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The pseudo-binary V,_TiAs phase was investigated by X-ray diffraction, differ-
ential scanning calorimetry and magnetic susceptibility measurements. For slowly
cooled samples, examined at room temperature, the MnP type structure prevails
from ¢ = 0.00 to 0.23 + 0.03 and from ¢ = 0.37 * 0.03 to 0.495 £ 0.005, the NiAs
type from ¢ = 0.495 + 0.005 to 0.77 + 0.02 and the TiP type from ¢ = 0.97 + 0.02 to
1.00. Non-equilibrium conditions (probably originating from a tendency to order-
ing of the V and Ti atoms within the metal sublattice) rule the interval 0.23 + 0.03
<t <0.37 £ 0.03, whereas the interval 0.77 + 0.02 < ¢ < 0.97 * 0.02 represents a
two phase region. A first order MnP to NiAs type transition was observed for 0.40
<t < 0.50. V,_Ti,As belongs to the gross category of Pauli paramagnetic mate-

rials.

The MnP 2 NiAs type phase transition has fre-
quently been observed as function of composi-
tion,'? temperature,** pressure ° and magnetic
field.® The present authors have recently report-
ed’ on the properties of the Cr,_TiAs phase
where the temperature (T,) for the second order
MnP 2 NiAs type transition was found to vary
almost linearly with the compositional parameter
t. The situation for V,_Ti As’ appears to be simi-
lar, but the information concerning the latter
phase is a little scanty. The purpose of the pres-
ent communication is to remedy this situation by
reporting on the VAs-TiAs system between 100
and 1300 K.

Experimental

TiAs was synthesized from 99.97% Ti (sponge;
Johnson, Matthey & Co.) and 99.9999% As
(lumps; Koch-Light Laboratories) as described in
Ref. 2. VAs was made by heating weighed quan-
tities of the elements (V, 99.5%, powder; A.D.
Mackay) in evacuated, sealed silica tubes. After
heat treatment at 900°C for 5 d, the samples
were cooled to room temperature, carefully
ground and subjected to two further similar heat

*To whom correspondence should be addressed.

2* Acta Chemica Scandinavica A 40 (1986) 17-22

treatments (with intermediate crushings). The
ternary V,_Ti,As samples were prepared by mix-

ing appropriate proportions of VAs and TiAs and

subjecting the mixtures to annealings at 1000 to
1100 °C for 2 to 4 periods of 7 d with intermediate
grindings. After the final heating cycle the
samples were slowly cooled to room temperature
over 1 d. Selected samples from the composition
range 0.20 = ¢ = 0.40 were quenched in ice water
from different temperatures between 850 and
1100°C. The homogeneity and structural state of
the samples were evaluated from room tempera-
ture powder X-ray diffraction data (Guinier tech-
nique, CuKa,-radiation, Si as internal standard).
High and low temperature powder X-ray diffrac-
tion data were obtained in an Enraf-Nonius Gui-
nier Simon camera at temperatures between 100
and 1300 K. Unit cell dimensions were obtained
through least squares refinements of the posi-
tions of approximately 20 well-defined Bragg re-
flections. Unknown powder X-ray diffraction
patterns were attempted computer indexed by
the TREOR programme.® Powder X-ray diffrac-
tion intensity data were derived from the Guinier
photographs by means of a Nicolet filmscanning
system L 18. The thus obtained integrated inten-
sities were least squares processed by the
SHELX programme?’ to extract values for the po-
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sitional parameters of the metal and non-metal
atoms.

Differential scanning calorimetry (DSC) meas-
urements were performed between 100 and
900 K using a Mettler TA 3000 system. Magnetic
susceptibility data were recorded with a conven-
tional Faraday magnet (maximum field ~8 kOe;
25-35 mg samples) between 80 and 1000 K.

