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ABSTRACT. The rare-earth ordering dihydrides are considered. The influence of ordering processes on the
mobility of interstitial H-atoms is investigated. It is shown that those H-H interactions which induce formation
of ordered superstructures in the hydrogen sublattice, provide as well the increment of the dwell time of the
moving particles. The latter effect can be interpreted as a “weighting” of mobile H-atoms. The influence of the
“particle-weighting effect” on the temperature dependence of the dipole-dipole interaction induced nuclear
spin-lattice relaxation time is examined. It is shown that although the corresponding changes in the T,,(T)
curve are remarkable, their influence on the total T,(T) dependence, determined as well by interactions of
nuclear spins with conduction electrons, is negligibly small. © 2009 Bull. Georg. Natl. Acad. Sci.
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The model and general relations. It is well known
that in a number of M-H compounds (metal-hydrogen
interstitial alloys) the temperature lowering provides
formation of ordered superstructures in the subsystem
of hydrogen atoms (H-atoms). Inelastic neutron scatter-
ing experiments had established that in such ordering
hydrides the frequencies of local vibrations of intersti-
tial H-atoms significantly decrease below the disorder-
order transition temperature [1]. The local vibration fre-
quencies Wloc) are directly related to the time-param-
eter 7, describing the hydrogen “from site — to site”
jumping processes. The same time-parameter 7, turns
out to be an essential part of expressions describing the
spin-lattice relaxation processes caused by the dipole-
dipole interactions of the spins of hydrogen and metal
nuclei [2, 3]. In the latter case 7 is usually assumed to
be constant in the whole temperature range under con-
sideration. There arises therefore a natural question -
what type of modifications can be expected in the tem-
perature dependence of the spin-lattice relaxation time

T(T) if we take into account the temperature variations
of 7, parameter. We intend to discuss this problem in the
given investigation consisting of two parts. In the first
one we consider the interrelations between the hydro-
gen ordering processes and the temperature dependence
of the time parameter 7, while in the second part we
shall estimate the degree of changes in the spin-lattice
relaxation rates caused by the obtained 7(7) dependence.

As an example we consider the ordered rare-earth
dihydrides MH,, (0 <c<c¢_.; ¢, <1), where N
metal atoms form a fcc lattice, 2N hydrogen atoms fill
the set of 2N tetrahedral interstitial positions (H -at-
oms), while the remaining cN H-atoms (H,-atoms) are
distributed among N octahedral interstitial positions.
Just the latter part of hydrogen atoms reveal a consider-
ably high mobility (with respect to Hy-atoms) and form
the ordered superstructures at temperatures lower than
the disorder-order transition point 7. The ordered su-
perstructures formed, particularly, in lanthanum
dihydrides are described by two long-range-order pa-
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rameters (1), and 7,), and reveal a step-wise ordering
process involving disorder-order and order-order tran-
sition points, 7, , and T, ,. In case of the compound under
consideration, LaH, .., T, ; = 365 K and T, = 343 K,
respectively (see e.g. [4]). The development of the or-
dering process subdivides the total set of octahedral
positions into three groups of sites, which differ by the
occupation probabilities, or, in other words, by the “sites
occupation numbers” - n,, 1, and n, related to the order

parameters 7, and 7, [5]:

n, =c+ng+ng, n,=c+ng-2n,g,n,=c-n4g.(1)

where g = 0.25 is a normalizing factor which provides
the occupation numbers to be located within the physi-
cally meaningful range [0 < n,, n,, ny < 1]. The differ-
ences between occupation numbers arise at temperatures
below the transition points T, and T,, (see Fig. 1).

The internal energy of the ordering subsystem can
be written in the following form [5]

E(c,T)= [N k,/2][V(0)c*+

+V(k )(n,(T) 8)*+2V(k,)(n,(T)g)’], 2

Here k, and k, are the wave vectors of the distribu-
tion function describing the equilibrium superstructure,
while V(0), V(k,) and V(k,) are the H-H interaction
potential Fourier-components (taken in temperature
units). Numerical values of the energy parameters V(0),
V(k,) and V(k,) are defined basing on experimental data.
Particularly, it was established [4, 6] that for the
superstoichiometric dihydrides of lanthanum the energy
parameter V(k,) can be estimated from the relation 7,
= —V(k,)c(1 - ¢), which for ¢ = 0.27 and T, ,(LaH, ,,) =
365 K, gives us V(k,) = -1853 K [4], while for the ratio
of energy constants [V(k,)/V(k,)] = p the value was de-
termined: p = 0.7743 [6]. The energy parameter V(0)
remains unknown, but as we are interested in the tem-
perature variations of the ordering system with a fixed
concentration, the latter parameter is less important and
we shall assume that V(0) = 0.

