PHYSICAL REVIEW B VOLUME 53, NUMBER 2 1 JANUARY 1996-11

Hydrogen ordering in superstoichiometric rare-earth hydrides for a system
with an energy-constants ratiop=V,/V<1: LaH 5,
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The processes of hydrogen ordering in fehase of rare-earth hydrid&H, ., depend on the hydrogen
concentration in the set of octahedral intersticesand are determined by the value of the parameter
p=V,/Vy, the ratio of energy constants characterizing the interactions between the octahedral H atoms.
Applying the mean-field approximation of the static-concentration-waves theory we had analyzed the cases of
p=1 andp>1 in our previous publications which corresponded, respectively, to the systems, Tlaidd
CeH,., . In the present article, we have investigated the processes of H ordering in the La-H system, repre-
sentative of the cage<1. An important result is the prediction of two transition temperatures corresponding
to the separate vanishing of the two order parameters present. The theoretical treatment is applied to recent
neutron-diffraction data by Udoviet al. on LaD,,5 and compared to other earlier obtained experimental
results obtained on Lajl , compounds.

| INTRODUCTION 6. Thus, the subsystem of,Hhtoms is considered an inde-
pendent binary substitutional alloy with a constant concen-
) ) o tration of xN H, atoms and (+x)N Hy-atom vacancies,
Experimental investigations of rare-eartR)thydrogen  gistributed in a rigid fcc lattice. The thermodynamic proper-
systemgsee, e.g., the review, Ref) have shown that in the  tjes of this binary alloy are obtained by determining the co-
fcc B-phase hydrides, i.e., in thRH,,, compounds, the ordinates of the absolute minimum of the free-energy func-
subsystem of hydrogen atoms undergoes an order-disordgén F=E-TS, accounting for the H-H interactions
transition. As was established, this structural transformatiometween the §latomsE, and the entropy, of the redistri-
concerned only a part of theNy hydrogen atoms bution of particles on the given set of sites.
[Ny=N(2+x), whereN is the number oR atomg, namely, We consider the development of ordering df§ H par-
the set ofN, H atoms located in the octahedral interstitial ticles on the set of th&l sites of a fcc lattice, in accordance
positions of the metal lattice and called hereaftgratoms. ~ with the existing experimental resufts} where the ordered
The remaining H atoms, located in the tetrahedral intersticestate is described by the superstructure vectarss the lat-
of the R lattice (H, atomg, as well as theR lattice itself, do tice parameter
not change their equilibrium states drastically in the vicinity
of the corresponding transition temperafiufeand do not
seem to affect significantly the structural transformation un- ky=(2w/a)(100) and kp,=(2w7/a)(1/20 .
der consideration. The interaction within the, dystem is
characterized by two energy constantg,andV,, related to
the Fourier components of the H-H interaction potertfal.
As it was noted previousfy® the features of the ordering
processes are determined by the numerical values of t
parameters in the system: the concentration gfatbms in
octahedral interstices, and the ratio of the energy constants
p=V,/V,. The systems we had treated already corre-
sponded to the casgs=1 [ThH,,,, 0=x<0.3 (Ref. ]  n(x,y,z)=c+ 5,7y, expi27X)+275,y, co§ w(x+2z)].
and p>1 [CeH,,,, 0=x=<0.75 (Ref. §]. In the former (1)
case, we had succeeded in reproducing the experimental
order-disorder transition temperatures as a function of the
concentratiorx; in the latter we had obtained and interpretedHeren(x,y,z) is the probability that the lattice site with the
order-order transformations in addition to the “classical” coordinatesX,y,z) will be occupied by an Hatom; », and
order-disorder transitions. In the present work, we are inves#, are order parameters,; and y, are normalization con-
tigating the ordering processes in systems witil. This  stants; and is the precise value of the concentration of H
condition seems realized for the hydrides LaK, and we particles in the octahedral sites, definedcasN,/N (in the
are performing our analysis based on the experimentdtleal case, when all tetrahedral sites are occupied pwtH
data’~12 oms, one has=x, but if N;=2N— &, then it is assumed that
The treatment of the thermodynamics of the ordering pro€=x+ ).
cesses in the interstitial alloyRH,,, presented below On the set of the fcc lattice sites, the functi@l) takes
closely follows the detailed description given in Refs. 5 andthree distinct values:

