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Heat capacities of LaD and LaH„(1.9 ~ x ~ 3.0) from 1 to 300 K
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The heat capacities of lanthanum hydrides in the LaD and LaH (1.9 ~ x ~ 3.0) series have been
measured over the temperature range from 1.2 to 300 K. The electronic specific-heat coefficients
showed nearly the same variation for both LaD and LaH„over the entire composition range, hav-

ing the values of y=0. 81+0.01 and 0.038+0.01 mJ/g-at. K at the stoichiometric compositions of
LaDz (LaH2) and LaD3 {LaH3), respectively. Some different variations were found in the composi-
tion dependence of the Debye temperatures of the I aD and LaH series, but, nevertheless, the
same values of OD =348+2 and 381+2 K were found at the compositions of LaD2 (LaH~) and LaD3
(LaH3), respectively. The variations of y and 8D do not show a monotonic behavior but depend on
the formation of the three hydrogen-ordering phases, namely, LaD(H)2», LaD(H)2 5, and

LaD(H)2 75 One sharp heat-capacity peak was found in LaD between x =2.65 and 2.90, associat-
ed with octahedral hydrogen ordering centered at LaD2 75 whereas four sharp peaks were found in

LaD2 95 at 215.5, 265.5, 286.8, and 293.8 K and were correlated with the four transitions observed in

LaD3 by Ito et al. The metal-to-semiconductor transition, which is found in the alloys between

2.75 ~ x ~ 3.0, is discussed on the basis of the electronic specific-heat coefficient and recent theoreti-
cal work. We also report that LaH2 o& becomes a superconductor at 0.17 K and, if LaD2 o6 goes su-

perconducting, it does so below 0.06 K.

I. INTRODUCTION

In common with the other hydrides of the light
lanthanides (i.e., Ce, Pr, and Nd), lanthanum forms a
nonstoichiometric hydride phase over a wide composition
range of hydrogen from dihydride to trihydride, having a
high-symmetry fcc lattice network of La atoms. ' The
lanthanum hydride system, especially, offers a simple sys-
tern to study the behavior of hydrogen in a metal lattice
and its effect on the electronic properties because it forms
a continuous solid solution from x =1.9 to 3.0 and is a
nonmagnetic system. ' The dihydride has the CaFz-type
structure with hydrogen atoms essentially occupying
tetragonal sites (t sites). An increase of hydrogen content
results in the filling of the octahedral sites (o sites) in the
fluorite structure up to the trihydride forming the BiF3-
type structure. ' However, since these early studies, fur-
ther developments have shown (l) a premature filling of
the o sites, ' for hydrogen content less than LaHz, and
(2) superstructure phase formation ' under different
conditions of hydrogen content and temperature. A con-
traction of the lattice is also observed with increasing hy-
drogen contents from LaH2 to LaH3. ""

Of particular interest is an apparent metal-to-
semiconductor (m-s) transition, which occurs for hydro-
gen contents above x =2.8 and, as the temperature is
lowered, through 210 K. '

In this investigation, the heat capacities of LaD„and
LaH, 1.9 +x & 3.0, from 1.2 to 300 K, were measured to

determine the electronic specific-heat coefficient, the De-
bye temperature, the isotope effect, and the thermo-
dynamic data associated with the phase transitions.
These measurements provide new information which is of
significance for understanding the structure, electronic
states, and m-s transition of the lanthanum hydride sys-
tem.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

The samples used in this study were prepared starting
with the highest purity, Ames Laboratory, polycrystal-
line lanthanum available. The major metallic impurities
in the starting lanthanum were as follows: Si, 30; Fe, 2;
Ni, 2.8; Y, 3.1; Ce, 4; Pr, 1; and all other impurities less
than 1 in atomic ppm. The major interstitial impurities
were as follows: H, 127; C, 23; N, 59; 0, 243; and F, 65
in atomic ppm. Two different methods were used to
prepare the hydride samples. In the first method, a solid
piece of lanthanum which had been electropolished in
perchloric acid-methanol solution at 195 K was placed in
a platinum boat and reacted with hydrogen or deuterium
gas at 400'C in a conventional pressure —high-vacuum
charging system using Hz or Dz from a UH3 or UD3 gas
reservoir, respectively. The concentration of hydrogen or
deuterium was determined from the observed quantity of
gas absorbed by the sample. The samples prepared by
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this method were coarse powders. In the second method,
the metal was reacted slowly with H2 or D2 mixed with
He at 850'C. The lanthanum was wrapped in tantalum
foil (50 pm thick) to prevent reaction with the quartz re-
action tube. The H2 or D2 was diluted with He to slow
the exothermic reaction which would otherwise have
raised the sample temperature above the melting point of
lanthanum. After the metal was converted to hydride, it
was heated at appropriate temperatures between 750 and
900 C under H2 or D2 gas pressures from 0.3 to 150 at-
mospheres to reach the desired composition. The higher
reaction temperatures in this method allowed relaxation
of the reaction volume changes due to Hz or D2 absorp-
tion by plastic deformation and resulted in a monolithic,
polycrystalline specimen. The composition was deter-
mined by a hot vacuum extraction procedure with an ac-
curacy and precision of +2 relative percent. The heat-
capacity data at a given x value were not affected by the
preparation method.

