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Search for metal hydrides with short hydrogen—hydrogen separation:Ab initio calculations
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The present investigation is a part of a series on metal hydrides with extraordinary shaftd¢parations.
The electronic structure, chemical bonding, and ground state properti€lof (R=La, Ce, Pr, Nd;T
=Ni, Pd, P} and their saturated hydrideg®;TslnsH, (=3RTINH, 339 are systematically studied using the
full-potential linear muffin-tin-orbital method. The effect of the metal matrix on the-H separation in
RTInH, 333is analyzed in terms of chemical bonding, and bond strength is quantitatively analyzed using the
crystal-orbital-Hamilton population. Force and volume optimizations reveal that all these hydrides violate the
“2-A rule.” The insertion of hydrogen in the metal matrix causes highly anisotropic lattice changes; a large
expansion along and a small contraction in thedirection. Among the 12 studied hydrides the hypothetical
LaPtinH, 333 phase exhibits the shortestHH separatior(1.454 A). The optimized unit-cell parameters and
atomic coordinates fit very well with the experimental findings R\ilnH; 335 R=La, Ce, and Nd. Exami-
nation of the effect of the metal matrix on the-HH separation irRTInH; 333suggests that on a proper choice
of alloying element one may be able to reduce the-H separation below 1.45 A. The-HH separation is
reduced significantly by application of pressure.

DOI: 10.1103/PhysRevB.70.014107 PACS nuni®er81.05.Je, 71.15.Nc, 71.26b

I. INTRODUCTION and PrNilnH ,¢" has revealed that the-HH separation in
these alloys is betweer1.5 and 1.8 A. It has been sug-
The present series of papkfsconcerns metal hydrides gested that both thehdand 6 interstitial sites or either of
with extraordinary short H-H separations. The reversible them are occupied by hydrogen atoms in a ZrNiAl-type ma-
storage of hydrogen in the form of intermetallic hydrides hadrix. Although PrNilnH, ., has been obtained as a stable
several advantages over storing as gaseous and liqujghase, no detailed structural examination has so far been
hydrogen®* However, major a disadvantage of hydrides asreported. A recent low-temperature neutron diffraction
storage media over other options is the considerable weiglstudy** gives evidence that H atoms occupy only thesite
of the metal matrices and their relatively high cost. Hence, iin an ordered arrangement in the ZrNiAl-type structure of
seems desirable to investigate other materials for such applR;NisIlnsH, (=3RNilnH; 333 R=La, Ce, and Nd hereafter re-
cations at affordable cost, sufficient storage capacity, anéerred to with the latter simple matrix-based formuléth a
functional reliability. Although accounting for structures and H—H separation of~1.6 A. En passant it may be men-
properties of prospective hydrogen storage materials still oftioned that in some disordered hydridgike K,ReH,%19),
fers a tremendous challenge to improve the amount of storedue to the partial occupancy of the hydrogen sites, the i
hydrogen, the last two decades have seen considerabdeparation becomes appreciably lower than 2.1 A.
progress in the understanding of the basic problems. With the In previous work&? on RNiln and RNilnH; 335 (R
development of advanced theoretical tools, the gathering ofLa, Ce, Nd the origin of the anisotropic volume expan-
knowledge from fields that tended to ignore each other in theion on hydrogenation has been explained, and the presence
past, and the progress in computer technology, one can mak# strong interaction between the transition mefa) and
reliable predictions of properties for even quite complexhydrogen inRNilnH; 333is shown to prohibit the electrons at
materials? the hydrogen atoms from participation in repulsive interac-
Numerous studies have been carried out to explain obton between two such arranged H atofase Fig. 1 and for
served stabilities, stoichiometries, and preferred hydrogemore details Refs. 1 and.2Vloreover, also th&—R bond
sites in various kinds of hydridés. It has been suggested grid contributes to the shielding of the repulsive interaction
that limiting factors in terms of minimum hole siz6.40 A)  petween the H atoms. These observations have motivated us
and H—H distance(2.1 A) in stable hydrides should be to search for new hydrides with short-HH separation in
prime selection criteria for guidance about hydrogen absorpRTIn matrices and in particular to identify the effect of iso-
tion capacity.1°Hence, reduction in H-H separation may electronic substitution of Ni by Pd and Pt. In the present
be one means to enhance the hydrogen content at minimusontribution we consider the crystal and electronic structures
matrix volume and mass. From experimental and theoreticadf nine other members of the seriéR=La, Ce, Pr, Nd;T
studies it has been established that the separation betweed, Pt; plus PrNilnkls39 in addition to the earlier reported
hydrogen atoms in interstitial matrix sites is ruled by repul-combinations withT=Ni, viz. all together 12 phases. Fur-
sive H-to-H interactions, which in practice is assumed tothermore the influence on the-HH separation by applica-
prevent the hydrogen atoms to approach one another closgon of high external pressures is considered.
than 2.1 A (Switendick’s criterion.”*1° Nuclear magnetic The rest of this paper is organized as follows. Section I
resonance(NMR) study on CeNilnH (x=1 to 1.62'12  gives appropriate details about the computational methods,
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containing compounds in the series it was simply assumed
that the valence state is €eThe open core approximation
was used and hence contributions of tHeedectrons to the
valence band are removed. This is equivalent to the LDA
+U approach withU=« for the f electrons(successfully
used in Ref. 19 4s, 4p, and 3 orbitals were used for Ni;$

