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Atomic structures and energetics of LaNi-H solid solution and hydrides
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First-principles calculations on a primary solid solution of LaNi and a hypothetically ordered full hy-
dride, LaNiH; have been made employing ultrasoft pseudopotentials and plane-wave basis. Some intermediate
hydrides were calculated as well. A full geometry optimization has been made to investigate their heat of
formation in detail. Atomic positions of Lalil; have been described in various ways through the Rietveld
analyses of neutron-diffraction profile. The lowest energy structure by the present calculation is close to that of
the model analyzed with the space groupPd&;mc by Lartigueet al. However, we found that the structure
model with a single unit cell, i.eZ= 1, cannot be ruled out for Lall;. Regarding the primary solid solution,
the 12 site of LaNi is most stable among five possible interstices proposed in literature. The stability of the
interstices can be explained by the number of near-neighbor Ni atoms, which is substantially different from the
widely accepted view that the geometric radius by the rigid sphere model determines the stability. The theo-
retical heat of solution in the primary solid solution-s33 kJ/mol-H, which roughly agrees with the experi-
mental value. On the other hand, the heat of formation of LtdNis — 45 kJ/mol-H, which is 30—40 % more
negative than the experimental value. This discrepancy may be ascribed to the fact that all hydride samples are
generally highly defective. The theoretical heat of formation of intermediate phases indicates that thel LaNi
system dissociates to the primary solid solution and the full hydride. Expansion of the cell volume associated
with hydrogenation is well reproduced by the calculation.
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[. INTRODUCTION first-principles band-structure calculations by linear combi-
nation of muffin-tin-orbital atomic-sphere-approximation
LaNis and its alloys are technologically very important (LMTO-ASA) method have been reported by three
since they show hydrogen-storage characteristics suitable f@groups:>~*’ Nakamura, Nguyen-Manh, and Pettifordis-
a wide range of applications including negative-electrodecussed the energetics of hydrogen in the primary solid solu-
materials for rechargeable Ni-metal hydridéi-MH) batter-  tion and the LaNjH; hydride. However, they used lattice
ies, hydrogen source for fuel cells, and energy-conversionparameters obtained from experiments and/or simplified geo-
storage system’s3 In order to design the materials from metric models. No relaxation around hydrogen atoms was
macroscopic and/or microscopic scale, accurate knowledgi@ken into account. In summary, information provided by
of fundamental properties is essential. Although there havéhese electronic-structure investigations is only qualitative
been a number of experimental works devoted to investigatdespite these efforts. Quantitatively reliable theoretical cal-
the properties, the information is far from complete. Crystal-culations to elucidate the atomic positions of hydrides and
lographic studies of deuterated materials by neutron-powdegvaluate the energies of the hydrogenation have, therefore,
diffraction have been repeatedly made. However, even a rédeen strongly desired. Once the structure is determined, fur-
cent careful study was not able to determine unambiguousliher theoretical calculations of various properties can be
the structure of the LaMHg -.* Many studies on thermody- made in a straightforward manner. This information should
namic properties of the LalH system have thus far been be very useful for the analysis of the experimental spectra as
made. However, samples used in these studies were genavell.
ally highly defective. For example, dislocation density of full  In the present study, we adopt a first-principle approach
hydride samples was reported to be in the order ohaving quantitative reliability and sufficient predictive
10**m~2.5-8 High concentration of vacancies was detectedpower. A plane-wave basis pseudopotentiflV-PH method
by positron annihilation studi/However, no trial to distin- is chosen because of its efficiency and accuracy in geometry
guish the energy associated with the defects and real heat eptimization of complex systems with many degrees of free-
hydrogenation has been made. dom. Atomic positions are carefully examined after the full
The electronic structure of the LajNH system has been optimization of the structure. The theoretical structures and
investigated by a few groups. Experimental x-ray photoemislattice parameters are compared with models proposed by
sion spectrum of K -implanted LaNi was reported by experiments. Heats of formation and/or solution are then
Zichner et al’® First-principles augmented plane wave computed to compare with the experimental values when
(APW) calculation of LaNj was first reported by Malik, Ar- they are available.
linghaus, and Wallac¥. Gupta employed a semiempirical
tight-binding method to qualitatively describe the electronic
structure of LaNj and LaNiH-.'? First-principles calcula-
tions using cluster models have been made to discuss the The calculations presented in this work were performed
chemical bonding around hydrogen atotid* Recently, within the generalized-gradient approximafitiG&GA) to