Results and discussion

The binary end phases of V,_Ti,As take the MnP
(t = 0.00") and TiP (¢ = 1.00") type structures. In
this way V,_ TiAs resembles Cr,_TiAs.> The
phase relationships for V,_TiAs (at room tem-
perature; for slowly cooled samples) marked at
the bottom of Fig. 1 reveal similarities as well as
distinctions when compared with the Cr,_TiAs
case.
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Fig. 1. Unit cell dimensions of V,_TiAs at 293 K.
Data for MnP and NiAs type phases refer to Pnma
setting: @u,e = Cpins: Bune = Bning; Cunp = 28pias + Piins-
Data for TiP type phase show cpx/2 and Vi,,/2.
Calculated error limits do not exceed size of symbols.
Structural state is indicated at the bottom of the
illustration.
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The domain of the MnP type structure appears
to be divided in two separated homogeneity
ranges (0.00=¢=0.23 £ 0.03and 0.37 £ 0.03=¢
= 0.495 + 0.003) by a region (0.23 *+ 0.03 = ¢
= 0.37 + 0.05) which seems to be ruled by condi-
tions which give rise to non-equilibrium samples
(vide infra). Sobczak et al.” did not apparently en-
counter any preparative difficulties within the
existence range of the MnP type phase (but they
report no X-ray data for 0.20 < ¢ < 0.40). As a
more subtle distinction it may be mentioned that
Sobczak et al. position the phase border at ¢t =
0.52 whereas t= 0.50 is found to belong to the do-
main of the neighbouring NiAs type phase in this
study. The non-equilibrium region in V,_TiAs
has no parallel in Cr,_,Ti,As. The shift of the MnP
to NiAs type phase border from ¢ = 0.40 in
Cr,_ TiAs*tot = 0.495 £ 0.005 in V,_,Ti As is cor-
related with the fact that VAs retains the MnP
type structure up to at least ~1400 K whereas
CrAs undergoes the MnP 2 NiAs type transition
at1173 £+ 20 K.’

The NiAs type structure rules in the interval
0.495 + 0.005 < ¢t = 0.77 = 0.02 and a miscibility
gap (0.77 £ 0.02 < ¢ < 0.97 = 0.02) separates the
NiAs and TiP type phase regions. Sobczak et al.’
did not observe the two phase field and they ex-
tended the homogeneity range of the NiAs type
phase to ¢t = 1.00 (viz. TiAs). The present au-
thors have searched, without success (see also
Refs. 2,12), for the reported’ (high temperature)
NiAs type modification of TiAs. On the other
hand, the TiP type structure is unequivocally con-
firmed for TiAs and this phase extends slightly
into the ternary region (0.97 + 0.02 = ¢ = 1.00).
Hence, there is complete divergence between
Ref. 7 and the present study for 0.77 + 0.02 < ¢
= 1.00. The extension of the homogeneity range
for the TiP type phase is, within the experimental
error, equal in V, TiAs, Cr,_TiAs’ and
Mn,_TiAs,”? whereas the two phase field be-
tween the NiAs and TiP type phases is much
wider for the former than for the two others.

With regard to the variation in the unit cell di-
mensions (referred to Pnma setting for the MnP
and NiAs type regions) with the compositional
parameter ¢, there are also similarities and differ-
ences between V,_TiAs (Fig. 1) and Cr,_Ti,As.?
The shapes of ay,p, byap and Vi versus ¢ in the
MnP type phase (all increasing with increasing t)
are very similar for V,_TiAs and Cr,_TiAs,
whereas ¢y,p (01 ¢yp/V 3 ) which relative to by,




starts at a higher value for VAs than for CrAs
must be adjusted more for V,_TiAs than for
Cr,_TiAs to accomplish the MnP to NiAs type
conversion. The striking distinction between
V,_TiAs and Cr,_Ti,As in the MnP type region is
that the cy,, (= ay,p) axis obtains a singularity
maximum at the MnP to NiAs type transition
composition. The compositional variations of the
unit cell dimensions illustrated in Fig. 1 are
judged to be consistent with the sparse structural
data published by Sobczak et al.’

An interesting inference to be drawn from Fig.
1 is that the non-equilibrium region within the
domain of the MnP type phase cannot be rooted
in a reluctance of the unit cell dimensions to take
values in the intermediate intervals. On the con-
trary, the voids would be smoothly covered by
the broken curve portions in Fig. 1.