5p, and 5 for In; semicore $ and valence § 5p, and 4

for Pd; and semicorefd valence 6, 6p, and 3l for Pt; and

1s, 2p, and 3 for H. All orbitals were contained in the same
energy panel. A so-called multibasis was included to ensure a
well-converged wave function, implying the use of different
Hankel or Neuman functions each attaching to their radial
functions. This is important in order to obtain a reliable de-
scription of the higher-lying unoccupied states and low-lying
semicore states. Integration over the Brillouin z¢BZ) was
done using “special-point” samplif§?! and self-
consistency was obtained with 1&5points in the irreduc-
ible part of the BZ, which corresponds to 7E&oints in the
whole BZ. Test calculations were made for a doubled num-
ber of k points to check for convergence, but the optimized
c/a ratio for 105 and 21& points for LaNilnH, 335 turned

FIG. 1. (Color online Structural fragment oRTINH; 335 (R out essentially the same. Hence, 20points were used con-
=La, Ce, Pr, Nd;T=Ni,Pd, P}, showing the trigonal bipyrami- sistently for the optimization o€/a, unit-cell volume, and
dal coordination of R and 2T(2c) arourd 2 H atoms. Legends to  atomic positions as well as for calculations of electron den-
the different kinds of atoms are given on the illustration. Thesity. For the density of state®OS) calculations, the BZ
completion of the linear H-T(2c)—H units is indicated at the top integration was performed by means of the tetrahedron
and bottom of the illustration. method?2

Equilibrium volumes and bulk moduli were extracted
structural results of the calculations are presented and digrom the calculated energy versus volume data by fitting to
cussed in Sec. IlI, the nature of chemical bonding is analyzethe “universal equation of state” proposed by Viegtal 2
in Sec. IV, and the conclusions are summarized in Sec. V. Virtually the same results were obtained by fitting to the

Birch?* or Murnaghaf® equations. For the calculation of the
bulk modulus, the theoretically estimateth value was kept
II. DETAILS OF THE CALCULATIONS constant.

We have used the full-potential linear muffin-tin-orbital 10 calculate electron-localization-function plots we used
(FPLMTO) method® within the generalized-gradient ap- the 'firs.,t-prin(?iples self-consistent, tight-binding, linear
proximation (GGA),Y7 in which the Kohn-Sham equations Muffin-tin orbital (TB-LMTO) method of Andersen and
are solved for a general potential without any shape approxilepsert® The von Barth-Hed#{ parameterization is used
mation. For the local density approximationDA) calcula-  for the exchange correlation potential within the local-
tions, we have used the exchange-correlation function prodensity approximation. In the present calculation, we used
posed by Hedin and Lundqvi&, which allows accurate the atomic sphere approximation. The calculations are semi-
calculation of the total energy as a function of volume. Therélativistic (i.e., without spin-orbit coupling, but all other
unit cell is divided into nonoverlapping muffin-tin spheres, relativistic effects includedtaking also into account com-
inside which the basis functions were expanded in sphericdlined correction terms. The BX-point integrations are
harmonics up to a cutoff in angular momentunat6. The ~ Made using the tetrahedron method on a grid of K@®ints
basis functions in the interstitial regiofi.e., outside the Inthe irreducible part of BZ. In order to get more insight into
muffin-tin spheres are Neumann or Hankel functions de- the chemical bonding, we have also calculated the crystal-
pending upon the kinetic energy. The ratio of interstitial toOrbital-Hamiltonian populationCOHRP?*2% in addition to
unit-cell volume is around 0.42. The basis set containedhe regular band structure. The COHP is the DOS weighted
semicore B and valence &, 6s, 6p, and 4 states for La. For DY the corresponding Hamiltonian matrix elements, a posi-
Ce, Pr, and Nd, thefdelectrons are treated as localized coretive sign of which indicating bonding character and negative
electrons. In rare earth compounds, the equilibrium voluméntibonding character. The detailed mathematical expres-
strongly depends on the valence of thelectron-carrying Sions for the COHP are, e.g., found in Ref. 28. The electron-
element. For the present series of compounds this is a poifgc@lization function(ELF) was calculated according to the
of concern for the Ce-containing compounds. In the earlie B-LMTO code.
communicatiof it is shown that only when one assumes Ce
in the 3+ state in CeNiln and CeNilnHs3; agreement is
obtained between the calculated equilibrium cell volume and The hydrogen storage capacity of an alloy is limited in the
the experimental cell volume. Hence, for the rest of the Cefirst place by the number of interstial sites in the host lattice.

A. Structural details
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Often there exist different interstitial sites which can be oc- On going from La to Nd the calculated unit-cell volume
cupied by hydrogeinote: as atomic H not as moleculag)H  decreases gradually, a trend that is recognized also in the
e.g., tetrahedral and octahedral. However, owing to electroexperimental datésee Fig. 2 A similar trend was observed
static limitations, most of the interstitial sites remain unoc-by Muller, Blackledge, and Libowi# in RH, phases, which
cupied on hydrogenation, and consequently the formulae fan that case, was attributed to the lanthanide contraction. Ex-
such hydrides usually take noninteger indices for the hydroperimentally all intermetallic mother phases except CePtlIn
gen content® The ZrNiAl-type structure (space group have been identifief;3! whereas most of the hydrogenated

P62m) is common among thABC intermetallics, more than Phases are yet structurally little exploresee Tables | and
300 examples being record@din the RTin lattice the most  1D- _ _

favorable sites for the hydrogen have tetrahedral surround- In order to check possible effects of different computa-
ings: (a) 6i atx, 0, z etc. (x=0.25, z=1/3), coordinated by tional approaches we have performed structural optimiza-
threeRs and one Inyb) 4h at 1/3, 2/3,x etc. (x=2/3), tions for theRP.tInH1,333 phases[gmong which the shortest
coordinated by threRs and oneT(2c) (illustrated in Fig. 3; ~H—H separations are fouidising both LDA and GGA
and(c) 121 atx, vy, z etc. (x=0.44, y~0.16, z~2/9), co- exchange correlation functionalsee Table Il). Due to the
ordinated by t\;vol'?s oné In énd'oné'(.lb)’ The sh,ortest overestimation of bond characteristics by LDA the calculated

