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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 T1d(T)
curve are remarkable, their influence on the total T1(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 ν(loc) are directly related to the time-param-
eter τ0 describing the hydrogen “from site – to site”
jumping processes. The same time-parameter τ0 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 τ0 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

T1(T) if we take into account the temperature variations
of τ0 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 τ0, while in the second part we
shall estimate the degree of changes in the spin-lattice
relaxation rates caused by the obtained τ0(T) dependence.

As an example we consider the ordered rare-earth
dihydrides MH2+c  (0 < c < cmax;  cmax ≤ 1), where N
metal atoms form a fcc lattice, 2N hydrogen atoms fill
the set of 2N tetrahedral interstitial positions (HT-at-
oms), while the remaining cN H-atoms (HO-atoms) are
distributed among N octahedral interstitial positions.
Just the latter part of hydrogen atoms reveal a consider-
ably high mobility (with respect to HT-atoms) and form
the ordered superstructures at temperatures lower than
the disorder-order transition point Ttr. The ordered su-
perstructures formed, particularly, in lanthanum
dihydrides are described by two long-range-order pa-
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rameters (η1 and η2), and reveal a step-wise ordering
process involving disorder-order and order-order tran-
sition points, Ttr1 and Ttr2. In case of the compound under
consideration, LaH2.27, Ttr1 = 365 K and Ttr2 = 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” - n1, n2 and n3, related to the order
parameters η1 and η2 [5]:
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where g = 0.25 is a normalizing factor which provides
the occupation numbers to be located within the physi-
cally meaningful range [0 ≤ n1, n2, n3 ≤ 1]. The differ-
ences between occupation numbers arise at temperatures
below the transition points Ttr1 and Ttr2 (see Fig. 1).

The internal energy of the ordering subsystem can
be written in the following form [5]
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Here k1 and k2 are the wave vectors of the distribu-
tion function describing the equilibrium superstructure,
while V(0), V(k1) and V(k2) are the H-H interaction
potential Fourier-components (taken in temperature
units). Numerical values of the energy parameters V(0),
V(k1) and V(k2) are defined basing on experimental data.
Particularly, it was established [4, 6] that for the
superstoichiometric dihydrides of lanthanum the energy
parameter V(k1) can be estimated from the relation Ttr1
=  –V(k1)c(1 – c), which for c = 0.27 and Ttr1(LaH2.27) =
365 K, gives us V(k1) = –1853 K [4], while for the ratio
of energy constants [V(k2)/V(k1)] ≡ 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 H0-atoms. It was defined as E0(loc) = hν(loc)
and determined from the diffuse inelastic neutron scat-
tering data [7, 8]. For our numerical estimations a ten-
tative value E0(loc)  ≈ 100 meV was selected, or in the
temperature units, E0(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 H0 and HT atoms induces the
spin lattice relaxation process characterized by the tem-
perature-dependent relaxation time T1d. The latter is
usually described by an expression [2, 3] which can be

schematically presented in the following form

T
1d

-1 = τ [JH(T)Σ
j
H + JM(T) Σ

j
M] , (3)

where JH(T) and JM(T) are the temperature-and-time-
dependent factors, while Σj

H and Σj
M denote the sums of

functions of the distances separating the resonating H-
particle from the surrounding hydrogen and metal at-
oms, respectively, while τ denotes the dwell time of jump-
ing H0-atoms (i.e. τ–1 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 Ea, In these conditions the dwell-time τ of
the moving particle can be presented as

τ = τ
0
 exp (E

a 
/k

B
T), (4)

where τ0 is usually supposed to be constant in the whole
temperature range under consideration.

The dwell-time τ was defined above as inversely pro-
portional to the particle’s jumping frequency ν. A poten-
tial barrier overcome implies that ν =ν0exp[-Ea/kBT],
where ν0  is the jumping frequency at extremely high
temperatures and is proportional, on the one hand, to
the local oscillation frequency ν (loc), and, on the other
- to ν0  = (τ 0)– 1. Thus we have

τ
0  

~  ν (loc) - 1. (5)

Let us consider the behavior of an H-atom local
frequency ν (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

2/2. The quan-
tum state of such a particle is described by the
Schrödinger equation:

[d2/dx2]ψ(x) + [(2mε/�2) - (m K x2 /�2)] ψ(x) = 0. (6)

The eigenvalues of this equation are well known:

ε ≡ε
0
 = �ω

0
 (n + 1/2),  where ω

0
 ≡ √( K/m), (7)

and n are integers. In this case ν(loc).≡ ν(loc)0=
=(1/2π)√(K/m).

