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Summary 

Stacking disorder in the monophosphides and arsenides of niobium 
and tantalum was studied using X-ray diffraction techniques. Special atten- 
tion was paid to the effects of the composition and the heat treatment of 
the samples. A metastable WC-type structure is formed during the early 
stages of the reaction while the sample is heating up. As the temperature 
increases, the metastable WC-type structure partially transforms into a 
stable NbAs-type structure, resulting in a disordered structure comprising 
variable amounts of the WC- and NbAs-type structures which coexist within 
a common coherent lattice. This transformation appears to be constrained 
by the presence of the metal phase so that the completeness of the trans- 
formation, and thus the amount of stacking disorder, varies with the sample 
composition. 

1. Introduction 

NbP, TaP and TaAs crystallize in the NbAs-type structure [l] (space 
group, 14,md (no. 109)). Boller and Parthe [l] reported a composition 
dependence of the X-ray powder diffraction patterns of NbP. The half- 
widths of all reflections with odd-l indices increased continuously while 
those of reflections with even-l indices were unaffected when the compo- 
sition of the samples changed from NbP to Nb,,P,,. The line broadening 
was accompanied by a decrease in the integrated intensities of reflections 
with odd-l indices. Similar features have also been reported for TaP [l.] 
and TaAs [2]. 

The variations in the linewidths and the integrated intensities of reflec- 
tions with odd-l indices were accounted for by a model involving disor- 
dering along (OOl),,,, [l] in which regions of the NbAs- and WC-type 
structures [3] alternate. It was proposed that the apparent composition 
dependence of the amount of disorder was due to a homogeneity range for 
NbP which was estimated to extend from NbP to Nb,,P,,. The phosphorus 
deficiency was reported to be accompanied by a slight expansion of the c 
axis by 0.2%, while the a axis remained constant. However, a significant 
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decrease in cell volume would be expected if as many as 20% of the phos- 
phorus atoms were removed [ 41. 

Similar variations in the linewidths and integrated intensities of a 
particular subset of X-ray powder diffraction reflections accompanied by 
variations in the unit cell dimensions have recently been observed during 
studies of the phase transformations in Ta,Ge [ 5, 61, Ta,P [ 71 and V,S [ 81. 
Therefore it seemed worthwhile to re-examine the disorder phenomena in 
the monophosphides and arsenides of niobium and tantalum. 

2. Experimental details 

The samples were prepared by heating mixtures of metal powder 
(particle size, less than 45 pm) with about 0.09 g of red phosphorus or arsenic 
in evacuated silica tubes. The metals (Highways International) had a nominal 
purity of 99.9% and the phosphorus (MCP Electronic Ltd.) and arsenic 
(Boliden Metal Ltd.) had nominal purities of 99.999%. To avoid the risk of 
explosion, the silica tubes were placed in a resistance furnace at room tem- 
perature and the temperature was gradually increased to its final value over 
a period of 12 h. The temperature was measured using a Pt-(Pt-lO%Rh) 
thermocouple. The heating was terminated by cutting off the power supply 
to the furnace, and the samples were left in the furnace to cool slowly. In 
one series of experiments samples of NbP were taken out of the furnace 
at various temperatures during heating and were quenched with water. 
Subsequent annealing was performed by placing the samples directly in the 
hot furnace at the chosen annealing temperature. 

The samples were examined by X-ray powder diffraction methods 
using a Philips XDC 1000 Guinier-Hagg focusing camera with Cu Ka, radia- 
tion. The unit cell dimensions were refined using the least-squares program 
CELNE [9], and silicon (a = 5.431065 A [lo]) was employed as an internal 
calibration standard. 

The intensity data used in the line broadening analysis and the Rietveld 
profile analysis [ll] were obtained by scanning X-ray powder diffraction 
films using a SAAB automatic film scanner [12, 131 coupled to a NORD 
100 computer. The halfwidths of certain reflections were measured from the 
film scans. Reflections with odd 1 were corrected for instrument broadening 
and particle size effects by subtracting the halfwidths of neighbouring 
reflections with even 1. 

