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On the theory of hydrogen orderings in tantalum 
hydrides 
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t I V Kurchatov lnstiture of Atomic Energy, Moscow 123182. USSR 
t State University of Krasnoyarsk, Krasnoyank 660062, USSR 

Received 8 March 1990 

Abstract. The model and methodsdeveloped earlier fordescribingthe statistical properties 
of hydrogen in the NbH,-type systems are used to investigate the transilion between the 
phases e. a" 0. 6 and c in TaH,. The main features of the observed phase diagram ( x ,  T )  
can be naturallyeaplained ifone assumes that the concentrationdependenceof the hydrogen 
partial enthalpy h&) in TaH. has an anomaly near x, = 0.5 similar to that established 
earlier for NbH,. Then. treatingvalues of the mean-fieldconstants in the ordered phases as 
parameters of the model we can fairly well describe all the main features of the complex 
phase diagram ofTaH, in the whole ( x .  T )  range considered. We also discuss the structure 
of the ordered phases and the temperature dependences of the order pilrameten. An 
anomaloussofteningforsomecriticalconcenlrationwavesispredictedwhichcan beobserved 
in neutron or x-ray diffraction experiments for the disordered a-phase. 

1. Introduction 

Investigations of the phase transitions (ITS) of hydrogen in the transition metal hydrides 
MH, attract much attention (see, e.g., Shober and Weazll978, Somenkov and Shilstein 
1980). This is due to the considerable effect of these m on various properties of hydrides 
and also because the investigations of the PTS in these relatively simple systems can 
yield important information on the general features of the interatomic interactions and 
orderings in the interstitial alloys. The hydrides (and deuterides) of the niobium group 
metals are classic representatives of the MH, systems and the theoretical understanding 
of complicated orderings and phase diagrams in these alloys can provide significant 
information on the bonding and H-H interactions in hydrides. 

Microscopic models of the PTS in NbH,-type alloys have been discussed by a number 
of workers. Horner and Wagner (1974) and Futran er a1 (1982) considered the a-to-a' 
PT in NbH, of the lattice gas-lattice liquid type. Using the Monte Carlo method and a 
simple model of the pairwise H-H interactions equal to the sum of the stress-induced 
('elastic') term VSi and the strong repulsion (blocking) V,  in the first three coordination 
spheres, these workerssucceeded in afair description of the observed phase equilibrium 
curve T,&) although at large x (>OS) the disagreements with experiments grew. Hall 
et al(1987) discussed the PT to the ordered b- and €-phases in NbH, (of the MH and 
M,H, type), They concluded that the above-mentioned model with V,, = VSi + V,, is 
insufficient for the description of these FIX. 

0953-8984/9@54533 + 13 $03.50 0 1991 IOP Publishing Ltd 4533 
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Figure 1. PhasediagramoftheTaH,system:- ,experiment (Koblerand Welter 1981); 
_ _ -  ,our calculation with [he parameter values from equation (18). 

The thermodynamic properties and PTS of hydrogen in the NbH,-type hydrides were 
discussed in more detail in the papers by Vaks and Orlov (1986,1988, hereafter referred 
to as I and 11, respectively), Vaks and Zein (1987, hereafter referred to as 111). Vaks et 
a1 (1984, 1988a.b hereafter referred to as IV. V and VI, respectively) and Vaks and 
Zinenko (1989, hereafter referred to as VII). To calculate the statistical properties these 
workersused ananalyticalcluster fieldmethod which isasimplifiedversionof the known 
cluster variation method, being also suitable for allowing for long-range interactions. A 
number of problems and properties have been considered: the a-to-" PT (11 and IV), 
symmetry of the ordered phases (I and HI), short-range order effects (V and VI), 
thermodynamic properties of the disordered a-phase ( II ) ,  F-T to the MH phases, i.e. to 
thep-phase inNbH, and&phaseinTaH,andVD,(VIl),etc.It wasfound,inparticular, 
in I1 from an analysis of the thermodynamic data of Kuji and Oates (19848) that the 
partial enthalpy hH(x) of hydrogen in the a-phase of NbH, starts to increase sharply at 
some x 3 x, = 0.6, which apparently reflects a significant variation in the hydrogen 
electronic state in NbH," at these x. This concentration anomaly of hH(x)  enabled us to 
explain in VI1 the peculiar features of the phase equilibria cu(a')-P i n  NbH, and, in 
particular. the abnormally broad range of the concentration stability (from x = 0.7 to 
x = 1.1) for the ordered P-phase. Using the H-H interaction model from I1 and two 
phenomenological mean-field parameters y8 for the 0-phase we described the phase 
diagram and a number of characteristics of the PT in NbH, in fair agreement with 
experiments (VII). 

