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Abstract

The ordering superstoichiometric light rare-earth dihydrides MH,,. (M-La, Ce; H-hydrogen atoms) characterized by two long-range order
parameters, 17; and 7, are considered. The electroresistivity Ry associated with the redistribution of hydrogen atoms during the ordering processes
is investigated. An analytical expression describing dependence of Ry on the equilibrium values of order parameters is obtained. It is shown that in
the disorder—order and order—order transition points, the resistivity temperature dependences Ry (7) reveal the discontinuity- or kink-like anomalies.
Residual resistivity and the possible quenching effect concentration dependences are given.
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1. Introduction

The light rare-earth superstoichiometric MH»,. dihydrides
are considered. It is assumed that N metal atoms form an unper-
turbed fcc lattice, 2N hydrogen atoms completely fill the set
of 2N interstitial tetra-positions (they are called Hr-atoms, or
tetra-H-atoms) and the remained c¢N part of hydrogen atoms
(called Hp-atoms, or octa-H-atoms) are distributed among N
octa-positions which form themselves a fcc lattice [1]. It is
assumed as well that the ordering process in the subsystem of
Hop-atoms does not influence on the subsystems of Hr-atoms
and metal atoms and the ordering process of Hp-atoms can
be considered as developed within the lattice of given MH»
complexes.

It was established that the ordered configurations formed in
the subsystem of Hp-atoms in some MH»,. compounds can be
described by the distribution function [2,3]

n(R)=c+n yrexp (KiR))+n2 [exp (K> R;) + C.C.}
(1.1
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where 77 and 71, are the long-range order parameters,
y1 =72 =0.25 are normalizing factors, and K| and K are the
superstructure wave vectors:

2

K, = (”) (100), K, = (f) (102) (1.2)
a a

Function (1.1)—(1.2) on the set of fcc lattice sites takes three

different values —ny, no, and nj3:

ny=c+my1+2my2, na=c+mnmyr—2my,

n3 =c¢—mnyi. (1.3)

The ordering doubles the fcc unit cell in one direction (2a,
a, a). Corresponding unit cell is shown in Fig. 1. The fcc lattice
of N octa-positions can be considered as formed by 8 bcc inter-
penetrating sublattices characterized by radius-vectors Ry,. . .,
Rs.

Conduction electron states in MH»,. compounds have a spe-
cific peculiarity. In the N-site lattice of trivalent light rare-earth
metal M the conduction band contains 3N electrons, but in
the case of MHy,. compounds the set of N(2+c¢) H-atoms
introduced in the lattice absorbs N(2 + ¢) conduction electrons
into the low-lying impurity band and leaves in the conduction
band only N(1 —¢) electrons which take part in the electro-
conductivity.
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Fig. 1. The unit cell (2a, a, a) of an ordered state of octa-hydrogen
atoms. Rj—Rg are radius-vectors of the origins of different bcc sublattices.
R;—(000), R,—(01/21/2), R3—(1/41/20), R4—(1/401/2), Rs—(1/200),
Re¢—(1/21/21/2), R7—(3/4 1/2 0), Rg—(3/4 0 1/2).

The aim of the present investigation can be formulated as an
attempt to describe the influence of the ordering process devel-
oped in the subsystem of Hp-atoms on the scattering of electrons,
which remain in the conduction band of MHj,. compounds.

2. Mathematical scheme

Let us begin by a reminder of some general relations for
resistivity of metals.

Equilibrium distribution of conduction electrons on the set of
k-states is given by the Fermi-function

o (ex — ©) -
fi = {exp{ e } +1}

where ¢ is the Fermi-level and ek is the conduction electron
energy in the given k-state.

The external electric field accelerates the conduction elec-
trons and modifies the Fermi-distribution function, fi® — fii. A
stationary state is reached when the time-dependent field-effect
is compensated by the scattering of accelerated electrons on
the imperfections of an ideal lattice (impurities and/or lattice
oscillations):

) b
() ().
or field ot scatter

Taking into account that the induced modifications of the
distribution function are assumed to be small, it is written usually

(4]

2.1)

2.2)

fu= i + 8k 2.3)

On assuming that conduction electrons are characterized by
the electric charge e and velocity v, the current density can be
represented by the expression [4]

J=e/kakdk=e/vkgkdk 2.4)

In conditions of a constant electric field E it can be written
[4],

e (R,
(3t>ﬁeld_< 38k>(Vk B

The second term of the Boltzmann Eq. (2.2) is presented
usually as [4]

(afk> = /(gk’ — gk P(k, k')dk
O/ scatter

where P(k, kK’) denotes the transition probability between the k-
and K’-states described by the Bloch-functions v (r) and vy (r).