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 VHH and assume that VHH is pro-
portional to the (1/cN) part of the ordering energy of
HO-atoms E(c, T),
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V
HH

  ~ (1/cN)E(c, T), (8)

then (6) will take the form

[d2/dx2]ψ(x)+[(2m(ε–V
HH

)/�2) – (mKx2/�2)]ψ(x) = 0.(6′)

Taking into account that the additional term VHH

can be as large as the oscillator energy ε0, 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:
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)=mε(1–V
HH

/ε) ≡ m*ε ;  m* ≡ m (1–V
HH 

/ε).(9a)
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/ε)–1 .(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

[d2/dx2]ψ(x) + [(2m*ε/�2) – (m*K*x2/�2)]ψ(x) = 0. (10)
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Within the high-temperature disordered state the
ordering energy of HO-atoms E(c, T) is zero and the
local mode frequency has to be presented by its tradi-
tional expression - ν(loc)0 = (1/2π) √(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 ν (loc)
will become lower than ν(loc)0. Thus, it follows that
formation of an ordered state provides temperature varia-
tions of the time parameter τ0 - 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 LaH2.27  will be
given below. Here we present only intermediate numeri-
cal results characterizing the H-H interaction induced
temperature variations of the τ0-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 n1, n2 and n3), in
Fig. 2 - temperature dependence of the ordering energy
E(c, T), and in Fig. 3 – the calculated τ0 (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

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 T1(T) are performed
for the lanthanum dihydride LaH2.27, where the sub-
system of hydrogen atoms located in the octahedral in-
terstitial positions (the subsystem of HO-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 HO-atoms do not influence neither on the metal
fcc lattice, nor on the equilibrium states of the remain-
ing part of H-atoms located in the tetrahedral intersti-
tial positions (HT-atoms).

Fig. 3. H-H interaction induced temperature variations of τ0 time-
parameter (τ00  denotes the unperturbed, high-temperature value).

Fig. 1. Formation of an ordered configuration in the subsystem of
HO-atoms; n1(T), n2(T) and n3(T) are the sites occupation
numbers (the sites occupation probabilities).

Fig. 2. The internal ordering energy E(c, T) of the system of
HO-atoms.
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In a pure (undoped) nonmagnetic metal hydride the
experimentally determined spin-lattice relaxation rate
R1 ≡ (1/T1) 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 T1d, 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 T1e. 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 T1e caused by the contact interaction of
the mobile HO-atoms with conduction electrons, is de-
scribed usually by the Korringa relation

T1e(T) = Kkorr/T,      Kkorr = const, (13)

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

[1/T1d] = (2/5)(CI /ωI) y{[(1/[1+y2]) + (4/[1+(2y)2])]×

×[Σi
HT(1/ri

H) 6
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H) 6] +  (CS / CI) [(1/3) ×

×(1/[1+k1y
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where

y ≡ ωI τ ,   τ  = τ0 exp[Ea / kBT)] , (15a)

k1 ≡ (1 – (ωS/ωI))
 2 ,   k2 ≡ (1 + (ωS/ωI))

 2; (15b)

CI = γI 
4�2 I(I+1) ,  CS = γI 

2  γS 
2�2 S(S+1) ;

ωI = γI H0 ,   ωS = γS H0 ; (15c)

In the relation (14) symbols Σm, ΣHT and ΣHO 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  Σi

m(1/ri
m)6  and

Σi
HT(1/ri

H)6  are constant over the whole temperature
range, while the sum Σi

HOni (1/ri
H)6 contains the tem-

perature-dependent factors ni ≡ ni (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
(γI, ωI) and (γS, ωS) represent, respectively, the gyro-
magnetic ratios and Larmor frequencies of interstitial
H-nuclei (with spin I) and those of metal M-nuclei (with
spin S). In expressions (15a) τ is the dwell-time of the

jumping H-atoms. (If the mobility of H-atoms is charac-
terized by the number of site-to-site jumps ν, then
τ =ν–1. Ea is the corresponding activation energy, and τ0
is the “preexponential factor”).

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

R1 = R1d + R1e , (16)

where R1e ≡ (1/T1e) is determined by the relations (13),
and R1d ≡ (1/T1d) 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
Σi

HT Σi
HOni (T)(1/ri

H)6. In [4] we had analyzed the ex-
perimental data [10] obtained on the ordering lantha-
num dihydride LaH2.27, 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 T1(T).

Now we examine the influence of the above estab-
lished τ0(T) dependence on the dipole-dipole interac-
tion induced part of the spin-lattice relaxation time T1d(T)
and on the total relaxation time T1(T). Estimations of
tentative temperature changes of the τ0  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  τ0
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 T1d(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 T1d(T) 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 T1e(T) and
T1d(T) are denoted by corresponding thin lines, while
the thick line presents the calculated resulting T1(T)
dependence.