I. COMPUTATIONAL PROCEDURES
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density-functional theory, using a PW-PP methid@ihe den-  fects for hydrogen were taken into account. We ignore the
sity mixing scheme by Kresse and Furthiterf® was used to  entropy terms throughout the present study when we com-
obtain the Kohn-Sham ground state in conjunction with thepare the present results with experimental data. They remain
conjugate-gradient algorithAt.Atomic positions were opti- challenging problems on the first-principles calculations.
mized using quasi-Newton method with Broyden-Fletcher-
Goldfarb-Shanno hessian-update schémim order to re-
duce the size of the number of the plane-wave basis set,
ultrasoft pseudopotentigfswere employed. The pseudopo- A. Structure of LaNisH;
tentials were constructed for neutral atoms. The fae#- The structure of a full hydride has been repeatedly exam-
bital was therefore not included. It has been demonstrateghed by means of neutron diffraction using deuterated
that the ultrasoft potentials provide great improvements insamples. In early days a full hydride was described as
both accuracy and computational costs for elements with theaNisH, having a space group d#31m as summarized in
valence &, 2p, 3d, or 4f electrons where the norm- Ref. 26. A careful Rietveld profile analysis by Lartigue, Le
conserving potentials are necessarily quite Karth the  Bail, and Percheron-Guedhfound that a LaNjDg ;7 speci-
present study, we need to calculate H and Ni in whisfatd ~ men can be described by a doubled unit cell of LadNong
3d electrons play major roles in the electronic structuresthec axis. Satisfactory refinement of the experimental profile
Thus the use of the ultrasoft pseudopotentials has a grestas obtained in the space grolg6;mc and also in the
advantage. The plane-wave cut&ff,, was chosen to be 380 space group oP31c. The difference in the two space groups
eV in the present study. This was confirmed to achieve & due to the presence of a mirror plane leading to the atomic
good convergence with respect to the total enegy the  Position of the & site to be & —Xx,z) in P6smc instead of
difference in the absolute value of the total energies by twdX: ¥, 2) in P31c. Due to the presence of the mirror plane,
calculations usinge.,= 380 and 800 eV were 0.02;0.03, the atomic positions in two mode}s are dn‘fe_ren.t._ However,
and —0.07 eV for H, LaNis, and LaNiH,, respectively. POth models provided indistinguishable reliability factors
WhenE, of a compound with different atomic arrangementsWithin the experimental accuracy. We will hereafter call
were compared, the relative value of the total enerdies the_se two sets of atomic positions, suggested by Lartigue, Le
was found to be converged within an accuracy ofBail, and P_ercheron-Guegan, to be Model 1 and_ModeI_ 2.
0.01 eV LaNiH, up toE =800 eV. The convergence of the Furt_her refinement of the structure was made using aniso-
heat of formation as defined by E(), AH, was smaller tropic temperature factors only for 'the space group of
than 0.02 eV/LaNH. P6_3mc. We adopted the set of atomic positions using the
It is well established that LaNiexhibits a hexagonal anisotropic temperature factors for Model 1.

structure with a space group &%6/mmm (a structure type Both the. models can be dgscriped using five differlént
CaCu).%5 Its primitive cell is composed of a formula unit, (deuteron sites: two kinds of interstices of formal Nietra-

i.e., Z=1. La atoms are located at the Site in the Wyck- hedrons(D1 andD2 in Ref. 4, two kinds of interstices of
off's notation. There are two Ni sites, i.e.gzand . The ormal LaNi, tetrahedronD3 andD4 in Ref. 4, and one
Brillouin-zone (BZ) sampling for LaNj was performed us- interstice of formal LaNi, octahedror(D5 in Ref. 4. In the

ing 75k points in the whole first BZ. Calculation of the,H present study We use <_jifferent hotations in order to avoid
molecule was made using a supercell oD 10 A3 con- confusion associated with the use of the same notations for

taining only one H molecule. Its total energy was only different sites by different au_thor@.l andDg in Ref. 4 will
0.04 eV/H, less negative than that of,Hnolecular crystals D€ calledt; andt; sites. TheiD3 andD4 will be calledt;
calculated by the same method. andt; andD5 will be o site. In this way, all the sites can be
Calculations of hydrides were made by optimizing all de-labeled by their local co_ordinatiop, i.e.for_ tetrahedral and
grees of freedom including cell parameters and internal co® for octahedral. Two kinds of sites having the same local
ordinates within a given space group. The sizes of the uni¢oordination are denoted by the same subscript, i.e., 1 or 2.
cell for the calculation wer@=1 or 2. When we need to According to the analysis reported in Ref. 4, the occupancy
compareE, at the same composition but differenty we  factors of botht; andt; sites are small. Sites with a prime
have chosen a doubled cell fér= 1. However, the use of the mark, i.e.,t; andt;, correspond to the minority sites. In the
doubled cell did not change thg per LaNiH,. The error  Wyckoff’s notation these sites are labeled differently depend-
was always smaller than 0.01 eV. The densitkgdoints in  ing upon the choice of the space group. The new notation
the whole first BZ was fixed to be approximately the same ashould, therefore, be more useful and informative. These po-
that of the calculation of Laljj i.e., at 6<10* A3, Conver-  sitions are shown in Fig. lo sites are located close to the
gence ofE, with respect to the number &fpoints was better z=0 of the host LaNj cell, whilet; andt; sites are located
than 0.01 eV/LaNH, with x=0 and 7. All calculations in close to thez=3 of the host LaNj cell.
the present study were made without taking the spin polar- Since the occupancy factors of both andt; sites are
ization into account. The total energy by the spin-polarizedeported to be smafl,we will consider a model with the
calculation was found to be smaller than the computationahypothetically ordered LalNH- structure for the full hydride.
accuracy for LaNjH, with x=0, 0.5, 3, and 7. The differ- t;, t,, ando sites are occupied by 2, 6, and 6 H atoms per
ence is in quantitative agreement with those reported by thea,Ni;gH4. Using the Wyckoff’s notatiort,, t,, ando sites
theoretical calculation in Ref. 16. No quantum-nuclear ef-correspond to B, 6¢, and & sites in the space groups of

Ill. RESULTS AND DISCUSSION
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FIG. 1. Crystal structures of
LaNigHg and LaNiH;. Left: The
structure reported by Lartigue, Le
Bail, and Percheron-GuegéRef.