Transitions between k- and k’-states are caused by different
type of perturbations. In all cases, within the limits of the first-
order perturbation theory

(2.5a)

(2.5b)

Pk, K) ~ [Ue|* (2.6)

where Uy is the matrix element of the corresponding pertur-
bation potential V'(r),

V/(l’) = V(r)lperturbed lattice — V0(I)lideal lattice 2.7

Time-dependent corrections gk (#) of the distribution function
(2.3) are usually assumed to satisfy the Egs. (4) and (5)

98Kk 8k )
— ) =(-= 2.8
( ot ) ( T (28)
and consequently can be written as:
t
gk = s exp () 2.9)

Here 7 is the relaxation time of the conduction elec-
tron system. It characterizes the properties of the given
lattice.Combining expressions (2.2), (2.3), (2.5a), (2.5b) and
(2.9) we obtain

0
gk=<—§&>erwE)
ek

Then, following (2.4), the current density can be presented
as [4,5]

(2.10)

J =oE 2.4%)

where conductivity o is proportional to the relaxation time 7. Par-
ticularly, within the frames of the free-electron model it follows
(5]

) T

0 =nge —
m

@2.11)

where n, is the concentration of charge carriers and m is the
electron mass.Resistivity R is defined as

R=0c""! (2.12)

If conduction electrons are scattered at different types of the
ideal lattice imperfections (e.g. thermal vibrations of the lattice,
point defects, impurities), then the effects of different type per-
turbations are summarized and the total resistivity Ry can be
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presented as a sum of corresponding ingredients. In the case
of MHj,. compounds conduction electrons are scattered on the
thermal vibrations of metal lattice, denoted as Rherm (metal), on
the optical vibrations of Ht- and Hp-atoms, denoted respectively
as Riherm(Ht) and Rinerm¢(Ho ), and on the disordered configura-
tions of Hp-atoms, denoted as Ry. Thus, the total resistivity of
MH;,. compounds R;,(MHj3,) can be presented as

Riot MHz4¢) = Riperm (metal) + Reperm (Hr)

+ Riherm(Ho) + Ry (2.13)

We concentrate our attention on the Ry term.Let us consider
the specific details of perturbation caused by the spatial redis-
tribution of Hp-atoms.Perturbation potential V'(r) acting on the
conduction electron located in the point r is usually presented as
a difference between the potentials caused by the real configu-
ration of the perturbing centers in the lattice and caused by their
averaged equilibrium distribution [4-6]. In the case of ordering
Ny =c¢N particles (Hp-atoms) perturbing the electron states in
the conduction band created by the N trivalent metal atoms (and
depleted by 2N Ht-atoms and ¢N Hp-atoms) we can write:

Ny N
Vi)=Y vie—R) - > Vir—Ron®)

1 1

(2.14)

where the first sum is over the interstitial sites really occupied by

Hop-atoms and the second sum includes all octahedral interstitial

positions occupied in equilibrium by the hydrogen atoms with

the probability n(R;). In both sums VH(r —R;) is the potential

created at the point r by the hydrogen atom located in point R;.
The second sum in (2.14) can be presented as

N No
> VHE—Rpn®R) = > > V- R + R)n(R,)

i i p

(2.152)
where Ny is the number of new unit cells in the ordered configu-
ration, p=1, .. ., 8 numbers the nonequivalent positions within
each unit cell (radius-vectors R,, are shown in Fig. 1), and n(R,)
are the equilibrium occupation numbers which are equal to nj,
ny or n3, respectively.
For the first sum we have to assume that

No

Nu
Y VIr—R)=>> Vr— R +Ry)

(2.15b)

rp

where p runs over eight nonequivalent positions within each
unit cell, and V(r—(R; +R,)) equals Vi — (R; +Ry)) or 0,
depending on the real spatial distribution of Hp-atoms.

On calculating with the Bloch wave functions the square
of the modulus of the corresponding matrix elements (induced
by the perturbing potentials (2.13)—(2.15)), and averaging in a
standard way over the set of the enlarged unit cells [4-6], we
obtain

b} 1
(f“> ~ () ~Num =), 1=1,2,3 (2.16)
3l scatter T 1

Here, v; are the portions of octa-positions where the distribu-
tion function n(R;) equals, respectively, to ny, ny or n3, defined
by (1.3) (v =v2=0.25, v3=0.5).