Then, following the static-concentration-waves theidrihe

distribution of particles can be represented by the superposi-

gon of the two concentration waves with the above wave
W S ST
vectorsk, andk,. The relevant distribution function is given
by the expressidi
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Ni=c+71y1+ 2757, located at the origin 1(11=O,1;2_=0) and existing for tem-
peratures > T ,,in(Mg) = To; My is located on thep, axis[on
No,=C+ 91Y1— 2722, the set of points 4, #0,7,=0)] and existing wit_hin the in-
terval Ty (my) = To>T>Tmin(my) =T4; andm, is located
N3=C— 7171, (2)  outside then, axis and existing inside the temperature region

mad M2) =T,>T>Ti(my) =0 K.
As Tin(Mmg) =ThadM;), we conclude that the minima
In the case of the mean-field approximafidand the dis- my andm,; cannot coexist at any temperature. On the other

tribution function(1), the internal energy and the entropy of 1and, the limiting temperaturg, of m; is not strictly related

the given ordering system will be represented by thdo the limiting temperatured; or Ty, characterizing the
expressio mgy andm; minima, and depends on the values of the system

parametersc and p. As we shall see below, for different
E(71,72) = (NKg/2)[VoC2+ V1(7171) %+ 2Va( 7272)?] values ofc and p, we can haveT,=T;, as well as
(3 T,>T,, and evenT,>T,. The first condition implies that
the minimumm, appears at temperatures below the exist-
ence range oim;, while in the last two cases, the local
S(71,m2)=—(Nkg)Z;v[n; Inn;+(1—n))In(1—n))], (4 minimumm, coexists, in a certain temperature interval, with
i ) i either the minimurmm, or my. Hence, to find the location of
wherg v1,vp,v3 are the fractions Qf lattice sites, where thethe absolute minimunfF(m), we have to compare the free-
function n(x,y,z) is equal, respectively, to,, n,, andns. energy values (m,) with F(m,) or F(my).
Vo, V1, andV, are the energy constants, related to the Fou- 15 in the different temperature intervals, the equilib-
rier components of the H-H interaction potentislk;), for rium values of the order parameteys(T) and 7,(T) can be
different wave vectors: represented by the coordinates of the minimg, m;, or
_ _ _ m,. It must be noted that any shift of the absolute minimum
Vo=V(ko)lks, V1i=V(ko/ks, Vo=V(ka)/ke (5 ¢ 00" e local minimum to another reveals itself by phe-

denoting the existence of three different probabilities of "
O-site occupation by the hydrogen atoms.

and

with ko=0. nomena characteristic for a phase transition of the first or
Introducing Egs.(3) and (4) into the expression for the second order. In the next section, we present the numerical
free-energy functio-=E—TS, we obtain solutions of Eqs(7) and (8), as well as the calculated ther-
) ) ) modynamical parameters of the system.
F=NKkg{0.9Voc +Vi[(7171) "+ p(7272)°]
+T2i”i[ni |nni+(l_ni)|n(1_ni)]}, (6) II. NUMERICAL RESULTS
where, in our case, An example of the developing ordering process in a sys-

tem, close to one studied experimentaflys shown in Fig.
vi=v,=1/4, v3=1/2; vy,=v,=y=1/4; (6') 1, where we have chosen=0.25, V,=-1860 K and
p=0.6 to reproduce qualitatively the development of the or-
dering process and its transition temperature as reported by
p=V,/V;. (6'")  Udovic et al’® (It has to be noted here that the value\bf
determines only the temperature of the ordering process, not
In the following, we examine the surface of the free-its evolution)
energy functiorF in the space of the variables defining the  Figure Xa) gives the sequence of points in the;( 7,)
state of a thermodynamical system as a function of the ordeplane, with the equilibrium values of the order parameters
parametersy,,n,. The coordinates of the absolute mini- 7, and 7, at a given temperatufée., defining the trajectory
mum of F, denoted hereafter as, will represent the values of the ordering process on the{, n,) pland as coordinates.
of these variables in equilibrium at a given temperaflire ~ Figure 1b) yields the temperature dependences of the equi-
The extremal values ofy; and 7, are determined as the librium values for the order parameterg(m) and 7,(m),

and

solutions of equations and Fig. 1c) those for the site occupation probabilitieste
occupation numbeysn;, n,, andng, related to the order
dFldn,=0, dFldn,=0 (7)  parameters by the expressiois.