Some words about the energy ascribed to the local
vibrations of H-atoms. It was defined as E(loc) = Av(loc)
and determined from the diffuse inelastic neutron scat-
tering data [7, 8]. For our numerical estimations a ten-
tative value Ey(loc) = 100 meV was selected, or in the
temperature units, EO(loc) = 1160 K.

The dipole-dipole interaction of the mobile proton
spins with the nuclear spins of surrounding metal atoms
and those of the remaining H, and H, atoms induces the
spin lattice relaxation process characterized by the tem-
perature-dependent relaxation time T, The latter is
usually described by an expression [2, 3] which can be
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schematically presented in the following form
T, = TDE! + DN, 3)

where JH(T) and JM(T) are the temperature-and-time-
dependent factors, while ZjH and ZjM denote the sums of
functions of the distances separating the resonating H-
particle from the surrounding hydrogen and metal at-
oms, respectively, while T denotes the dwell time of jump-
ing Hj-atoms (i.e. 7' is the number of the site-to-site
jumps in a time unit).

The redistribution of H-atoms in the metal lattice
occurs at temperatures well above the low-temperature
range, where the quantum diffusion dominates. For this
reason we describe the hydrogen motion within the metal
lattice as an activation process characterised by an acti-
vation energy E , In these conditions the dwell-time 7 of
the moving particle can be presented as

7= 1, exp (E /k,T), (@)

where 7, is usually supposed to be constant in the whole
temperature range under consideration.

The dwell-time 7 was defined above as inversely pro-
portional to the particle’s jumping frequency v. A poten-
tial barrier overcome implies that v =v exp[-E /k,T],
where v, is the jumping frequency at extremely high
temperatures and is proportional, on the one hand, to
the local oscillation frequency v (loc), and, on the other

—1
-to Vv, =(t,) . Thus we have

7, ~ Vv(loc) . 5)

Let us consider the behavior of an H-atom local
frequency v (loc) during the ordering process. For clar-
ity, we shall consider a simplest example of a quantum
one-dimensional oscillator which moves in the field
given by the potential function V(x) = Kx*/2. The quan-
tum state of such a particle is described by the
Schrodinger equation:

[Pdx* y(x) + [(2melh?) - (m K x* 1h)] w(x) = 0. (6)
The eigenvalues of this equation are well known:
e=¢,= hw, (n + 1/2), where 0, =V (K/m), (7)

and n are integers. In this case v(loc).= v(loc),=
=(1/2m)/ (KIm).

Those H-H interactions, which cause spatial redis-
tribution of H-atoms in the ordering metal hydrides, can
be considered to be responsible for the H-atom’s local
frequency changes. In order to account for this per-
turbation phenomenon let us introduce in (6) a corre-
sponding potential V,,,, and assume that V, is pro-
portional to the (1/cN) part of the ordering energy of
H,-atoms E(c, T),
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V., ~ eN)E(c, T), )
then (6) will take the form
[l (x)+[(2m(e-V,, )IT?) — (mKx*T?) y(x) = 0.(6")

Taking into account that the additional term V,,
can be as large as the oscillator energy &, the traditional
perturbation theory cannot be used, and we shall try to
account for this perturbation by a corresponding
renormalization of the mass of oscillating particles. The
following obvious mathematical transformations give:

m(e-V,, )=me(1-V, J&) = m*e; m* =m (1-V,, /¢).(9%a)

mK=K[m*/(1-V, /e)] = K¥m *, K¥*=K(1-V, /e)™" .(9b)

Using these new notations, equation (3) will take a
shape coinciding formally with (3), and its eigenvalues
will coincide outwardly with those given by (4). We
shall have

[@ldx*w(x) + [2m*elR?) — (m*K*x* )]y (x) = 0. (10)

e=h w,(T)(n+ 1/2), (11)
where
w,(N=w,A-V,/ho)" (12)

Within the high-temperature disordered state the
ordering energy of Hy-atoms E(c, T) is zero and the
local mode frequency has to be presented by its tradi-
tional expression - V(loc), = (1/27) v (K/m). When tem-
perature is lowered below the disorder-order transition
point, then E(c, T) becomes negative and following re-
lations (8) and (12) it has to be concluded that v(loc)
will become lower than v(loc),. Thus, it follows that
formation of an ordered state provides temperature varia-
tions of the time parameter 7, - it increases monotoni-
cally at temperature lowering.

