ fAs samples versus temperature. Average relative
)
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Table 1. Unit cell dxmemnonﬂ and ‘positional - pa.mmeters with standard deviations for some

Mn, ,Co;As samples as derived b
posmons 4{0{

(Space group .Pnma;
0.061.)

least: squares profile refinements of neutron diffraction data.
ovemll proﬁle reliability factors ranging between 0.039 and

t T(K) a(A) b (A)J-.~ o ‘«c.(A) z7 27 zx 2y

0.05 4.2 5.5662(7) 3. 5151(4) “6.1828(11) —0.005(3) 0.222(4) 0.189(2)  0.587(1)
79 5.5755(9)  3.5254(6) " 6.1964(14) 0.006(3) 0.214(4) 0.198(1) 0.584(2)
293 5.6875(18) 3,6541(19) ~6.3494(25)  0.009(2) 0.226(3) 0.220(1)  0.590(3)
0.10 4.2 5.5539(8)  3.5252(5) - 6.1843(12) 0.008(8) 0.215(3) 0.191(2) 0.584(2)
79 5.5591(8)  3.5322(5)  6.1928(12) 0.013(3) 0.214(3) 0.197(1)  0.587(2)

2934  5.6702(11) 3.6764(5) [6.3679) {03 [1/4] [1/4] [7/12]
0.15 5 5.5420(7)  3.5359(5) 6.1843(12) 0.014(2) 0.218(2)  0.194(1)  0.583(2)
79 5.5461(8)  3.5417(6) . 6.1969(14) 0.013(3) 0.216(3) 0.198(1)  0.584(2)

'293%  5.6241(11)  3.6722(5) [6.3603] [0] [1/4] (/4 11121

% NiAs type structure.
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Fig. 4. Reciprocal magnetic susceptibility for typical Mn,_Co,As samples: (a) 0=<¢<0.60 and

(b) 0.60s¢s1.
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Table 2. Curie constant (6), paramagnetic
moment (up="V 8Cy), and number of unpaired
electrons (n=2Sy; according to the “spin only”

approximation) for Mn, Co,As samples which
fulfil Curie-Weiss Law.

t 6 (K) 4p (1p) 28t

0.00 270+ 10 4.5+0.3 3.6+0.2
0.05 2356+ 156 4.3+0.3 3.56+0.2
0.10 200+ 15 4.2+0.3 3.3+0.2
0.20 100+ 20 3.9+0.3 3.1+0.2
0.50 —320+40 3.6+0.4 2.74+0.3
0.60 — 750+ 60 3.56+0.4 2.6+0.3

above room temperature (Fig. 4). The linear
4~ }(T) portions for single phase samples with
0=t=<0.70 (Curie-Weiss Law is fulfilled) are
associated with the occurrence of the NiAs(II)
type structure. The broken sections on the
characteristics for £=0.20 and 0.50 refer to a
two-phase status of these samples in accordance
with the indicated phase boundaries in Fig. 2.
With decreasing content of Mn from ¢{=0 to
t=0.60 there is a gradual reduction in the
paramagnetic moment, and an appreciable drop
in the Curie constant 6 (Table 2). At the low
temperature side the linear sections of the
2 T) curves are interrupted by variously
shaped, curved portions, thus evincing that
the transformation to the MnP type structure
has occurred.

(iii) Magnetic structures. The ferromagnetic
mode of MnAs," with moments arranged per-
pendicular to the hexagonal ¢ axis of its NiAs
type atomic arrangement, extends slightly
(t<~0.01) into the ternary region of
Mn,_,Co;As (cf. Fig. 2).

At low temperatures, Mn, ,Co,As samples in
the composition range 0.05=¢=<0.15 were found

Table 3. Parameters specifying the double,
a-axis helimagnetic ordering in Mn, ,Co,As at
79 K (B is assumed to be 90°).

t 0.05 0.10 0.15
T/2na* 0.166(2) 0.184(2) 0.209(2)
ur{pg) 1.80(3) 1.72(3) 1.66(3)
° 95(3) 100(3) 104(3)
Txn(K) 196(1) 174(1) 152(1)
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Fig. 6. Spiral turn angle per a-length (x) and
phase angle (¢) for ¢=0.05, 0.10, and 0.15 of
Mn,_,Co,As as functions of reduced tempera-
ture.

i Q1015 ri/.—:.._‘:\-

2 '—___'_/'/ o
=005 +
001~
> 1l J
=
" Mn,_,Co,As
b4 o 4
2 \
z 0f 1
- e e e e m - — =
w L . t
> 12005 Y, 000 1
= 6l \\ ]
3
w o o— -
x :,'E'\' ‘\

- ~» 4
—p
2 12018 T w-meg__ o i
I.\. \
or -
1 1 1 1 1 1 1 i 1 1 1
0.0 02 04 06 08 10