4) with five different H sites and a
double unit cell Z=2). Right:
The structure reported by Fisher
et al. (Ref. 27 with two different

H sites and a single unit cellZ(
=1). Triangles denote thg, t,,
t;, andt; sites. Squares denote
the o site. Large and small circles
denote La and Ni atoms, respec-
tively.

P6;mc and P31c. Whent,, t,, ando sites are fully occu- gree of freedom including cell parameters is 12 and 15 for

pied, there is no ambiguity for the choice of the H-sites in theP6smc andP31c, respectively. Model 1 and Model 2 were

hypothetically ordered LaMH- structure. taken to be the |n|t|al structures for calculatlonsRﬁ3r_nc _
First, we adopt Model 1 and Model 2 within the hypo- andPSlc, _respectlvely. The optimized structures obtalr_1ed in

thetically ordered structure to calculate the total energies antis way will be called Model 1 and Model 2. The asterisk

residual forces by the Hellmann-Feynman theorem. The re\zylll hereafter indicate the opt|m|;ed structure. The optimiza-

sults are shown in Table I. Model 1 gives total energytion was truncated when the reS|dua_I rr_1aX|mumforce became

0.34 eV/LaNi unit lower than Model 2. At the same time, Smaller than 510 2eV/A. The optimized parameters for

the maximum residual force is 2.12 eV/A in Model 2 and two models are listed in Table Il together with experimental

0.46 eV/A in Model 1. These results clearly imply that values. The cell parameters of Model and Model Z are

Model 2 is less favorable, although the reliability factor by different only slightly, which is in good agreement with the

the experiment was good enough. It should be noted, hov\pxperlment_al values within errors of 0.5%. It is very inter-

ever, that the maximum residual force is not negligible everfsting that internal parameters of Modé&ldnd Model 2 are

in Model 1. Several reasons for the non-negligible residuaVery close to each other. The deviation in the internal param-

force can be raised: eters,Z2, as defined by EqJ) is as small as 1810 “:

(1) The experiments were done not on Lghl, but on

LaNisDg 7. The difference in D and H as well as the differ- :2:2 E (Ennimfgni)? )

ence in the amount of D/H may not be neglected. T T & 4 ASANT SBniS

(2) We use a model with a hypothetically ordered Lgt\i

structure having full occupancy ¢f, t,, ando sites, which  whereéy , ; denotes the internal parameteritf coordinate

is different from the real experimental results showing smalffor nth atom in the ModelX. It should also be emphasized

occupancy of; andt; sites. that the theoretical internal parameters of Modé&l agree

(3) Systematic errors on the equilibrium lattice volume duewell with the experimental values in Model 1E¢=2.6

to the use of GGA. In order to find out optimized structuresx 10~ %). The agreement is worse with Model 2{=2.2

within the present theoretical framework, we made further<10 ). This means that the geometry optimization using

calculations. both Model 1 and Model 2 as initial structures converged to
A full geometry optimization of LaNH; was made im- almost the same structure, despite the imposition of different

posing only space groups to ®6;mc and P31c. The de- space groups. The internal parameters of Modelahd

TABLE |. Theoretical results for six models of Laf{l;. AE; shows the total energy relative to that of

Model 1*.
Total energy AE; Maximum residual force
Imposed space group (eV/LaNisH;)  (eV/LaNigH,) (eVIA)
Reported by experiments
Model 1 P6;mc —6266.37 +0.07 0.46
Model 2 P3ic —6266.04 +0.41 2.12
Optimized in the present study
Model 1* P6;mc —6266.44 0 <0.05
Model 2* P31c —6266.45 -0.01 <0.05
Model 3 Cnf —6266.26 +0.18 <0.05
Model 4* P3 —6266.44 0.00 <0.05