Ah—4h and 6-6i separations occur along theaxis of the H—H seprations come out smaller by this approach than

hexagonal structure. Recent experimental findings show thé@ose obtained by GGA. For rest of the compounds we only

H prefer only the 4 among the available sitéé However used the GGA formalism and the following discussion is

the complete filling of such arranged tetrahedral sites withsolely based on the .GGA calculations. -
The calculated unit-cell volume versus total energy is fit-

hydrogen has been considered unlikely on the basis of thFed to the “universal equation of state” in order to estimate

requirements of the hole size and the “2-A ruté’All cal- . AP
cu?ations reported here assume ideal and fully saturated h he bulk modulus(Bo) and its pressure derivativéy) fpr
drides with the formula BTINH, 35 heseRTIn andRTINH, 333 phasegsee Table IY. On going
from theRNiln mother phases to the corresponding hydrides,
By is reducedexcept for NdNilp, which can be understood
as a consequence of the volume expansion during hydroge-
In order to understand the role of tReand T components nation. On the other hand, on going from tR®din and
in the RTIn metal matrix for the unusual H-H separation RPtIn series to their hydrides3, increases(except for
and the anisotropic volume expansion on hydrogenation &aPtin). This may be due to enhanced bond strength in the
structural optimization study has been carried out. ThéRTIn matrix (in an extent that overcomes the volume expan-
ZrNiAl-type structure with the experimental lattice param- sion effecy on introduction of the hydrogen. No experimen-
eters and atomic positions for the appropriate compoinds tal data forB, of these compounds are available.
were chosen as the starting point. First all variable atom
coordinates were relaxed globallpy keepingc/a and cell
volume constantusing the force minimization technique. IV. CHEMICAL BONDING
The atomic coordinates were then fixed at their optimized A DOS
values while the unit-cell volume were varied in steps of 5% '
within +15% from the optimized value. The thus obtained From the characteristic features of the DOS, one may be
total energy versus unit-cell volume curve was fitted to aable to rationalizésee, e.g., Ref. 3Ghe bonding in th&kTIn
polynomial and the minimum, which represents the theoretseries and changes introduced in the bonding upon the hy-
ical equilibrium volume, was established. The theoretidal ~ drogenation. No electronic structure calculations have appar-
was, in turn, determined from the minimum in total energyently hitherto been undertaken faifin phases. In general all
versusc/a at fixed atomic coordinates and equilibrium unit- members of theRTIn and RTInH, 335 series(see Table 1Y
cell volume. Finally, once again we relaxed the atom coordihave a finite number of electrons at the Fermi le(&t),
nates globally by fixingz/a and unit-cell volume. The thus which classifies them as metals. As examples the DOS for
obtained atomic coordinates differ less than 1% from the firstaPtin and LaPtinkls33is shown in Fig. 3. For LaPtin it is
established values. The calculated data are in good agreeenvenient to divide the DOS into regions: region |
ment with the experimental findingsee Tables | and )l (-8 to —5 eV} with well localized Ins and Pts states and
The next step was to introduce the hydrogen atoms in khe 4some hybridized L& states; region I(-5 eV to Er) with
position of the optimized metal matrix. This results in local hybridized Inp, Pt-d, and Lad states; and region Iabove
strain, which implies that the entire, just-outlined, structuralEg) with unoccupied states. By studying the changes in these
optimization process had to be repeated. The then obtaineggions on hydrogenation one can extract valuable informa-
atomic coordinates and unit-cell dimensions agree very wellion about the changes in bonding character upon hydroge-
(see Tables | and )lwith recent powder neutron diffraction nation. Region Il where the Ip; Ptd, and Lad states are
findings for the phases wiffi=Ni.}* The lattice changes dur- energetically degenerate, signals an appreciable degree of co-
ing the hydrogenation are highly anisotropic, on the averagealent bonding. The electronegativitiPauling scalgdiffer-
16% expansion along and a small contractiofaverage ences between In and F.5) and In and La0.6) are much
~2.5%) along a, the largest anisotropy being found within smaller than between La and @t1), which indicate that the
the T=Pd series. tendency to form covalent bonding between the former pairs

Ill. STRUCTURAL ASPECTS
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TABLE I. Calculateda,c (in A), andc/a for RTin andRTInH, 335 and changeda/a, Ac/c, andAV/V (in %) on hydrogenation.

