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The crystalline and electronic structure of metalligSm hydride has been studied by neutron and x-ray
diffraction techniques combined with first principles theéiyll potential linear muffin-tin orbital and Vienna
ab initio simulation package projector augmented-wave methédghase transition from the hexagonal 90
phase to the cubic B2phase upon hydrogenation has been found experimentally and is explained by our
calculations. The phase transition is analyzed in terms of the hydrogen-hydrogen interaction which is found to
be repulsive. The repulsive H-H interaction is demonstrated to be mainly electronic in origin with an elastic
contribution, due to lattice deformation, being an order of magnitude smaller. The origin of the H-H repulsion
is found to be the competition between hydrogen-hydrogen and hydrogen-metal bonding. We argue that our
analysis can be transferred to nearly any hydrogen-metal system and that it explains the frequently observed
repulsive H-H interaction.
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[. INTRODUCTION could, of course, criticize this conclusion since it is based on
a rather crude model, the jellium model, but more realistic
The influence of hydrogen on materials properties, whercalculations on the H-H interactions in metals are sparse, and
it enters metallic elements, alloys, and compounds, is oftewe conclude that on an electronic structure level there is an
dramatict=* The electronic properties can change from me-unanswered question regarding the H-H interactions in met-
tallic to insulating, and vice versa, as a function of increasinggls.
hydrogen content.The material can change chemical prop- A microscopic understanding of the repulsive interaction
erties, structural properties, as well as mechanical propertigs highly desired, partly in order to find avenues to increase
(ductile to brittle.® Other peculiar effects include lattice con- the amount of hydrogen possible to store but also to under-
traction upon hydrogenatiénand H orderind. This has stand the H interactions in metals in general. In this paper we
caused speculations of using H absorption in metals to tunaddress this issue by studying the H-H interaction in an ideal
the materials properties. One of the more practical aspectsodel material, HSn, an intermetallic compound that, as
concerns the use of metal hydrites to store hydrogen as a waye will demonstrate below, has structural properties that re-
to store energy: ! The most obvious obstacle to overcome flect the H-H interactions in a very clear way.
in using hydrogen as energy storage is the limited amount of TizSn absorbs H readily, forming the compoungSiiH, ,
hydrogen a given material can absorb, and it seems that thgherex ranges from 0 to 1, with hydrogen occupying octa-
maximum amount of hydrogen that can be stored is 3.6 Hhedral voids surrounded by Ti atomst & H concentration
atoms per metal atorfin Th).}2 Also the minimal H-H dis- corresponding tox=0.7 the hexagonal Dgtype structure
tance in metals is known to be 4 a(so-called 2 A rule?) (space groupP63z/mmg transforms to the cubic E2
although recently a few exceptions to this rule have beemstructuré®=2! (space groupPm3m). The two structural
found!® Part of the reason for this limitation is the repulsive forms of TLSnH, (Fig. 1) are very similar, despite the obvi-
H-H interaction for large concentrations. ous different symmetries, in a way that quite closely re-
The hydrogen-hydrogen interaction in a metal lattice carsembles the fcc and hcp crystal structures of the transition
be divided into elastic and electronic componéntsshere  metals. For instance, the nearest neighbor Ti-Ti, Ti-Sn, Ti-H
the former is the H-H interaction through the elastic strain ofand Sn-H distances are almost identical for the two structures
the lattice and the latter includes all other effects. For small
H concentrations the elastic component dominates and it is

usually attractiveé® For higher H concentrations the H-H in- .
teraction becomes repulsiysee, e.g., Ref. 27The result of Giiff—ii-.ifff_f_ RPN
these interactions is that H, when it enters the material, neve | ‘“"x

forms H, molecular states but instead exists in an atomic g _ ;
configuration that interacts with the electron states of the ‘T‘ & ‘Sn
host material. L @

Calculation$® of the binding energy and binding distance = el g e
of two H atoms in a uniform electron gas do not quite cap- ta)
ture this behavior. For all jellium densities the H atoms at-
tract each other to form anj,Hmolecule with equilibrium FIG. 1. Unit cell of Ti;SnH in(a) the DQq structure(b) the E2

bond length close to that of the,Hinolecule in vacuum. One  structure.
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TABLE |. Nearest neighbor distances ing®nH, in a.u., fora =0, 0.5, and 1. First the geometry of the unit cell and atomic
volume 460 a.d/formula unit. positions were relaxed using thesp code with the volume
kept constant and equal to 460 &/dormula unit. Then the