Integrating (2.16) over the k-space and using relations
(2.10)—~(2.12), we can present the hydrogen-dependent part of
the total resistivity by a qualitative expression:

1

ne(c)

Ry(c)=A ( ) Zvlnl(T)(l -n(T)), [=1,2,3
l

2.17)

Here, A is a factor depending on the conduction electron
energy gradient integrated over the Fermi surface and in a wide
concentration range is very weakly dependent on the tempera-
ture, hydrogen concentration and order parameters, while n.(c)
is the real concentration of conduction electrons. The latter is
hydrogen concentration dependent and decreases on filling the
octa-positions by H-atoms:

ne(c) ~ (1-c) (2.18)

From (2.17) it follows that the temperature dependence of the
hydrogen ordering induced part of resistivity Ry is determined
mainly by temperature dependences of equilibrium occupation
numbers n1(7T), ny(T), and n3(T).

Let us determine now the equilibrium values of the sites
occupation numbers n;. The free energy function of the order-
ing subsystem F(n1, 12, ¢, T) is defined in the restricted part
of (11, n2)-plane. The restrictions on the possible values of
order parameters 771 and n; are imposed by the conditions which
have to satisfy the sites occupation numbers, that is 0 <n; <1,
0<ny <1, 0<n3 <1. Coming from linear relations (1.3) and
the condition of positive values of order parameters, the physi-
cally meaningful part of (n1, 12)-plane, containing all allowed
values of 1 and 7, parameters forms a polygon, surrounded
by 11 and 7, axes and the boundary lines n, =0, ny =1, n3 =0
(or n3 =1, if concentration ¢>0.5). The form of this polygon
(denoted hereafter as “region P”’) depends only on the concen-
tration of Hp-atoms ¢ (see Figs. 2(a) and 3(a)). The disordered
state is located in the zero-point of coordinate axes, while the
low-temperature limiting ordered state is associated with one of
the corner points, b- or d-points. The ordering process described
by the sequence of equilibrium values of order parameters is
presented by a trajectory relating the zero-point with the cor-
responding corner point (for details see e.g. in [7,8]). It has to
be noted that [%} and [%} along the trajectory are,
generally, negative.

At the given values of concentration ¢ and temperature 7 in
equilibrium will be the ordered configurations characterized by
the values of 11 and n, parameters, which provide the absolute
minimum of the free energy function F(n1, 12, ¢, T).

The extrema of F(n1, 2, ¢, T) are determined by the equations
[3,7,8]:

[ nina(1 — n3)? ] Vi
n

(A=) —npnd)| ~ kT (2.19a)
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Fig. 2. CeHa 155 Tty =263.5 K. (a) Trajectory of the ordering process; (b) tem-
perature dependence of the hydrogen redistribution induced resistivity (2.17).
In (a) solid line indicates the sequence of equilibrium states and the dashed line
the discontinuous disorder—order transition.
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T kT
where V1 and V5 are the energy constants (different for different
rare-earths [3]), while the occupation numbers ) are determined
by (1.3). The absolute minimum of the free-energy function
corresponds to its lowest extremum.

3. Results of calculations

In this section, results of calculations of equilibrium ordering
processes in compounds LaHy,. and CeHj,, and of the corre-
sponding temperature dependences of hydrogen redistribution
induced part of resistivity Ry(7) are presented.

Calculations of Ry(T) of MH».. compounds were performed
basing on expression (2.17). The needed temperature dependent
equilibrium values of occupation numbers ny, ny, and n3 were
determined using relation (1.3) and Eq. (2.19).

The development of the equilibrium ordered states can be
presented as a set of temperature dependences of occupation
numbers {n1(T), ny(T), n3(T)} (Fig. 4(a)), or as trajectories of the
ordering processes on the (171, 2)-plane (Figs. 2(a), 3(a) and (b)).

In the CeHs;. compounds the high-temperature equilib-
rium state (1 =0, n2 =0) at lowering temperatures transforms
in the (1 #0, n2#0) state. At ¢<0.35 this transition is
discontinuous and it becomes continuous for concentrations
(0.35<¢<0.65) [7]. The second, low-temperature order—order
discontinuous transition arise only if ¢>0.35 [7]. It is asso-
ciated with the transfer of the free-energy absolute minimum
from one local minimum to another (bd-transition in Fig. 3(a)
and (b)) [7]. Typical trajectories of ordering processes for
¢<0.35 and ¢>0.35 are shown in Figs. 2(a) and 3(a), respec-
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Fig. 3. CeHy.44; Tyy1 =365K, Tyo =135 K. (a) Trajectory of the ordering pro-
cess; (b) details of the equilibrium trajectory; (c) temperature dependence of
the hydrogen redistribution induced resistivity (2.17). In (a) and (b), solid lines
indicate the sequences of equilibrium states, fine lines indicate the sequences of
metastable states, and the dashed line the order—order bd-transition.

tively. Their influence on the resistivity Ry(7) is illustrated by
Figs. 2(b) and 3(c).

