PHYSICAL REVIEW B

VOLUME 29, NUMBER 10

15 MAY 1984

X-ray diffraction study of the cubic-to-tetragonal structural transformation
in substoichiometric lanthanum trihydride and trideuteride
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A low-temperature powder x-ray diffraction study of 13 compounds in the series LaH, and LaD,
(2.50 < x <3.00) indicates the presence of a cubic-to-tetragonal distortion of the lanthanum sublat-
tice for a limited concentration range centered about x=2.75. Transformation temperatures occur
from 197 to 256 K, with a maximum distortion from cubic symmetry of about 1%. Possible influ-
ence on the metal sublattice from the hydrogen (deuterium) sublattices is considered. Precision
room-temperature lattice parameters are also reported for 22 samples in the extended series LaH,

and LaD, (2.00 <x <3.00).

INTRODUCTION

The early lanthanides lanthanum, cerium, praseodymi-
um, and neodymium form nonstoichiometric homogene-
ous hydride and deuteride phases' with an apparent range
of composition from LH; ¢ to LH;. The dihydrides all
have the cubic fluorite structure with the hydrogen (deu-
terium) occupying predominantly the tetrahedral (7) in-
terstitial sites. Further increase of the hydrogen concen-
tration results in filling the octahedral ( O) interstitial sites
in this structure. The dihydrides, LH,, exhibit metallic
conductivity due to the occurrence of overlapping energy
bands, but as the ratio [H]/[L] approaches 3 the bands are
shifted considerably, and semiconducting behavior is ex-
pected.>3

Recent NMR studies of the lanthanum hydrides and
deuterides* found a metallic shift (Knight shift) of the
13%La resonance at all compositions up to and including
LaH; and LaD; at 300 K, with the transition to semicon-
ducting behavior, defined by the disappearance of the
Knight shift, occurring at about 200 K. Earlier measure-
ments of the resistivity of cerium hydrides indicated the
metal-semiconductor (M-S) transition occurred at 250 K
in CeH, g;.° In addition, x-ray diffraction measurements’
on CeHj, 45 revealed the onset of a tetragonal distortion of
the Ce sublattice at about the same temperature, apparent-
ly accompanying the M-S transition. In contrast, both x-
ray® and deuteron NMR (Ref. 7) attempts to detect such a
tetragonal distortion of the lanthanum lattice in LaH; and
LaD; were unsuccessful, although neutron diffraction has
shown the existence of superlattice reflections below about
250 K.° A further puzzling feature of these materials is
the occurrence of two proton NMR signals in LaH, sam-
ples (2.5 <x <3.0) at temperatures below about 250 K.2

Accordingly, we report the results of x-ray powder dif-
fraction measurements on polycrystalline specimens of
lanthanum hydrides and deuterides, LaH, and LaD,
(2.5<x <3.0) in the temperature range 30<T <295 K,
undertaken in an effort to clear away some of this con-
fusion. These measurements show that a crystallographic
transformation, consistent with a tetragonal distortion of
the La sublattice, occurs only within a restricted composi-
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tion range, roughly 2.65<x <2.90. The measurements
also confirm the earlier observations that this distortion
does not occur in LaHj.

EXPERIMENTAL SETUP

The lanthanum hydride and deuteride samples used in
these measurements are identical to ones previously em-
ployed in NMR and neutron-diffraction studies.*® These
samples were all prepared from the highest purity Ames
Laboratory lanthanum metal which had been analyzed by
spark source mass spectrometry and shown to contain
only very small concentrations ( < 0.0002 at. %) of impuri-
ties such as Fe, Cu, Ta, Ni, and rare earths. Preparation
procedures for the hydrides and deuterides have been
described in detail in an earlier report.’” For room-
temperature lattice parameter determination, each one of
the complete set of 22 samples was loaded into its own
0.3-mm-diam Pyrex capillary in a helium-filled glove box.
The capillary was then sealed with vacuum grease, re-
moved from the glove box, and fused closed with a flame.
The diffraction pattern was taken with a 114.6-mm-diam
Debye-Scherrer camera using Cu Ka radiation. Doublet
lines (ay,a,) in the back reflection region were measured
and the results were computer fit using a Nelson-Riley ex-
trapolation function to calculate the lattice parameter.
Thirteen of these samples were used in the low-
temperature x-ray diffraction studies. Once again, all
samples were handled in an inert gas atmosphere to
prevent reaction with air. Finely powdered samples were
mounted on a copper block which was in thermal equili-
brium with the cold finger of a closed-cycle helium refri-
gerator. For each sample, this unit was mounted on the
horizontal goniometer of the powder diffractometer and a
complete x-ray pattern of intensity versus 20 was taken at
both 295 and 30 K. These complete patterns were taken
using Cu Ka radiation and a diffracted beam graphite
monochromator over the 26 range of 20° to 140° at a step
scan rate of 0.6° per min. with a step size of 0.01°. If com-
parison of these two x-ray patterns indicated the oc-
currence of a crystallographic phase transformation, then
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FIG. 1. Room-temperature cubic lattice parameters vs con-
centration for lanthanum hydride and deuteride.

