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Magnetic Structures and Properties of V,_ Mn,As
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The pseudo-binary VAs —MnAs system has been
investigated by X-ray and neutron diffraction
and magnetic susceptibility measurements.
VAs and MnAs are completely soluble in each
other and the crystal structure at and below
room temperature is of the MnP type, except
for a very small range near the composition
MnAs where the NiAs type structure prevails.
In the Mn rich region of V, ;Mn,As a second
or higher order transition from MnP to NiAs
type structure is observed at elevated tempera-
tures. The temperature dependence of the mag-
netic susceptibility follows the Curie-Weiss
Law in the region of the (high temperature)
NiAs type structure. The low temperature
phase with NiAs type structure exhibits ferro-
magnetism. In the region of the MnP type
crystal structure a double, a axis type heli-
magnetic ordering of the spins is adopted at
low temperatures (~0.60=¢=<0.95in V, ;Mn,As).
The spiral g)ara.meters depend both on com-
position and temperature.

Studies on the magnetic properties of phases
with the MnP type structure are frequently
rendered difficult by the small magnetic
moments generally associated with such phases.
The existence of cooperative, magnetic phe-
nomena may therefore be difficult to detect
and large uncertainties are necessarily attached
to the interpretation of the experimental data.
On turning to ternary phases it may be possible
to improve the conditions somewhat by in-
corporating elements which carry or induce
larger magnetic moments. A suitable element
for this purpose is Mn. In line with this, the
present paper concerns the magnetic structures
and properties of V, ;Mn;As, the work being
greatly stimulated by the findings for
Cr, ;Mn;As 122 and Mn, ;Fe;As.?

EXPERIMENTAL

Samples of VAs and MnAs were made by
heating weighed quantities of the elements
[99.5 % V (A.D. Mackay), 99.9+ 9% Mn (The
British Drug Houses; crushed powder from
the commercial electrolytic grade material),
and 99.9999 9% As (Koch-Light Laboratories)]
in evacuated, sealed quartz tubes, as described
in Refs. 3 and 4. VAs and MnAs were mixed in
proportions appropriate to the desired ternary
compositions and subjected to & first annealing
at 850 °C for one week. All samples were crushed
and subjected to one or two further annealings
for one week at 850°C, then cooled to 600°C
over two days and finally quenched in ice
water.

The experimental details concerning the X-
ray and neutron diffraction and magnetic
susceptibility measurements have been reported
earlier.®

RESULTS

(i) Chemical crystal structures. The room
temperature unit cell dimensions of V, ;Mn;As
are shown in Fig. 1 as functions of the composi-
tion parameter ¢. The complete mutual solid
solubility of VAs and MnAs is brought out in
the continuous variation of all unit cell dimen-
sions with £. The possible extension of the
homogeneity range of V,_;Mn,As to metal/non-
metal (atomic) ratios different from 1.00 has
not been examined for ¢+0 ¢ and 1.*

At room temperature the MnP type atomic
arrangement is stable in the interval 0<¢=<0.98,
whereas the NiAs type prevails for 0.98<¢=<1
(see Figs. 1 and 2). The X-ray and neutron
diffraction data show that the substituted
atoms are distributed at random in the metal
sub-lattice, unit cell dimensions and posi-
tional parameters for ¢=0.50, 0.60, 0.70,
0.90, and 0.95 being given in Table 1.
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Table 1. Unit cell dimensions and positional
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parameters with standard deviations for some

V,/Mn;As samples as derived by least squares profile refinements of neutron diffraction data.
(Space group Pnma; positions 4(c); overall profile reliability factors ranging between 0.035 and 0.052.)

T (K) a (A) b (A) ¢ (A)