Cubic Hexagonal relaxed geometry was used to calculate the total energy as a
Ti-Ti 5.458 5.455 function of volume ranging from 410 to 490 &Aformula
Ti-Sn 5.458 5.455 unit, using bothvasp and FP-LMTO codes. For the cubic
Ti-H 3.860 3.860 phase withx=0 and 1 the unit cell consists of one formula
Sn-Sn 7.719 7.719 unit while in all other casegincluding supercells forx
Sn-H 6.685 6.688 =0.5) it includes two formula units.
H-H 7.719 4.451 For the VASP calculations the local density approximation

(LDA) has been used. A high plane wave cutoff of 22.7 Ry
was used, which is 25% larger than the default cutoff for the
(see Table), and the most obvious geometrical differenceshydrogen PAW potential. Monkhorst-Pakipoint mesh with

of TisSn are found for the next nearest neighboring atomsits origin at thel” point was used. For cubic phases the mesh
The most conspicuous difference in atomic geometry 0fze was 1k 11x 11 which gave 56 irreduciblie points. For
T|3S_n|—1( is the H-H distance which is much larger in the hexagonal phases the mesh size was 11x 9, providing
cubic structure, and one may see the structural phase tra 0 irreduciblek points. For structure relaxation calculations

formation as a way for the material to reduce the influence o he method of Methfessel and Paxdof order 1 was used

the seemingly repulsive H-H interaction. Hence the transfor?or the Brillouin zone integration. For total energy versus

mation from hexagonal to cubic crystal structure indicates, S lume calculations the modified tetrahedron method of
we shall see below, the repulsive interaction in a very clear. . 29 : .
lochl et al=” was used instead. These choices were made

way. Among other Dgy-structure intermetallics, JAl un- ¢ : v si it has b h that both meth
dergoes a similar phase transit@nwhile Ti;Ga and Tiln ~ '0F Convenience only since it has been shown that both meth-
ods converge with similar speed and accuracy. Tests involv-

become amorpho@Supon hydrogenation. ) . . .
Our study of TiSnH, includes both experiment and first "9 higher values of the cutoff and biggepoint mesh dem-

principle calculations. Section Il explains the crystal struc-onstrated that the values mentioned above give total energy
ture of TLSnH, , Sec. Il contains details of the first principle converged to about 18 Ry. The Ti 3 and Sn 4i localized
calculation, and Sec. IV presents theoretical and experimer?@nds were treated as valence electrons in the PAW poten-

tal results. Finally, the discussion of the resugec. \j is  tials used. .

correlation functional(von Barth—Hedin parametrizatipn
was used. In the FP-LMTO method the unit cell is divided
into nonoverlapping muffin-tin spheres and the interstitial
Ti;Sn crystallizes in the hexagonal ROstructure[Fig.  region. The basis functions are linearized muffin-tin orbitals
1(a)] (space grougP63/mma with unit cell parameters  with quantum numbersn(l,m) and also the tail energy?.
=11.1831 a.u. anc=9.0047 a.4>?*?* The unit cell in- The angular part of such basis function isra, spherical
cludes two formula units. Ti atoms occupyh6sites harmonic. The radial part is a numerically calculated func-
+(y,2y,1/4), =(2y,y,1/4) and*(y,y,1/4), withy being tion inside the muffin-tin and Hankel or Neumann function
close to the ideal value of=5/6. Sn atoms occupyc2sites  IN the interstitial region. The potential and the charge density
+(1/3,2/3,1/4). Upon hydrogenation the H atoms occupy 2 @€ expanded in spherical harmonics upl {,=6 in the
sites(0,0,0 and(0,0,1/2 which are located at the centers of Muffin-tin region and in a Fourier series in the interstitial

Il. CRYSTAL STRUCTURE

two octahedral voids with six Ti neighbors each. region; therefore there is no shape approximation to the po-
TizSnH crystallizes in the cubiE2; structure[Fig. 1(b)]  tential or charge density. S _
(space groug®m3m) with lattice constant=7.88 a.u. and All the electrons in the crystal are divided into core, semi-

Ti atoms on the 8 sites (0,1/2,1/3, (1/2,0,1/2, and (1/2, ~ core, and valence states. For our calculations the basis set