In the present paper we apply the methods and results of I-VI1 to investigate the PTS 
between the phases a, a'. p,  S and E in TaH,y, i.e. between all the high-temperature 
phases of these hydrides (figure 1). The phase diagram is rather complicated here and 
earlier it has not been discussed microscopically. Using the same approximations as in 
I1 and VI1 for NbH,? we show that to describe the main features of the phase diagram for 
TaH, it is necessary to suppose that at some x = x, the hydrogen partial enthalpy h H ( x )  
in the a-phase has a sharp concentration anomaly analogous to that observed by Kuji 
and Oates (1984a) for NbH,. The estimated value xp = 0.5 in TaH, turns out to be 
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Figure 2. The MIX ordering in the BCC 
hydrides(II1); forciarity.meta1atomsare 
not show. The large opencircles are tetra- 
hedral interstitial sites in sublattices3 and 
3; tke small open ckcies are those in sub- 
lattices 1. 1 , 2  and 2. The full and broken 
lines link sites in the planes 2 = 0 and L = 
fa, respectively. where a is the BCC lattice 
constant. The indices a, b, cand d in (with- 
out) parentheses correspond to the sites in 
the plane L = to (I = fa). I n  the case of 
perfect ordering. only sites of type a are 
occupied. The structure is periodic in the 

d b t  ( + i ,  i1.0) directions. 

slightly lower than in NbH,, which correlates with the data on the impurity electrical 
resistivity in TaH, and NbH, discussed below. Introducing further phenomenological 
mean-field constants yi to describe the interactions in the ordered phases (as was done 
in VII) we can obtain a good description of all the observed phase equilibria cu-a'-p- 
&E in TaH,. We also discuss the sensitivity of the phase diagram to the model parameter 
variation, the stiffness values for the critical concentration waves (CWS) characterizing 
tendencies to various orderings (V) and the temperature dependences of the order 
parameters. The main conclusions and predictionsof the theory are presented in section 
4. 

2. The model and methods of calculation 

The model, approximations and ordering characteristics used were described in I- 
LII and VII. For convenience we present the main relations. In the hydrides under 
consideration the hydrogen atoms occupy tetrahedral sites in the BCC lattice of a metal 
which form sixsublattices (being equivalent in the disordered a-phase) with the following 
basisvectorsp,(p = 1,2,3,T,ZorT) 

p,  = +al + *a2 pz = +a2 + $a3 p3 = aa, + $a, P i  = - P K .  (1) 

Here U, is the translation vector along the main crystal avis i by the BCC lattice constant 
a = lail. 

As was discussed in 111, all the considered phases a, p ,  6 and E in TaH, can be treated 
as particular cases of the general M2X-type ordering shown in figure 2. There are six 
non-equivalent site types in this ordering denoted by index A = a, b, c, d ,  (Y or p .  The 
ordering is characterized by five order parameters 17, which correspond to five static cws 
(Khachaturian 1974) and are denoted as (111 and V) 

17, = 15, ( 3  P ?  0 1  > 0 2 ) .  (2) 

The mean occupation number, nd for the A-type site, and the mean occupation number 
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n,,(R) for the sublattice p in the BCC cell with the centre R are related to the order 
parameters vi  as follows (111): 

V G Vaks and V I  Zinenko 

n0.b = c[l f 25 + 301 2 3(5 + p ) ]  

n, ,d  = c[l + 25 - 30, 2 3 (6 - p)] (3) 

?Zn,8 = C(l - E * 302) 

n 3 , j ( R )  = c[l + 2E 2 35 + 3f.p + U , )  exp(ik, . R)]  

nl , j (R)  = n2.i (R)  = c(l - E k 3u2 exp(ik, . I t ) ] .  (4 

Here the upper sign on the right-hand side of each equation corresponds to the first 
index on the left-hand side, and the lower sign to the second index; c = br is the mean 
occupation number in the MH, alloy and k,  = (1,1,O)x/a is the superstructure vector 
for the cwp, U ,  or u2. 