14 xr 2r Tx Zx
0.95 80 5.585(1) 3.500(1) 6.181(1) 0.0068(32) 0.2083(21) 0.1992(9) 0.5827(12)
293 5.703(1) 3.625(1) 6.331(1) 0.0035(11) 0.2171(9) 0.2170(5) 0.5804(8)
0.90 4.2 5.616(1) 3.499(1) 6.210(1) 0.0078(15) 0.2167(45) 0.1957(9) 0.5804(12)
80 5.619(1) 3.507(1) 6.215(1) 0.0003(19) 0.2062(23) 0.2022(8) 0.5811(10)
293 5.710(1) 3.601(1) 6.318(2) 0.0025(20) 0.2120(18) 0.2141(7) 0.5868(10)
0.70 4.2 5.652(1) 3.462(1) 6.230(1) 0.0090(20) 0.2085(20) 0.2020(8) 0.5783(8)
80 5.658(1) 3.465(1) 6.235(1) 0.0103(18) 0.2060(19) 0.2001(9) 0.5766(10)
293 5.721(1) 3.525(1) 6.296(1) 0.0070(21) 0.2051(18) 0.2095(7) 0.5807(7)
0.60 5 5.683(2) 3.445(2) 6.254(2) —0.0002(22) 0.1984(22) 0.2038(7) 0.5748(8)
80 5.691(3) 3.451(2) 6.283(3) —0.0015(28) 0.1951(27) 0.2054(9) 0.5760(9)
293 5.735(3) 3.489(2) 6.311(3) —0.0013(21) 0.2012(21) 0.2071(6) 0.5766(7)
0.50 5 5.709(2) 3.430(1) 6.260(2) —0.0006(24) 0.1966(24) 0.2013(6) 0.5760(7)
80  5.714(3) 3.435(2) 6.268(3) 0.0002(27) 0.1983(28) 0.2026(7) 0.5757(8)
293 5.743(2) 3.464(1) 6.290(2) 0.0017(25) 0.1988(25) 0.2049(7) 0.6759(8)

All pseudo-binary systems of the type TAs
—MnAs 2? contain the unusual feature of
taking an NiAs type atomic arrangement as
both low (I) and high (II) temperature forms,
separated by a temperature interval in which
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Fig. 1. Room temperature (extrapolated for
MnAs) unit cell dimensions of ternary solid
solution series VAs—MnAs versus composition.
Error limits do not exceed size of symbols.
Open symbols for MnAs represent data for
its NiAs type structure at room temperature.
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the MnP type structure prevails. This pecu-
liarity is associated with the magnetic be-
haviour of Mn-rich 7', Mn;As samples; see ii.
The second or higher order MnP=NiAs (II)
type transition in V,_,Mn;As has been detected
by the high temperature powder X-ray method
(0.70=¢=<1; see Fig. 3) as well as the magnetic
susceptibility data (0.80=<t=1; see ii). The
trend in the data, which are mutually consistent
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Fig. 2. Diagram of the phase relations in the
pseudo-binary VAs—MnAs system. Phase
boundaries indicated by broken lines are uncer-
tain. Magnetic state is indicated by: P para, H
helical, F ferro.
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Fig. 4. Reciprocal magnetic susceptibility as function of temperature for V, ;Mn;As samples with
(a) 0=¢t<0.40 and (b) 0.40=<¢=<1. Curves for t=0 and 1 are quoted from Refs. 3 and 4.

for the two sets, suggests that the transition
continues to take place in samples with ¢ < 0.70,
although it could not be followed with our
equipment.

Mn-rich T',_;Mn;As samples have in common
(cf. Refs. 2, 3, 7, and 8) a relatively low tempera-
ture for the MnP=NiAs (II) type transition,
an appreciable temperature interval for the
complete conversion from the NiAs type to
the fully relaxed MnP type positional param-
eters, and unusually large thermal expansion
coefficients in the changing region of the MnP
type structure. These phenomena are intimately
connected and have probably a common origin
in the unique property of Mn, being capable
of appreciable adjustments of size as a function
of its electronic (e.g. high spin/low spin) state.

(i) Magnetic susceptibility. As seen from
Fig. 4 the reciprocal magnetic susceptibility
versus temperature characteristics undergo a
gradual change with the composition param-
eter ¢ of V, Mn,As. Among these thermo-
magnetic curves, that for ¢=0 is unique in
decreasing steadily with increasing tempera-
ture. All the other curves are characterized by
having a shorter or longer convex portion
towards the temperature axis. For samples
with 0.80=<¢=1 the convex portions are inter-
rupted by linear sections on the high tempera-
ture side. The temperature at which the change-
over takes place is that for the transition be-
tween the MnP and NiAs (II) type structures
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(see i). Thus, the fulfilment of Curie-Weiss
Law is associated with the NiAs type structure.
With decreasing content of Mn from ¢=1 to
t=0.80 a small reduction is noted in para-
magnetic moment and Curie constant (Table 2).