1/2, 0; Sn atoms on thed sites(0,0,0, and H atoms on the included Ti 3 and Sn 41 semicore states; Tis}4p,3d; Sn
1b site (1/2, 1/2, 1/2 which is again the center of theTi  95:90,5d and H 1s,2p,3d valence states; all other electron
octahedron. states were treated as core states. We used a double basis set,

i.e., two basis functions with different tail energies for each
Ill. DETAILS OF CALCULATIONS (n,I,m). Namely,2K2= —0.4-0.1 Ry were useq for all va-
lence states angd“=—0.8,—1.1 Ry for the semicore states.
The calculations presented here have been made using tfi@e k-point meshes included 56 and 120 irreduciblgoints
full-potential linear muffin-tin orbitalFP-LMTO) method®  for cubic and hexagonal structures, respectively, and the
and the Viennaab initio simulation packagdvasp) plane  Methfessel-Paxton method of order 1 was used for the Bril-
wave codé& with projector augmented-Wave(PAW) louin zone integration. For the density of states calculation a
potentialé’ within the local density approximatiofiDA) of  larger k point mesh was used: namely 286 irreducilile
density functional theoryDFT). points for the cubic structure and 395 irreduciklgoints for
Full structure and volume relaxation have been done fothe hexagonal structure, and the linear tetrahedron method
Ti;SnH, both in the cubic and hexagonal structures with was used for the Brillouin zone integration.
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FIG. 2. (a) Observed and calculated neutron powder diffraction profile of cuiniD. (b) X-ray powder diffraction pattern of cubic

TizSnD, two phase sampleubic and hexagonal 3$nD,), and pure hexagonal J$n.

IV. RESULTS

A. Experiment

dral positions are filled with deuterium atom. The observed
and calculated neutron diffraction profiles of cubigSmD

are show in Fig. @) and the structural parameters of the
TizSn was synthesized by arc melting appropriaterefinement are displayed in Table II.

amounts of titanium rod99.99% claimed purity and tin

ingot (99.995% claimed purifyin argon atmosphere. The

sample was heat-treated for 7 days at 1173 K in evacuated

quarts ampoules. The unit cell of hexagonajSh was de- As mentioned above, the structural stability ofJinH,

termined to bea=11.1831 a.u. and=9.0047 a.u., which is  pas peen investigated far=0, 0.5, and 1. First the unit cell

in good agreement with previous structure determinatidns. gng geometry have been relaxed with the volume kept con-
The metal hydride phase was obtained by heating thgtant, then the total energy as a function of volume was cal-

sample to 925 K for 12 h in 70-80 kPa deuterium pressurgyated. Throughout this section we will report on the energy
followed by slow cooling to room temperature. At 70 kPa

deuterium pressure the sample contained two phases: an in-
terstitial solid solution and a cubic metal hydride phase. The
unit cell dimensions obtained for hexagonal and cubic
Ti;SnD, were a=11.1792 a.u, c=9.1122 a.u, anda
=7.8933, respectively. X-ray powder diffraction pattern of
this sample is shown in Fig.(B). At increased deuterium i
pressure a single phase sample with the cubic structure we
obtained. The two phase and the single phase samples we
measured by neutron powder diffraction techniques and the -
crystal structure parameters were refined by the Rietvelc, ;.|
method. In the two phase sample the hydrogen content wa&
refined to TiSnDy o5 and TSNDy 7 in the cubic and hexago- 4 -
nal phases, respectively. The deuterium atoms occupy Ti

B. Structural stability

0.02

g . 0.04 - —
octahedral positions in both structures. A full account of ex-
perimental data has been published elsewfefiée single - .
phase sample contained cubigSnD where all T§ octahe- 006 - B
TABLE II. Results from refinement of I6nD using the Ri- i T
etveld method and the prograruLLPROF (Ref. 30. Space group 008 _
Pm3m. Unit cell parametera=7.8866 a.u., R,;=3.74, R,
=4.74, Royy=3.74, 2= 1.60. Rgrags= 5.42, Ry taet0= 5.23. 400 o 0 260 2% 20
Atom Position X y z Bso V(u)
Ti 3c 1/2 0 1/2 0.4%6) FIG. 3. Heat of formation of ESnH, versus volume.AE
Sn 1b 0 0 0 0.424) =E(TigSnH) — (x/2)E(H) ~ EneTizSnHy |v-v,, Squares and
D la 1/2 1/2 1/2 1.26) circles denote cubic and hexagonal phase, respectively. Empty,

striped, and filled symbols denote=0, 0.5, and 1 respectively.
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TABLE lIl. Equilibrium volume (a.u®/formula uniy and calcu- 002 T T T T T . T
lated bulk modulugGPa. ® Full relaxation
i O No relaxation
V(exp V (FP-LMTO) V (vasP) B (vAspP) 0010 |
cub,x=0 456.97 454.55 132.02
cub,x=0.5 460.31 457.75 137.66 @
cub,x=1 491.8 462.57 460.33 14256 . o A
hex,x=0 487.6 456.46 454.27 135.27 o
hex,x=0.5 459.10 457.52 139.47
hex,x=1 461.72 460.18 142.75 001 - _
®
r o]
obtained from thevasp method, although similar calcula- . | . | . 1 . | (
tions were also made with the FP-LMTO method, with only *%o 02 04 06 08 f
marginal differences between the two methods. x