a c cla Aala Ac/c AV/IV
Compound Theor. Expt.  Theor. Expt. Theor. Expt. Theor. Expt. Theor. Expt. Theor. Expt.
LaNiln 7.5604 7.5905 3.9924 4.05000 0.5281 0.5336 - - - - - -
LaNilnH{ 333 7.3771 7.3810 4.6254 4.6489 0.6270 0.6399 -2.43 -2.76 1586 14.80 10.31 854
LaPdIn 77716 7.7290 4.1250 4.1330 0.5307 0.5347 - - - - - -
LaPdInH, 333 7.3501 - 4.8112 - 0.6546 - -5.42 - 16.64 - 4.33 -
LaPtin 7.7277 7.6980 4.1144 41250 0.5324 0.5361 - - - - - -
LaPtinH, 333 (LDA)  7.5262 - 4.6261 - 0.6147 - -2.44 - 12.44 - 6.65 -
LaPtinH, 333 (GGA)  7.7274 - 4.6903 - 0.6070 - -0.04 - 13.98 - 14.00 -
CeNiln 7.5807 7.5340 3.9806 3.9750 0.5251 0.527% - - - - -
CeNilnH; 333 7.4536 7.2922 4.4871 4.6238 0.6020 0.63412 -1.68 -3.21 1272 163 897 8.98
CePdIn 7.8113 7.7290 4.1257 4.1330 0.5282 0.5347 - - - - - -
CePdInH 333 7.4494 - 4.8676 - 0.6534 - -4.63 - 17.98 - 7.30 -
CePtin 8.0112 - 3.9800 - 0.4892 - - - - - - -
CePtinH 333(LDA)  7.6419 - 4.6467 - 0.6081 - -461 - 16.75 - 6.24 -
CePtinH 333(GGA)  7.8250 - 4.7101 - 0.6019 - -2.32 - 18.34 - 12.098 -
PrNiln 7.5950 7.5410 3.9259 3.9500 0.5149 0.5238 - - - - - -
PrNilnH; 333 7.3783 7.2600 4.4726 4.5600 0.6062 0.6281 -2.85 -3.73 1393 1540 7.52 7.01
PrPdin 7.8674 7.3790 4.0257 4.0439 0.5117 0.5265 @ - . - - . -
PrPdinH 333 7.4107 - 4.8041 - 0.6483 - -5.81 - 19.34 - 5.88 -
PrPtin 7.8042 7.65F2 4.0706 4.045% 05216 0.5287 - - - - - -
PrPtinH, 333(LDA)  7.5766 - 4.6283 - 0.6109 - -2.92 - 13.70 - 6.69 -
PrPtinH, 333(GGA)  7.7595 - 4.6934 - 0.6049 - -0.06 - 15.30 - 13.98 -
NdNiln 7.5207 7.5202 3.9023 3.9278 0.5189 0.5228 - - - - - -
NdNilnH; 333 7.2408 7.2255 45560 45752 0.6292 0.6332 -3.72 -3.92 16.75 1650 7.60 7.53
NdPdin 7.7898 7.6830 3.9735 3.9979 0.5101 0.5202 - - - - - -
NdPdInH, 333 7.3519 - 4.7895 - 0.64515 - -5.62 - 20.54 - 7.37 -
NdPtIn 7.7610 7.6360 3.9815 4.0100 0.5130 0.5251 - - - - - -
NdPtinH; 333(LDA)  7.5362 - 4.6172 - 0.6127 - -2.90 - 15.97 - 6.35 -
NdPtinH; 333(GGA)  7.6980 - 4.6750 - 0.6073 - -0.08 - 17.40 - 15.52 -
Ref. 14
bRef. 31
‘Ref. 13

of elements is more favorable than that between La and Pmother matrix(see Sec. IV B In general, the so-called core-
Indium is surrounded by four transition-metal atohwso in  level shifts observed in photo-electron spectra during forma-
2c and another two in i site) and six rare-earth atoms. Ow- tion of metal hydride¥ may be regarded as direct evidence
ing to the crystal field splitting the Ip-state separates into Of charge transfer from metal atoms to the hydrogens. In the
two parts (see the partial DOS of In in Fig.)4between LaPtin-to-LaPtinH 335 case, the Lap level is lowered by
-5 to -2.5 eV thep, electrons mainly dominate whereas ~0.8 eV;(present at around 17 eV; not shown in Fig; 4
the non-bonding, and p, electrons reside at the top of the Similar shifts being reportédin rare-earth hydrides. The de-
valence bandVB). It is the well-separateq, states that tailed features of the partial Pt DOS fdi(1b) and T(2c)
participate in the covalent bonding with the energeticallyshow some distinction due to their different atomic environ-
nearest Pd states. ments. The total width of the VB is lower in LaPtin than
Figure 3 shows that when hydrogen is inserted in the-aPtinH; 333 (similar for the other pairs of compounds stud-
LaPtin matrix, new states are formed around -9.5 to ied). This is due to the fact that hydrogen enhances the in-
-2.5 eV. Hence the VB is shifted to lower energy andBEpe teraction between neighboring atoms, and thereby increases
is pushed slightly upward. It is commonly accepted that orthe overlap of the orbitals concerned. Further, the location of
insertion of hydrogen in a metal matrix, the hydrogen will the H-s state at the bottom of the VB also contributes to an
absorb some valence electrons from the nearest electron-ridghcrease in the width of the VB. In particular the contribution
metal aton(s), viz. a charge-transfer effect. In tiRTnH, 333 of Pf(2c) to the VB enhances the width from 8 to 9.5 eV,
series H absorbs electrons from all the metal atoms of thevhereas contributions of @) and In on the other hand,
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TABLE Il. Optimized atomic coordinates fdRTIn and RTInH 333 phases.