In TaH, the M2X ordering corresponds to the /3-phase. At perfect ordering of this 
phase the order parameters are 5 = p = 5 = u1 = 1, u2 = 0, and n, = a, nhz0 = 0. The 
MX ordering in TaH, corresponds to the &phase in which = ai = 0, n, = nd, nb = n,, 
and at perfect ordering we have 5 = p = 1, n, = x ,  nb = n, = 0. In accordance with the 
non-zero values of the order parameters, the MIX ordering will be denoted as the ( E ,  <, 
p. +phase, and the MX ordering as the (E,p)-phase. It was shown in 111 that three 
more partially ordered phases based on M2X ordering are thermodynamically possible: 

5-phase: # 0 < =  p = ,Ji = 0 (50) 

( E ,  +phase: # 0 U; # 0 5 = p = o  (5b) 

(5. t)-phase: E # 0 5 # 0 p = U; = 0. (5c)  

Following 111, we shall assume that the €-phase in TaH, corresponds to (E, U )  ordering. 
This ordering corresponds to the equal occupation numbers for the sublattices a and b 
in figure 2, n, = nb, while in the experiments of Kaneko eta1 (1984) similar but different 
values, no = 0.6 and n6 = 0.4, were reported. As was discussed in 111, further and more 
refined investigations of the phase structure seem to be desirable. 

Following 11, we write the free energy Ffor the MH, alloy (per M atom) in the form 

F(x, T )  = Fconf(x, T )  + Eci(x) + Fph(x. T )  (6) 
while the chemical potential. p ,  of hydrogen is aF/ax .  In equation (6), F,,, is the 
configurational contribution to F corresponding to the energy and entropy of various 
H atom distributions over interstitial sites, ECi is a configuration-independent term 
(including. in particular, the ‘configurationally averaged’ part of the band-structure 
energy) and Fph is the phonon contribution. 

The F,,.,term in (6) is calculated by the methods described in I and 11. For the M2X 
phase it has the form 

FgiF E Fp = F”p + 5‘ + 5. (7) 

The corresponding contribution to the chemical potential for the A sublattice is 
pk = VI’ ( d F p / a n , ) ,  where Y A  is the number of h y p e  sites per M atom ( Y ~ , ~ , ~ , ~  = 4, 
v.,p = 2). FS in equation (7) is the contribution to F from the configurational entropy 
and from the H-H interactions in the three first coordination spheres V , ,  VL, V,. This 
contribution is described in the ‘8s cluster approximation’ discussed in 1 and 11. For the 
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model used with blocking in two coordination spheres ( V I ,  V ,  P T,  V ,  is arbitrary) the 
expressions for Fs and corresponding chemical potentials pi (being slightly cumber- 
some) are given by equations (29) and (32) in I .  The Fmf-term in (7) is the contribution 
from the long-range interactions V; 2 4 described in the mean-field approximation: 

V ( q ; ) = 6 ~ * ( & ~ , + 5 ~ y g  + $ C ’ Y ~ + ! ~ P ’ Y ~  +*o?YBI + 3 ~ o i o z y % + 3 O ~ y % )  (8)  

where y; is the mean-field constant corresponding to the order parameter q; (see V). The 
chemical potentials pYf = v ; ]  [aFmf(qi)/an,] are found from equation (8) using 
equations (3) for ni(qi). The ‘correlative’ term FC in equation (7) and the corresponding 
p i  are the differences between the contributions from the Vi 3 4 interactions to F and 
p i  calculated in the pair cluster approximation and that in the mean-field approximation: 

imx Am”“ 

i . p  ;=4 p ;=4 
6 = 4 C v i  =t: m!PC,i, 

ppT,np = In(1 - n p g l p )  - p n , v ; .  

pi = C C dpp:,+, (94  

= 2ni !n(l-npg!p)-h(l -n inpg!Pj-nnnppvi  (96) 

(94 
Here p = 1/T, the function g;p is 

g ~ ~ = 2 f , [ l + ( n l + n p ) f ; + R ~ p ] - ’  
R ? p  = [ ( l  +ni f i  +nPfi )*  -4nLnpfi( l  +f;)]”’ 
andm)p is thenumberofsitesoftypepin theithcoordmationsphereofsitel; mlP obey 
the relation 

f, = exp( -pV i )  - 1 
(10) 

vlmlP = v,mfA. (11) 
Thenon-zerom!PvalueswithL ~p(assumingtha tcu<p<a< b<c<d)andthetotal  
coordination numbersmi (equal to the sum of m’fp over p )  are presented in table 1. For 
l > p ,  m!p can be found from equation (11). 