Figure 3 shows the calculated cohesive energy of the cu-
bic and hexagonal phases as function of volumexferO,
0.5, and 1. This was done in the following way. First, the
total energyE(TizSnH,) was calculated. We then calculated . ) ) )
the heat of formation of FSnH, with respect to the i essentially identical fpr the same The.dlfference between
molecules as calculated and experimental volume is the normal LDA ef-

fect. The calculated volume expansion fram 0 tox=1 is
X equal to 1.3%, as compared to the experimental value of
AE=E(TizSnH,) — EE(Hz)_ Ehe>a(Ti35n|'l<)|v:veq, 0.86%. The values of the/a ratio from the geometry relax-
o ation are presented in Table IV, together with the lattice
spacingsa andc. One can see that thida ratio for hexago-
where the total energy of the,Hmolecule has been calcu- nal TizSnH, grows upon hydrogenation, and the volume ex-
lated in the same way as for;BnH. We used the same PAW Pansion occurs mainly due to the increasing value, afith
potential for hydrogen and the same energy cutoff as foP P€INg nearly constant. _ _
Ti;SnH, . For the H calculation, the lattice geometry was a ' Fi9- 4 we show the energy difference between the cubic
cubic supercell, with a large lattice constant that guarantee&d nNexagonal phases, as a functiorxobne may observe
small intermolecular interactiorishosen to be 37.8 g.urhe ~ 7om the figure that forx about 0.5 the theoretical calcula-
k point mesh included 18 irreducible points. The conver- tions yield the cubic phase to be stable over the hexagonal
gence of the total energy to an order of SRy with respect phase. These results are in agreement with our experimental

to lattice constant and thepoint mesh has been achieved. °Pservations, where it is found thatsn absorbs biin an
The bond length was found to be 1.4495 a.u. exothermal way and that the cubic phase becomes stakle at

The calculated values afE for the cubic and hexagonal larger than 0.7. This experimental find?ng was also reported
phase as a function of volume are shown for different valued? Ref- 19. The often discussed elastic hydrogen-hydrogen
of x (Fig. 3. The smooth curves were obtained by fitting to Nteraction can manifest itself in stochiometric phases only
the Murnaghan equation of state. The same equation of staf® @ Volume expansion or a change of the lattice geometry.
was then used to calculate the equilibrium values of the total© Check if elastic effects are important for the structural
energy, volume, and bulk moduliisted in Table 11). From phase transition in I6nH,, we calculated the total energy
Fig. 3 we note that the energy ofs8nH, is lower than the ~Of cubic and hexagonal g$nH,, for x=0.5 and 1, with the
total energy of TjSn andx/2 H, gas molecules. This means equilibrium vo[ume gnd the unit cell geometry exactly_the
that Ti,SnH, is indeed a stable hydride at low temperature.S28Me as for BSn (without H). The results are shown with

The calculated volume of cubic and hexagonalSFiH, is empty symbols on Fig. 4. One may notice that the elastic
effects give a contribution to the energy difference between

the cubic and hexagonal phase that is about an order of mag-
nitude smaller than the remainir{glectronig contribution.
Therefore, in the rest of the paper we ignore the elastic ef-
a c da fects completely and analyze the phase transition only in
terms of the electronic structure.

FIG. 4. Energy difference between cubic and hexagonal struc-
tures of TgSnH, as a function ok.

TABLE |V. Lattice translation vectora andc (a.u) andc/a
ratio as found fromvasp-PAW calculations.

cub,x=0 7.688835 1

cub,x=0.5 7.642370 7.837404 1.02552 .

cub, x=1 7721288 1 C. Density of states

hex,x=0 10.935488 8.772777 0.80223 The calculated density of statd30S) and partial density
hex,x=0.5 10.949734 8.812565 0.80482  of states(PDOS of the cubic and hexagonal phases of
hex,x=1 10.927010 8.900705 0.81456  Ti3Sn, both with and without H{=0 and 1, are presented

in Fig. 5. Upon hydrogenation a localizeddHike band ap-
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FIG. 5. Partial density of states @) cubic TiSn, (b) cubic TiSnH, (c) hexagonal TSn, (d) hexagonal T§SnH. The Fermi level is
marked by a dashed-dotted line. The volume is 457 dan.x=0 (a,0 and 462 a.d.for x=1 (b,d). Note the different scale of theaxis
for different PDOS components.
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pears some 0.5 Ry below the Fermi level, between the vagains one. To check the relative importance of band-filling
lence band and the Swlike band(at ~—0.7 Ry). effects versus pair potential contributions to the structural