B. Heat-capacity measurement

The low-temperature calorimeter used in this work is
of the usual adiabatic heat-pulse type with a mechanical
heat switch and a liquid He pot. The sample was loaded
into a gold-plated copper holder which was evacuated
during the measurements in the low-temperature (1.2 —20
K) calorimeter. A germanium resistance thermometer
was used to measure the temperature between 1.2 and 30
K. The estimated accuracy was +0.5 mK in the temper-
ature range from 1 to 5 K and +3.0 mK at 20 K. The
heat capacity of a 1965 Calorimetry Conference standard
copper sample (5.5 g) was measured to serve as a check of
the calorimeter. An analysis of the low-temperature heat
capacity gave values of 0.692+0.005 mJ/mol K for the
electronic specific-heat coefficient and 345.3+1.2 K for
the Debye temperature in excellent agreement with 0.694
mJ/moIK and 344.5 K, respectively, for the standard
copper sample. '

Another calorimeter was used for the high-temperature
(20 to 300 K) measurements using the same method ex-
cept that a thermal shield was used around the sample.
The sample was placed in another gold-plated copper
holder and sealed under a helium atmosphere to keep
good thermal contact among the pellets. A Cu/Au-Co
thermocouple was used to measure the temperature in
the 20—77 K range and a copper-constantan thermocou-
ple in the 77—350 K range. The thermocouples were cali-
brated against a standard platinum resistance thermome-
ter. The heat capacity of the 1965 Calorimeter Confer-
ence standard copper was measured in the 20—300 K
range as a check of the calorimeter too, and it was in
good agreement with the National Bureau of Standards
value' with a deviation of less than 1%.

sample follows a straight line below 4 or 5 K which is
about —,', of the Debye temperature, but it begins to devi-
ate from the linear line as the temperature increases.
Higher-order terms are associated primarily with disper-
sions in the phonon spectrum, although they could also
be due to deviations from the Debye theory. The heat-
capacity data were fitted to the following expression by a
least-squares method:
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Here y is the electronic specific-heat coefficient associat-
ed with the electronic density of states at the Fermi ener-
gy, P the lattice specific-heat coefficient related to the lim-
iting Debye temperature BD by the relation P
=(12~ R/5)(1/BD), with R being the gas constant,
and 6 is the coefficient to higher-order term.

In the present work, the heat capacity is analyzed in
units of mJ/g at. K instead of mJ/mol K [where 1

mol=(1+x)gat. for an alloy of the LaH composition]
because the measured P gives the true Debye temperature
using the above expression for P. The coefficients men-
tioned above are summarized in Tables I and II. The
electronic specific-heat coefficient and the Debye temper-
ature are plotted as a function of hydrogen concentration

III. RESUI.TS

A. Low-temperature heat capacity 0
0 10 20 30

T2( K2)
40 50 60

The heat capacity of the LaD (x =1.91—3.0) and
LaH (x =1.90—3.0) samples are shown in Figs. 1(a) and
1(b), and 2(a) and 2(b), respectively. It is noted that each

FICx. 1. Low-temperature heat capacities of LaD: (a)
1.91 ~ x ~ 2.65 and (b) 2.76 ~ x ~ 3.0.
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TABLE I. Heat-capacity fit parameters for the LaD alloys.

Composition

1.91
1.97
2.06
2.10
2.20
2.35
2.53
2.64
2.75
2.76
2.80
2.90
2.95
3.0

y
mJ

gat. K'

0.878+0.001
0.851+0.001
0.776+0.002
0.724+0.004
0.663+0.002
0.467+0.003
0.288+0.002
0.223+0.002
0.157+0.001
0.218+0.004
0.094+0.004
0.078+0.002
0.053+0.002
0.041+0.004

mJ

g at. K.4

0.048 77+0.000 09
0.046 27+0.000 17
0.043 61+0.000 11
0.041 21+0.000 48
0.041 63+0.000 38
0.037 29+0.000 19
0.030 72+0.000 13
0.029 14+0.000 14
0.034 90+0.000 09
0.033 42+0.000 2
0.038 93+0.000 2
0.041 92+0.000 26
0.035 80+0.000 1

0.035 56+0.000 12

5
10 mJ
gat. K

0.23+0.01
0.29+0.03
0.48+0.02
0.25+0.09
0.38+0.08
0.77+0.02
0.93+0.01
0.79+0.02
0.78+0.01
0.73+0.02
0.79+0.02
0.54+0.06
1.0+0.01
0.92+0.05