RTIn RTINH{ 333
Theor. Expt. Theor. Expt. Theor. Expt.
X X X X z z
T=Ni
R=La 0.5866 0.594 0.6036 0.6035 1/2 1/2
In 0.2475 0.256 0.2444 0.2437 0 0
H 1/3 1/3 0.6728 0.6759
R=Ce 0.588 0.594 0.6077 0.6013 1/2 1/2
In 0.248 0.256 0.2507 0.2462 0 0
H 1/3 1/3 0.6752 0.6737
R=Pr 0.585 0.594 0.6059 1/2 1/2
In 0.248 0.256 0.2568 0 0
H 1/3 1/3 0.6663
R=Nd 0.5886 0.594 0.6013 0.6013 1/2 1/2
In 0.2496 0.256 0.2483 0.2462 0 0
H 1/3 1/3 0.6723 0.6737
T=Pd
R=La 0.5930 0.594 0.6008 1/2
In 0.2537 0.256 0.2441 0
H 1/3 0.6583
R=Ce 0.5885 0.6055 1/2
In 0.2501 0.2517 0
H 1/3 0.6636
R=Pr 0.5895 0.594 0.6015 1/2
H 1/3 0.6663
R=Pr 0.5895 0.594 0.6015 1/2
In 0.2529 0.256 0.2440 0
H 1/3 0.6624
R=Nd 0.5913 0.594 0.60414 1/2
In 0.2535 0.256 0.2695 0
H 1/3 0.65045
T=Pt
R=La 0.5874 0.594 0.6020 1/2
In 0.2533 0.256 0.2460 0
H 1/3 0.6551
R=Ce 0.5908 0.594 0.6061 1/2
In 0.2525 0.256 0.2456 0
H 1/3 0.6554
R=Pr 0.5894 0.594 0.6034 1/2
In 0.2516 0.256 0.2486 0
H 1/3 0.6595
R=Nd 0.5904 0.594 0.6035 1/2
In 0.2548 0.256 0.2513 0
H 1/3 0.6639

R in 39(x,0,1/2, T(1b) in 1b(0,0,1/2, T(2c) in 2c(1/3,2/3,0, In in 3f(x,0,0, and H in
4h(1/3,2/3 7).

would have reduced the width of the VB from LaPtinH, 335 but also in the rest of the compound3he
~8 to 7.5 eV. The latter modification reflects the increaseH-s, In-s, and P¢2c)-d electrons are energetically degenerate
in the P{1b)—In separation following from the insertion of in the energy range between —9.75 and -2.50 eV. According
the additional H atoms between the(B)—Pi2c) linear  to the electronegativity differences of 0.0, 0.5, and 1.2 for
configuratior? Pt—H, In—H, and La—H, respectively, covalent bonding
The interatomic RRc)—H distance almost equals the between Pt and H is more likely than between La and H.
sum of the covalent radii of Pt and Hnot only in  Careful inspection of the partial DOS of(Rt) and H in Fig.
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1T T 1T T 17 lent and partial ionit character also suggested by their dif-
ferent electronegativities.
In order to gain insight in the impact on the bonding in-
o .. teraction between metal atoms of the mother matrix upon
hydrogenation Fig. & shows the charge density for
LaPtinH, 333 The interesting aspect is that, the charge den-
4 sity of P{2c¢) is directed toward H, leading to the formation
of dumb-bell shaped H-Pt(2c)—H units, linked like a
chain along [001]. The interatomic separation between
Pt(2c) and H in LaPtinH 335 corresponds nearly to the sum
of the covalent radii of Pt and H. The same trani. very
short T—H separations is observed in all the studied
phases. The H-<l electrons participate in pairing medi-
ated via P{2c) to a molecule-like structuralH—Pt—H)
unit as well as in H.H interactions with neighboring
H—Pt—H units (viz. a linear arrangement
...H—Pt—H...H—Pt—H...). Examination of the partial
DOS (in Fig. 4) shows that the valence electrons of Pt and H
| are not fully energetic degenerate in the VB region indicating
. a degree of ionic character in the Pt-to-H bonding. This in-
’ terpretation is supported by the charge-transfer rffap.
y 6(b)]. The bond strength of Fic)—In is reduced upon hy-
drogenation as reflected in the increased interatomic distance
from 2.93 to 2.97 A, and further confirmed by the COHP
N I I I analyses. An important difference between the complex hy-
0.99 1.00 101 1.02 103 drides and the present type of hydrides lies in the nature of
R™ radius (A) the interaction between the H atoms. Most of the complex
_ ) hydrides have nonmetallic character, for example, in LiAIH
FIG. 2. Experimenta(®) and calculatedO) unit-cell volume  there js strong covalent interaction between Al angakithin
for RgNiglngH, versus ionic radiuS. Experimental data for the AlH, subunit3 and very weak H—H bonds between two
PrNilnH; ,o from Ref. 13 and for the other phases from Ref. 14. AlH , subunits?® In RTINH; 435 on the other hand, there is a
finite electron density distributed between thid, subunits
4 shows accumulation ofd electrons in the range implying a considerable H-H interaction.
-4.25 to -1 eV, whereas most of the H electrons are local-
ized in the range —9.75 to —2.35 eV, indicating that the in-
teraction between H and Pt is far from perfect covalent.

R Ni,In H,

216 |-

[\

s

—_
]

Unit—cell volume (A3)

206 - -

2. Charge transfer plot

A convenient and illustrative way to represent and analyze
the bonding effects in thRTINH, 333 Series is to use charge-
B. Charge density and charge transfer transfer plots. The charge-transfer contour is the self-

The unusually short H-H separations in th&TInH; 333 consistent electron density in a particular plangmp, minus
phases(Table Ili) are a motivation for further penetration (€ €lectron density of the overlapping free atoms.a, i.€.,
into the nature of their bonding. The variation in the electron Ap(t) = p(Noamn = PNt a0 )
distribution on replacement d® or T components may be _ o P e o
expected to give hints about factors which influence thévhich allows one to visualize how electrons are redistributed

bonding between the H atoms as well as between HTand in @ particular plane compared to free atoms due to the bond-
ing in the compound.