A detailed numerical analysis of the corresponding
changes in the spin-lattice relaxation time performed
for the ordering lanthanum dihydride LaH,,, will be
given below. Here we present only intermediate numeri-
cal results characterizing the H-H interaction induced
temperature variations of the 7-factor in the selected
M-H compound. Particularly, we present in Fig. 1 the
ordered state formation process (by giving the tempera-
ture changes of occupation numbers ny, ny and n,), in
Fig. 2 - temperature dependence of the ordering energy
E(c, T), and in Fig. 3 — the calculated 7, (T) depen-
dence.

As a concluding remark we can formulate the fol-
lowing statement.

Formation of ordered superstructures in ordering
metal-hydrogen systems is accompanied by the H-H
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interaction induced hydrogen mobility reduction, which
can be interpreted as some “effective weighting” of spa-
tially ordered particles.

Application to spin-lattice relaxation processes in
the rare-earth metal dihydrides. Numerical estimations
of the spin-lattice relaxation time T,(7T) are performed
for the lanthanum dihydride LaH, ,,, where the sub-
system of hydrogen atoms located in the octahedral in-
terstitial positions (the subsystem of H,-atoms) under-
goes a two-step disorder-order type phase transforma-
tion and forms a sequence of ordered spatial configura-
tions. For simplicity we assume that spatial redistribu-
tion of H,-atoms do not influence neither on the metal
fec lattice, nor on the equilibrium states of the remain-
ing part of H-atoms located in the tetrahedral intersti-
tial positions (H,-atoms).
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=
= 0.6
£ 0.4 .
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Fig. 1. Formation of an ordered configuration in the subsystem of
H-atoms; n,(T), n,(T) and ny(T) are the sites occupation
numbers (the sites occupation probabilities).
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Fig. 2. The internal ordering energy E(c, T) of the system of
H-atoms.
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Fig. 3. H-H interaction induced temperature variations of 1, time-
parameter (T, denotes the unperturbed, high-temperature value).
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In a pure (undoped) nonmagnetic metal hydride the
experimentally determined spin-lattice relaxation rate
R, = (1/T)) is a summary of two relaxation processes —
the first one, based on the dipole-dipole interactions of
hydrogen and metal nuclear spins, is characterized by
the dipolar relaxation time 7' ;, and the second one, based
on the contact interaction of the proton and electron
spins (the so-called “Korringa-interaction”), is charac-
terized by the relaxation time 7,. Mathematical rela-
tions which describe the corresponding relaxation pro-
cesses are well known and they were intensively applied
to the analyses of experimentally investigated different
metal hydrides (see e.g. [2-4, 9 11]). Particularly, the
relaxation time 7', caused by the contact interaction of
the mobile H-atoms with conduction electrons, is de-
scribed usually by the Korringa relation

r.(=K_,/T, K, =const, (13)

k

while the dipole-dipole interactions of the mobile pro-
ton spins with the nuclear spins of surrounding metal
atoms and those of the remaining H, and H atoms, are
described by the set of following expressions [2-4, 9-
11]:

[UT, ) = (2/5)(C,/w) y{[(A/[1+°]) + (4/[1+2y)* D]
X[EH1(1/r ) S+E 10 (i) (1/r1) 6] + (C,/ C) [(1/3) %
(/[ 1+k y2 )+ Ty 2D+ 1+ 2 DIE (1)} (14)

where
y=w 1, T=71explE /kT)], (15a)
k=(1-(ojw)?, k=(1+(0/w)? (15b)
C,=v,/ ‘W I(I+1), C =7,y R S(S+1) 5
o,=Y,H , o=YH; (15¢)

In the relation (14) symbols X", 3T and =70 de-
note, respectively, the sums over the metal lattice sites,
and the two types of interstitial positions occupied by H-
atoms. It is assumed that the sums Zim(l/rim)6 and
ZiHT (1/rl,H)6 are constant over the whole temperature
range, while the sum ZiHOni (l/rl,H)6 contains the tem-
perature-dependent factors n, = n, (T) denoting the oc-
cupation numbers of interstitial positions, which change
significantly in the vicinity of the disorder-order transi-
tion points. (An example of the temperature dependence
of occupation numbers in the ordering system is shown
in Fig. 1). In expressions (15) numerical parameters
(v, o) and (y,, o) represent, respectively, the gyro-
magnetic ratios and Larmor frequencies of interstitial
H-nuclei (with spin /) and those of metal M-nuclei (with
spin ). In expressions (15a) 7 is the dwell-time of the
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jumping H-atoms. (If the mobility of H-atoms is charac-
terized by the number of site-to-site jumps v, then
T=v . E, is the corresponding activation energy, and 7,
is the “preexponential factor”).