The powder X-ray diffraction photographs of
the samples from the non-equilibrium region
were complex and generally contained a mixture
of fairly sharp and rather diffuse reflections. Re-
peated annealings, prolonged annealing periods,
slow cooling and rapid quenching did not im-
prove the situation for most of the samples with
0.20 < t < 0.40 as judged from X-ray diffraction
diagrams. The diagrams could normally be ex-
plained as two phase mixtures of phases with
compositions corresponding to ¢ = 0.20 and 0.40.
However, some of the samples gave X-ray dif-
fraction diagrams where all reflections were quite
sharp. Most of the reflections could in these cases
be indexed according to one single MnP type unit
cell. The above-mentioned two phase situation
could thus be ruled out, and the additional re-
flections do not appear to originate from other
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known phases of the V-As and Ti-As systems.
Hence, one is left with the possibility that the ad-
ditional reflections are due to superstructures
with ordered long range distributions of V and
Ti. Computer indexing of the unknown diffrac-
tion patterns by the TREOR programme man-
aged to account for all reflections in terms of
monoclinic unit cells. We do not give weight
either to the symmetry or the dimensions thus
obtained, but take these findings as an additional
vague indication of the superstructure hypoth-
esis. The occurrence of the mixture of sharp and
diffuse reflections in the X-ray diffraction di-
agrams for other samples from the non-equili-
brium region may also reflect non-uniform distri-
butions of V and Ti over otherwise essentially
MnP type metal sublattices. Similar findings have
been made for Mn,_NiAs (~0.25 < t < ~0.65),
but for the latter case the short and/or long range
order obstacles could relatively easily be over-
come by trial and error adjustments of the heat
treatment procedure.'® Although the situation for
the non-equilibrium region of V,_TiAs is more
tangled, we hope to solve the challenging prob-
lems by systematic variation and testing of the
preparative conditions.

The axial ratio cy,p/by,p is often (cf., e.g., Ref.
3) used as a measure for the degree of MnP type
distortion relative to the NiAs type structure
(where cyu/bye = V3 = 1.732...). On going
from ¢t = 0.00 to 0.20 ¢y, p/by,p is slightly reduced
from 1.872 to 1.860 (at room temperature; 1.852
to 1.838 at 1000 K), whereas there is an appre-
ciable reduction from cy,,/by,, = 1.816 at t =
0.40 to Cypp/bymp = 1.763 at ¢t = 0.495 (which ap-
pears to be single phase with MnP type struc-

Table 1. Unit cell dimensions and positional parameters for V,_TiAs with t = 0.00 (quoted from Ref. 10), 0.10,
0.20, 0.43, 0.47 and 0.52 as derived by least squares refinements of powder X-ray diffraction data collected at
room temperature. Space group Pnma; T = V, Tiin 4c and P in 4c. (25-30 reflections; conventional R value
0.06-0.08.) Calculated standard deviations in parenthesis.

t aunp(PM) byer(pm) Cunp(PM) Xy Zy X Zps

0.00 585.0(1) 336.2(1) 629.2(1) 0.0054(10) 0.1890(4) 0.1969(6) 0.05734(3)
0.10 588.3(2)  338.0(1)  630.0(1)  0.0044(31) 0.1895(25) 0.1948(18) 0.5753(21)
0.20 500.2(2)  340.0(1)  630.5(2)  0.0046(23) 0.1912(22) 0.1983(15) 0.5761(19)
0.43 601.8(2) 349.6(1) 629.6(1) 0.0038(28) 0.1991(28) 0.2172(15) 0.5807(18)
0.47 604.9(1)  3525(1)  627.8(1)  00022(36) 0.2014(33) 0.2192(25) 0.5792(29)
0.52* 614.5(1) 355.2(1) [615.2 (1)] 0 1/4 1/4 712