and the type of each extremum is determined by the sign of First of all, we notgFigs. 1(b) and Xc)] that the ordering
the determinant turns out to be a two-step process: after a disorder-order

transition at the temperatufg,; =349 K, when an ordered
A(n1,m2) = (8*Flan?) (2 Fland) — (9*Flanan,)®.  (8)  state characterized by, =0, 7,=0 is created, there appears

a second transition af ,,=276 K, where an order-order

The free-energy functiof6), defined in the space of in- transformation occurs. This point coincides with the low-

dependent variables; and %,, can possess more than one temperature limit of then; minimumT,, and that is why, in
local minimum. In such a case, the absolute minimunfrof the vicinity of T;,,, the ordering system undergoes a second-
F(m), can be determined by comparing the values ofRhe order-type phase transformation. The first transition is also a
function in the different minima. In the study under consid-continuous one, as its temperature coincides with the low-
eration, i.e., forp<<1, one can distinguish three different lo- temperature limitT, of the minimumm,. Hence, the dis-
cal minima (see, e.g., Ref. d4denoted as followsmgy is  cussed example of ordering represents a two-step continuous
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FIG. 1. Ordering process in a system with the parameters 0.2 L 1
¢=0.25,V,;=—1860 K, p=0.6 (see the text for definitions(a) ’ 04 0.2 0.3 0.4 05

Sequence of pairs of equilibrium values of order parameters, form-

ing a trajectory in the 4, 7,) space.b) Temperature dependence C

of the equilibrium values of order parameters; both transitiéos

7,=0 and#,=0) are continuous transformatior(s) Temperature FIG. 2. Concentration dependence of the special pdigtand

dependence of the equilibrium values of occupation numberd: and of the reduced order parametar= 7,(T1)/ 7,(T=0), for

n;.n,,ns; the transition temperatures coincide with the correspondvarious values op=V,/V;. (a) Stability limit T, of the disordered

ing special pointsT, and T, the branching points of the solutions high-temperature statd§ is independent op). (b) Reduced value

of Egs. (7). 7,=T,/T, of the low-temperature limit for the existence of the

ordered state 4, 0,7,=0). (c) Reduced order parametey, for

process, where first, beloW,, is created a state with two the transition aff;.

different site occupation probabilitiesng=(c+ 717v),

ns=(c—7,v), and then, forT<T,, is formed an ordered in Fig. 2(@), T, is independent op and changes only with

state with three different occupation probabilities given by(andV,, of coursé. In order to reveal the variations df;

(2). and 7,(T,) with concentratiorc, we have to compare the
The variations of the limiting points of the minimd, reduced values;=(T1/Ty) and a1=[71(T1)/ 7.(T=0)].

and T,, and of the location of the limit on they; axis, They are shown in Figs.(B) and Zc).

71(T4), with varyingc andp are depicted in Fig. 2. As seen  The temperature poinf6, and T, approximately charac-
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FIG. 3. Sequences of pairs of equilibrium values of order pa- 07 —
rameters with decreasinp, in the casec=0.17 and for different Tk 1
values ofp. 06 [ E
terize the ordering process, but, as we shall see below, they _ 0.5 b E
coincide with the transition temperaturég; andT,, only in < o4k 3
the case of high concentratioesand low values ofp. To . . ]
visualize the situation, we show in Figs. 3-5 the develop- & 0.3 | .
ment of the ordering processes in the system with a fixed 02 L \ E
concentratiorc=0.17 and a given value of the energy con- F 1 ]
stantV;=—1860 K but with different values for the param- 01 F " 3
eterp: 0.6, 0.7166, and 0.8. In these figures are presented the 0 £ 1 E
trajectories of the equilibrium state of they{(,#,) plane SR S — .
(Fig. 3), the temperature dependences of equilibrium values 100 150 200 250 300
of the order parameter&ig. 4), and of the site occupation T (K)
numbers(Fig. 5).