8Hexagonal unit cell is imposed.
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TABLE II. Cell parametersa, cin A and internal parameters of
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LaNigH, by four models. = \ / \\ //
N /
P6;mc theory (Model 1¥) P6s;mc experimentModel 1) / u.o [~
a c a c \ . \ ‘ N \
5.384 8.621 5.409 8.600 /A 3\ t2+\tz'\
X y z X y z ) ' O
La 0 0 0032 0 0 0.022 )i \ /32 Y/ .\
Ni, 0502 —x 0.250 0498 —x 0.250 g K208
Nip 3 2 0006 } : 0.002 ANTAN ST ANy
Ni; 3 2 o481 1 z 0.489 O/ |/ N[/
H(o) 0.506 —x 0.058 0.504 —x 0.056 O L
H(t) & 2 0819 1 2 0.814 La °
H(t,) 0.161 —x 0.285 0.160 —x 0.280 _
Rl eay(iode 2) - Patc expermeriace 2, 5% 2 1 3y fstoms profecter, o 03, e for
5379  8.622 5.409 8.600 o '
La 0 0 0.024 0 0 0.004 i.e., Model 3, is0.18 eV/LaNgH7 greater than that of Model
Ni; 0.501 —-0.502 0.250 0517 —0.486 0.250 1* as shown in Table I. The occupation of four Ht@ﬂ‘té
Ni, 1 2 0.006 1} 2 0.006 sites is clearly unfavorable. The atomic positions of Model
Nis & 2 0480 1 2 0.497 3* are displayed in Fig. 2. The H atomstat-t, sites moved
H(o) 0506 —0.507 0.057 0510 -0490 0057 t0 avoid each other. Nevertheless, the distance between H
H(t) & 2 0819 1 2 0.830 atoms at the nearest neighligr-t} sites is 2.08 A, which is
H(t,) 0.158 —0.158 0.277 0.154 —0.168 0.299 25% smaller than the nearest-neighbor bond Iength of H at-

oms betweert, sites in Model 1 i.e., 2.60 A. Westlaké&
investigated atomic positions of metal hydrides systemati-

Model 2 being very close to those of model 1, the set ofcally and found an empirical rule for stable hydrogen sites.
internal parameters used in Model 1 should be a bettefccording to the criterion, stable hydrogen should have
choice than those used in Model 2. This is consistent with th@earest-neighbor H-H distance of greater than 2.1 A. The

above-mentioned result obtained for Model 1 and Model 2higher energy of Model3is consistent with the criterion,
on the basis of energies and residual forces. We can, thergince the shortest H-H distance in Model, 2.08 A, is
fore, conclude that Model 2 is an artifact at the Rietveldsmaller than the critical value 2.10 A. The+t; sites can,

analysis. B
It is difficult to discuss the preference of the (1)2mir-
ror plane to make the space group to B&;mc from the

therefore, accommodate only three H per Laali most.
If the occupancy of three H at site, three at, site, and
one att; site is the only major requirement for the stable

P31c structure because of the small energy difference. AcL-aNisH7 structure, a model with another space group having

cording to the present calculation, Modél @ith the space
group of P31c is lower in energy by 0.01leV/LajH; than
Model I* with the space group d?6;mc, although atomic

a single-unit cell may not be energetically unfavorable too
much. In order to confirm the idea, we made a model of
LaNisH; (Model 4°) with a single-unit cell and three H at

positions in both models are very close to each other. HowSite, three at,, and one at,. Geometry optimization was
ever, the difference in energy is close to the accuracy of th8ade only by imposing3 symmetry. The energy of Model

present calculation. We have investigated two more hypo#" is found to be indistinguishable to that of Modél. IThe

thetical LaNiH, to examine their stabilities.

Before the work by Lartigue, Le Bail, and
Percheron-Guegdghthe structure of full hydride was de-
scribed as having a primitive cell with= 1. Fischeret al?’
described a LaNDg compound with H atoms fully occupy-
ing the X site (D1 in Ref. 27, and partially occupying
the 6d site (D2 in Ref. 27 of the P31m structure. The 8
site corresponds to thesite in Fig. 1. On the other hand, the
6d site includes not only thé, site but also the; site. In
the space group dP31m, t, andt, are equivalent. We ex-
trapolate the model by Fischet al. to LaNisH;, with three
H at o site and four att,+t, sites, which will be called
Model 3. The distribution of H in this model is different from
Models 1 and 2 having three H atsite, three at, site, and
one att, site.

structure model with a single-unit cell, i.&Z=1, cannot be
ruled out by the theoretical calculation on the hypothetically
ordered LaNjH-.

B. Remarks on the structure of LaNigHg

In the preceding section, we found that the occupancy of
four H at t,+t;, sites is energetically unfavorable for
LaNisH;. The occupancy of three H at three at,, and one
att, site is the major requirement to have a stable LaNi
structure. Since the full hydride has been described as
LaNisH,(6<y<7), it is interesting to examine the prefer-
ence of sites betwedn andt, in LaNisHg. In order to evalu-
ate the difference, two models for LajNig with Z=1 were
first employed: One contains three H @tand three at,
sites. The other has three H at one att;, and two att,

The total energy of the optimized structure of Model 3, sites. Total energies after geometry optimization are com-
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TABLE lll. Theoretical results for four models of LaMg. AE; shows the total energy relative to that of
the lowest one.