341
347
354
361
360
373
398
405
381
387
368
359
378
379

x in Figs. 3 and 4, respectively.
First, we will discuss the heat-capacity parameters for

the stoichiometric dihydride and trihydride and then the
region between these two compositions. The electronic
specific-heat coefficient in the LaD system decreases in a
linear fashion from 0.89 to 0.66 mJ/gat. K as x varies
from 1.91 to 2.20 (Fig. 3). The value of y for LaH„
shows the same dependence upon the hydrogen concen-
tration in the range of x =1.9—2.2 as that for LaD, al-
though there is some scatter in the data. Thus, both sys-
tems do not show any meaningful difference in the elec-
tronic specific-heat coefficient over the above-mentioned
concentration range including the stoichiometric dihy-
dride. On the other hand, eD increases in a linear
fashion from 340 to 400 K as x varies from 1.91 to 2.60 in
the LaD system, and from 345 to 385 K as x varies from
1.95 to 2.70 in the LaH system (Fig. 4). However, the
Debye temperature of both stoichiometric dihydrides,

LaDz and LaH2, have the same value. Thus, we find the
electronic specific-heat coefficient and the Debye temper-
ature to be 0.81+0.01 mJ/g at. K and 348+2 K, respec-
tively, for both LaD2 and LaH2.

Although neither y nor OD show a monotonic varia-
tion over the entire region from the dihydride to the
trihydride as shown in Figs. 3 and 4, y decreases linearly
in the range between x =2.9 and 3.0, and reaches the
same value of y=0.038+0.01 mJ/gat. K at stoichio-
metric LaD3 and LaH3. On the other hand, GD initially
decreases as x increases from 2.6 and 2.7 for LaD and
LaH systems, respectively, to reach a minimum value at
x =2.9 and then increases again to reach the same value
of 6D =381+2 K at stoichiometric LaD3 and LaH3. The
previously reported data for the electronic specific-heat
coefficient and the Debye temperature (measured by Ito
et al. '

) were y =0+0.04 mJ/g at. K and eD
=241.5+0.08 K for LaH3, and @=0+0.06 mJ/gat. K

TABLE II. Heat-capacity 6t parameters for the LaH„alloys.

Composition

1.90
1.97
2.10
2.23
2.30
2.50
2.60
2.70
2.75
2.80
2.90
2.95
3.0

r
mJ

gat. K'

0.890+0.002
0.772+0.002
0.770+0.003
0.652+0.002
0.553+0.002
0.299+0.002
0.259+0.003
0.191+0.002
0.144+0.002
0.097+0.003
0.058+0.002
0.060+0.003
0.035+0.003

mJ
gat. K4

0.059 53+0.000 22
0.045 37+0.000 21
0.044 82+0.000 38
0.041 35+0.000 35
0.038 02+0.000 14
0.036 37+0.000 27
0.036 69+0.000 46
0.035 08+0.000 27
0.034 35+0.000 29
0.035 69+0.000 37
0.038 26+0.000 19
0.036 45+0.000 07
0.034 85+0.000 11

5
10 mJ
gat. K

0.10+0.05
0.21+0.05
0.15+0.09
0.53+0.05
0.89+0.01
0.05+0.06
0.18+0.1

0.39+0.06
0.63+0.06
0.39+0.08
0.92+0.03
0.57+0.06
0.50+0.09

(K)

319
349
351
360
371
376
375
381
383
379
370
376
382
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and BD =246.3+0.2 K, for LaD3. But their data includ-
ed some inaccuracies for the heat capacity of addenda
and resulted in a substantially lower value of BD com-
pared with the present data. Regardless, one should note
that no isotope effect was observed for either BD or y
with respect to H and D at the stoichiometric dihydride
and trihydride compositions.

The hydrogen concentration dependence of the elec-
tronic specific-heat coefficient is divided into five stages
including the formation processes of the dihydride and
trihydride. The first stage corresponds to the process of
continuously and randomly filling o sites in the CaF2
structure to reach LaD2 z or LaHz 2 while maintaining
the CaF2 structure. The fifth stage is the process of form-
ing LaD3 or LaH3 with BiF3 structure, i.e., the complete
filling of the rest of the 0 sites. The second
(2.2 ~ x ~ 2.45), third (2.45 ~ x ~ 2.6), and fourth (2.6
~x ~2.9) stages are attributed to the formation of the
hydrogen-ordering phases with a hydrogen content corre-
sponding to LaHz 25, LaH2 5, and LaH2 75 respectively,
which will be discussed in detail in Sec. IV.

