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The proton magnetic resonance spectrum of lanthanum nickel hydride LaN&Hs was measured 
over the temperature range 118°K < T < 300°K. The second moment of the absorption at 118°K 
is M2 = 13.4 + 0.3 G’. Several possible arrangements of the hydrogen atoms are discussed. Narrow- 
ing of the line above 140°K is analyzed in terms of proton diffusion and gives an activation en- 
thalpy E = 21 + 1 kJ mol -I, NMR correlation time pre-exponential 0.2 ps < 7=O < 1.6 ps and 
a self diffusion coefficient at 300°K of 2 x lo-l2 m2 s-’ < D < 2 x lo-” m* s-l. 

Introduction 

Lanthanum nickel hydride LaNi,H, (4.9 < 
x < 5.4) is a nonferromagnetic member of a 
family of hydrides (I) derived from CaCuS- 
type rare-earth compounds with either Ni or 
Co. The compounds have attracted interest 
because of their strong ferromagnetism (4) 
and their ability to absorb large quantities 
of hydrogen (5, 6) rapidly and reversibly at 
room temperature and at moderate pressures. 
Motivation for this study springs from an 
interest in materials containing highly mobile 
hydrogen. 

Many NMR studies, which have been ex- 
tensively reviewed (7, 8) elsewhere, have been 
made of binary metal hydrides whereas few 
investigations of ternary metal hydrides have 
been reported (9). In the present work proton 
magnetic resonance spectra of LaNi,.,H, 
were recorded in the range 118°K < T < 
300°K. Hydrogen self-diffusion parameters 
were determined from the narrowing of the 
spectra and an attempt was made to deduce 
the location of the hydrogen atoms in the 
structure from the second moment of the 
low temperature spectrum. 
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Experimental Details 

Materials 

The intermetallic compound LaNi, was 
prepared from pure components (3 N La, 4 N 
Ni) by arc melting under argon. Single phase 
powder patterns were obtained with CuK, 
X-ray diffraction. The composition of the 
sample was determined by gravimetric analysis 
as LaNi,.,, which is at the Ni-rich end of the 
LaNi, homogeneity region (I). 

The hydride was prepared by exposing 
about 4 g of the powdered intermetallic 
compound, contained in a Pyrex bulb, to 
hydrogen at a pressure of about 60 atm for 
several hours at 296°K in a brass bomb. 
The sample was removed by reducing the 
pressure to about 7 atm and rapidly cooling 
the bomb at 78°K. Still at 78”K, the pressure 
was reduced to 1 atm, the bomb opened and 
the neck of the bulb quickly sealed by a flame 
to leave a volume of about 0.8 cm3 above the 
hydride. The composition of the hydride was 
deduced from the published isotherm (1, 6) 
to be close to LaNi,.,H,. 

NA4R Measurements 

A Varian wide line spectrometer with a 
12 in. electromagnet was used to measure the 
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derivative absorption of the hydride over the 
temperature range 118°K < T-C 300°K. The 
sample was nearly cylindrical, 7 mm in diam 
and 15 mm high. Temperatures were held 
constant to better than f 1°K during each 
measurement and were determined from the 
mean emf of 2 thermocouples, held in contact 
with the upper and lower ends of the sample, 
respectively. The usual precautions were 
taken to avoid modulation and saturation 
effects. Signal to noise ratios were typically 
2O:l. 

The rigid lattice second moment was 
determined by averaging repeated scans over 
a period of 10 hr, using a Digital Equipment 
Corp. PDP 8/e computer, 

Results 

NMR Measurements 

The variation with temperature of the peak 
to peak separation of the derivative absorption 
of LaNi,.,H, measured at a frequency v, = 
8 MHz is shown in Fig. 1. The second moment 
of the low temperature spectrum (118°K) 
at 8 MHz was calculated numerically as 
M, = 13.4 ? 0.3 G2 and was equal to the value 
obtained at 12 MHz, within the experimental 
error. The spectra were symmetrical and 
appeared to be Lorentzian at 296°K and 
Gaussian at 118°K. 
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FIG. 1. Temperature variation of the line width of 
the proton magnetic resonance absorption in LaNi,,, 
H,. The curve was calculated using Eq. (2) and Eq. 
(3) and is the best fit to the experimental data. 