the profiles of high-angle reflections [e.g., (422), (511) and
(333), (531), (600), and (442)] were determined as a func-
tion of temperature. The sample temperature, as mea-
sured by a Chromel versus gold 0.07% iron thermocouple
mounted on the cold finger was stabilized by a combina-
tion of a heater on the cold finger and the refrigerator
power. A series of peak profiles taken at small tempera-
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FIG. 2. Temperature dependence of the lattice parameters
for LaH, g. The cubic-to-tetragonal transformation at 248 K is
evident.

were determined by a least-squares-fitting procedure.

RESULTS AND DISCUSSION

Room-temperature cubic lattice parameters as deter-
mined by the Debye-Scherrer method for the entire series
of 22 lanthanum hydrides and deuterides are presented in
Fig. 1. For the hydrides a relatively rapid decrease in lat-
tice parameter for hydrogen concentrations less than 2.60
is followed by a small plateau region and then a contin-
ued, but slower decrease as hydrogen content is increased.
A roughly similar behavior is found for the deuterides;
the plateau region is broader and extends from x =2.40 to
x=2.60 and for 2.65 <x <2.70 the lattice parameter in-
creases slightly with increasing deuterium concentration.
Our results are somewhat different than those of Miiller
et al.'° who reported no variation in the cubic lattice pa-
rameter for x >2.40. The quality of the initial lanthanum
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FIG. 4. Concentration dependence of the magnitude of the
tetragonal distortion for lanthanum hydrides.
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FIG. 5. Lattice transformation temperature vs hydrogen con-
centration in lanthanum hydrides.

may be the main cause of this small discrepancy.

Figures 2 and 3 show the dependence of the lattice pa-
rameters on temperature for LaH, g, and LaD, 45, respec-
tively. These two samples show the maximum distortion
from cubic symmetry. In both cases the onset of the
tetragonal phase occurs sharply at approximately 250 K.
In contrast to the case of CeH, 75, there is little indication
of any gradual growth in strength of the tetragonal distor-
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tion with decreasing temperature.’ The transition also ex-
hibits negligible hysteresis.

In Fig. 4 we show the dependence of the tetragonality
of the low-temperature phase, i.e., (¢ /a —1), on hydrogen
concentration in LaH,. The maximum distortion is
1.0%, in the vicinity of x=2.75—2.80, to be compared
with 0.75% observed in CeH, 75.> No indication whatever
of the transition could be detected in LaH,q,, and as
shown in Fig. 4, the effect is very weak, on the order of
025%, in LaH2.60 and LaH2.68.

Figure 5 shows the dependence of the onset temperature
on hydrogen concentration for the LaH, series of sam-
ples. This temperature increases sharply from x=2.70 to
2.80. However, as already remarked, for x>2.86 the
transition can no longer be detected. In order to provide
quantitative information, we list the lattice parameters
and transformation temperature in Table I for all samples
investigated.

There is prior evidence for a slight tetragonal distortion
of the metal sublattice in CeD, ;5. However, our work is
the first low-temperature x-ray diffraction study of an en-
tire rare-earth hydride or deuteride series. This complete
study enables us to ascertain the effects of hydrogen (deu-
terium) concentration on the rare-earth metal sublattice.
These measurements show clearly that the tetragonal dis-
tortion of the La lattice occurs only within a rather nar-
row range of hydrogen concentration centered at approxi-
mately [H]/[La]=2.75. They also confirm that the dis-
tortion does not occur (i.e., is not detectable) at the trihy-
dride composition. At the higher hydrogen concentra-
tions the onset temperature coincides with that of the

TABLE 1. Lattice parameters and transformation temperatures for LaH, and LaD, compounds.
For a,y and c,, low-temperature lattice parameters determined at 30 K.

T

3

Composition Aeuic (A) A (A) Crer (A) c/a T, (K)
LaH, o0 5.6656(4) a
LaH, ;s 5.6638(6) a
LaH2_27 5.6498(4) a
LaH, 4 5.6367(6) a
LaH, s; 5.6270(4) b
LaH, ¢ 5.6239(5) 5.604 5.619 1.003 197+4
LaHz_“ 5.6243(2) a
LaH, ¢ 5.6236(4) 5.602 5.611 1.002 202+6
LaH, 7 5.6229(4) 5.597 5.649 1.009 242+4
LaH, g 5.6218(4) 5.598 5.654 1.010 248+2
LaH, g6 5.6193(4) 5.615 5.623 1.001 248+4
LaH,q, 5.6186(5) b
LaD, 5 5.6295(6) a
LaD2.41 5.6164(3) a
LaD; s 5.6168(8) b
LaD; ¢ 5.6157(6) b
LaD; 65 5.6170(3) .
LaD, 5.6176(4) 5.600 5.616 1.003 256+4
LaD; 5.6134(2) .
LaD, 5 5.6111(4) 5.587 5.649 1.011 25442
LaD, 5.6100(5) b