3. Results 

3.1. NbP and TaP 
Overexposed X-ray powder diffraction films indicated the presence of 

minute amounts of oxide contaminants in the samples, which are probably 
the result of a reaction between the metals and the silica tube. 
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Fig. 1. The variation in the c axis of NbP with the temperature at which the heating 
was interrupted during the preparation of the monophosphide: peak temperature, 1000 
‘C; nominal sample composition, NbP. X-ray reflections characteristic of unreacted 
niobium metal were observed for all samples except the one which was heat treated 
for 20 h. 

Unreacted phosphorus condensed on the inner wall of the silica tube 
when samples with nominal composition NbP were removed from the 
furnace at various stages during the gradual temperature increase to the 
final reaction temperature of 1000 “C. According to the X-ray data, the 
solid reaction products consisted of niobium metal and NbP; no NbP, was 
present. The c axis of NbP in these samples depended strongly on the tem- 
perature at which the heating had been interrupted (Fig. 1). The a axes of 
NbP (a = 3.3340(3) A) and TaP (a = 3.3184(3) A) were constant within 
experimental error in all samples. 

The c axis of NbP depended on both the reaction temperature and 
the sample composition (Fig. 2) as reported in ref. 1. Similar behaviour 
was observed in the Ta-P system (Fig. 2). The c axis became less dependent 
on the composition at lower reaction temperatures. 

The sample size did not affect the diffraction patterns of NbP in 
samples with nominal compositions Nb,,P,, and NbP in which the amount 
of phosphorus present in the starting material varied from 0.01 to 0.06 g. 
Furthermore, a change in the nominal composition of a Ta5sP,, sample 
prepared at 1000 “C to Ta4,P,, by the addition of phosphorus pieces and 
subsequent annealing at 1000 “C for 4 days did not produce any alteration 
in the diffraction pattern for Tap. 

Overexposed X-ray powder diffraction films of samples of both NbP 
and TaP with nominal compositions M,,P,, (M = Nb, Ta) prepared at 1000 
“C revealed the presence of unreacted metal. The composition-dependent 
variation in the c axis of these monophosphides is thus not due to an ex- 
tended homogeneity range. 

The thermal history of the metal-rich samples affected the value of 
the c axis of both NbP and TaP. The value of the c axis in metal-rich sam- 
ples prepared at 1000 “C (NbP samples) and 1100 “C (Tap samples) was 
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Fig. 2. The influence of the sample composition on the c axis of (a) NbP and (b) TaP 
prepared at various temperatures: 0, 1100 “C for 110 h; 0, 1000 “C for 96 h; A, 900 “C 
for 118 h; 800 “C v, for 134 h; 0, 690 “C for 168 h; n , 650 “C for 145 h;r, 1000 “C for 
96 h, 1350 “C for 24 h;A, from ref. 1. 

significantly different from the values obtained in samples prepared at 
lower temperatures (NbP, 650 ‘C; TaP, 1000 “C) and subsequently annealed 
at 1000 “C and 1100 “C respectively (Fig. 3). Analogous heat treatments 
of h&PSI samples did not result in any differences in the values of the c 
axes of the corresponding samples. The lowest values for the c axis in metal- 
rich samples of both NbP and TaP were obtained when two samples with 
nominal compositions Nb,,P,, and Ta,,P, prepared at 1000 “C were an- 
nealed at 1350 “C for 24 h (Fig. 2). The only other c values in this range 
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Fig. 3. The effects of heat treatment and sample composition on the c axis of (a) NbP 
(0, 650 OC, 6 days (initial synthesis); 0, 650 “C for 6 days, 1000 “C for 4 days; v, 650 ‘Y! 
for 6 days, 1000 “C for 4 and 33 days; A, 1000 ‘C, 4 days (initial synthesis)) and (b) 
TaP (0, 690 ‘C, 7 days (initial synthesis); A, 690 “C for 7 days, 1000 “C for 3 days; l , 
690 “C for 7 days, 1000 “C for 3 and 33 days; o, 1000 ‘C, 4 days (initial synthesis); 
0, 1000 “C for 4 days, 1100 “C for 5 days; n , 1100 “C, 4 days (initial synthesis)). 