Discussion 

The Structures of LaNi, and LaN&H, 

X-ray diffraction shows (20) that LaNi, 
has a hexagonal structure belonging to the 
space group P6/mmm with a, = 5.017 A, 
c,,/a, = 0.794 and V= 86.6 A3; and that 
LaNiSHG (2) may belong to the same space 
group with a, = 5.440 A, co/a,, = 0.792 and 
V= 110.5 A3. Hydrogen atoms were, of 
course, not located by the X-ray diffraction. 

Both structures may be described as layer 
structures. Referring to Fig. 2, it is seen that 
the layer of LaNi, at z = 0 consists of a hex- 
agonal array of La atoms with Ni(g) (g is the 
Wyckoff notation for the position (II)) atoms 
trigonally surrounded by La atoms. The layer 
at z = 0.5 consists entirely of Ni(c) atoms, 
derived from a close-packed layer by the 
removal of atoms lying above La atoms in the 
z = 0 layer. Assuming that LaNi,H, belongs 
to P6/mmm, hydrogen atoms could be located 
at any of the interstitial positions shown in 
Table I. Moreover, it is possible that several 
positions are simultaneously occupied. The 
positionsf, m and o are shown in Fig. 2. 

Alternatively, the structures may be de- 
scribed as tunnel structures. The framework 
is built up of chains of Ni atoms, formed by 
tetrahedra joined up by sharing faces (at 
z = 0.5) and corners (at z = 0). The tunnels 
are formed, parallel to the c-axis, from 6 of 
the tetrahedral chains by sharing corners of 
the tetrahedra (at z = 0.5). The La atoms are 

ia(c! t+(f) 

01 (b) 

FIG. 2. Structure of LaNi5H6. (a) The hexagonal 
arrangement projected along its c axis. Lower-case 
letters are the Wyckoff notation, numerals denote the 
heights of atoms in units of ~,/I00 A. (b) A packing 
drawing of the structure seen along its c axis, H atoms 
are black, the La atoms are dotted and the two kinds of 
Ni atoms are swirled and open. The H positions are 
hypothetical. 
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TABLE I 

STRUCTURAL DATA FOR LANI~H~ 

Coordinates” 
Wyckoff No. of Radius of 

Atom notation x Y * sites in cell atom (A) 
-.-___ __~-- 

La a 0 0 0 1 1.83 (1.69)b 
Ni c l/3 2/3 0 2 1.31 (1.21)” 
Ni g l/2 0 112 3 1.36 (1.25)b 
H ; 0 0 l/2 1 0.33 
H l/2 0 0 3 0.26 
H h l/3 213 0.31 4 0.30 
H m .13 l/4 l/2 6 0.35 
H n .40 0 .ll 12 0.41 
H 0 .20 .40 .27 12 0.39 

0 General coordinates for hydrogen are estimates. 
b Radius in LaNi,. 

located in these tunnels. For x > 5, La atoms 
are replaced by a pair of Ni atoms, aligned 
along the c-axis. The possible hydrogen posi- 
tions m, n, and o lie on the walls of the tunnels 
whereas, positionsfand h are buried in the Ni 
framework. The b positions lie on the axes of 
the tunnels, between La atoms. Regarding the 
structures of both LaNi, and LaNi,H, 
as being built of close-packed hard spheres, 
with Ni(g) atoms touching each other, the 
atomic radii of the atoms were calculated. The 
hydrogen positions were estimated to be at 
the centers of the largest spheres that could be 
accommodated in the interstices. These results 
are shown in Table I. 