In case of LaHy4. compounds, the high-temperature disor-
dered state of Ho-atoms (171 =0, 2 = 0) at lowering temperatures
transforms subsequently in two different equilibrium states:
(n1 #0, n2=0) and (11 #0, n2 #0), undergoing continuous
disorder—order and order—order transitions, respectively. An
example of development of the ordering process is shown in
Fig. 4(a). This sequence of states is realized practically at all
concentrations, 0.15<c¢<0.9, except the region ¢~ 0.5. The
corresponding phase diagram can be seen in Fig. 4(c) [3,8],
where besides the disorder—order and order—order transition
temperature curves, are indicated the experimental transition
temperature points cited in [8].

The reflections of ordering processes in the Ry(7) curves
are shown in Fig. 4(b). Concentration variations of the
disorder—order and order—order transition temperatures, 7t and
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Fig. 4. LaH,,. compounds. (a) Temperature dependence of the sites occupation
numbers n;(T). ¢ =0.27; (b) resistivity curves calculated following Eq. (2.17) at
different concentrations; (c) phase diagram of LaHy, [3,8].

Ty, are explained in Fig. 4(c), where the considered concentra-
tions are indicated by dashed flashes.

In Fig. 5 concentration dependent residual resistivities asso-
ciated with the low-temperature disordered (quenched) and
ordered (relaxed) configurations of Ho-atoms are shown (dashed

35
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3.
2,51
24
1,51
1 4

ROO(C). Rn(C), ARG(C)

Fig. 5. Residual resistivity as a function of concentration in the disordered
(quenched) state (A) and in the completely relaxed (equilibrium) state (B). Solid
curve C — concentration dependence of the maximal possible quenching effect.
Dashed flashes indicate the compounds considered in Fig. 4(b) and (c).

curves A and B, respectively). The difference between these
two dependences, representing the maximal possible quenching
effect (see below) is given by the solid curve C. Dashed flashes
indicate compounds considered in Fig. 4(b) and (c).

It has to be noted that the equilibrium values of order
parameters increase, as a rule, when temperature decreases,
that is (%‘) < 0 and (%) < 0 (see Fig. 2(a) and the high-
temperature part of Fig. 3(a)). But, as it follows from calculations
of equilibrium ordered states [7], in some cases the ordering
processes may contain the regions where one of the parameters
changes the temperature derivative’s sign. Such phenomenon is
shown in details in Fig. 3(b) and will be discussed briefly below.

4. Discussion

Expression (2.17) is obtained in a traditional way based on the
first-order perturbation theory describing the scattering of con-
duction electrons on point scatterers (Hp-atoms, in our case).
The adequacy of this approximation is not established yet and,
consequently, expression (2.17) can be treated as a qualitative
relation only. Nevertheless, it can provide some meaningful
physical results.

First of all, introducing in (2.17) expressions (1.3) we can
represent it as

1
Ry(c, T) = Ry(m1,m) = A ( )
ne(c)

x [c1 =0 = Poim+2m3m)] @17

where 1n1(T) and n,(T) are equilibrium values of LRO parame-
ters.

From (2.17’) it follows that at the increasing of order in the
hydrogen subsystem, the resistivity Ry(c, T) gradually reduces.
Due to this expression it is obvious as well that the discontinuities
of n1(T) and n,(T) functions (in the phase transition points) will
be revealed by corresponding discontinuities in the resistivity.
Such anomalies of Ry(T) curves are characteristic for CeHp,
compounds (see Figs. 2(b) and 3(c)).

In LaHj, hydrides the disorder—order and order—order tran-
sitions are continuous at concentrations 0.15<c¢< 1 [8]. From
Fig. 4(a) and (b) it follows that the phase transition points are
associated with the kink-like anomalies of the smooth Ry(7)
curves. These kinks are induced by the discontinuities of deriva-
tives: (%) at T=Ty and (%) at T=Tyy.

Measurability of these anomalies of Ry(7) curves has to be
considered.