Since the charge-transfer plots for &IMnH, 3353 phases
show close qualitative similarity, the following consider-

The charge-density contours in tfiE00) plane of LaPtin  ations are limited to LaPtinthss Figure §b) shows that
and LaPtInH 335 are displayed in Figs. 5 andd, respec- charge has been depleted from the La, Pt, and In sites and
tively. Owing to the pronounced mutual similarities betweentransferred to H, but the magnitude of charge transfer varies
the charge density within th@TIn andRTInH, 333 series we in different directions of the crystal. Most charge has been
present only illustrations for the charge density of LaPtln andransferred from In, but not isotropically and the resulting
LaPtinH, 333 (Figs. 5 and § the latter hydride having more- charge distribution at the In site is certainly not spherically
over the shortest H-H separation among the investigated symmetric. There is a significant amount of extra electron
hydrides. The finite electron distribution present betweerdensity around the H atoms, and also an increased amount of
Pt(2c) and In (Fig. 5 clearly indicates that the interaction electrons in the interstitial region between thé2et and In
between these atoms has an appreciable covalent componeatoms. The charge transfer from the metal components to the
The R—Pt(1b) andR—In bonds have mixed@partial cova- H atoms leads to an appreciable ionic component in the

1. Charge density
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TABLE III. Interatomic distancegin A), and ICOHP(in eV) for RTInH; 335 phases.

R—H T—H H—H
Compound Theor. Expt ICOHP Theor. Expt. ICOHP Theor. Expt ICOHP®
LaNilnH; g33 2.3993 2.4064 -0.710 1.5132 1.5065 -3.211 1.5983 1.6350 -0.121
LaPdInH, 333 2.3727 - -0.747 1.6440 - -2.829 1.5230 - -0.319
LaPtinH, 333 (LDA) 2.4018 - -0.631 1.6167 - -3.595 1.3923 - -0.442
LaPtinH; 333 (GGA) 2.4748 - -0.642 1.6177 - -3.539 1.4543 - -0.423
CeNilnH; 333 2.4271 2.3708 -0.791 1.4573 1.5086 -3.322 1.5721 1.6061 -0.224
CePdInH 333 2.4238 - -0.691 1.6373 - -2.838 1.5925 - -0.256
CePtinH, 333 (LDA) 2.4532 - -0.605 1.6011 - -3.659 1.4440 - -0.326
CePtinH 333 (GGA) 2.5098 - -0.534 1.5883 - -3.621 1.4637 - -0.313
PrNilnH; 333 2.3873 - -0.629 1.4924 - -3.397 1.4874 - -0.307
PrPdInH 333 2.3979 - -0.668 1.6217 - -2.895 1.5602 - -0.281
PrPtinH, 333 (LDA) 2.4298 - -0.489 1.6012 - -3.615 1.4252 - -0.351
PrPtinH, 333 (GGA) 2.4955 - -0.582 1.5979 - -3.645 1.4970 - -0.365
NdNilnH 333 2.3499 2.3499 -0.690 1.4928 1.5064 -3.341 1.4928 1.5618 -0.231
NdPdInH; 333 2.3682 - -0.528 1.6740 - -2.652 1.4411 - -0.579
NdPtinH; 333 (LDA) 2.4160 - -0.555 1.6025 - -3.635 1.4118 - -0.396
NdPtinH; 333 (GGA) 2.4817 - -0.384 15711 - -3.614 1.5323 - -0.384
3 rom Ref. 14
bICOHP value up to bonding states.
bonds to H. The charge transfer to the interstitial regions n
between RRc) and In reflects covalent bonding. T= 1220 |V )2 (5)
i

C. ELF
] o are computed from the orbitalg. In both equations, the
ELF is a ground-state property that discriminates betweefhgex runs over all occupied orbitals.

diff_erent kinds of bo_nding intera_ction for the c_onstitue_nts of According to Eq.(2) the ELF takes the value one either
solids®**! In the implementation for density-functional for 4 single-electron wave function or for a two-electron sin-
theory, this quantity depends on the excess of local kinetiget wave function. In a many-electron system, ELF is close
energyt, originating from the Pauli principle. to one in regions where electrons are paired in a covalent
- 21-1 bond, or for the unpaired lone electrons of a dangling bond,
ELF =L+ [t/ ton(p I @ while the ELF is small in low-density regions. In a homoge-
neous electron gas ELF equals 0.5 at any electron density,
) and ELF values of this order in homogeneous systems indi-
tp= 7= 1/8(Vp)Tp] 3 cates regions where the bonding has a metallic character. The
is the Pauli kinetic energy density of a closed-shell systemgStimated ELF value of ca. 0.38 between the nearest neigh-
(Vp)?/(8p) is the kinetic energy density of the bosonic-like Por hydrogens indicates metallic-like interaction. The ELF
system, where orbitals proportional ta are occupiedt, is yalue between P2c) and H is relat|yely small._lt is interest-
always positive and, for an assembly of fermions, it de-Ng to note that our test calculations for Ni, Co, and Cu
scribes the additional kinetic energy density required to satMetals shows that such low ELF values are generally char-

isfy the Pauli principle. The total electron densidy, acteristic of transition metalgl electrons. This clearly indi-
cates that metallic P2c)-5d electrons are mainly present

between R2c) and H, and hence the apparently appreciable
Pt(2c)—H bond strengtliseen by the COHP analysisrigi-
nates from a metallic-like situation with additional small
ionic interactions between the atoms concerned. The large

where:

n
p=2 il 4
I
as well as the kinetic energy density:
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TABLE V. Calculated ground-state propertieN(Eg) (in T
states/Ry ceJ| bulk modulusBy (in GP3, and its pressure deriva-
tive By, 25T
Compound N(Eg) By Bg