Number of H atoms Imposed Total energy AE;
(atoms/LaNiHg) space group  (eV/LaNisHg) (eV/LaNigHg)
Z=1 (single unit cell
LaNisHg #1 0 3 3 P3 —6250.18 0
LaNisHg #2 1 2 3 Cnf —6250.16 +0.02
Z=2 (double unit cell
LaNiygHq, #2 1 2 3 Cme2,® —6250.14 +0.03

@Hexagonal unit cell is imposed.

pared in Table Ill. The former modd#1l) is energetically However, the rigid-sphere model is certainly an overly sim-
favorable by 0.02 eV/LaNHg. Although the difference in plified model in general. Its validity or limitation should be
energy is small, the, site is slightly preferred than the site  examined by other methods.
in LaNisHg. As referred to in the preceding section, Fischer In the present study, we made three sets of calculations. In
et al?’ described a LaNHg¢ crystal with a primitive cell of  the first set, #1, the cell parameters were fixed at the theoret-
Z=1 and three H ab sites and three H dt+t; sites. The ical values of LaNj that were optimized in the present study.
present result suggests that the model by Fiseed. can  Internal parameters were fixed at values shown in Ref. 30 by
work for LaNisHg, although it cannot be used for LajMi, @ rigid-sphere model. In the second set, #2, the cell param-
because of the ignorance of thesite. eters were fixed to be the same as in #1. Only internal pa-
In the preceding section the total energy of the cell withrameters were optimized. In the third set, #3, all parameters
Z=1 is found to be very close to that witd=2 for including the cell constants were optimized
LaNisH;. As for LaNisHg, the total energy withz=1 is  imposing a hexagonal lattice. Calculations were made for a
found to be smaller than that with=2 by 0.03eV/LaNj  double cell of LaNi with one H at a specific site, i.e.,
when model 1 is used as shown in Table Ill. When the modeLa,Ni;oH;. The cell was chosen because the solubility limit
#2 is used, the same trend can be seen though the energ§H in the primary solid solution has been reported to be
difference is smaller. Regarding the LaNj, there is no close to x=0.5, (Refs. 33 and 34 in the formula of
reason to have Z=2 cell if the structure is restricted to the LaNiSHX_ The present calculation rough|y Corresponds to the
hypothetically ordered structure as employed in the preserdomposition at the solubility limit. All calculations were
study. made under possible-highest symmetry when one H is
present. In other words, geometry optimization was made
imposing the space group made by the originalNig, cell
and one H at the specific site. These calculations were made
Five nonequivalent interstices have been argued as po# order to compare the stability of H at five different sites.
sible hydrogen sites in the primary solid solution of LgNi ~ With the imposition of the symmetry, higher energy sites can
within the space group oP6/mmm A number of experi- be calculated. Otherwise, higher energy structure may disap-
mental neutron-diffraction studies have been reported. Gragear during the geometry optimization.
et al?® made a review of experimental works. Thé &nd/or The theoretical heats of solution by the present calcula-
12n sites have been most frequently concluded as the preions are listed in Table IV. By the calculations #1 without
ferred occupation site€:2>31 On the other hand, Hempel- any geometry optimization, all interstices show positive val-
mannet al® reported that both 8and &m were occupied. ues of the heat of formatiofsolution. The value is lowest
First-principles calculations by Nakamura, Nguyen-Manhfor 12n and second lowest forrd. It is interesting to note
and Pettifot® concluded that 1 was the preferred occupa- that these two sites were reported to have the hole radius
tion site. However, they have used a simplified model degreater than 0.4 A. If we restrict ourselves to the unrelaxed
rived from a rigid-sphere model in Ref. 30, and they did notgeometry, the Westlake’s criteffaseem to work qualita-
optimize the structure. tively. Nakamura, Nguyen-Manh, and Pettifomade a simi-
Stable hydrogen sites have often been argued using tHer calculation without relaxation and reported that all of
rigid-sphere model for atomic structure. The size of atomictheir heats of formation were having positive values. Con-
holes has been computed to discuss the experimental resulteary to the present work, however, thenl2ite showed
Westlaké® proposed that the minimum hole size is 0.4 A to much higher energy in their work.
stabilize the hydrogen atoms at interstices. Soubeyroux, When the geometry is optimized, the relative stability of
Percheron-Guegan, and Ach#tchade a rigid-sphere model H changes dramatically. Relaxation energy can be defined by
on the basis of their experimental results and discussed thbe difference in energies between #1 and #3. It is largest for
relative stability of hydrogen atoms at different interstices.the 4h site, and smallest for thené site. As a result,

C. Structure of primary solid solution
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TABLE IV. Theoretical energy of formatiorisolution of H  12n site after the geometry optimization is located only 0.35
(eV/L&NijH,) at five interstices using the model of the solid so- A away from the 3 site and it has similar local environment
lution, i.e., LaNiyH;. as the 3 site. This is inconsistent with the rigid-sphere
model claiming that the I2site is a tetrahedral sif8.1t is