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

1) In the case of ordering lanthanum dihydrides,
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even in conditions of taking into account the ordering
process and the “particle weighting” effect related to it,
the calculated general T1(T) dependence remains prac-
tically unchanged. It follows that the set of previously
selected adjusting parameters, such as activation energy
Ea, time-parameter τ0 and Korringa constant KKorr, may
be left unchanged. Particularly, for the compound LaH2.27
successful results in the description of experimental T1(T)
dependence can be obtained on using the previously
determined values of mentioned parameters [10]:

KKorr = 410 sec K,         Ea = 0.35 eV/atom,

τ0
-1 = 7.4 × 1011 sec–1. (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]).

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 LaH3 and
CeH3 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 H0-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.

Fig. 5. Absolute values of dipole-dipole relaxation times T1d(T)
calculated in different conditions: on taking into account the
additional H-H interactions, T1d(H-H), and without the latter
refinement T1d(0).

Fig. 6. Temperature dependences of the Korringa relation T1e(T), of
dipole-dipole relaxation T1d(T), and of the summary relaxation
time T1(T).

Fig. 7. Description of the sequence of experimental points by the
calculated T1(T) curve.

Fig. 4. Temperature dependence of the difference between T1d(T)
values calculated in different conditions: on assuming a constant.
τ0-factor, T1d(0), and on taking into account H-H interaction
induced τ0(T) variations, T1d(H-H).
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fizika

wyalbadis Zvradobis temperaturuli damokidebuleba
iSviaT miwaTa mowesrigebad wyalbadnaerTebSi

i. ratiSvili*, n. namoraZe**

* e. andronikaSvilis fizikis instituti, Tbilisi
** kibernetikis instituti, Tbilisi

(warmodgenilia akademikos T. sanaZis mier)

Seswavlilia mowesrigebis procesis gavlena liTonis meserSi Canergili wyalbadis atomebis
Zvradobaze iSviaT miwaTa mowesrigebad wyalbadnaerTebSi. naCvenebia, rom wyalbad-wyalbad
urTierTqmedeba, romelic uzrunvelyofs mowesrigebuli zestruqturis Camoyalibebas wyalbadis
qvemeserSi, amave dros ganapirobebs wyalbadis atomebis kvanZTaSoris poziciebSi dayovnebis drois
gazrdas, rac SeiZleba aRiweros rogorc moZravi nawilakis “damZimeba”. ricxviTi Sefasebebi
Sesrulebulia lanTanis dihidridisaTvis LaH2.27 da miRebulia aqtivaciuri procesis droiTi
parametris temperaturuli damokidebuleba. ganxilulia “nawilakTa damZimebis efeqtis” gavlena
dipol-dipoluri urTierTqmedebiT ganpirobebuli birTvuli spin-meseruli relaqsaciis drois
temperaturul damokidebulebaze. naCvenebia, rom Tumca Sesabami cvlilebebi T1d(T) mrudze sakmaod
mkveTria, magram jamur T1(T) damokidebulebaze, romelic aseve Seicavs birTvuli spinebis
gamtareblobis eleqtronebTan urTierTqmedebis wevrsac, isini praqtikulad ar aisaxeba. amitom
SesaZlebelia ucvlelad iqnas datovebuli winaT gansazRvruli im ricxviTi parametrebis
erToblioba, romelnic uzrunvelyofdnen eqsperimentuli da Teoriuli monacemebis karg
Tanxvedras.

REFERENCES

1. J.M. Rowe (1972), Sol. St. Comm., 11: 1299-1302.
2. R.M. Cotts (1978), In: Hydrogen in Metals  (eds. G.Alefeld and J.Völkl), vol. 1: 227-288, Springer-Verlag.
3. Y. Fukai, S. Kazama (1977), Acta Metallurgica, 25: 59-77.
4. N.Z. Namoradze, I.G. Ratishvili (2007), In:  Hydrogen Materials Science and Chemistry of Carbon Nanomaterials

(eds. N. Veziroglu et al.). Springer:  87-94. 
5. I.G. Ratishvili, P. Vajda (1997), Journ. of Alloys and Compounds, 253-254: 171-174.
6. I.G. Ratishvili, P. Vajda (1996), Phys. Rev. B 53 (2): 581 - 587.
7. T.J. Udovic, J.J. Rush, I.S. Anderson (1995), J. Phys. - Cond. Matter, 7: 7005-7014.
8. P. Vorderwisch, S. Hautecler, J. Eckert (1997), Journ. All. Comp., 253-254: 252-254.
9. D. Zamir and R.M. Cotts (1964),  Phys. Rev., 134, 3A: A671-A678.
10. T.-T. Phua, B.J. Beaudry, et al. (1983), Phys. Rev. B 28 (11): 6227-6250.
11. D. Zamir, R.G. Barnes, et al. (1984), Phys. Rev. B, 29 (1): 61-70.

Received July, 2009