Many hypothetical arrangements of hydro- 
gen atoms in LaNi,H, were considered but 
only 5 trial structures, defined in Table II are 
discussed in this paper. All the available 
sites in structures I and II are filled by hydro- 
gen, whereas in structures III and IV there are 
more than 6 sites available to the hydrogen 
atoms. Structure IV was suggested by analogy 
with the arrangement of hydrogen atoms 
deduced for PrCo,D4 from neutron diffrac- 
tion data (It). When 4 sites are occupied in 
PrCo,D,, ordering and a hexagonal to orthor- 
hombic distortion occurs. No distortion has 
been observed in LaNi,H6, suggesting that 
the sites are randomly occupied. Structure V 
is imaginary, corresponding to a hexagonal 

close-packed array with a, = 2.82 A, i.e., a 
very uniform arrangement in which the con- 
centration of hydrogen atoms is the same as 
in LaNi,H,. 

The equilibrium hydrogen pressure over 
NiH,., has been estimated to be >2 x lo4 atm 
(7), therefore it is probable that sites associated 
with tunnels in LaNi,Hs are occupied but not 
those embedded in the N&framework. 

Theoretical and Observed Second Moments 

To assess how closely the trial structures 
approximate the true structure of LaNi,H6, 

TABLE II 

SECOND MOMENTS OF TRIAL STRUCTURES 

Probability 
Relative of Second 

Trial Site No. occupancy moment 
structure (i) (wi) (ad UW3 

_____.- - 

I m 1 1 283 
II n” 1 
III 0 

: 
: 

49 
21.2 

IV f 3 130 

3 3 
V (heragonal close-packed array) 9.5 

a Half then sites are occupied in an ordered manner. 
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the theoretical second moment of the proton 
spectrum of each structure was calculated 
using Van Vleck’s formula for the dipolar 
broadening in a rigid lattice and compared 
with the observed value of the second moment. 
In this case where inequivalent sites may be 
occupied, the calculation was facilitated by 
using the expression (13, 14) 

M,=Cij~OiUiUjSij ~WkUk 
I 

(1) ij k 

where Cl, = 3/5 y,‘fi2Z(Z+ l), in the case where 
the spin at site i is identical to the spin at site 
j, or 4/15y,‘tr2S(S + 1), in the case where the 
spins are nonidentical, o1 is the relative num- 
ber of i sites, 0~~ is the probability that an i site 
is occupied, and Sij = 2 r$ where the origin 

is placed at site i and ihd summation extends 
over all j sites. 

In addition, the second moment of the 
spectrum of hydrogen atoms in a hexagonal 
close-packed array was calculated using the 
value S,,(hex) = 14.45 aG6 taken from the 
literature (15). The results of these calculations 
are shown in Table II. 

In Fig. 1 it is seen that below 140°K the 
line width is approximately constant, indi- 
cating a rigid lattice. The independence of the 
second moment at 118°K on field strength 
indicates that the line width is dipolar in 
origin. In Table II it is seen that the second 
moment calculated for the hcp structure (V) 
is closest to the experimental value of 13.4 G2, 
suggesting that in the actual structure hydro- 
gen atoms are relatively uniformly distributed. 
Of the moments calculated for the trial 
structures that for III, in which o sites are 
randomly occupied, is nearest to but signi- 
ficantly larger than the observed value. Neither 
adjustment of the coordinates of the o site, 
nor the assumption of another rigid arrange- 
ment of hydrogen atoms over the sites allowed 
in the space group P6/mmm resulted in a 
significantly smaller calculated second mo- 
ment. Now it might appear, at first sight, that a 
loss of hydrogen from the sample could ex- 
plain the small observed second moment but 
this is not so. A mixture of LaNi,H, and 
a hydrogen-poor phase of approximate com- 
position LaNi,H,,, (6) would result and the 
NMR absorption of LaNi,H,, reduced in 

intensity but not in width, would swamp the 
very much weaker, narrower absorption due to 
LaNisHo.5, so that the effect on the observed 
second moment would be negligible. It is 
interesting to note that structure IV, suggested 
by the PrCo,H, structure, must be rejected. 