were obtained in samples with near-equiatomic compositions. No change in 
the c axis was observed when samples of NbP and TaP prepared at 1000 “C 
were annealed at temperatures of 800 “C or below. 

The increase in the c axis of NbP and TaP in samples with increasing 
metal content was accompanied by the appearance of a reflection which 
could be indexed as (100). The intensity of this reflection increased with 
increasing c axis. 

Simultaneously with the variation in the c axis, the linewidths and 
integrated intensities of odd-l reflections were also affected by the nominal 
composition and the reaction temperature. The line broadening increased 
and the integrated intensities decreased when the value of the c axis in- 
creased (Table 1). In samples with a metal content exceeding Nb,sP,, and 
Ta,,P,, or which had been prepared at temperatures below 800 “C, reflec- 
tions with odd-l indices were only visible in overexposed X-ray diffraction 
films. In addition to the (100) reflection, another extra reflection which 
could be indexed as (214) was also present. 

Reflections with even 1 also became somewhat broader when the 
metal content of the samples increased. This effect reduced the accuracy 
of the measurement of the diffraction line positions and resulted in an 
increased standard deviation for the values of the c axis in these samples. 
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Fig. 4. The appearance of alternating regions of NbAs- and WC-type structures in the 
disordered structure. 

To account for the broadening of odd-2 reflections Boller and Parthe 
[l] suggested that blocks of NbAs are displaced by [l/Z, l/2, O] with 
respect to one another. This displacement leads to a change from the NbAs- 
type structure to the WC-type structure around the interface between two 
blocks (Fig. 4). The relation between the atomic positions in two regions 
of NbAs type adjoining a WC block depends on the extension of the WC 
block along (OO1)NbAs. The atomic positions in two regions of NbAs type 
are identicai if the extension of the WC block is equal to (m + 1/2)cNbAs, 
where m is an integer and CNb& is the length of the c axis of the NbAs- 
type structure. If, however, the extension of the WC block is equal to 
mcNbAs, the atoms in one region of the NbAs type adjoining the WC block 
are shifted by [l/2, l/Z, 0] with respect to the atomic positions in the next 
NbAs-type region. The arrangement is thus analogous to an antiphase do- 
main structure and is the reason for the broadening of the odd-l reflections. 
By using the [l/2, l/2, 0] shift vector and following a treatment given by 
Warren [14] an expression for the dependence of the integral width of 
odd-l reflections on the relative number of regions of the second type of 
WC block can be derived: 

P(2@) = 
- hl ln(1 - 2~) 

2c 
NbAs cos 8 {(c/a)2(h2 + k2) + 12}“2 
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TABLE 2 

Transformation data for NbP in two different samples (reaction temperature, 1000 “C) 

Nominal sample 
composition 

Na 0.4N b YC 

Nbd’49 0.04( 2) 0.016(10) 0.014( 3) 
NbsJP47 0.15(2) 0.06( 1) 0.049(9) 

“The relative amount of WC-type structure in the transitionai structure obtained by the 
Rietveld method. 
bThe relative amount of WC-type structure producing the line broadening of odd-l 
reflections estimated by the Rietveld method. 
CThe relative amount of WC-type structure producing the line broadening of odd-l reflec- 
tions deduced from the halfwidths of these reflections (arithmetic mean value of the 
results of Table 1). 

where /3(26) is the integral width in radians (approximated by the halfwidth 
in the follo~ng), X is the wavelength of the radiation used, a and c are the 
lengths of the a and c axes respectively, 6’ is the diffraction angle for a 
specific reflection and y is the relative number of regions of the WC type 
with an eXtenSiOn Of mcNbAs dOng (OO1)NbAs. The VdUeS Of y calculated 
using eqn. (1) for some odd-l reflections in various samples are presented 
in Table 1. 