Non-linear x(T) curves may almost be
taken as a trade mark for phases with the MnP
type structure. The x'(T) curves shown in
Fig. 4 are no exception in this respect. The
thermomagnetic curves for V, ;Mn;As show
similarities with those for Cr,_Mn/As? and
Mn, ;Fe,As,> low temperature ferromagnetic
behaviour being observed for ¢=1 and, rather
weakly, for 0.40=<¢=<0.70 of the V, ;Mn,As
phase. (Indication of the weak ferromagnetism
was not found in the neutron diffraction data
for samples with ¢=0.50, 0.60, and 0.70.)

(iii) Magnetic structures. The ferromagnetic
mode of MnAs,” with moments arranged

Table 2. Curie constant (6), paramagnetic
moment (up=+'8Cy), and number of unpaired
electrons (n=2Sp; according to the ¢‘spin
only’” approximation) for V, ;Mn;As samples
which fulfil Curie-Weiss Law.

1 0 (K) #p (pB) 28r

1.00 270+ 10 4.5+ 0.3 3.6+0.2
0.95 2656+ 15 4.3+0.3 3.44+0.2
0.90 240 + 20 4.240.4 3.3+0.3
0.70 230+ 20 4.0+ 0.4 3.1+0.3
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Table 3. Parameters specifying the double, a axis helimagnetic ordering in V, Mn,As. (Angle (8)
between moment vector and spiral axis is assumed to be 90°.)

¢ 0.95 0.90 0.70

T (K) 80 4.2 80 4.2 80
T/2na* 0.128(2) 0.116(2) 0.116(2) 0.080(3) 0.078(3)
“r (ug) 1.9(1) 1.9(1) 1.9(1) 1.6(1) 1.6(1)
é (°) 65(1) 70(1) 75(1) 60(1) 56(1)
Ty (K) 206(1) 00(1) 142(1)

perpendicular to the hexagonal ¢ axis of its
NiAs type atomic arrangement, extends slight-
ly (¢> 0.98) into the ternary region of V,_,Mn;As
(¢f. Fig. 2). The other binary end member,
VAs, does not exhibit a cooperative magnetic
phenomenon above 4.2 K.

The double, a axis type helimagnetic ordering,
which rather recently was observed for
Fe, MnyAs (~0.88 <t < ~0.99; MnP type struc-
ture),® is also found for V, Mn,As samples in
the interval ~0.60=<¢<0.95. This helimagnetic
mode ? is, besides the Néel temperature (Ty)
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Fig. 5. Spiral turn angle per a length («) and
number of a lengths per spiral revolution
(1/t) together with phase angle (¢) for t=0.70,
0.90, and 0.95 of V, ;MnAs as functions of
reduced temperature.

and the magnetic moment per metal atom
(u7), specified by the spiral propagation vector
(), the phase angle between independent
spirals (¢), and the angle between the moment
and the spiral axis (8). As evident from Fig. 2
and Table 3, Ty varies slowly over the composi-
tion range 0.70=¢=<0.95. A similar statement
applies roughly to the magnetic moment when
the limited accuracy in the determination of this
parameter is considered. For the V, ,Mn,,As
sample, near the Mn-poor limit of the helical
mode, Ty is reduced appreciably (5 < Ty < 80 K)
and the low (almost insignificant) intensity
of the magnetic reflections prevents meaningful
estimates of the spiral parameters. The propaga-
tion vector and the phase angle are found to
vary appreciably with composition and temper-
ature (see Fig. 5 and Table 3), thus resembling
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Fig. 6. Temperature dependence of relative,

integrated intensities of 000* and 001%* for

t=0.70, 0.90, and 0.95 of V, Mn,As.
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to some extent the findings for Fe,,,Mn, ,,As.?