From the PDOS curves one can conclude that thehase transition, we first investigated how the structural sta-
H-induced feature at 0.5 Ry belo has less than 50% Bl bility of TizSn (without hydrogeh depend on the band fill-
character, with the rest coming from metal states, mainly Ti ing. In order to do that, we used the virtual crystal approxi-
and Sns states. Therefore hydrogen is not just adding onenation(VCA) implemented in the FP-LMTO code. First, we
electron to the valence barith a rigid band, metallic pic- replaced Ti £Z=22) atoms in T{Sn with VCA atoms Z
ture), neither does it form a localized Hband(in an ionic =22+ 1/3) and investigated the structural stability of the
picture. Instead there is a strong covalent bonding betweeigsystem. Such a system has the same number of electrons as
H atoms and its Ti nearest neighbors, and a hybrid localize@i;SnH, if one considers a simplifying model where the H
band is formed. atom donates one electron to a rigid DOS ofSh. As a

Although the valence band fer=1 contains one electron result of thed-shell filling, the equilibrium volume decreased
less than forx=0, the influence of the H atoms seems notby —5.5%. The energy differende. ,— Enex, hOwever, ap-
very dramatic, at least not around the Fermi le\igt), both  peared to be equal to 12 mRy, which is very close to the
for the cubic and hexagonal phase. The general structures iralue of 14 mRy for T{Sn. We also performed a VCA cal-
the DOS aroundEg are only marginally modified when H culation withZ=22—1/3 atoms. Such a system has the same
enters the material, with the Fermi level being shiftednumber of electrons in the valence band asShH, if one
slightly, making the DOS at the Fermi level somewhat higherconsiders a simplifying model where the H atom accepts one
for both phases. Of the two phases one may notice a larg&lectron from a rigid DOS of EBn. In that case the volume
Fermi level shift for the hexagonal phase. From this we conexpands by 6.7% anfl.,,;— En,= 11 mRy. From this analy-
clude that the traditional explanation of a certain structuresis we conclude that the phase stabili, ,— Ej ey, iS al-
being stable over another, due to modifications in the DOSnost independent on filling of the valence baifdone ex-
aroundEg, e.g., a formation of a pseudogap closeEto,®!  cludes the feature at 0.5 Ry belof), and the phase
cannot explain the observed hexagonal to cubic phase tramransition should instead be explained in terms of pair poten-
sition. tials.

The bonding of the H 4 states with the valence states of  In the pair potential model, the dependence Ef,,
TizSn pushes the bottom of the valence states up in energy E,., with respect tox should be completely attributed to
with a small amount. However, the most important observathe H-H pair potential, since, as stated above, all other inter-
tion regarding the interaction between the sistates and the actions are the same for the cubic and hexagonal structures.
valence states of J&n is the strong hybridization with the Ti It is convenient therefore to write the total energy as
3d states. This can be seen in Figbp since Ti 3 states are
located in the same energy region as thedsfiates(0.5 Ry 1
below Eg). As a result the Ti @ states, which in the unhy- E= EM+Ei Enm(RI)+ 5 ; Vin(R—Ry), ()
drogenated phase are occupied in the region fignand 0.4
Ry below, can in the hydrogenated phase lower their energwhereEy(R;) describes the interaction of hydrogen atom
substantially since they occupy states fré&p and 0.6 Ry  with the metal sublattice/ (R — R;) is the pair interaction
below, a fact that is consistent with the exothermic formationbetween hydrogen atomsandj, andEy, includes the elec-
of TizSnH. tron density term and all metal-metal interactions:

1
D. Band filling vs pair potentials En=®(p)+ = 2 Vum(Ri,R)). 3
i,jeM

The structural stability of solid state systems can be ana-
lyzed semiempirically. One method is to divide the total en-To investigate the H—H interaction, we calculated H—H pair
ergy into a term which depends on electron density, but nopotentials directly using supercells with displaced H atoms in
on the crystal structure, and the sum of all pair-potentiak rigid Ti;Sn matrix (described beloy A similar approach
contributions(see, e.g., Ref. 32Alternatively, the structural has been applied in Ref. 33 to several Mahd ZrM,Hy)»
stability can be analyzed via the filling of the valence bandsystems, where M stands for transition metal.
DOS, since it has been shown that formation of pseudogaps The atomic configurations used for this purpose are
in the DOS can favor a certain structdfen addition the so  shown on Fig. 6. In all three cases the unit cell of cubic
called structural energy difference theorénbuilds upon  TizSnH is doubled along the direction to include two for-
such an analysis. In this section we try and contrast thesmula units. The H atoms are displaced along [th&0] di-
models for the structural stability of J$nH, . rection, because this is the direction connecting different oc-