Occupied site #l #2 #3 interesting that the radial distribution around thenIsite is
12n 0.10 -0.14 —-0.17 close to that of the site in the full hydride as shown in Fig.
3f 0.19 —0.09 —0.12 3. The 12 site should be described as an octahedral inter-
120 0.28 —0.02 —0.07 stitial site that is located slightly off center.
6m 0.12 0.01 —0.02 The 4h site is another simple site. It is basically coordi-
4h 0.24 —0.08 —-0.14

nated by four Ni atoms at 1.6 A, which are followed by one
Ni atom at 2.4 A. This is analogous to thgsite in the full
deride. On the other hand, local structures ob Ehd én

became the highest energy site. Although the cell volum . ) -
increased by 2—-3 % in the #3 calculations as compared witR € more complicated than the others. Acpordmg to .the rigid-
sphere model, both are tetrahedral sites coordinated by

the #2, both sets of the calculations, #2 and #3 show a S|m? Ni+1La and 2 Nir2 La, respectively. Although the fea-
u

lar trend. Eventually there is no clear correlation between th re is somehow maintained after the geometry optimization
initial hole radius and the stability in the optimized struc- the first shell is hardly distinguishable from the second. Cor-

tures. ; L
In order to find out the presence of a more stable positiorﬁeSpondence be_tween_ these sites and ffeie is less clear
than the other sites, either.

of H another calculation was made without imposing any As sh in Table IV. the 1@ site i ticall
specific symmetry operations except for the hexagonal Iat]; S ‘Elomn mtha Be't ,b 8 05 S'Ve I'ts energeﬂgca dy “.”Otfe
tice. H was put at a position not exactly but close to tha 12 avorable than the Bsite by L.Us eV. 1t seems the deviation

site in the initial structure. After the geometry optimization of H_from the .a‘ to the off-center 12 p03|_t|on is driven by

we found that the H atom was located at a position that i he increase in Fhe nhumber of short N"H. bonds. We can
indistinguishable from the 1Psite optimized by set 3 calcu- urther hypothe_5|2e that the number of Ni-H bonds at the
lation. We can therefore conclude that thenigite is the "€ _ne|ghbo_r IS an important parameter to determine the
most stable position in the hexagonab,NayH, lattice. Ge- stability. The idea qualitatively explains the general trend of

ometry of the optimized LaNi,H; lattice is summarized in ;[he srt1ab|l|ty. r;l’able VIl surfnmanzes tr?e near—nelgfhbqr bond
Table V. ength and the number of bonds. The number of Ni atoms

In order to understand the mechanism to determine th ithin 1.8 A.'S 3,4, 4,3, and 2 for 12 4h.’ 3f, 12, af‘d
m, respectively. The energy of solution increases with the

relative stability among the H sites, we have analyzed thd ; in the number of the near-neighbor Ni atoms. ex-
local environment of the H atoms after the geometry optimi- ecrease € number of the near-néigno atoms, €
cept for the case of I2 We cannot find such a correlation

zation, i.e., #3 structures. Radial distribution of atoms is plot-

ted in Fig. 3. As can be seen, the local coordination is not Sg\/hen we adopt the number of near neighbor La atoms. Of

simple to distinguish the first shell from the second in ger]_course, the hypothesis is too simple to be used quantitatively.

eral. Among them the f3 site is relatively simple. The H We have fo tak? into account other _bonds, SQCh as, Ni-Ni for
atom at the 3 site is coordinated by 6 atont4 Ni and 2 L3 precise discussion. But at least the |dea_ _pro_\ndes the_phys_lcal
within the bond-length of 2.6 A. It is then coordinated by |n§|ght as to how the order of the Stab.'“ty IS determlngd n
eight Ni atoms with the bond length of 3.2 A. The situation isthIS way. Yukawa, Matsumqra, an_d Morlné@made aseries.
similar to the octahedral interstice of the face-centered cubi(?f cluster .calculat|ons' fo investigate chemical bonding in
(fce) lattice. The shortest distance between the interstices etal hydrides. According to them, the La-H bonds are much

the optimized structur&#3) is summarized in Table VI. The weaker_than th_e N"H bqnds as _evaluated by bo_nd-_overl_ap
populations. This is consistent with our hypothesis given in

this work. Then a question can be raised: why the pure Ni

TABLE V. Theoretical structure of the LAli;qH; model having

H at the 121 site (#3 calculation. does not have enough solubi]ity of H’) Experir_n'ents show
that the heat of solution of H in fcc Ni is a positive value,

Imposed symmetry a(h) c(A) i.e., +32 kd/mol-H.%° The answer can be suggested by re-
Ccnf 5.075 7.866 visiting the #1 calculation of the primary solid solution. In

the unrelaxed structure, although thie dite has the largest

X y ‘ coordination number of Ni, it exhibits positive energy of
La —0.001 X —0.009 solution. The 4 site can be stabilized significantly only
Lay —0.001 X 0.499 when the near-neighbor Ni atoms are allowed to relax. The
Niy 0.497 X 0.247 presence of La having large atomic size may make the room
Ni, 0.497 X 0.751 for the relaxation. This should be one of the major roles of
m!z _8'222 8'322 8'(2)33 La to make LaNj to be a superior hydrogen storage material.
'3 : ' ' In a closed-packed lattice, such as in fcc Ni, such significant
Niy 0.676 0.315 0.503 . .
Nic 0.662 0333 0.000 relaxatlc_)n may not be aII.owed, which can be the reason f.or
the positive heat of solution. As a matter of fact, the atomic
H(12n) 0.496 X 0.456 : at o ater of 1e
density of LaNi is 6.9x 10 2 atom/A3, which is 25% less
3exagonal unit cell is imposed. dense than that of fcc Ni, 9:210 2 atom/A3. CaNi is iso-
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structural to LaNj, having an atomic density of 7.1 AH=ELaNisH;]— (E{ LaNis]+ 7/2E,[H5]), (2
x 10~ 2 atom/A3, shows good hydrogen storage capability,
too. whereE; is the total energy calculated for the unit formula