It was mentioned already (see relation (2.13)) that the
resistivity Ry(7) is a part of the total resistivity of MHy,. com-
pound, Rjo(MHb>.), the main contributions to which come from
the acoustic oscillations of the metal lattice, Rierm(metal). A
remarkable role is played by the optical oscillations of H-atoms,
Riherm (HT), as it was shown [9] in the case of MH, dihy-
drides. Addition of optically oscillating Hp-atoms will increase
the “thermal-component” of the total resistivity. In these condi-
tions the anomalies of Ry(7) curves associated with the spatial
redistribution of Hp-atoms (discontinuities and/or kinks) will
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be masked by the temperature-dependent contributions of other
terms in (2.13).

centration range 0 <c¢ < 1. Basing on [10] and (2.24b) we can
obtain the following results for 0 <c< 1.

Region limits ym(d)  yna(d) qa(c)
3c2
1 0<c¢<0.25 c c
(1—-o0)
3¢2405—2
I 0.25 < ¢ < 0.50 c 0.5—c ii%%4749 (2.25b)
— C
324+1.5—4
M 050<c<075 c—1 c_o05 S T15=409
(1—-o)
v 075<c¢<10 c¢—1 1-—c¢ 3(1 —¢)

Nevertheless, the hydrogen redistribution processes in the
MH;,. compounds can be registered directly in the measure-
ments of quenching effects.

The maximal possible quenching effect for a given ¢ ARy(c)

can be determined as
ARo(c) = RY(c) — Ro(c) (2.20)

where Rg(c) and Ro(c) are residual resistivities for the com-
pletely disordered and maximally ordered states, respectively.
We have in all cases

o 1
&@:A(n@)M—d

m@:A(

(2.21a)

) > vm(GH)(1 = m()) 1=1,2,3

1
ne(c) ) 4

(2.21b)

In (2.21b) j denotes the corner points (b and d points) of the
“region P”.

Basing on relations (2.17°) and (2.21a), expression (2.20) can
be presented as

ARo(c) = A < > VAmG) + 2m ()] (2.22)
ne(c)

or

ARy(c) =A'q(c) (2.23)

where A’ is independent of the hydrogen concentration c,

()]

A

ne(c)

q(c) = Y Ii3() + 203D = o)~

To obtain an algebraic expression of ARy(c) we have to sub-
stitute in (2.24b) the coordinates of the corner points of the
“region P” (n1(b), n2(b)), or (n1(d), n2(d)).

In the whole concentration range 0 < ¢ < 1 coordinates of the
b-point are: yn1(b)=0.5—c and yn2(b)=0.25 [10] giving for
O<c<l1

A =

(2.24a)

(2.24b)

[0.375 — c(1 — ©)]
I=0)

The coordinates of the d corner point are known [10] to be
different in the different concentration regions of the whole con-

qp(c) = (2.252)

In the case of LaH»:. compounds, where within the
main range of concentrations (0.1 <c<0.9) the limiting low-
temperature equilibrium states are associated with the corner
point d, we shall have

q(c)[LaHz4c] = qa(c) (2.26)

As it was mentioned above, dependences (2.21) for the disor-
dered and ordered states are shown in Fig. 5 by the dashed lines
(A and B, respectively), while the concentration dependence of
the possible maximal quenching effect determined by (2.26) and
(2.25b) is given in the same figure by a solid line (curve C).

In the compounds CeHy. the low-temperature limiting state
is located for some c in the corner b, and for the others in the
corner d (for details see [7]). It follows that g(c) [CeHp4c] is
presented correspondingly by (2.25a) or by (2.25b).

It has to be noted that quenching effects in the ordering rare-
earth dihydrides were investigated experimentally more than a
decade ago (see e.g. [11]).

Some words concerning the peculiar regions of the ordering
process, such as the “turning point” shown in Fig. 3(b), where
one of the order parameters changes its temperature derivative
sign. In the corresponding part of the Ry(T) dependence shown
in Fig. 3(c) no anomalies can be seen. It means that at lowering
temperature in this trajectory point the second order parameter
increases so significantly that the temperature derivative sign of
the total expression (2.17°) remains unchanged.

5. Conclusions

1. The ordering of Hp-atoms reduces the resistivity of RHoy
compounds and provides the existence of observable quench-
ing effects. The magnitude of these effects depends on the
hydrogen concentration.

2. Phase transitions included in the ordering processes are
reflected as kinks or discontinuities of the smooth Ry(T)
dependences. The order of the given phase transition deter-
mines the type of the corresponding anomaly: it is a kink for a
second-order transition and a discontinuity for the transition
of the first-order.

3. Dependence of the resistivity Ry upon the order parameters
n1 and 13 (2.17°) explains the inadequacy of resistivity mea-
surements to register such details of the ordering process, as
the mentioned above “turning points”.
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