The H-H interaction constants Vi = V H H  (q) were calculated from the model 
described in I1 in which V H ,  is the sum of the stress-induced term V,,, the anharmonic 
repulsion V,,in three first coordination spheres and the screened Coulomb (‘electronic’) 
interaction V ,  of protons. These Vi are presented in table 1. The mean-field constants y; 
in (8) corresponding to this model were calculated by the method, described in V for 
NbH,, and are (in kelvins, here and below) 

y e  = -7100 yg = -2300 yc = -4700 yp = -300 

~ 7 1  = -3900 ~ 7 2  = -4100 y% = - 1700. (12) 

As wasdiscussedin I1 and VII, to describe theobserved thermodynamical properties 
and phase diagram of NbH, it is necessary to allow for the sharp concentration depen- 
dence of the configuration-independent contribution E&) in equation (6). The total 
temperature-independent contribution hE(x) to the excess chemical potential pE = 
p - pid (where prd is the chemical potential for the ideal solution) is 

hE(x) = hZ(x)  + p y x )  = (a/ax)E, + 8y,x. (13) 
The h z ( x )  function for NbH, was estimated in I1 and VI1 from the data of Kuji and 

Oates (1984a, b) on the hydrogen solubility in NbH, over a broad range of x .  These data 
revealed the presence of a sharp anomaly in h, f (x ) ,  its sharp increase at x 3 x, = 0.6. 
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Table 1. Coordination numbers m v  in equation (90) and interaction constants V,  = V(r,)  
used forTaH,. 

I 4r, ,, m, Nan-zero m y  with A e Y (denoted as A") V,  ( K )  

I 
2 
3 
4 
5 
6 
7 
8a 
Xb 
9a 
9b 

10a 
10b 
I I  
12 
13a 
13b 
15 
1 ha 
16b 
l7a 
l i b  
18a 
1Ub 

101 
w 2  
21 I 
220 
30 I 
222 
123 
04 
4 w  
033 
141 
402 
042 
323 
224 
501 
413 
25 I 
404 
440 
U53 
433 
006 
442 

4 
2 
U 
4 
U 
X 

16 
2 

U 
I6 
I6 
16 
x 
4 
8 

X 

aa = aa =ab = 00 = @c = @d = I 
a m  = a0 = /i@ = I:ob = cd= 2 
an = @@ = 4 ; a o  = ob = (IC = ad= pa = p b  = @c = Bd= 1 
aa = a@ = 0@ = ah = ac = b d =  cd = 2 
m a  = a0 = (36 = 2 : a u  = nh = (YC = a d =  fJa = Ob = @c = Bd = 1 
aa = a0 = /@ = aa = od= bb = b c =  cc = dd = 4 
nfJ = x; am = ah = er  = ad= @a = il(b = /3c = @ d =  2 
nfi = oa = bh = cc = dd = 2 
ea= crfl = f j @  = 2;ad = bc = 4 
aoi = 00 = ac = ad = (30 = 00 = ob = I 
aa = 00 = ac = o d =  00 = 60 = o b  = 2 
aa = pp = a c =  bd = 4 
al( = a c  = bd = 4  
aa = 00 = 4;  ao = a b  = ac = ad = 00 = o b  = 0 c =  @d= I 
an = a@ = 00 = a b  = ac = bd = cd = 4 
ea = a/3 = 00 = 2: er? = a b  = nc= a d =  00 = p b  = /3c = /3d= 1 
a@ = cr0 = 0fi = 4: no = a b  = ac= ad= 00 = pb = @c = Dd = 2 
a0 = U: no = ah = ac  = a d =  00 = ob = 0. = /3d = 2 
aa = a0 = 00 = 4:ob = bc = 8 
a@ = a o  = bb = cc = d d =  4 
a m  = a@ = ec = nd = = @ a  = ob = 2  
no = a0 = aa = oh =0/$ = fic = @ d =  2 
no = a@ = 00 = 1:ob = cd= 2 
aa = afi = 00 = 4:ob = cd= X 