shown in the parenthesisAH is obtained to be
—1.63eV/LaNiH;, or —44.9kJ/mol-H. This is 30—40%
. ; more negative than the experimental heat of formation of the
of Hin LaNis full  hydride in literature ranging from —32 to
The theoretical heat of formation of Lal¥, relative to  — 35 kJ/mol-H.33% This discrepancy may be ascribed to the
LaNi; and H, can be calculated by the following equation: fact that hydride samples are generally highly defective. For

D. Heat of formation of hydrides and heat of solution
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TABLE VI. Shortest distances between interstices in A in #3  TABLE VIII. Theoretical results for two models of LahH;.

calculation. AH shows the theoretical energy of formation.
12n 3f 120 6m 4h Hydrogen Total energy AH
1on 035 152 222 1901 sites (eV/LaNigHz)  (eV/LaNigH5)
3f 1.73 2.48 2.15 Model A 3(0) —6201.44 —0.49
120 1.01 1.06 Model B 2(0)+1(ty) —6201.44 -0.50
6m 1.64
4h

was reported to be stable at above 353 K. It may be interest-

example, high density of dislocations of the order ofing to investigate the heat of formation of LaNk in order
105m~2 are generally present in the full hydride sampies. to know whether the phase is a stable one. Akéal*?
Positron-annihilation study by Shiragt al. detected high described the structure of Ladkl; with the space group
concentration of vacancies in the hydride samplEsergies P6/mmmthat is the same as that of LajNiSince site occu-
associated with the crystalline defects may have nonpancies of H cannot be determined uniquely in LNj
negligible effects on the experimental heat of formation.  several sets of calculations were made in the present study.

The theoretical work by Nakamura, Nguyen-Manh, andThere are two kinds of H sites in the model by Akiegal.,
Pettifor used the unrelaxed Model 1 to obtain the heat ofie., 6 and @m sites of the space group &6/mmm(Z
formation of —57.3 kJ/mol-H. Their result is far more nega- =1). They are, respectively, analogousa@ndt, sites of
tive than the present result for the same model, i.e.the full hydrides. We have selected three H sites amadng 6
—42.9kJ/mol-H. The discrepancy between two theoretical + 6m sites to put H atoms, and made calculations systemati-
results may be ascribed to the difference in computationatally. Two lowest-energy configurations were then found af-
techniques. ter full geometry optimization using a hexagonal primitive

The heat of solution obtained for theri3ite by #3 cal-  cell of LaNisH; (Z=1) imposing the space group made by
culation of LgNiygH; is —32.8 kJ/mol-H. Experimental en-  the original LaNi cell and three H at the given sites. The
thalpy in the primary solid solution has been reported as girst model has three H at thesite (Model A). The second
function of the H concentration by several grodps®®”  model has two H at the site and one at the, site (Model
which agree to each other. It is —50kJ/mol-H in the re-  B). The energies of these two models are almost the same as
gion of x<0.05 of LaNEH,. It became less negative with shown in Table VIII.
the increase ofx. It shows the lowest negative value of In order to examine the energetics of the Izwegion, we
—26.5 or—28 kJ/mol-H near solubility limit of the primary made an extra calculation at=1. Calculation was made
solid solution. The former value has been ascribed to th@sing a model with one H at the A%osition and aZz=1
energy for hydrogen chemisorption and/or trapping. The latcell. Geometry was fully optimized to obtain the heat of
ter value has been accepted as the real heat of solution of fdrmation (solution. It is interesting to compare the theoret-
in LaNis solid solution. In the lowx region, the computa- ical heat of formation of hydrides at various compositions.
tional error is larger when converted to the unit of kJ mel-H
as compared to the errors for hydrides. The error of 05
+0.01 eV/LaNiH, 5 corresponds ta- 3.9 kJ/mol-H. Taking T
computational error in consideration, the present theoretical |
value is in rough agreement with the experimental one. A
slightly more negative value may be ascribed to the high
density of crystalline defects similar to the case of the full
hydride, because the calorimetric measurements have been
made on samples after repeated hydrogenation cycles.