15 F
LaNiln 38.22 70.4 4.1
LaPdIn 39.33 74.9 4.2 : )
LaPtin 28.42 85.4 43 ~ regionl B
: 0.5 |
LaNilnH; 333 35.30 69.5 41 "%
LaPdInH, 333 24.10 86.1 4.2 g
LaPtinH; 333 37.40 77.6 4.3 Z 25} LaPtInH, ,,,
CeNiln 38.90 86.2 29
CePdIn 47.67 71.3 4.4 1.5 F
CePtIn 26.15 80.8 4.4
[ region
CeNilnHy 333 38.10 81.7 35 0.5
CePdInH 333 30.03 84.6 4.4
Energy (eV)
PrNiln 4453 73.4 4.4
Predin 42 21 741 44 FIG. 3. Total DOS for LaPtlritop panel and LaPtinH 333(bot-
tom pane).
PrPtin 27.06 83.7 4.5
taking all valence orbitals into accoutftThe COHP con-

. tours depend on the number of states in a particular ener
PrNilnF 335 55.58 /1.1 4.0 interval. ﬁ)'he integrated COHRCOHP) curve u% to theEg is ¥
PredinH 33 33.34 101.0 4.4 the total overlap population of the bond in question.
PrRinH, 333 33.36 88.4 4.3 Figure 7 shows COHP curves of tle—H and H—H

bonds for PFInH, 333 When one includes hydrogen in the
NdNiln 43.74 76.0 4.4 RTIn matrix the estimated ICOHP value for tiie—In bond
NdPdin 50.69 747 4.8 is changed from ca. -0.8 to —1.1 eV. This appears to reflect
NdPtin 27 46 86.0 44 transfer of electrons fr_om boﬂ_’l and In to the H site, which

reduces the covalent interaction betwé&eand In upon hy-

drogenation. AIIRTINH, 333 phases studied have shdr—H
NdNilnH; 333 28.13 86.0 4.1 separationg1.457 to 1.674 A; see Table )llapproaching
NdPdInH, 333 32.88 89.7 45 the sum of the covalent radii of and H and indicates the
NdPtInH, 333 30.93 101.8 4.5 presence of covalent bonding. However, our charge-density,

charge-transfer, and ELF analyses show that nonbontling
-d electrons are found betweénand H, and the bonding
ELF value at the H site indicates the presence of largelynteraction betweeif and H is dominated by the transferred
paired electrons. Owing to the repulsive interaction betweegharge. Another important observation is that all Ni-based
the negatively charged H electrons, the ELF contours are ngthases have short@—H distances than those containing Pt
spherically shaped but rather polarized toward La and Inand Pd(in fact the T—H distances follow the sequence:
The localized nature of the electrons at the H site and theiNi <Pt<Pd), which is consistent with the sequence of the
polarization toward La and In reduce significantly the covalent radii of the involved elements. On comparing the
H-to-H repulsive interaction and this can explain the unusu&stimated ICOHP values for the different combinatigite
ally short H—H separation in this series of compounds. ~R—H, R—In, T(2c)—In, T(1b)—In, and H—H), it is
seen that these combinations take a peak val0€2a)—H,
which ultimately indicates that the interaction betwd&eand
H is stronger than the other interactions. The charge-density,
Implications of COHP is that a negative value indicatescharge-transfer, and ELF analyses show that this interaction
bonding and positive antibonding states. In order to get indoes not have a specific bonding character and indeed exhibit
sight in the bond strength between two interacting atoms in anetallic interaction with a small ionic component. A similar
solid, one should examine the entire COHP between thentype of bonding situation is report&for LaNigH.

D. COHP
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and charge-density analyses agree that the Hiinteraction
is considerably weaker than th&2c)—H interactions.
When we compare the H-H interaction in these series, the
Pt-based phases have stronger interactit@®HP between
-0.313 to -0.423 ey than the others (except
NdPdInH, 339.

E. Effect of pressure onc/a and H—H separation

In order to explore the effect of pressure on the-H
separation we have made a high-pressure study on
LaNilnH 333 up to 400 GPa. The pressure was evaluated
from the derivative of the total energy with respect to vol-
ume, i.e., calculated energy versus volume data are fitted to a
universal equation of state from which the bulk modulus and
its pressure derivative are calculatédhe calculated H-H
separation and the shrinkagedrandc (viz. Aa andAc with
respect to the equilibrium valuesas a function of pressure
shows a considerably and nonlinear variation as a function of
pressure. The H-H separation(Fig. 8 has become ca.
1.1 A at 400 GPa. Similarlya and ¢ also decrease in the
same manner but the magnitude of the shrinkage varies with
the direction, which is in agreement with recent high-
pressure experimentd The difference betweena and Ac
may be classified as somewhat insignificant at lower pressure
(say up to 40 GPapa-Ac=0.16 and 0.63 A at 20 and
200 GPa, respectively Because of the structural.H-Ni-
H...H-Ni-H... configuration in the linear chains alocgone
should of course have anticipated such anisotropic lattice
expansion/contraction upon application of pressure. It should

The ICOHP values for the H-H separations in the be noted that a recent experimental sttidhows there is no
RTINH, 333series are very small, around —0.04 eV, thus supfpressure-induced structural transition in this material up to
porting the already advanced inference that there is no sigt0 GPa. Hence, we have assumed that the ambient pressure
nificant covalent bonding interaction between the H atom$hase will be stable at higher pressures also. The calculated
(Sec. IVB 1. The low ICOHP value reflects the fact that total energy is increased monotonically without discontinui-

both bonding and antibonding states are present b&gpw

ties and indications of local minima upon increasing pres-

but even if one takes into account only the bonding statessure. This ultimately implies that formation of molecular-like
ICOHP remains low[-0.14 to -0.23 eV, which is much H, units in this particular structure does not occur at least up

smaller than the ICOHP foF(2c)—H]. Hence, both COHP

to 400 GPa, even though the-HH separation has ap-
proached the bond distance in the iolecule(0.746 A).