The WC-type regions do not contribute to the integrated intensities 
of odd-l reflections. Accordingly, the intensities of these reflections decrease 
when the relative amount of WC-type structure increases, while even-l 
reflections remain unaffected. By analogy with the destination of the 
relative amounts of high and low temperature modifications present in 
samples of TasGe [6] and Ta,P [ 71, the relative amounts of WC- and NbAs- 
type structures present in the disordered structure of two different NbP 
samples were refined using the Rietveld method (Table 2) in terms of two 
occupancy parameters N and 1 - N respectively in space group 14,md. 

If it is assumed that the WC-type structure occurs with equal proba- 
bility in regions with an eXiknSi0I-I of cNbAS or 3cm,&/2 ahmg (OO&,ASr 
the relative amount N of WC obtained in the Rietveld analysis can be com- 
pared with the y values obtained in the line broadening analysis (Table 2): 

3Y Y+---=N 
2 

(2) 

3.2. NbAs and TaAs 
Murray et al. [2] reported the appearance of several extra reflec- 

tions in the X-ray powder patterns of TaAs prepared at temperatures 
below 1200 “C. These extra reflections could be indexed by relaxing the 



body-centring condition. The following reflections were observed: (loo), 
(201), (212) and (214). Furthermore, all reflections were broadened and 
the odd-l reflections were weaker. No variations in the unit cell dimensions 
(a = 3.4367(2) A; c = 11.6437(6) A) were observed, and the presence of the 
extra reflections was reported to be independent of the composition of the 
samples. These results were confirmed in this investigation, except that the 
presence of the extra reflections was found to be composition dependent 
in samples prepared at 1000 “C. The extra reflections and the broadening 
were absent in a sample with nominal composition Ta4sAss2, whereas these 
features appeared in a sample with nominal composition Tas2As4s. The extra 
reflections and the broadening of all reflections were clearly visible in 
both metal-rich and metal-deficient samples prepared at 880 “C. 

Samples of NbAs with nominal compositions Nb,,As,s and Nb,,As,, 
prepared at 880 and 1000 “C did not show any line broadening or reduction 
in intensity for odd-l reflections. However, the characteristic line broadening 
and decrease in the intensities of odd-E reflections, observed for NbP and 
TaP, were clearly visible in samples with the same compositions as above 
which had been prepared at 700 “C (heating period, 9 days). Reflections 
with odd values of h + k + 1 or variations in the unit cell dimensions (a = 
3.4520(l) A; c = 11.6754(7) A) were not detected. Furthermore, no dif- 
ferences between the metal-rich and metal-deficient samples were observed; 
however, by analogy with the features in NbP, TaP and TaAs it is likely 
that such a difference should develop on increasing the preparation tem- 
perature slightly. 

4. Discussion 

The good agreement between the values of y and 0.4N (Table 2) 
supports the disorder model proposed by Boller and Parthe [l] for NbP 
and TaP with regions of the NbAs type alternating with regions of the WC 
type within a common coherent lattice (Fig. 4). The appearance of the 
(100) reflection, which is solely attributable to regions of the WC type in 
samples consisting primarily of the NbAs type, also supports the suggested 
orientational relation between the different regions within this disorder 
model. Although the extension of the WC-type regions along (OO1)NbAs is 
assumed to be of the order of 11 - 16 A, the extension of these regions 
perpendicular to (OOUNbAs is much larger; in fact, it is of the order of the 
powder grain size of the samples. The diffraction coherency length re- 
quired for the (100) reflection to appear is thus sufficiently large within 
this model. 