*NiAs type Structure; au.r = Cuas: Due = Gnast Curr = V'3 Buns
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ture). Vi 50T, s0AS takes the NiAs type structure
at room temperature, but the X-ray diffraction
(Guinier) technique is not sufficiently sensitive to
exclude the presence of minute amounts of a sec-
ond phase in the samples with + = 0.495 and
0.500. In view of the definitive first order charac-
ter of the MnP to NiAs type transition for
V,_Ti,As with 0.40 < ¢ < 0.50 as a function of tem-
perature (vide infra) a narrow two phase region is
expected between the MnP and NiAs type re-
gions (viz. the MnP to NiAs type transition is
also of first order with respect to composition).
In order to test the connection between the ex-
terior proportions of the MnP type unit cell (e.g.
as expressed by cy,p/by.p, vide supra) and the in-
terior atomic arrangement, least squares refine-
ments on the basis of powder X-ray diffraction
data for V,_TiAs with ¢t = 0.10, 0.20, 0.43, 0.47
and 0.52 (as reference) were carried out. The re-
sulting unit cell dimensions and positional par-
ameters are given in Table 1, together with the
corresponding data for VAs quoted from Ref. 10.
Within two calculated standard deviations the po-
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Fig. 2. Variation of T, with t for V,_TiAs under
increasing temperature conditions. Legends to
symbols are given on the illustration.
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sitional parameters remain unchanged when the
Ti substitution increases from ¢ = 0.00 to 0.20,
and their values are in the typical range for the
fully transformed MnP type structure.® This is
consistent with the fact that the MnP to NiAs
type transition in V,_TiAs with 0.00 = ¢ = 0.20
occurs above ~1300 K (if it takes place at all).
The indicator >* parameters z, and x,, for the
degree of MnP type distortion are closer to the
corresponding orthohexagonal converted NiAs
type values (cf. the data for ¢t = 0.52 in Table 1)
for t = 0.43 and 0.47 than for 0.00 = ¢ = 0.20, but
their values are still appreciably different from z,
= X,, = 1/4 required by the NiAs type symmetry.
This suggests that the MnP to NiAs type tran-
sition temperature for V,Ti,;As and
V,5, Ty i7As is well above room temperature.??
Ty, for the MnP to NiAs type transition in the
composition range 0.40 < ¢ < 0.52 as evaluated
from high and low (¢ = 0.50) temperature X-ray
diffraction (Guinier Simon) photographs is
shown in Fig. 2. T;, decreases almost linearly with
¢t over this concentration span, passes through
293 K at ¢t = 0.496 (viz. virtually perfect coin-
cidence with the MnP type phase limit deter-
mined from the room temperature X-ray diffrac-
tion data) and goes to zero at ¢t = 0.53. It is inter-
esting to note that the value of ¢ for
(extrapolated) T, = 0 K is almost identical for
V.. TiAs and Cr,_TiAs,> whereas T, goes to
zero at t = 0.24 for Mn,_Ti As'"? (where, however,
the extrapolation stretch is considerably longer).
As illustrated by the thermal expansion data
for t = 0.43 and 0.485 (Fig. 3), the MnP to NiAs
type transition in V,_TiAs is of first order up to ¢
= 0.490, whereas the transition for ¢t = 0.500 ap-
pears to be of second order. For (say) V, ;Ti, ,As
the expansion curves for ¢y,,/V 3 and b, are
seen to approach each other in the usual way
upon increasing temperature, but at ~650 K
(where ¢y /by = 1.762) ¢’V 3 flattens out
and ultimately the first order transition takes
place at T, = 820 = 10 K. First order MnP to
NiAs type transitions are known for MnAs as
well as its transition metal substituted derivatives
(cf., e.g., Refs. 5, 6, 12, 13), but in these cases
the crystallographic transformation is also ac-
companied by a change of the magnetic state (co-
operative to paramagnetic). A magnetic compo-
nent for the MnP to NiAs type transition in
V,_TiAs (and Co,_ NiAs®") can be ruled out
(vide infra). Comparison of interatomic distances
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for MnP and NiAs type states above and below
T, for V,_Ti,As and phases where the transition
is of second order, gives no clue as to the discon-
tinuous nature of the conversion in V,_TiAs. A
possible explanation for the unique standings of
V,_Ti,As and Co,_Ni,As could be that no proper
MnP to NiAs type transitions occur in these
phases, but rather a decomposition of the MnP
type phase, followed by recrystallization into the
NiAs type structure. The origin of this peculiar
behaviour could be a slight difference in com-
position between the MnP and NiAs type phases,
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viz. one of them (probably the NiAs type phase)
ought to take a metal to non-metal atomic ratio
different from 1:1. This would in turn imply that
there is a second phase present in the samples
with 0.40 <t < 0.50 (probably) above or below
Ty, but due to a low fraction this could remain
undetected by the powder X-ray diffraction tech-
nique. The second order MnP 2 NiAs type tran-
sition observed for V5, Ti, s0As (not detected by
DSC) would thus simply imply that the two states
have the same composition for ¢ = 0.500.

The present magnetic susceptibility versus tem-
perature curves for V,_TiAs comply with those
published by Sobczak ez al.” with regard to shape
and susceptibility level (1 < y,-10° < 3 e.m.u./g,
for all samples measured and only very slight
temperature variations). Thus, none of the sam-
ples gave x'(T) curves which satisfy Curie-Weiss
law over an extended temperature interval (and
there is no distinction between the MnP and
NiAs type states in this respect). The shape of the
%(T) curves place V,_Ti,As in the gross category
of Pauli paramagnetic materials for all composi-
tions and temperatures studied. This conclusion
is at complete variance with the antiferromag-
netic properties for V,_Ti As with 0.37 = ¢ = 0.52
reported by Sobczak et al.” However, we believe
that even the sparse documentation published by
Sobczak et al. [virtually temperature independent
x(T) for t = 0.52 and “Néel temperatures” be-
tween 1400 K for ¢ = 0.37 and 470 K for ¢t = 0.52]
support the classification of V,_TiAs as a Pauli
paramagnetic material.
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