We see, that fop=0.6 [Figs. 3, 4a), and %a)], the pro- 0.7 ———r— — ]
cess is quite similar to that shown in the Figsa)+1(c). C (c) .
There are two transition poinfg,; and T, coinciding, re- 06 & p=0.8 3
spectively, with the temperature poinif,=262 K and 05 E 3
T,=226 K; both transitions are continuous. S| n, 3

For the valuep=0.7166 [Figs. 4b) and §b)], we have & o4 E
Ty1=To, and the order-disorder transition is continuous, but = 453 E ! =
asT,=249 K>T,=247 K, the minimam; andm, coexist F I 3
within an interval of 2 K, and this is sufficient for the second, 0.2 — : —
order-order transformation, which occurs at the temperature 01 E i E
Ty, =248.5 K, to become a discontinuous, first-order-like Tk : .
transition. Forp=0.8 we obtainT,=265 K>T;=262 K OF =
>T,=256 K. Here ;he ordering is described by a ;lngle-stgp 100 150 200 250 300
process and contains, therefore, only one transition point,
associated with the absolute minimum when going from T (K)

to m,, missingm;. It occurs atT,=263 K. Since the
minima m, and m, coexist within an interval of 3 K, the

: - WL : ) FIG. 4. Temperature dependence of the equilibrium values of
order-disorder transformation is a first-order like process.

order parameters, in the case 0.17 and for different values gf.

n,(T), and ng(T) (in the authors’ notation, the values of

n(01), n(02), andn(03), respectively On Fig. Ga) are
Neutron diffraction studies of the ordering process in thegiven the calculated and the measured dependences of occu-

subsystem of octahedral hydrogen atoms in the hydridgation numbers;(T). The calculated curveas(T) were ob-

LaH,,, (x=0.25) have been performed recently by Udovictained by takingc=0.25 and normalizing it to the corre-

et al!? Very careful measurement were carried out in a widesponding experimental values at 340 K, which in Ref. 10 is

temperature range, between 400 and 15 K. From their rethe reported order-disorder transition temperature. These nor-

sults, we shall utilize the temperature dependences of thealization conditions result in the selection of the following

o-site occupation probabilities by hydrogen atoms, i.e., invalues for the energy parametersV,;=—-2010 K,

our notations, the values of the occupation numhelg), p=0.7166.

I1l. COMPARISON WITH EXPERIMENTAL DATA
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FIG. 5. Temperature dependence of the equilibrium values of
the site occupation numbers, in the case0.17 and for different
values ofp.

FIG. 6. Same as Fig. 1, for=0.25 but withp=0.7166 and
V;=—2010 K. The solid lines are the computed results, the signs
correspond to the experimental data from Ref. 10.

In Figs. 6b) and Gc) are given the values of the order
parametersy, and 7, in equilibrium, at different tempera- der parameter;, disappears abové=2340 K, while 7, re-
tures, which are obtained from the measured and calculategsains nonzero, diminishes gradually, and disappears only at
values ofn;(T), utilizing the expression€2). There can be temperatures above=377 K[just as in the cases shown in
seen the differences between the theory and experiment &igs. 1(c), 5(a), and gb)].
low and moderate temperatures, but from Fi¢p) 6t is ob- This means that, at 340 K, only the set of super-
vious that the principal distinction between the two sets ofstructure reflections associated with the wave vector
data is observed within the interval just above the transfork,=(2w/a)(1/2 0 1) disappears, while the superstructure
mation temperature. Following our calculations, only the or-lines related to the wave vectki=(2/a)(100) must exist
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until T=377 K. On the other hand, according to the experi-
mental results given by Udoviet all® [Fig. 4(d) and the
Table Il of Ref. 14, there is no difference between the oc-
cupation numberg,, n,, andng at temperature$> 340 K,
which means that both sets of superstructure reflections are
absent. This is a real contradiction between the theoretical
and experimental results. One might wonder about the pos-
sible lack of measuring sensitivity in the experiment of
Udovic et al;*° on the other hand, the presence of some
unidentified lines in their spectri@.g., at 20 =34° in their
Fig. 2) observed at 340 K and remaining visible at 350 K
could be an indication of the superstructure with wave vector
Kq.

We wish also to note, in this context, that there exists a
relatior™® between the values of the occupation numtgys

9)

If we take the experimental values wffrom Ref. 10 and the
values ofy; from Eq. (6'), then, for the great majority of
temperatures, we obtain a valge-0.25: in particular, for
T=2340 and 15 K we have=0.265.