z 
I 

8W 
135 

-43 
- 174 
-90 
- 394 

163 
278 
358 

~ 160 
591 
-70 

74 
86 
74 

125 
125 

-31 
1 32 

-3R 
- 1 1 1  
-68 

We are not aware of such data for TaH,. However, the similarity of the structural and 
electronic properties of TaH, and NbH, as well as the peculiarities of their phase 
diagrams discussed below make it possible to suggest that the forms of the 
hz-functions in TaH, and NbH, are similar. Therefore, for qualitative considerations of 
the phase equilibria in TaH,, we shall use a model 'similarity hypothesis' for h z ( x ) ,  
supposing that 

hE-Ta(x) = ( ~ [ h ? ~ ' ( x  + A) - h:.Nh(A)]. (14) 
Here h , f . N h ( ~ )  is the hz(x)-function for NbH, given by equation (29b) in 11, CY charac- 
terizes a scale and A is a shift of the anomaly position in h, f (x ) .  The subtraction of the 
second term in square brackets in equation (14) ensures the fulfilment of the equality 
hE(0) = O  following the definition of h:(x) .  Let us note that when the 
hF.Nh((x)-function is linear, e.g. when h,f.Nh(x) includes only the mean-field term pmf = 
By&, then the expression in square brackets in (14) coincides with the 
hE.Nh(x)-function itself. Thus the shift A is significant only for non-linear contributions 
to h z ( x ) .  In estimating the parameter (Y in (14) we take into account that the mean-field 
constant ye in equation (13) for NbH, exceeds noticeably that for TaH, (11). Therefore, 
one may suppose that the total h:T"(x) is smaller in magnitude than h>Nb(x), i.e. (Y < 1 
in equation (14). In estimating the shift A one can take into account the correlation 
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(discussedinll) between thepositionx,ofthe / z ? ” ~ ( x )  anomalyandthat ofthemaximum 
in the impurity electrical resistivity Ap&) (Welter and Shondube 1983). It can imply 
that both the anomalies have the same origin: a sharp change in the hydrogen electronic 
state in NbH, at x = x ,  = 0.6. An analogous maximum in ApH(x) for TaH, is observed 
at lower x 0.5 (Pryde and Tsong 1971). Therefore, one can suppose that the h z ( x )  
anomaly position for TaH, is shifted to lowerx relative to xFb = 0.6, i.e. that A = 0.1 in 
equation (14). 

We are also not aware of data on the phonon spectra for TaH, the concentration 
dependence of which determines the F&, T)-contribution in (6). However, this con- 
tribution affects the FT under consideration much more weakly than E&) (11). To be 
definite, we shall assume by analogy with equation (14) that 

F$(x, T) - F:g(O, T) = a [ F $ ( x ,  T) - F$(O, T)] (15) 
with the same (Y as in (14) and Fr$(x, T )  given by equations (4) and (26) in 11. 

from the equality condition for the sublattice chemical potentials 
For thegivenxand T ,  theorderparameterequilibriurnvalues q: can befoundeither 

,U = p b = , U  c f i d = P o = p g  (16) 
or from the equivalent condition of the free-energy F(x, T,  7,) minimum over vi. As in 
VII, we used the second method and minimized F(qJ in the five-dimensional region 
0 S vi  == 1 on a mesh of the qi-values with some Aq, steps. The value Aqi = 0.05 was 
usually employed. The testing calculations with a smaller Aqi  = 0.03 revealed that at 
Aqi = 0.05 the computationaccuracyforthe phaseequilibriumcurves Tjk(x) wasseveral 
per cent. 

The temperatures Ti&) for equilibrium between j- and k-phases were determined 
from the usual equations 

,U,(T,xj. V ? )  = Pk(T,Xk, 7:’) (174 

~ , ( T , X , , q ~ ’ ) = P k ( T , X ~ . q ~ ~ ) .  (176) 
Here Pi = F; + xipi is the thermodynamic potential for the phase j, qyj = qf’(xi, T) is 
the’equilibrium order parameter in this phase, and x, and xk are the boundary con- 
centrations for the region in which j and k phase coexist in the ( x .  T) diagram. In 
accordance with figure 1, we considered equilibria between the following phases: 

(j-k) = (a-D), (a-&), (e-$), (D-a), (&-a’), (a’-@. 
In addition we considered also equilibria with the E- and ( E ,  c)-phases defined by 

equations (5a) and (5c) which arose in the calculations at some values of the model 
parameters. 