The additional extra reflections observed in samples of TaAs cannot 
be accounted for by this model, however, and Murray et al. [2] have sug- 
gested that the appearance of these reflections is due to shifts in the atomic 
positions of the NbAs-type structure which are compatible only with the less 
symmetric space group P4, (no. 76). 
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The presence of the metal phase in samples of both NbP and TaP with 
nominal composition M,,Pa9 excludes the possibility of an extended homo- 
geneity range as the origin of the composition dependence of the c axis in 
these monophosphides. By analogy with the TasGe [ 5, 61 and V,S [8] 
transformations, the variation in the c axis of NbP and TaP is more likely 
to be due to changes in the relative amounts of the NbAs- and WC-type struc- 
tures in the disordered structure. The misfit in the coherent interfaces be- 
tween the NbAs- and WC-type regions may cause an elastic stress field which 
will affect the average cell dimensions of the mixed structure. A large value 
of the c axis thus indicates a large relative amount of WC-type structure, and 
accordingly a small c value indicates a large relative amount of the NbAs- 
type structure. The simultaneous variations in the c axis, integrated intensi- 
ties and linewidths of odd-l reflections are all consistent with this model. 

There is no true polymorphism between the WC- and NbAs-type 
structures in these monophosphides and arsenides since it has not been 
possible to produce a transformation from the NbAs-type structure to the 
WC-type structure [ 2,15, 161. The large relative amount of the WC-type 
structure obtained in the early stages of the preparation of the mono- 
phosphides, as indicated by the high value of the c axis (Fig. l), is most 
probably due to favourable reaction kinetics. On increasing the temperature, 
the regions of the metastable WC-type structure transform into the stable 
NbAs-type structure owing to higher thermal activation. The completeness 
of the transformation is dependent on the final reaction temperature and 
the sample composition. This is shown by the variation in the c axis of these 
monophosphides (Fig. 2). Above certain temperatures and with a sufficiently 
low metal content the WC-type regions transform almost completely into 
the NbAs type during the initial synthesis of the sample. If, however, the 
preparation of the monophosphide is completed at temperatures favouring 
the presence of a large proportion of the WC-type structure in the disordered 
structure, the transformation taking place during annealing at a higher tem- 
perature appears to be hindered by the presence of the metal phase. 

The large difference in the ease with which the transformation takes 
place between metal-rich and phosphorus-rich samples and the effect of the 
thermal history of the samples (Fig. 3) suggest a diffusionless transforma- 
tion. The shape and volume changes associated with a diffusionless transfor- 
mation may be constrained by the presence of metal phase-monophosphide 
interfaces, which could thus give rise to the observed composition depen- 
dence of the transformation. If the metal content of the sample is not too 
high, the hindrance caused by the probable interface interaction appears 
to be reduced during the initial synthesis. 

5. Conclusions 

The monophosphides of niobium and tantalum are, to a variable 
extent, disordered along (OO1),,,A, with alternating regions of the NbAs- and 
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WC-type structures. The large proportion of WC-type structure obtained in 
the disordered structure during the initial reaction of the elements while 
the sample is warming up is most probably due to favourable reaction kinet- 
ics. As the temperature increases, the regions of the metastable WC type 
transform into the stable NbAs type. The transformation appears to be 
constrained by the presence of the metal phase, so that the final relative 
amounts of the WC- and NbAs-type structures vary with sample composi- 
tion. The variable amounts of WC- and NbAs-type structures in the dis- 
ordered structure cause variations in the unit cell dimensions, the line- 
widths and the integrated intensities of the odd-E reflections. There are no 
indications that the unit cell variations can be related to a range of homo- 
geneity in the monophosphides. 

An analogous disordering also occurs in NbAs and TaAs, but the 
effect on the unit cell and the line broadening is less pronounced. This 
indicates a smaller variation in the relative amount of the WC-type structure 
in these phases. 
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