In the LaNk-H system, an intermediate phase between the
primary solid solution and the full hydride has been
reported®®*! Its composition is close to Lal,, which

[=]

Theoretical heat of formation
relative to LaNi5 [eV / LaNisH,]

TABLE VII. Averaged bond length between H and neighboring 45 |
metal atoms,d, and number of bondsN. Metal atoms within '
dyni<1.8 A anddy, ,<3.0 A were adopted.

dH-Ni NH-Ni dH-La NH-La 0 2 4 6 é
12n 1.64 3 2.56 2 x in LaNigHy
3f 1.71 4 2.54 2
120 1.59 3 2.33 1 FIG. 4. Theoretical heat of formation of six models as a function
6m 1.57 2 2.42 2 of H content,x, relative to the energy of Lalli The phase bound-
4h 161 4 aries correspond to averaged experimental values in many reports.

Note that they were not determined by the calculation.
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The heat of formation of LaNH;, LaNisH;, and LaNiHg
are plotted together with the values of LgNjs and
LaNisH; in Fig. 4. The figure clearly indicates that the
LaNis-H system dissociates to the primary solid solutian
phase and the hypothetically ordered LajMi; (8 phase in
the range of the intermediate composition. Owing to compualthough it cannot be used for LajMi;.

tational limitation, it is not possible to determine the solubil-

PHYSICAL REVIEW B 64 184105

0.423334The present result is consistent with the experimen-
tal solubility.

When the heat of formation of the primary solid solution
and that of the full hydride is connected as shown in Fig. 4
using a broken line, the value of Lajdi; is 0.18 eV/
LaNisH5 greater than the value on the line at the same com-
position. Although the LaNHj; is stable only at temperatures
above 353 K the energy of 0.18 eV may be too large to
stabilize the phase at such a moderate temperature. Buckley,
Gray, and Kist® discussed that the microstructural modifica-
tion associated with the ordering of dislocations is required
to stabilize LaNiH; phase. This kind of mesoscopic mecha-
nism should be taken into account in order to explain the
experimental results.

E. Volume expansion in LaNi-H system

Figure 5 summarizes the theoretical lattice volume and
cell parameters together with experimental values. A volume
expansion by 25% has been reported by experiment from
LaNig to the full hydride*?” which is very well reproduced
by the present calculations. Some deviation in volume can be
found at the intermediate compositions. The values may be
less accurate both in experiments and calculations as com-
pared with those of the end members. The disagreement in
the intermediate compositions is more pronounced in cell
parametersa and c. Further investigation on the origin of
errors may reveal detailed structural information of the inter-
mediate phases. However, it is beyond the scope of the
present study.

IV. CONCLUSIONS

First-principles calculations have been made on phases in
the LaNk-H system with full geometry optimization using
ultrasoft pseudopotentials and plane-wave basis. Results can
be summarized as follows.

(1) The atomic positions of the full hydride have been
described in two ways through the Rietveld analyses of ex-
perimental profile. The lowest-energy structure by the
present calculation is close to that of the model analyzed
with the space group oP6;mc by Lartigue, Le Bail, and
Percheron-GuegahStructure with four H at,+1} sites is
found to be unfavorable, which can be explained by a tight
H-H packing. Thet,+t; sites can accommodate only three
H per LaNi at most. One H should therefore occupysite
in LaNisH,. Three H ato site, three at, site, and one at;
site is, therefore, the major requirement to have a stable
LaNisH, structure. We found that the structure models with
different space group including those with a single-unit cell,
i.e.,Z=1, cannot be ruled out by the theoretical calculation
on the hypothetically ordered LafiH-.

(2) The model by Fischeet al?’ can work for LaNiHs,

(3) The 14 site of the LaNi is found to be most stable

ity limit of H in LaNi5. When we ignore the entropy contri- among five possible interstices in the model of the primary
bution, it should be lower tharn=0.5, if any. The solubility
limit has not been determined precisely even by experimentslescribed as the off-center octahedral site rather than the
It has been reported to be in the range»£0.34 and

solid solution, i.e., LgNi;gH; model. The 18 site can be

tetrahedral site. The deviation from the center is driven by

184105-9
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the increase in the number of the short Ni-H bonds. The (5) Theoretical heat of formation of intermediate phases
formation energy can be qualitatively explained by the num-indicates that the LaNiH system dissociates to the primary
ber of near-neighbor Ni atoms. Good analogy can be foundolid solution (« phas¢ and the hypothetically ordered

between the 123f sites and the site in the full hydride by L aNisH-, (8 phase, which is consistent with the experimen-
the examination of radial distribution of coordinated atoms.tg| results.

Radial distribution around thetdand thet; sites are similar, (6) Expansion of the cell volume associated with hydro-

too. On the other hand, poor correspondence can be foungbnation is well reproduced by the calculation.
between the 1@6m and thet, site.

(4) Theoretical heat of solution using the Ni;gH;
model is— 33 kJ/mol-H, which roughly agrees with the ex-
perimental value. On the other hand, theoretical heat of for-
mation of the LaNjH; is — 45 kJ/mol-H, which is 30—40% We would like to thank Dr. F. Oba for helpful discussions.
more negative than the experimental value. The discrepancihis work was supported by the Grant-in-Aids for Scientific
may be ascribed to the fact that hydride samples are full oResearch on Priority Area@No. 751 from the Ministry of
crystalline defects. Education, Science, Sports, and Culture of Japan.
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