The integrated intensity wersus reduced
temperature relationships for the strongest
satellites 000* and 001* of V,,Mn,,As,
VoiMng As and  V,,Mn,,As are shown
in Fig. 6. (Due to the small value of « for
Vo.sMng ;As 000% lies extremely close to the
primary neutron beam, and the integrated
intensity could only be inaccurately determined
by subtraction of the background as obtained
above Ty.) The marked difference in the tem-
perature variation of the corresponding inte-
grated intensities of 000* and 001* immedi-
ately suggests that there are changes in ¢
with temperature. The apparent reduction in
magnetic moment with temperature for heli-
magnetic arrangements does not, in general,
follow the Brillouin type relationships charac-
teristic of collinear magnetic structures. This
is also the case for the double, a or ¢ axis type
spiral structures occurring among the MnP
type phases (¢f. Refs. 3, 5, 10— 13), where the
disordering of the moments affects the tem-
perature dependences of «, ¢, and g in addition
to ury. Lacking a suitable dynamic model for
the description of the thermal movements of
the moments in terms of the variables ur, «, ¢,
and B, the three latter parameters were assumed
to be static temperature functions, and the
hypothetical ur/ur,x versus T[Ty relationship
shown in Fig. 7 was postulated. Although the
magnetic susceptibility data for Vj ;,0Mn, ,,As give
indication of a small ferromagnetic component,
probably due to deviation of g from 90°, the con-
straint f=90° was not relaxed. The temperature
dependence of « follows from the location of the
satellites in relation to the nuclear reflections,
permitting this parameter to be established

I
00 0.2 0.4 06 08 10
UM

Fig. 7. Postulated temperature dependence of
magnetic moments in helimagnetic modes of

Vo.0eMng 3048, Vi 1,eMng gAs, and Vi o;Mng g;As.
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separately. Thus, using the temperature varia-
tions of uy from Fig. 7, « from Fig. 5, and 8
=90°, the temperature dependence of ¢ shown
in the bottom part of Fig. 5 could be deduced
from the observed intensities of 000* and 001*
shown in Fig. 6. As a check of the mutual
consistency of the data, the smooth curves
in Fig. 6 have been calculated on the deduced
spiral parameters, ur, «, (f,) and ¢. The cal-
culated curves are seen to fit the experimental
points remarkably well.

The carefully collected intensity data for
000* at various temperatures were examined
in order to unveil possible sample inhomo-
geneities of the type encountered for the mag-
netically isostructural Mn, gFe,,,As.® No such
inhomogeneity was found for the V, MnAs
samples.

DISCUSSION

The phase diagram of the pseudo-binary
VAs—MnAs system (Fig. 2) shows marked
similarities to that of CrAs—MnAs,® but
differs to some extent from that of MnAs
—FeAs.? Since V and Cr precede Mn in the 3d
series, it would be of interest to examine the
phase relationships in the system MnAs — CoAs,
where Co, like Fe, succeeds Mn.

The common feature of the high temperature
portions of the CrAs—MnAs 2 and VAs—MnAs
systems is the second or higher order crystallo-
graphic transitions between MnP and NiAs
type structures. Similar MnP=NiAs type
transitions are also found in a number of other
binary and ternary phases.®' Available in-
formation concerning such transitions are
reasonably consistent with recent considerations
on geometrical * and group theoretical ! basis,

On substitution of another metal or non-
metal component into a binary MnP type
compound which takes cooperative magnetic
ordering, two different situations arise. If
neither the solute nor the solvent metal atom
is Mn, only small substitutions appear to
destroy the cooperative magnetic phenomena."”
Relatively large magnetic homogeneity ranges
have, on the other hand, been observed for
the pseudo-binary 7'As —MnAs systems studied
so far.2?

The magnetic data for the 7', ;Mn;As phases
(as well as MnP, ,As,) also have a number
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of other features in common. Whenever the
NiAs type structure occurs, the magnetic
moments are appreciably higher than found
for the corresponding MnP type state (3.1 —3.7
versus 1.8 —1.9 for the spin quantum number
287; Ref. 3 and vide supra). The terminology
high spin/low spin may be used although these
phrases have lost their clear-cut meaning here,
where the electrons are, at least partly, delocal-
ized and spread over a number of energy bands.

A theoretical investigation of the double,
a-axis type helimagnetic mode is required in
order to compare V, Mn,As and Fe, ;Mn;As®
in a meaningful manner. The starting point
of Kallel et al.® may constitute a suitable
basis for such an exploration.

Although V, /Mn; As (~0.60=5¢<0.95), and
Fe, ;MnAs (~0.88<t<~0.99)% are magneti-
cally isostructural, the tendency towards
conical deformation of the spiral arrangement
is more prominent in the latter phase. In
neither of the cases conical deformation is
observed near the Mn-rich phase boundaries.
In order to obtain more insight into the origin
of the conical arrangements, attention should
be focussed on the behaviour of these phases
in magnetic fields.
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