It is conceivable that future NMR studies 
may reveal that the observed moment is not 
the rigid lattice value and that some motion, 
e.g., localized tunnelling, causes significant 
narrowing at a temperature below 118°K. 

Motional Narrowing 

Turning now to the motion of the hydrogen 
atoms it is seen in Fig. 1 that above 140°K 
the line width narrows to a very small value 
indicating the onset of hydrogen diffusion. 
The data were analyzed using the expression 
(14, Z6) 

cry(dH - dH,) 
“rc = tan {n[(dH - dHl)/(dHz - dHl)12/2} 

(2) 

where z, is the NMR correlation time for the 
interaction between 2 spins, is the gyromag- 
netic ratio, dH is the observed line width, 
dH, is the line width of the motionally 
narrowed line, dH2 is the line width before 
narrowing and o! is a numerical constant prob- 
ably with the value 2 < u. < 10, depending on 
the line shape (14, 26). 

From this analysis r, values were obtained 
as a function of temperature and these are 
plotted in Fig. 3 as log,,ar, against l/T. 
The observed linear relationship of these 
quantities indicates that the 7c values obey the 
Arrhenius equation 

T= = TAO exp (EIRT). (3) 

Values of E = 21 + 1 kJ mole-’ and ~(7~’ = 

2.6 + 0.6 ps were chosen by trial and error 
to give a good fit between the values of dH 
and 7, calculated using Eq. (2) and Eq. (3), 
and the observed values. A theoretical curve 
of dH against T, thus derived, is shown in Fig. 
1. 

The dwell time between net atomic displace- 
ment is 7, = 27, because the interaction be- 
tween two spins is interrupted when either 
spin jumps. The mean time between jumps 
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FIG. 3. Temperature dependence of NMR corre- 
lation time for LaNidHd. The straight line is a plot of 
ar, = 2.6 x IO-‘*exp(21 kJ mole-‘/RT). 

(jump correlation time) r =fi,,, where f is 
a correlation factor which depends on the 
diffusion mechanism (probably 0.5 < f< 0.7), 
because successive jumps may be 
and cause no net displacement 
Therefore, the best estimate for 
correlation time preexponential 
0.2 ps < r,o < 2 ps. 

The theory of random flights 
expression 

D = d2/nz 

correlated 
(18, 19). 
the jump 
factor is 

gives the 

(4) 

where D is the self diffusion coefficient, d is 
the jump distance and n is the number of 
jump paths. If the hydrogens jump between o 
sites then the average value of d2/n is approx- 
imately 1.6 AZ. Therefore, the best estimate 
for the diffusion constant preexponential 
factor is 8 x 10-9m2s-1 < Do < 8 x 10-8m2s-1 
and for the diffusion constant at 300°K is 
2 x 10-12m2s-1 < D < 2 x 10-11m2s-1. 

The value of D indicates that hydrogen is 
very mobile in LaNi,H, at room temperature, 
being comparable with D for hydrogen in /I- 
PdH, (20) and NbH, (21), and is almost as 
high as for Na+ in sodium p-alumina (22), 
a so-called superionic conductor. The high 
mobility suggests that the hydrogen atoms can 
diffuse via a rather open path and that there is 
an excess of sites, of similar energy, available 
to them. This may be taken as further evidence 
for a structure like III, in which about half 
of the sites in the tunnel are occupied, and 
against structures such as I and II. 

Assuming that the optical vibration 
frequency is given by the expression 

v. = 1 /(27cnpzco) (5) 

for structure VI, where the number of jump 
paths n2: 3.5 and the probability that a 
neighbouring site is occupied p = 7/l 2, a value 
of 3 x 10” Hz < vg < 3 x 10” Hz was ob- 
tained. Low optical frequencies are typical of 
superionic conductors (22). 
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