1. 0

0.8

La D)&

LaHx

CP

04-

0.2

1. 9 2.0 2.1 2.2 2. 3 2.4 2.5 2.6 2.7 2.8
X ( D or H/La)

FIG. 3. Plot of electronic specific-heat coe%cient y as a func-
tion of hydrogen concentration for LaD„and LaH . See the
text for an explanation for the dashed line drawn between x =2
and x —3.

B. High-temperature heat capacity

0
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T'( K')
40 50 60

The heat-capacity measurements in the range 20—300
K were performed on the six samples with deuterium
contents of x =2.65, 2.75, 2.76, 2.80, 2.90, and 2.95 in
the LaD„system. The heat capacities of LaD2 65,

LaD275 LaD2 80, and LaD»o are shown in Fig. 5. Only
one sharp peak was found at -250 K for these samples.
The peak profile and the transition temperature are al-
most the same as the previous results reported for
LaD276 and LaD»i by Ito et al. ' who attributed the
peak to a tetragonal to cubic transition on heating by
combining their results with their colleague s x-ray
diffraction data. " On the other hand, two strong peaks
are observed at 265.5 and 286.8 K and two weak peaks at

~ X=2.7
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X (D or H/La)

FIG. 2. Low-temperature heat capacities of LaH: (a)
1.9 ~ x ~ 2.5 and (b) 2.6 ~ x ~ 3.0.

FIG. 4. Plot of the Debye temperature e& as a function of
hydrogen concentration for LaD and LaH .
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FIG. 5. Heat capacities of four LaD„alloys for 2.65 ~ x & 2.9
from 1.2 to 300 K.

215.5 and 293.8 K for LaDz 9~ as shown in Fig. 6 [the
heat-capacity data for LaD& (Ref. 17) are included for
comparison]. This aspect of the transitions is different
from the ones observed in the concentration range of

x =2.65 —2.9 mentioned above, or from the one with four
peaks at 211, 230.5, 233.5, and 274 K for LaD&. ' This
will be discussed in more detail in Sec. IV.

The dependence of SQ9s ]5 and (HQ9s $5 Ho)/T on the
deuterium concentration are shown in Fig. 7, where

SQ98, 5 is the absolute entropy at the temperature of
298.15 K, and H298 I5 and Ho are the enthalpies at 298.15
and 0 K, respectively. The thermodynamic quantities
have a plateau at x &2.65 followed by continuous de-
crease with increasing hydrogen concentration up to
x =2.9. This suggests the existence of a phase boundary
between alloys with x &2.65 and the hydrogen-ordered
phase with 2.65&x &2.9. This is consistent with the
low-temperature x-ray study" in which tetragonal split-
tings of the cubic diffraction peaks have been observed
for the alloys between LaD2 7 and LaD2 86, while no such
distortion has been observed down to 30 K for LaDz 6z.
The other Hat part of the concentration dependence of
the thermodynamic functions which occur between
LaD2 9 and LaD& is also consistent with the absence of
the apparent tetragonal splitting of cubic peaks when one
increases the hydrogen concentration beyond x =2.91.

The entropy of the tetragonal to cubic transformation,
AS& versus the hydrogen concentration x is tabulated in
Table III together with the other reported data. ' ' The
fact that the maximum value of EST (0.87 J/gat. K) lies
in the'vicinity of x =2.75 indicates that an ordering octa-
hedral hydrogen with a preference towards the c axis
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FIG. 6. Heat capacity of LaD295 from 1.2 to 300 K. The
data of LaD& is taken from Ito et al. (Ref. 17) and is shown as a
dashed line for a comparison.

FIG. 7. Absolute entropy at 298.15 K S298 ]5 and the ther-
modynamic quantity (H298 ]5 Ho)/T dependence on deuterium
concentration for LaD for 2.53~x ~3.0. The open circles O
are data from this study, and the squares and the triangles K
are taken from the results of Ito et al. , Refs. 17 and 18, respec-
tively.
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TABLE III. Transformation temperatures and entropies of transformation for LaD„system.

Composition
X

2.53
2.65
2.75
2.76
2.80
2.91
2.91
2.95

3.0

Transformation

No transformation

I
II
III
IV
I
II
III
IV

Transformation
temperature

(K)

269.4
251.5
250.6
247
251.3
251
215.5
265.5
286.8
293.8
211
230.5
233.5
274

Entropy of
transformation

(J/g at. K)

0.388
0.87
0.793
0.541
0.603
0.832
0.012
0.18
0.353
0.027
0.053
0.083
0.112
0.176

Refs.

18
This work
This work
This work
This work
This work

18
This work

occurs in the neighborhood of x =2.75 in LaD and re-
sults in the forcing of the small tetragonal distortion [1%
at maximum (Ref. 11)] in the lanthanum sublattice.