3. Phase diagram and characteristics of orderings 

As in VII, in the present calculations of the phase diagram the mean-field constants yi 
in equation (8) will be treated as model parameters which can also include contributions 
(e.g. those of the band-structure variations) disregarded in the simple model in section 
2 with V,, = VSi + V,  + V,. The y,-values for TaH, in the model presented in equation 
(12) are similar to those calculated in the same model for NbH, (in model A in V). It is 
noted in VI1 that the ypa lues  appear to  be realistically estimated in that model while 
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I ~~ ~ ~ .... .~~ ~ ~. ~~ 

0.2 0.4 0.b 0.0 1 
x 

Figure 3. Concentration dependence of free energies F,(x) for the phases j = a‘, B.  6 and E 
in TaH, at T =  360 K calculated in models with y4 from equation (IS) and using various 
k S ( x )  in equation (13): cuwc A. h,f = 0. / B E  = ~ “ ‘ ( x ) :  curve B. hE = h F ” ( x ) :  curvc C. 
h t  = h:T”(x) from equation (14) with a = 0.8. A = 0.1. 

the /y,l-values are abnormally small and seem to be underestimated significantly. I n  the 
phase diagram calculations with such y,-values the emergence of the cw p is strongly 
suppressed. Thus instead of the ordered ( E ,  p)-phase (the &phase in NbH, or &phase 
in TaH,) a partially ordered j-phase arises which is not observed in experiments. 
Therefore, as in VII, we suppose that the above-mentioned effects which are absent 
from the model in section 2 results, in fact, in a not small yp = ye, and in the calculation 
we use values close to those estimated in VI1 for NbH,: yp = - (1800 - 1850); y~ = 

The configuration-independent contributions E&) and h,f (x)  in equations (16) and 
(13) have a considerable effect on the PT in TaH,r, as in the NbH, case (VII). Our 
calculations have shown that in models with purely pairwise V,, interactions, i.e. when 
Eci = hCi = 0, the b- and e-phases do not emerge at any y;-values (equations (15) with 
j = (Y and k = p or E have no solutions). In addition. the &phase concentration stability 
range near the stoichiometric valuex = 1 turns out to be quite narrow for these models: 
x = 0.975-0.995. in sharp disagreement with experiment (see figure 1). Moreover, we 
have found that the p- and €-phases also do not appear if one uses the same expressions 
for E,, and h,, in TaH, and NbH,, i.e. if one puts A = 0 in equation (14) (the a-value is 
of less importance), The phase diagram in that case becomes similar to that calculated 
in VI1 for NbH, (figure 3 in VII) with a broad range of &phase concentration stability 
but still without thepandEorderings. Theconcentrationdependenceofthefreeenergies 
F,(x) for this case is illustrated in figure 3 where the possibility of the j-k phase equili brium 
isdetermined by theavailabilityofthecommon tangent for thefunctionsFj(x)andFk(x). 
Let us note that we have obtained the same result for the NbH, itself, too: neither the 
M2X = ( E ,  c, p,  +phase nor the ( E ,  +phase emerges at any  y,-vaIues in the models 
used. Therefore, the suggestion made in 111 that the low-temperature phases q and 6 in 
NbH, (their appearance was reported by Kobler and Welter (1982) but not observed by 

- (2000 - 2200). 
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Figure.2. The function h>Nb(x) (curve A)  forNbH.given byequation (296) in II,the function 
h$T’(x)(curveB)forTaH,definedbyequation(14)ata = 0.8and A = 0.1 andthechemical 
potentialp(x, T)ofhydrogen(curveC)inthe n-phaseofTaH,at T =  380 Kcalculatedwiih 
hf.’”(x) given by curve B. 

other workers) is not confirmed by the present study; our calculations do not reveal the 
presence of any ordered phases in NbH, at x < 0.6. 

In accordance with the above we described the functions h,f(x) in TaH, by the model 
expression (14) with the values A = 0.1 and (Y = 0.84.6. The variation in (Y has a 
relatively weak effect on the phase diagram (compare, e.g.. figures 5 ( d )  and 1) and we 
usually used (Y = 0.8. The corresponding hE(x) functions for TaH, and NbH, are pre- 
sented in figure 4. 