From the DOS curves we know that hydrogen igSiiH  tahedral voids with no metal atoms in between. This
actually creates a new feature of hybrid hydrogen-metagjeometry allows us to investigate the H-H interaction for a
character, indicating strong covalent bonding between hydrowide range of H-H distances. The reference configuration
gen and the metal. The new localized band contains twFig. 6(a)] keeps the H-H distance constant and equal to the
electrons while the H atom adds only one electron to thdattice constanta=7.721 a.u. If, for this geometry, we ne-
system. Therefore, the valence bandt counting the feature glect the H-H interactions at distances larger than or equal to
at 0.5 Ry belowEg) actually loses one electron rather than a, then Eq.(2) becomes
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O The total energy for the three configurations in Fig. 6 as a
function of x are presented in Fig.(&. In both cases a local
~ ~ ~ o O minimum exists corresponding to a molecglar hydrogenli_ke
ol N _H o state of two H atoms at the octahedral void. The H-H dis-
T /. - T /’ tance for this configuration is 1.7 and 1.9 a.u. férdnd 3
D NOXO 5 OO * D sites, respectively, which is larger than the 1.4 a.u. distance
of the free H molecule. The energy of such a state is higher
O O O than that of cubic BHSnH. A similar situation has been ob-
served for hydrogen in bulk palladidfit® and titaniunt®
/’ The H-H pair potential can now be calculated from Egs.
O ORO, OO / 0, (5) and(4) as
o o >
s o o Vian(d) = E(X) ~ Eref(X). ©®)

FIG. 6. Geometrical configurations of two hydrogen atoms dis- .

placed along thg011] direction. The unit cell is shown for the | N€ calculated/y curves for a H-H pair centered orbnd

configurations(a) reference(b) hydrogen atoms centered on b 1 3d sites are presented in FiglbJ. Both pair potentials have

(Tig octahedroh site and(c) hydrogen atoms entered on a3 the same general structure. At short range there is strong

(Ti,Sn, octahedropsite. The crystal structure is cubic and shown repulsion between the H atoms, similar to that of gmkbl-

for a cut spanned by the vectdr801] and[010]. The dot shows ecule. For larger distances the attraction caused by a covalent

the 1b site (center of the Tj octahedral voil H-H bonding dominates. The position of the minimum is
about 3 and 2.2 a.u. for the H-H pair centered on theathd

Erer= Em+ Enm(R1) + Equ(Ry), (4) 3d sites, respectively. This is much larger than the distance

of an H, molecule (1.4 a.u). This is also larger than the
whereR, , are positions of the hydrogen atoms and the enequilibrium H-H distances of Fig.(@ (1.7 and 1.9 a.u., see

ergy is defined per unit celtwo formula unit3. The con-  aboveg, which minimize the tota(H-metal plus H-H poten-
figurations shown on Fig. (6,0 have a pair of H atoms tial seen by an H atom. The reason for the difference is that
centered on anld site (at the center of a Fioctahedropand  the hydrogen-metal potentigFig. 7(a)] has minimums at i

on a 3 site (center of a TjSn, octahedroj respectively. If and 3 sites with a potential barrier in between. If two H

only the H-H interaction within the pair is taken into ac- atoms are centered at an octahedral void, the hydrogen-metal
count, the energy per unit cell in these two cases becomesinteractions therefore decreases the H-H distance.

From an inspection of the curve depicting the H-H inter-
action[Fig. 7(b)] it is tempting to conclude that this interac-
tion is a superposition of the “normal” contribution from the
H-atoms, e.g., as calculated in a jellium htsand a repul-
sive component. The former contribution is the balance of
the formation of the bonding molecular,Hbrbital and the

E=Em+Eum(R1) +Epm(R2) + Epp(d), 5

where the H-H distance, equals X and \2a— 2x for the

configurations of Fig. @) and Fig. &c), respectively X is
the displacement of the H atom from thé %ite).