The dependence of the onset transformation tempera-
ture on the hydrogen concentration for LaD is present-
ed in Fig. 8 together with the other specific-heat data'
and the x-ray data. " The transformation temperature

300
0

shows a shallow minimum around x =2.8 and slowly
rises from x =2.8 to 2.65 with decreasing hydrogen con-
centration. This behavior seems to be considerably
different from that of the LaH„system in which the
transformation temperature falls steeply down to 197 K
at x =2.6 with decreasing concentration from x =2.8,
according to the x-ray data" and the specific-heat
data. ' ' The boundary of the hydrogen-ordered phase
centering at LaDz 75 seems to shift to a relatively lower
concentration than that for LaHQ 75 We will discuss this
point in detail in Sec. IV.

280
1V

IV. DISCUSSH3N

260 1

240—

200—

cubI

l

X ol~g=—o~

tet 1

I

I
I ~o~o1
I

I

1BO
2.5 2.6 2.7 2.8

X {D, H/La)
3.0

FIG. 8. Transformation temperature vs the deuterium
( ) and hydrogen (-—-—-) concentrations: X and are
taken from the x-ray study (Ref. 11) of the LaD and LaH sys-
tems, respectively, and E is from the heat-capacity data for
LaHQ 69 (Refs. 19 and 20). The open circles 0 are data from this
study, except for LaD3 (0) which are taken from Ito et al. (Ref.
17). The lines ( ————) and (—-) are the suggested phase boun-
daries between the compositions LaD&» and LaDQ 75 and be-
tween the compositions LaD& 75 and LaD3, respectively.

The specific heat of LaHz o3 has been measured by
Bieganski et a/. ' But their electronic specific-heat
coefficient @=2.82 mJ/gat. K (originally reported as
8.54 mJ/molK ) is significantly larger than the present
value of 0.81 mJ/g at. K, while their Debye temperature
BD =351 K (originally and erroneously reported as 243
K because they did not correct for the number of atoms
per formula unit to calculate BD when using mJ/molK
units for the heat capacity), agrees with our result of
eD =348 K. One notes that their plot of C/T versus T
is not linear below 5.5 K and deviates upward with de-
creasing temperature. Although the authors gave no ex-
planation for this behavior, this anomaly could result
from magnetic impurity elements, such as Fe or magnetic
lanthanides, in their sample (no chemical analysis was
given). This curvature could lead to a y value larger than
the true one. Recently, some reliable measurements of
the low-temperature heat capacity of other dihydrides
have been made also using the highest purity rare-earth
metals available, as prepared by Materials Preparation
Center of the Ames Laboratory. The values of y and OD
have been determined to be 0.68+0.02 mJ/gat. K and
710+10 K, respectively, for ScHz, 0.66+0.02 mJ/g at.
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K and 525+10 K, respectively, for YHp, and
0.724+0.002 mJ/g at. K and 361.4+0.3 K, respectively,
for LuHp. These values are compared to those of their
respective pure metals, namely, 10.334+0.011
mJ/g at. K and 345.3+1.0 K for Sc metal 7.878+0.004
m J/g at. K and 244.4 K for Y metal, 9.45+0.02
mJ/g at. K and 150+1 K for La metal, and
8.194+0.016 mJ/gat. K and 183.2+0.3 K for Lu met-
al, ' where all the metals are in the hcp form except for
La which has the dhcp structure. When one takes the ra-
tio of the y values for the dihydride to the ones for the
pure metal (in the same manner as in Ref. 26) in order to
verify if the value of y for LaHp 03 obtained by Bieganski
et al. ' is too large, the above mentioned data gives a ra-
tio of 0.066, 0.084, 0.086, and 0.088 for ScH„YHp, LaH„
and LuHp, respectively. The ratio for ScHp. Sc is low be-
cause of the large spin-fluctuation enhancement of the y
value for Sc. Furthermore, the ratio of the Oz for the
dihydride to the one for the pure metal gives values of
2.06, 2.15, 2.32, and 1.97 for ScHp, YHp, LaHp, and
LuHp, respectively. These nearly constant ratios for y
and 6& for the four dihydrides indicate that the previ-
ously reported value of y for LaHz 03 (Ref. 21) is substan-
tially in error. Therefore, there is now no significant
discrepancy for the y value for LaHp compared with
those of the other dihydrides.

Since Switendick's pioneering work, the realistic cal-
culations of the electronic structure have been performed
on a few of the lanthanide dihydrides. Gupta and
Burger have performed a nonself-consistent band calcu-
lation of the electronic structure using a augmented-
plane-wave (APW) method for fcc LaHz and LaH3. The
calculated total density of states for LaHp have several
features which are noted as follows. The low-lying
hydrogen-metal bonding states are separated by an in-
direct gap of 0.118 Ry from the upper band and the states
are essentially composed of lanthanum d character wave
functions. The low-lying bands are filled by four of the
five valence electrons of LaHp and the remaining electron
fills the metal 5d band. The Fermi level, therefore, falls
just above the bottom of the 5d band below a sharp peak
at E =0.447 Ry. The density of states (DOS) at the Fer-
mi energy EF was N (EF ) = 15.05 states for both
spins/Ry unit cell.