The results of the phase diagram calculations for TaH, with the above y;, y p  and 
various yc, y$ are illustrated in figures 5 and 1. If one uses the model y:, yg-values from 
equations (12) then the ( E ,  C))-phase (denoted by symbol ;in figure 5(a) and apparently 
not observed in real T a a )  turns out to be stable in broad ranges of T and x which is 
mainly due to the large and clearly overestimated -y;value in equation (12). If - yg  
decreases, then only the 6 = M,X = ( E ,  5,  p ,  U) -  and the 6 = MX = ( E ,  p)-phases 
appear. However, the absence of the intermediate ( E ,  +phase (which in TaH,, as 
mentioned, corresponds apparently to the e-phase) is characteristic of all the models 
with not small - yg and not large enough - y g .  Therefore, to describe the observed 
phase diagram in TaH,, one should suggest, firstly, a significantly lower -yc-value to 
prevent the immediate formation of the phasescomprising the CCW, i.e. the ( E ,  5)- and 
M,X-phases. In addition, it is necessary to assume a significant decrease in the stiffness 
So- forthe‘soft’combinationu- ofthe U ,  andu,cws(definedinV), whichinourmodel 
implies an increase in the -yg-values. This is illustrated in figures 5(c ) ,  5 (d ) ,  1 and 6 
which show that the intermediate ( E ,  u)-phase emerges only at rather small values of 
the So_. Let us note in this connection that, as was discussed in V, the indications of a 
considerable drop in the Sa_ -value in the concentration region x = 0.5 was obtained by 
Burke1 et a1 (1981) in their x-ray diffraction experiments on NbH, (which is a structural 
analogue of TaH,). 

Hence to describe the phase diagram of TaH, we use a small - yg  and also a large 
enough - y&  which correspond to the small So- shown in figure 6. On the whole, the 
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x x 

Figure 5. The phase diagrams for TaH, calculated within the models in section 2 at A = 0.1 
and various CY and y,.  Io) CY = 0.8. y.; = -u)oO. y, = -1800. y:and y; are from equations 
(12). (b )  y: = -2wo. the y, and CY are the same as in (a).  (c) LY = 0.8, y r .  yo. y; are from 
equalions (18): -. 77, = y:? = 6: = -5900; ---, y:, = y h  = y;? = -5500. 
(4- .CY= 0.6.y,arefromequations(18):---.~~=0.8.y:and fiarefromequations 
(18). Y: = - 22Ml,y, = -1850. 

2 

I 

-, . ~i . . . . .. . .. .. 
0 2  0 4  0 6  0 8  1 

-1 

x 
Figure 6. Concentration dependence of the cw stiffness S, as defined by equation (8) in V 
S, = Ic 'T)- 'Z: (d 'F/a~i ) , , - . .  Here c and 'I, are the same as in equations (2)-(4). Fis the 
free energyof TaH, per Ta atom and 2, = 1 is a normalizingconstant. The S,(x, 7 )  functions 
were calculated a t  T =  360 I< in the model withy, from equation (18). 
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Figure 7. Temperature dependence of the order 
260 300 340 380 parameters r,-(x,  T) at x = 0.55 for the Tali, 

model with y,  from equations (18). T I K I  

model used is characterized by the following parameter values: 

LK = 0.8 

yll = = -6000 ~ 7 1  = -6500. 

A = 0.1 yg = -2000 y p  = -1800 yc = -200 
(18) 

One can use, of course, other yi sets satisfying the above criteria of suppressing the 
cw~andsofteningthecws u-,Eandp. However,figures5,6andlshowthatthephase 
diagram form is rather sensitive to the choice of yP Also, other phases apparently not 
observedinTaH,emergein thecalculationswhen the yiarevariedintoo broadintervals. 
For example, the &phase (figure 5(a)) appears if - yr is large; the discussed (& c)-phase 
emergeswhen -ygisnot small,etc.Therefore, thescaleofthe yimagnitudesisestimated 
definitely enough within the model considered. 

Let us still note that in the analogous description of the NbH, phase diagram in VI1 
atlargex 3 0.8wealsotookintoaccountapossibleconcentrationdependenceof yiwhich 
can arise, for example, because of the band-structure effects mentioned. However, in 
the present work we consider the orderings in TaH, at not too broad a concentration 
range 0.4 6 x S 0.7 in which the variation in yi with x may be not too significant. Thus 
the approximation yi(x) = yi = constant could be accurate enough. Figure 1 shows that, 
on the whole, the model used describes well all the main features of the complicated 
phase diagram of TaH, in the (x, T)-region considered. 