45— - - 02 ™ : ,
i : !
‘- ‘.
475 | O Reference . } -~ Centered on 3d site
i O Centered on 3d site B 0.1k \ — Centered on Lb site
= ! ¢ Centered on 1b site i N
& L e &
5 sk 5
: ‘ -
= 1 i]=
-5,25
g
-5, R L s ! . ! . 0,1 : L - I . l
50 0,1 0,2 0,3 04 0,5 0 2 4 6
x/a d(a.u.)
(2) (b)

FIG. 7. (a) Total energy for the three H configurations along fB&1] direction as function of the displacemeafrom the 1b site. The

curve labeled ‘Reference’ corresponds to the geometry in Fay. @) H-H pair potentials in th¢011] direction. The solid curves are given
by the cubic splines.
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200 ' ' ' other octahedron empty. The reason for this is that one can
[ Tet 1 Ti.Sn(H.) then compare differences in the electronic structure between
150| Tetragonal Ti,Sn(H,), 5 phases when the H-H distance is very large and when it is

small. We compare in Fig. 8 the DOS and PDOS of the cubic
TizSnH and of the TSn(H,)q 5 structure. The DOS and
PDOS curves have been calculated with the FP-LMTO
method with the H-H distance equal t=1.24 a.u. For
TizSnH one again observes the strong Ti-3 1s hybrid-
ization that lowers the total energy of the system and it is the
strongest bonding contribution to the formation ofSmH.
The electronic structure of J$n(H,) ¢ 5 is different. Here the

100

50

150 Cubic Ti3SnH

PDOS (States/Ry)
o

100 H 1s states are situated below the Sn s band and the hybrid-
- ization with all other states in the crystal is weak. The feature
50+ ' at 0.9 Ry belowEg is instead the bonding state of & H
- /1 /\L molecule in TiSn that is only weakly influenced by the sur-
0 _0"8 ' """_0‘4 L rounding Ti and Sn atomé&he antibonding K state is de-

generate with the other valence states and is very difflise
TisSn(H,) o5 there is, as is clear from Fig. 8, very little hy-
FIG. 8. Partial density of states of cubic ;3hH and bridization between the H states and all other states. The
TizSn(H) o5 for a volume of 460 a.diformula unit. Solid curve, reason that the bonding H state becomes a “pure” molecular
total DOS; dashed, Hs} dotted, Ti 3. The Fermi level is at zero H, state is that the distance between the two H atoms in
energy(marked by a dashed-dotted line TizSn(H,) o5 is much smaller than all other interatomic dis-

_ ) _ ~ tances making the H-H 1s overlap by far the dominant. In
overlap repulsion, which alone would result in a bond dis-aqgjtion the energy of the molecular H state is removed from
tance of 1.4 a.u. The origin of the repulsive component willy| gther electron states, and this reduces the hybridization.
be discussed below. _ The electronic structure of Fig. 8 hence shows a transition

. The calculat_ed\/HH(d) allows us to estimate the ENeI9Y from strong attractive H-Ti bonds in F$nH that result from
e o i 2 S oo rapon SOl YTz T st t mor lesspure ol
X . ) . L far H, states in T{Sn(H,)5. Since the calculated total en-
namely the interaction of an H atom in hexagonalSF with ) :
its two H neighbors and obtain ergy of TbSpH is lower thgn that of jgB'n(I-b)o,g, we draw
the conclusion that the Ti-H bonding is stronger than the

E..—E e =(E..—E e —Vou(d). 7 H-H bonding.
(Eeup heX)T'san (Ecup hex)T'3sn () @ The analysis presented above shows that the conclusion

Using d=4.451 a.u.(the H-H distance in the hexagonal concerning repulsive H-H interactions in3Bn, which we
TizSnH), the obtained estimates OfE{,—Epedti.snn  USEd in the sections above to explain the structural transition
— (Eeub— EnedTi.sn are —21 mRy and—9 mRy for the SH-H from hexagonal to cubic, must be modified. It is not so much
cub hex TizSn \ y . b di . . bei Isi
centered on kb and 3 sites, respectively. This should be a qugstlon about |rect'H-H Interactions being repu SIve,
compared to the value 24 mRy from the direct total energy tr]lereb IS :!Ways Tn a;ctractl\t/et colrfnpﬁ)ntehnt QUte 0 tthe formation
calculation. Therefore, the pair potential model is in qualita-2f @ Ponding molecular pistate. If all other interactions were

tive agreement with the total-energy calculation, with the'®moved, this would always lead to a bonding rolecule

pair potential of the H-H pair centered on thb gite giving in the metal. However, moving two H atoms closer weakens
much better agreement than the one centered ondhsit8.

the strong Ti-H bond. Effectively this shows up as a repul-
The latter result is expected, since H atoms in both cubic angive H-H interaction. This mechanism is crucial for H-H dis-
hexagonal HSnH have Ti nearest neighbors and no Sn neart@nce above approximately 4 a.u., i.e., exactly the range im-
est neighbors. Therefore the pair potential of a H-H pairPortant for structural phase transition o3nH, .