Misemer and Harmon have presented the most com-
plete self-consistent calculations for LaHp and LaH3, in-
cluding relativistic effects which are important for
heavier elements where the eigenvalues and eigenvectors
were found using the Korringa-Kohn-Rostoker (KKR)
method. The calculated band structure for LaHp roughly
agrees with the results after Gupta and Burger, but
Misemer and Harmon found a rather small value for
N (EF ) = 11.6 states for two spins/Ry unit cell at
E =0.55 Ry as expected since they had broader bands
than those calculated by Gupta and Burger. Another
self-consistent but nonrelativistic band-structure calcula-
tion found N(E~) = 14.5 states for two spins/Ry unit cell
at E =0.50 Ry. Our experimental electronic specific
heat @=0.81 mJ/gat. K yields a DOS value of 12.4
states for two spins/Ry unit cell taking account of the

calculated electron-phonon enhancement factor of
A, =O. 13. This low k value is also consistent with the low
superconducting temperature of 0.17 K for our LaHp I0
sample, and & 0.06 for LaDp 06 lf it does become a super-
conductor. Therefore, the value of N(E+)=11.6 states
for two spins/Ry unit cell derived by Misemer and Har-
mon is the most reasonable theoretical one for the bare
density of states at the Fermi energy.

Next, we interpret the concentration dependence of the
electronic specific heat between LaHp and LaH3. There
are, so far, no theoretical calculations for the variation of
the electronic structure with hydrogen concentration in-
creasing from dihydride to trihydride, but it is helpful to
deduce the variation of the electronic states by compar-
ing the results of band calculations for LaHp and LaH3.
The hydrogen 1s state couples preferentially to La d or-
bitals with tp~ symmetry and hence yields a charge-
density maxima along (111) directions, which point to-
ward the t sites. On the other hand, the La d orbitals
with e symmetry are directed toward (100) directions
in which the o sites are located. If one increases the hy-
drogen concentration from LaHp, the metal d bands with

tpg symmetry are depleted to form the two low-lying
bonding states coupled with the hydrogen atom on the t
site, and only the metal d band, which is simply formed
by one band with e character, remains below the Fermi
energy. With a further increase of hydrogen atoms on
the o site, a third bonding band is formed below the metal
d bands so that the bands with e character retained near
the bottom of the metal d bands are completely depleted
at the Fermi energy to form the LaH3. LaH3 is, there-
fore, a semiconductor or semimetal because the three
low-lying bands are nearly completely filled with the six
valence electrons in the trihydride in agreement with the
resistivity' ' ' and NMR data or the present specific-
heat measurement. Therefore, it is suggested that the
metal derived band with eg character is continuously dep-
leted by adding hydrogen atoms onto the o site. Thus the
decrease of the DOS of the metal d band at the Fermi en-
ergy could be proportional to the hydrogen concentration
added to the o site.

In our model, the composition dependence of the elec-
tronic specific-heat coe%cient is given as a linear dashed
line drawn between the experimental y's for LaH2 (LaD2)
and LaH3 (LaD3) in Fig. 3. This simple idea reproduces
the slope of the y versus x line established over the
1.9 ~x ~ 2.2 range. The deviations from the ideal line are
due to the three superstructure phases which have been
claimed to exist under substantially 'different conditions
of temperature and compositions. ' These superstruc-
ture phases are assumed to be formed at the compositions
LaHp p5, LaHp 5, and LaHp 75 on the basis of the follow-
ing critical review of the literature.

The existence of long-range order in CeDp» has been
claimed on the basis of neutron diffraction and subse-
quently, a tetragonal structure (I4&md) (Refs. 34 and 35)
was proposed for the ordered LaDp 3, CeDp p9, and
PrDp 37 Knappe and Muller et al. ' have also report-
ed the existence of the tetragonal phases for RH p 33
(A=La, Ce, Pr, Nd, and Sm) which they assigned the
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space group I4&md. Samples with hydrogen concentra-
tion x & 2.38 were found to be cubic. Neutron
diffraction, ' DTA (differential thermal analysis)
analysis, ' and deuterium NMR (Ref. 40) have shown
that these phases are actually two different superlattices.
One type of the ordered phase of the tetragonal structure
with space group I4&md was found at compositions near
x =2.43, whereas another tetragonal ordered phase with
the space group l4lmmm was assigned to an alloy hav-
ing the ideal stoichimetry of x =2.25. ' In the NdH
system (2.1&x &2.8), two phase transformations were
observed which were characterized by the presence of a
dome-shaped maxima around the concentrations corre-
sponding to x =2.25 and 2.50. The transition tempera-
ture for the phase attributed to I4/mmm symmetry in-
creases from 235 K for x =2. 12—370 K for x =2.34 and
the other phase with 2.4 &x & 2.5, the temperature could
be lowered to less than 290 K. The deuterium magnetic
resonance (DMR) (Ref. 40) for LaD gave additional evi-
dence for the existence of the two tetragonal phases: one
appropriate to LaD2 25 and the other to LaD2 5O. Furth-
ermore, they noted that the quadrupole splitting of the
spectrum becomes weak with increasing temperature and
disappears at 250 K. But a puzzling feature of these ma-
terials is that both x-ray" and the high-temperature
heat-capacity' measurements were unsuccessful in ob-
serving a tetragonal distortion of the lanthanum lattice
for LaHz 53 and LaDQ 53 compositions.