F. Is the RTInH ; 333compounds really metal hydrides?

The TH, structural subunit in th&TInH; 333 compounds
resembles a linear complex molecule and the adjacent sub-
units are also arranged in a linear fashion as often found in
structures of linear complex molecules. For completely non-
interacting molecules one would have anticipated that the
“2-A rule” should have been applicable, but for the present
compounds this is certainly not the case. However, these
compounds are not complex hydrides, for the following rea-
sons:

1) The two H atoms within a given trigonal bipyramid
(see Fig. 1 are not completely isolated from each other as
would have been the case in complex hydrides.

2) In RTNilnH 4 333there are considerable interactions be-

FIG. 5. (Color onling Calculated valence-electron-density map tWeen the H atOmS as ev?dence by thg fact that the Hi
for LaPtin in the(100) plane.(1.0E-2 is an abbreviation for 1.0 distance also varies considerably on displacement ofRthe

X 107 etc)

atoms!? If the TH,, units had been mutually completely non-
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(b)

FIG. 6. (Color online Calculateda) valence-electron-density ma(s) charge transfer map, arid) ELF map for LaPtinH 335 in (100).
(1.0E-2 is an abbreviation for 1:010? etc)

interacting, then the H-H distance should not have been behavior!® but the electronic structure calculations show that
sensitive to displacements Bf RTINH 333 behave like metal.

3) If the RTINH, 333 compounds should be viewed as 5) Unlike many complex hydrides, tHRTInH, 335 Series
complex hydride¥ with isolatedTH, molecular units, then can be prepared by the traditional methods used for the syn-
the desorption of hydrogen from the host lattice may be exthesis of intermetallic hydrides.
pected to require high temperature. However, experimental 6) Complex metal hydrides have molecular character
studies show that desorption of hydrogen froRTINH, 333 Wwith stoichiometric hydrogen contents. On the contrary, in
takes place in a rather low-temperature range around 100°@he RTInH, 333 phases the hydrogen content can be varied
viz. typical for a metal hydride. like in metal hydrides*32

4) In general, complex hydrides possess nonmetallic 7) The COHP analyses show that a considerable COHP is

Ni(2¢)-H PrNilnH, ,,, ] —— H-H

A A I

B PrNilnH 1 -0.6

1333

1 L) ) T
— Pd(2¢)-H PrPdInH, ,,, L
L C n i — H-H
5 41 0.6
| L]
S I, W VA v
(@] 0 W'\P__\}'Y - H 0

- PrPdInH, 4 -0.6

1333

| b~ Pt@9-H j PrPthoH,,, I —  H-H
i 4 0.6
0 [ 4 ’A A AM\»A}\ fﬂ'\/\ F'/ 0
W/ \/ W v

K PPilnH,,,, 4 —0.6

-12 -6 0 6 12 -12 -6 0 6 12

Energy (Ry)

FIG. 7. COHP for PFInH{ 333(T=Ni, Pd, P} describing theT—H and H—H interactions.
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hydrogen in the parerRTIn phases causes a highly aniso-
tropic variation ina and ¢, a large expansion along
(12.4%-20.5% and a small contraction along
a (-0.04 to -5.8%.

2) When one replaces the Ni by Pd or PtRTInH{ 335
the observed H-H separation becomes shortened, which
appears to suggest that one with a proper combinatidR of
andT (and perhaps also substitution fo) kan obtain phases
with even shorter H-H separations.

3) Charge-transfer plots show that charges are transferred
from the electron-rich metal atoniR, T, and In to hydrogen
resulting in an ionic component in the bonding between H
and theRTIn host matrix. ELF analyses show weak metallic-
like interactions between the nearest-neighbor hydrogen at-
oms. The metallic-like bonding with a small ionic contribu-
tion betweenr and H is in turn, taken in support of presence
of distinguishable molecular-like H-T—H (TH,) units in
an otherwise metal-matrix jelly.

4) According to charge density and COHP analyses, the
direct H—H interaction is weak compared with tie—H
interactions. Hence, the shortest distance between the H at-
oms inRTINH4 333is governed primarily by the polarization
of the negative charges on H toward the electroposikve
. L . : and In atoms.

25 75 125 175 5) High-pressure simulations show that formation of more
Pressure (GPa) H,-like units in RTInH, 333 matrices is not feasible even at
ultra-high pressure@ip to 400 GPa

6) The occurrence of very shoif—H and unusual
H—H separations would at first sight suggest that the
RTINH{ 333 phases belong to the complex hydride family.
However, a careful analysis of all facts show that these com-
accommodated between the hydrogen atoms indicating thglounds should be classified as normal metal hydrides.
they are weakly interacting. 7) All RTInH; 333 phases have nonvanishing density of

states at the Fermi level and should accordingly exhibit me-
V. CONCLUSION tallic conductivity.

This study concerns the electronic structure and physical
properties of RTIn and their saturated hydride phases
(RTINH, 339 investigated by first principle total-energy cal-
culations. The following conclusions are made: P.V. and P.R. gratefully acknowledge Professor O.K.

1) The optimized unit-cell volume;/a, and atomic coor- Andersen and Professor J. Wills for being allowed to use
dinates are in good agreement with experimental findings fotheir computer codes and the Research Council of Norway
the parent alloy phases. For tRanH; 333 compounds ex- for financial support. This work has also received support
perimental data are only available fo=Ni that indeed show from The Research Council of NorwalProgramme for Su-
good agreement with the calculated data. The introduction gbercomputing through a grant of computing time.
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FIG. 8. Shrinkage in lattice parametétgpper pangland H—H
separation(lower pane) for LaNilnH; 333 as a function of applied
pressure.
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