Fig. 6. Relative, integrated intensities of 000+
and 001+ versus reduced temperature for ¢=
0.05, 0.10, and 0.15 of Mn,_,Co,As.
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to take the double, a-axis type helimagnetic
mode earlier observed for V,_,MnAs (~0.60=
t<0.95)® and Mn, ,Fe,As (~0.01<t< ~0.12).%
Parameters describing this helimagnetic ar-
rangement, are magnetic moment per metal
atom (ur), spiral propagation vector (r), phase
angle between independent spirals (¢), and angle
between moment and spiral axis (8), numer-
ical values being given in Table 3 together with
the Néel temperatures (Ty) for samples with
t=0.05, 0.10, and 0.15. As seen from Fig. 2
and Table 3, Ty and xr decrease with increas-
ing t. These results are in conformity with those
for V,_Mn,As (0.70=¢<0.95). All MnP type
phases with the double, a-axis type helimagnetic
mode studied *»* so far have shown substantial
variation of the propagation vector and phase
angle with composition and temperature. As
seen from Fig. 5 and Table 3, the Mn,_,Co,;As
phase (0.05<¢=<0.15) makes no exception in
this respect. However, as opposed to the situa-
tion for V,_,Mn,As, where « decreases with
increasing V-content, o increases with ¢ in
Mn,_,Co,As.

The (reduced) temperature dependence of
the integrated intensity for the strongest
satellites 000 and 001+ of Mmn,,,Co,As,
Mn, ,Coq,0As, and Mn,gCo,,;As are shown
in Fig. 6. Following the procedure outlined in
Refs. 1 and 4 and utilizing a similar ur/urx
versus T[Ty relationship to that postulated in
Ref. 1, the calculated curves for ¢ versus T Ty
in Fig. 5 are obtained. This demonstrates an
internal consistency between the various data.

DISCUSSION

Neglecting the magnetic aspects, the phase
diagrams of the pseudo-binary systems T'As—
T'As (T or T": V, Cr, Mn, Fe, or Co) with MnP
type structure fall into two categories, accord-
ing to whether there is complete or limited
solid solubility. Consultations of unit cell
volumes and interatomic distances for the
binary compounds *® show that the Hume-
Rothery 12 15 9, criterion is not governing the
distinction between these categories. Since
MnAs-—-FeAs* and MnAs—CoAs are the only
systems which exhibit regions of limited solid
solubility, the guiding principle appears to be
that of incompatibility of electronic band
structures (¢f. Ref. 13). The implications are
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accordingly that MnAs has an electronic band
structure which differs from those of FeAs and
CoAs. :

‘A common feature of all MnAs - T'As systems
is a second (or higher) order crystallographic
transition between MnP and NiAs type struc-
tures.»®* Consistent with geometrical ** and
group theoretical '* considerations, similar
MnP=NiAs type transitions are also found
in a number of other binary and ternary
phases,%%1* but the conversion is there found
at much higher temperatures. In this connection
it is interesting to note that MnAs—CoAs is
the only combination which results in a lower-
ing of the temperature for the MnP<=NiAs
transition. Among the TAs compounds CoAs
also provides the only example of an MnP
type phase with an axial ratio ¢/b<Vv3 (c/b=
v3 for the NiAs type atomic arrangement).
Mn, ;Co, ;As provides an interesting example,
where c¢/b stays constant at 1.732 at all tem-
peratures (Fig. 3), also in the region where
the MnP type structure prevails.

The question of whether the double, heli-
magnetic ordering propagates in the a or ¢
direction is also connected with the particular
combination of the binary monoarsenides. The
fact that a axis spirals only have been ob-
served for Mn.rich Mn,_ ,T;As samples (I'=V,
Fe, Co) has led us to reconsider the available
information on MnAs more carefully. (Revalua-
tion of the data presented by Kazama and
Watanabe ®* for Cr,_,Mn;As (0.7<¢=<0.9) sug-
gests very strongly that this phase also takes
the double, a-axis type helimagnetic structure.
Work is in progress to verify this suggestion.)
The magnetic exchange interactions are the
factors which rule the cooperative magnetic
arrangements, but these key parameters are in
turn governed by infer alia the interatomic
distances  in the chemical structure. It may
therefore be significant to note that just MnAs
has the largest difference between the nearest
and next nearest T'—7T distances among the
MnP type T'As compounds. Thus, bearing in
mind that the T'—T distances along the a
direction in the MnP type MnAs structure are
appreciably shorter than those in the b,c planes,
and that the orientation of the ferromagnetic
moments is perpendicular to the corresponding
(¢) direction in the NiAs(I) modification of
MnAs, the arrangement of the moments in
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planes  perpendicular to: ¢ appears -to: be a
natural consequence. The. tendency towards
spiral formation seems to originate from the
rig-zag arrangement of the T atoms in the
two mutually perpendicular directions. This
observation together with a more careful
analysis of the details of the various coopera-
tive arrangements adopted by MnP type
phases may lead to a resolution of the relation
between the magnitudes of the exchange inter-
action pammeters and the helical modes.
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