Turning back to the paper of Fedotov et a/. ' for solv-
ing this puzzle, we note that the second superlattice
phase is limited to a relatively narrow range of RD
(R=a rare-earth metal, x =2.37—2.48) which is at a
lower concentration than RD2 5, whereas the first super-
lattice phase exists over a wide range of concentration of
x =2. 15—2.37. These results are analogous to the NdH
phase diagram obtained by DTA measurements. Ap-
proximately 3% of the tetrahedral sites of these superlat-
tices are vacant and, as a result, an enhanced number of o
sites are filled at the expense of the vacant t sites. '

Therefore, the ideal octahedral content necessary to form
the superlattice RD2 5o can be attained near RD2 43 This
phenomenon could be caused by thermal hydrogen exci-
tation from a t site into an o site, the activation energy of
which can depend on concentration. The continued in-
troduction of additional deuterium atoms beyond
x =2.43 could lower the ordering temperature such that
the dome-shaped maximum of the t-o transformation
temperature versus composition plot is shifted to a lower
concentration from ideal stoichiometry of x =2.50. The
rapid lowering of the hydrogen-ordering temperature is
expected to occur around the composition of LaD2 53
where the t-o transition was not detected by x-rays. "
The variation of the entropy of transformation with con-
centration also supports this as is evident by the rapid
decrease on the low-concentration side of LaD2 75 (see
Table III). It is, therefore, concluded that the superlat-
tice phase with I4&md is centered at x =2.43 —2.48 and
that the stoichiometric LaD2 5o remains cubic.

The low-temperature heat capacities indicate that
there is no essential difference for the y values between

LaD„and LaH systems. The absence of an isotope
effect on the electronic specific-heat constant can be ex-
plained using two different models, similar to the way the
isotope effect on the superconducting temperature of
PdD(H) is explained. The first model involves the
inAuence of the optic mode on the electron-phonon cou-
pling force on D or H sites. The second model attri-
butes the effect to the difference in the electronic struc-
ture through the different anharmonicities in the poten-
tial of H or D. Klavins et al. " have measured the lat-
tice constants of LaH and LaD over the concentration
range 2.0~x ~ 3.0. Their extrapolated values for x =2.0
and 3.0 are identical to within 0.2% for the deuteride and
hydride. Considering the small difference for the lattice
parameters, we can regard the band structures of the deu-
teride and hydride as identical. But if there is a
difference, that should be attributed to the difference of
the electron-phonon enhancement factors A,z and A, H

through the D and H optic phonons. The La site contri-
bution XL„however, remains identical for the hydride
and deuteride. The calculated electron-phonon enhance-
ment factor is A, =0.13 for LaH2 (Ref. 28) in agreement
with the low superconducting temperature of LaH2, , as
mentioned above. This small value suggests a small
anharmonicity of the D or H motion over the harmonic
potential compared to the larger value found in
PdD(H), implying essentially no isotope effect. There is
the possibility that an isotope effect can be observed in
the trihydride deuteride, in which a third of the deuteri-
um (or hydrogen) occupy the octahedral site, because the
electron may feel more pronounced anharmonicity
around such a site. However, the experimental y value is
too small to distinguish an isotope effect.

Upon the addition of hydrogen, the La Knight shift
and the quantity (T2T) '~ with respect to the proton
spin-relaxation ' decrease and simultaneously the elec-
trical resistivity' ' rises substantially as o sites are occu-
pied beyond x =2.7 in LaD and LaH . Not only is
there a concentration-dependent m-s transition, but also
a temperature-dependent m-s transition as the hydrogen
concentration is increased from x =2.7 to x =3. These
behaviors correspond to the rapid decrease in the elec-
tronic specific-heat coefficient near x =2.75, as shown in
Fig. 3, indicating a decrease in the electronic density of
the states at the Fermi energy.