Eivini=c.

o~

(o]
If we suppose that this is the real concentration of octa- &

hedral hydrogen atoms in the sample used in Ref. 10 and
normalize the calculated;(T) dependences to the experi-
mental values oh; at the same temperature 340(&etting
c=0.265), then, instead of Figs(a#—6(c), we obtain the
dependences shown in Figga)~-7(c). The new normaliza-
tion requires the following set of energy parameters:

V,;=-1860 K and p=0.7743. (10

Comparing the Figs. 6 and 7, we conclude that the agreement

LS
—

-

between the measured and calculated data is somewhat better

in the case of the suggested concentratierD.265, with the
corresponding energy paramet€t§). It is, thus, reasonable
to suppose that the LaDs sample in question was in fact
composed at LaBggs, ¢ 265 (Cf. also the discussion in the
Introduction), which could explain at least some of the diffi-
culties.

If we assume that the values for the energy parameters are
characteristic for the Lakl , system through the whole
B-phase range and do not change significantly with tempera-
ture, then one can calculate a set of transition temperatures
for various concentrations. The results of these calculations
are presented in the form of a phase diagram in Fig. 8. In the
same plot are also shown the experimental values obtained
for various hydrides in different measuremefits?

IV. CONCLUDING REMARKS

We have analyzed the ordering processes that take pla(&c?1

in a system described by the distribution functi@hand the
free-energy functior(6) for the casep=V,/V,<1, corre-
sponding to the fcg3-phase compound LaH,. We have
found three different possible minimey,,m;,m,, on the F
surface in the space of the order-parameter variables
(71,72), located, respectively, at the origin, on the axis,

and outside they; axis. The equilibrium ordered state for a

fixed concentratiorc is determined by the location of the the absolute minimum
mg,my,m,, yielding a two-step character for the ordering

absolute minimum at a given temperature The type of

c
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is located

1860 K.

extensiongupper and lower limitsT ., {m;) and T i,(mM;) ]
of the existence regions for each minimum. For

11)

subsequently

ordering transition depends in an intricate way on the relativgrocess: a disorder-order transition when going frogto
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FIG. 9. Temperature dependence of the order parameters for
FIG. 8. Calculated, for the two wave vectdts and k, (solid LaH,., with x=0.265, showing anomalous behaviorgf below
lines), and experiment,aﬂD (Ref. 7, A (Ref. 8, ¢ (Ref. 9, ® 140 K. The experimental values from Ref. 10, takei &80, 150,
(Ref. 10, W (Ref. 17, and A (Ref. 12] transformation tempera- 274 200 K, would correspond  t07,=1.04(3) and to
tures as a function of, in the system Lahl, . 7,=0.931).

] some concentrations, gave rise to a two-step transition. Thus,

m, and an order-order transformation fioy to m,. Both  the features of the ordering procdssich as the existence of

transitions are continuous. When two transformations and their type chahgee qualitatively

T (Mo) = T M1) > T Ma) > Trin(My),  (12)  Similar in both casesp>1 andp<1, but the intrinsic rea-

sons for this are quite different.

the order-order transformation; to m, changes its type and ~ The comparison with the neutron-diffraction data of

becomes discontinuous. For the case Udovic et al X is qualitatively satisfying, but the agreement
is better if we assume that their La; specimen corre-

Tmad M2) > T hin(Mo) = Trad M) > Thin(My), (13 sponded in reality to the composition Labkks, .65 rather

than to LaD, g9, 905. This small difference is qualitatively

the system performs the same sequence of steps as in cas®portant as, forc>0.25, an anomalous behavior can de-

(12) if there exists a temperature interval wherevelop atlow temperatures, where one of the order parameters

F(m;)<F(m,); however, the ordering becomes a single-may decrease with decreasifig(for details, cf. Ref. & As

step discontinuous process if, for all, F(m,)>F(m,).  can be seen in Fig. 9, this type of anomaly is observed in the

[In the particular casd madMy)=Tpyin(Mo), the transition present case for the order parameigy, while 7, varies

remains continuou};é normally.

In the casep>1,” the trajectory of the equilibrium or-
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