Energy (Ry)

centered on the 4 site (T octahedroh should be more The crucial quantity for the mechanism described above is
appropriate to describe the phase stability than the 3d sitthe strength of the hydrogen-hydrogen covalent bond. In the
(with the H-H pair centered on the ;8n, octahedron spirit of the LCAO description, it can be related to quantities

such as hopping and overlap integrals between hydrogen 1
atomic orbitals for a given H-H distanek For instance, the
overlap integral is equal to 0.7529, 0.1406, and 0.0127 for

In order to further analyze the nature of the H-H interac-H-H distances 1.4, 4.451, and 7.719 a.u., respectitdikr
tions on a microscopic level, connecting it to the electronictances corresponding to,Hmolecule, hexagonal J$nH,
structure, we introduce a new superstructure, called thand cubic TiSnH). This comparison, although a bit qualita-
TisSn(H,) (5 structure. In this structure we doubled the unittive, shows that the H-H overlap is larger for hexagonal
cell of cubic TgSnH along the axis, and put the H-H pair in  Ti;SnH and, together with the repulsive H-H interaction, ex-
one octahedron aligned along fH#01] direction, leaving the plains the observed structural phase transition.

V. DISCUSSION
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VI. CONCLUSION the short H-H separatiod, becomes attractive for largel
and ford>4 a.u. it becomes repulsive again. The latter re-

Strcural phase ransiton. The most songpicuoLs gaomet§Jon 1S SPECic for hydrogen in metals atice and has no
P ' P 9 analogy for hydrogen in vacuum or in the uniform electron

cal aspect of the observed phase transition is the distance, _ . i
between the H atoms, which is much larger in the cubicgas(Je ium). . .

. ' . Our electronic structure theory shows that the H-H inter-
pha_se. As is often th_e case, _the measur_ed struc'gural pro_pertlggtion always has an attractive component caused by the co-
of TizSnH, are consistent with a repulsive H-H interaction. | . hydrogen-hydrogen bond. However, the large H-H

Historically, several simple models for the electronic

overlap hampers the stronger H-Ti covalent bond and effec-
structure of metal-hydrogen systems have been propSséd. tively this shows up as a repulsive H-H interaction. The

‘%sjtrong dependence of the electronic structure upon the H-H
band of the metal. In this model H atoms contribute mainly |st?jnce Is the elxplanc?tlon for why the H-H interaction de-
to the band-filling term, and the H-H pair potential is given pends so strongly on : |stanc¢. .

' Our picture of H-H interactions and the connection to the

glyeé?r(ca)nco;slog?hé(rt:iterr]?i;gginsgrri%%ee(ljs gﬁ;ﬂﬁ:rma{rgﬁ H electronic structure transfers easily also to other host materi-
gas. 9 als. Since we have identified the origin of the repulsive H-H

;tﬁ:g&%rd?: Hf; nlgrt%(las t?nrl]i/_g\:ﬁgﬁ:y 'gg:cer?cggnbé t:e ?gysrtiglteinteraction to be connected to specific aspects of the elec-
In th 9 P 9 ith f?h dpl . PProp i tronic structure an avenue opens up to control these inter-
n the case of BSnH neither of the models is appropriate, atomic interactions with a controlled modification of the

due to strong H-Ti covalent bond. Instead, we considered Blectronic structure, something which may be achieved by

realistic ab initio electronic structure. Our total energy cal- alloying or by applying an external pressure. Details of such

culations are consistent with the experimental ﬂndlng_._ n investigation are however outside the scope of the present
Further analysis revealed that the phase stability o ork

TizSnH, is almost independent on band filling and must be
analyzed in the terms of H-H pair potentials instead. We have
calculated the H-H pair potential directly using the supercell
geometry. The calculated pair potentials reproduce the ob-
served structural stability of the system considered. It has Support from the Swedish Science FoundatigRR) and
also been established that for the presently studied materitéthe foundation for strategic resear¢hSH is acknowledged.
the H-H interaction is mainly electronic in origin with the Valuable discussions with B. Hjearsson, P. Ravindran, R.
elastic effects being unimportant. Vidya and P. Vajeeston are acknowledged. We are grateful to
It has been found that the H-H interaction is repulsive forDr. J. M. Wills for supplying the FP-LMTO code.
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