Resistivity data on LaH249 taken by Finnemore and
Manzini ' show a metallic behavior both below and
above the 270 K transition. The resistivity decrease can
be ascribed to an ordering of the hydrogens in o sites,
similar to that observed in the classical order-disorder
transition of Cu3Au. However, the electrical conduction
changes from metalliA-pro semiconducting at x )2.7 and,
simultaneously, a resistivity jump (increase) is found.
There is about a factor-of-3 jump for the samples with
2.7 &x &2. 8 in CeH at the hydrogen-ordering tempera-
ture at T =245 K. For this type of concentration-
dependent m-s transition, a Mott-type mechanism has
been proposed and is ascribed to in the formation of a de-
fect band due to the unoccupied o sites for x & 3 in LaH
versus the case where the o sites were completely occu-
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pied to form the semiconductive LaH3. ' According to
the electronic structure calculation by Fujimori and Tsu-
da, the narrow defect band at EI;, which is formed
below the bottom of the conduction band, is half occu-
pied, corresponding to one electron per one octahedral
hydrogen vacancy. The defect level acts as an electron
donor and the reduction in the density of states due to
the reduction of the octahedral vacancy is responsible for
the decrease of y as a function of x for x ~ 2. 75 (see Fig.
3).

The resistivity data for the higher concentration sam-
ple LaH2 86, however, revealed a different behavior from
the conduction scheme mentioned above; that is, a sem-
iconductive behavior above and below the 195 K transi-
tion temperature. Note that this temperature is much
lower than that of the tetragonal lattice transition, but
rather close to 210 K temperature, below which a sub-
stantial decrease of the Knight shift and at which the
m-s transition peak of the heat capacity' have been ob-
served in LaD3. Although we could not detect a heat-
capacity peak ascribed to the m-s transition near 200 K
in LaD2 9, the four peak anomalies as found in LaD3 were
observed in LaDQ 95 including the m-s transition at 217
K (see Figs. 6 and 8). In fact, the entropy change due to
the tetragonal-to-cubic transformation in LaD2 9 appears
to be relatively larger than that expected from the de-
creasing trend from x =2.75 to x =2.9 (see Table III).
This indicates that the LaD2 9 sample is slightly deuteri-
um deficient relative to the nominal concentration, or
that the LaD2 86 sample studied by Ref. 31 could contain
more deuterium than they supposed. In any case, the
four sharp heat-capacity peaks found in LaD2» (I, II,
III, and IV, at 215.5, 265.5, 286.8, and 293.8 K, respec-
tively), clarify the existence of the phase boundary be-
tween x =2.86 and 2.95, although the phase boundary
cannot be clearly determined. A phase diagram for
LaD and LaH is proposed, as shown in Fig. 8, on the
basis of the above discussion. We can safely conclude
that the appearance of the temperature-dependent m-s
transition (and also semiconductor-to-semiconductor) for
x )2.9 is accompanied by the formation of a phase iso-
morphous with LaD3 (the four sharp heat-capacity
peaks), while the m-s transition for 2.75 &x &2.9 is in-
duced by the cubic-to-tetragonal transition.

The suggested m-s transition at 210 K, corresponding
to transformation peak I in LaD3 is accompanied by the

random localized displacements of the octahedral deu-
terium atom from the true center to the off-center posi-
tions along ( 111) directions below 230 K, corresponding
to the specific-heat peak II.' This transition temperature
appears to rise up to -270 K in the deuterium deficient
LaD2 95 Kulikov and Zvankov pointed out that the
Coulomb interaction between an electron pocket near the
L point and a hole pocket near the I point, based on the
semimetallic Fermi surface of lanthanum trihydride, re-
sults in a charge-density wave along the ( 111) directions
which then drives the second-order transformation from
semimetal to an exitonic insulator state below the critical
temperature. This could explain why the temperature-
dependent I-s transition for x )2.9 is independent of the
tetragonal distortion which induces a m-s transition for
2. 7 ~x ~ 2.9, since the octahedral hydrogen displace-
ments of the on-center to off-center positions, due to the
appearance of the charge-density wave, could retain cu-
bic structure in LaD3, ' and maybe in LaD2 95 too.

In addition to these unusual behaviors, band-structure
calculations show a semimetallic band in which the top of
the valence band overlaps the bottom of the conduction
band for LaH3 and predict a nonzero value of @=0.14
mJ/gat. K . These calculations are consistent with the
experimental result of a finite electronic specific-heat
coefricient for LaH3 or LaD3, although the theoretical
value is substantially larger than our result of @=0.038
m J/g at. K . Misemer and Harmon, however, found a
much smaller indirect gap of 0.2 mRy between I and L
than the values of 29 mRy reported by Kulikov and
Zvonkov, ' and 41 mRy by Gupta and Burger. The
indirect gap or band overlap is very sensitive to the po-
tential approximation used and a tendency for a smaller
value appears if one improves the approximation of the
crystal potential. To elucidate such a subtle band struc-
ture for LaH3 we will have to await further calculations.
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