In summarizing the mathematical scheme of calcu-
lations we formulate:

R=R,*+R, (16)

where R, = (1/T),) is determined by the relations (13),
and R, , = (1/T, ) is given by the expressions (14)-(15).

Following equation (14), the development of an
ordering process in M-H compounds should be reflected,
first of all, in the temperature dependence of the sum
=510, (1)(1/r)°. In [4] we had analyzed the ex-
perimental data [10] obtained on the ordering lantha-
num dihydride LaH, ,,, and had established that the given
mathematical refinement of the corresponding calcula-
tions provides a negligibly small influence on the nu-
merical values of the summary dependence 7',(7).

Now we examine the influence of the above estab-
lished 7,(7) dependence on the dipole-dipole interac-
tion induced part of the spin-lattice relaxation time 7' ,(7)
and on the total relaxation time 7'(7). Estimations of
tentative temperature changes of the 7, parameter val-
ues were shown in the corresponding figure (see Fig. 3)
and they turned out to be sufficiently significant, but
there remains a question — in what degree the calculated
values of the spin-lattice relaxation time are influenced
by taking into account the temperature variations of 7
parameter

It is obvious that the increment of the time spent by
each of the moving particles at the visited sites (the
increment of the dwell-time) will cause an increment of
the corresponding T (T) values. This natural conclu-
sion is justified by the results of numerical estimations
presented in Fig. 4. The next question is — how can the
resulting changes in the general temperature dependence
of the dipole-dipole relaxation time T, (7) be classified.
From Fig. 5 it follows that these changes are remark-
able, but not essential. Very significant is the fact that
they are revealed in the low temperature range, where
the total rate of the nuclear spin relaxation process is
determined mainly by interactions of nuclear spins with
conduction electrons. The latter statement is illustrated
in Fig. 6. Here both calculated dependences 7' (T) and
T, (T) are denoted by corresponding thin lines, while
the thick line presents the calculated resulting 7'(7)
dependence.

From the above short consideration two qualitative
conclusions may be deduced.

1) In the case of ordering lanthanum dihydrides,
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Fig. 4. Temperature dependence of the difference between T, (T)
values calculated in different conditions: on assuming a constant.
T,-factor, T, ,(0), and on taking into account H-H interaction
induced t(T) variations, T, ;(H-H).
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Fig. 6. Temperature dependences of the Korringa relation T, (T), of
dipole-dipole relaxation T, ((T), and of the summary relaxation
time T (T).

even in conditions of taking into account the ordering
process and the “particle weighting” effect related to it,
the calculated general 7'(7) dependence remains prac-
tically unchanged. It follows that the set of previously
selected adjusting parameters, such as activation energy
E , time-parameter 7, and Korringa constant K., may
be left unchanged. Particularly, for the compound LaH, ,,
successful results in the description of experimental 7'(7)
dependence can be obtained on using the previously

determined values of mentioned parameters [10]:

K, =410secK,

Korr

E =0.35 eV/atom,

7,'=74x10" sec. (17)

In Fig. 7, we have presented experimental results
[10] (the sequence of triangles) and the corresponding
theoretical curve calculated basing on the given values of
mentioned parameters and on taking into account simul-
taneously the ordering and “weighting” effects. (The cal-
culated curve practically repeats the previously obtained
theoretical dependences published in [4] and [10]).
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Fig. 5. Absolute values of dipole-dipole relaxation times T, (T)
calculated in different conditions: on taking into account the
additional H-H interactions, T, ,(H-H), and without the latter
refinement T, (0).
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Fig. 7. Description of the sequence of experimental points by the
calculated T,(T) curve.

2) It was suggested (see e.g. [11]) that in the Ce-H
system, as well as in La-H system, continuous incre-
ment of the hydrogen concentration provides a smooth
depleting of the conduction band. It follows that the
“hydrogen nuclear spin — conduction electron spin” in-
teraction strength will be continuously reduced as well.
The band-depleting process is terminated in LaH, and
CeH, compounds, where conduction bands turned out
to be practically empty and compounds reveal the insu-
lator (or semiconductor) properties [10]. At some lower
concentration values both compounds are non-metallic
in the high-temperature disordered states and reveal the
ordinary metal properties in the ordered low-tempera-
ture states (below the disorder-order transition tempera-
ture). It seems natural to expect that the ordering re-
lated properties of H-atoms, and, particularly, the “par-
ticle weighting” effects, can be registered in the maxi-
mally proper, “unmasked” situation just in the corre-
sponding concentration range.

Investigations were performed within the frames of
the STCU Project N 3867.
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