The temperature dependences of the order parameters q,(T) at x = 0.55 calculated 
withinthemodel(lS)arepresentedinfigure7.Thesedependencesillustrate thepresence 
oftwosuccessive prswithdecreasing temperature, first, tothe ( E ,  +phase and, second, 
to the M,X = ( E ,  c, p ,  u)-phase, as well as a decrease in u2 with decreasing T. In 
addition, figure 7 shows that the calculated order parameter jumps at the PTs are 
relatively small, i.e. these first-order marec lose  to the second-orderprs. Thiscorrelates 
with the considerable 'softening' of the critical E ,  p ,  U- cw near the PT temperatures T, 
(see figures 6 and 1). Let us note, however, that the estimates of q, in the &-phase of 
TaH, made in I11 from the experimental data of Kaneko er a/ (1984) yield 5- and ul- 
values which exceed E(Tc) and n,(TJ in figure 6 considerably: E = U,  = 1, u2 = 0. 
Although the temperature Tof the experiments of about 300 K is significantly lower 
than the model value of T, = 380 K, this discrepancy may reflect the limitations of the 
model and, in particular, the disregard of the electronic effects and possible con- 
centration dependence of interactions due to these effects. Analogous disagreements 
have been mentioned in V in discussing the dataof Burke1 era[( 1981) on the temperature- 
independent softening of the cws near x = 0.5 in NbH,. In this connection, further 
measurements of the order parameters si( T )  inTaH, as well as of the cw characteristics 
in these hydrides (see V) seem to be rather interesting. 



4544 

4. Conclusions 

Let us discuss the main results and predictions of this work. As was noted in I1 and VII, 
models with painvise concentration-independent H-H interactions can satisfactorily 
describe the thermodynamic properties of NbH, and TaH, at small concentrations 
x s 0.3. However, at certain values of x 3 x, the hydrogen partial enthalpy h H ( x )  
and other characteristics of NbH, show sharp concentration dependences which are 
apparently due to  the changes in the hydrogen electronic state in these alloys. It was 
shown in VI1 that even a qualitative understanding of the observed phase diagram for 
NbH,r is hardly possible without allowing for these effects. The present study reveals 
that the same is apparently true for the tantalum hydrides. At the same time even taking 
into account these effects phenomenologically wasshown to be sufficient to describe the 
main features of the phase diagrams. In VI1 this was done using the experimental data 
of Kuji and Oates (1984a. b) on the hydrogen solubility in NbH,. Here we have assumed 
ananalogousmodelrelation(l4)forTaH,andthephasediagramcalculationsperformed 
agree well with this assumption. The resulting conclusion on the peculiar form of the 
h H ( x )  function in TaH, and, in particular, on its sharp increase in the a-phase at x 3 0.5 
(see figure4). isanessential predictionofthe theory. Itsexperimental verification seems 
to be important for the development of adequate ideas on the H-H interactions and 
orderings in hydrides. 

Theotherpredictionisabout thestructureof the &-phasein figure 1. As wasdiscussed 
in 111 and above. we suppose that the sublattices a and b in figure 2 are equally occupied 
while Kaneko eta1 (1984) had experimentally estimated It. = 0.6 and nb = 0.4. Further 
and more refined measurements of the n,-values in the &-phase of TaH, seem to be 
desirable. 

One more prediction concerns the stiffness So- for the o--type cw at x = 0.5 near 
the PT. It follows from our analysis that the presence of the &-phase in TaH, is possible 
only when a considerable softening of this cw in the a-phase takes place, i.e. when 
Se- at thesex and Tdecreasessignificantly. This must manifest itself, in particular, in a 
sharpincrease in thex-ray or neutronscatteringintensityi(k) at the momentum transfer 
k-values close to the 'critical' vector k ,  in equations (3) and (4) (V). Such effects have 
been observed by Burkel er a1 (1981) in measurements of the x-ray scattering by NbH,, 
and analogous experiments for TaH, would be very interesting. 

On the whole, the results of this and previous papers (I1 and VII) appear to show 
that all the main features of the complicated orderings and phase diagrams in NbH, and 
TaH, at thex- and T-values considered can be naturally understood in the framework of 
the semiphenomenological models suggested in I-VU. At the same time these con- 
siderations indicate clearly a need for further specifications of the model, in particular, 
in connection with the possible influence of the electronic structure on orderings 
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