*Sample was not investigated below room temperature.
®No crystallographic transformation observed above 30 K.
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peak of the heat capacity anomaly obtained in recent mea-
surements in this laboratory on LaD, ;¢ and LaD, q;.!!
Moreover, in those measurements no indication of an
anomaly was detected in LaD, s3, consistent with these x-
ray observations.

Because the tetragonal distortion is so weak, it is diffi-
cult to determine from these powder diffraction measure-
ments if both the cubic and tetragonal phases coexist over
an appreciable temperature range. Coexistence of two
proton resonances having different linewidths was ob-
served in the first NMR study of lanthanum hydrides.?
This has been confirmed by a more recent investigation'?
which has shown that the two resonances have both dif-
ferent linewidths and spin-lattice relaxation times (7T’s)
over a rather wide temperature range. For the most re-
cent proton 7; measurements,'* analysis of the two dis-
tinct signals appears to indicate that the low-temperature
phase is semiconducting while the high-temperature phase
is metallic. The coexistence of two proton resonances has
also been observed in substoichiometric cerium trihy-
dride."* A striking departure from the x-ray results is the
fact that this two-phase character of the proton NMR
occurs at compositions up to and including the trihydride
limit. Moreover, recent heat capacity measurements of
LaDj; show the occurrence of four A-type anomalies in the
temperature range 210—275 K.° Based on this low-
temperature x-ray diffraction study, these four heat capa-
city anomalies cannot be associated with crystallographic
distortions of the metal sublattice.

The origin or driving mechanism responsible for the
tetragonal distortion is difficult to identify at this point.
The fact that the distortion occurs only in the neighbor-
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FIG. 6. Projection onto the (001) plane of the atomic ar-
rangement for ordering of octahedral site hydrogen on (420)
planes in LaH; g. Only octahedral sites are indicated.
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hood of [H]/[La]=2.75 suggests that it may be associated
with an ordering of the remaining vacancies on the O-site
sublattice. Ordering of the O-site hydrogen (deuterium) at
x=2.50 leading to a tetragonal superlattice was first
detected by neutron-diffraction measurements.!*> These
were later confirmed by deuteron NMR which also indi-
cated that a different ordered superstructure existed at
x =2.25.7 However, both deuteron and **La NMR were
unable to detect superlattice formation at x =2.75.%7
Two distinct types of superlattices also have been con-
firmed by neutron-diffraction studies'® for CeD, ¢ and
CeD; 43. Recent neutron-diffraction studies of LaD;
detected superlattice reflections whose intensity increases
at temperatures below ~250 K.® However, it has not
been possible to index these reflections to determine the
underlying structure.

An alternative possibility may be formulated in analogy
with the model Blaschko et al.!” used for deuterium or-
dering in PdD,. In this model, Blaschko and co-workers
consider an ordering of octahedral-site D atoms on (420)
planes, identical to the long-range ordered state in
NizMo.'®!° This type of ordering along (420) planes is al-
ready evident in LaH, where the superlattice at x=2.5
corresponds to NiMo. For PdD ¢ this model yields four
consecutive (420) planes with filled O-site deuterium fol-
lowed by a fifth plane with all D sites vacant. A similar
structure (see Fig. 6) can be generated in the LaH, and
LaD, systems where the ordering of O-site deuterium
along (420) planes for x=2.8 would correspond directly to
NizsMo in the Ni-Mo system. It is interesting to note that
we observe the maximum tetragonal distortion of the met-
al sublattice at the compositions LaH, g, and LaD, 15, that
is, exactly the concentration favored by ordering on (420)
planes. The small tetragonal distortion (~ 1% maximum)
is consistent with a hydrogen (deuterium) sublattice order-
ing driving the heavier lanthanum sublattice distortion.
Neutron scattering off a single crystal of LaH, g, would
be one experimental test of these models; however, the dif-
ficulties of sample preparation may preclude this mea-
surement for some time.

The key result of this paper is the first systematic deter-
mination of the cubic-to-tetragonal distortion of the lan-
thanum sublattice in LaH, and LaD, compounds. The
distortion is small in magnitude with a maximum devia-
tion of ~1% from a cubic cell for x =2.8 and is limited
to hydrogen (deuterium) concentrations near 2.75. The
cause of this crystallographic transformation is not clear,
but it is possible that ordering of hydrogen (deuterium) on
(420) planes in analogy to the PdD, system may provide
the driving force for the metal sublattice transformation.
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