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The stability and bonding of the ternary complexP{Cl-structure hydrides is discussed using first prin-
ciples density functional calculations. The cohesion is dominated by ionic contributions, but ligand field effects
are important, and are responsible for the 18-electron rule. Similarities to oxides are discussed in terms of the
electronic structure. However, phonon calculations fofRBHg also show differences, particularly in the
polarizability of the Ruld octahedra. Nevertheless, the yet to be made compountPpand BeFeH; are
possible ferroelectrics. The electronic structure and magnetic properties of the decomposition prodyct, FeBe
are reported. Implications of the results for H storage are discussed.
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I. INTRODUCTION ber of electrons in the metal-ligand bonds should be 18. In
the simplest view, this would correspond to fallp, andd
The complex hydridesDMHg, D=Mg, Ca, Sr, Eu and shells associated with ti&Hg]*" structural units. However,
M=Fe, Ru, Os form in the cubidm3m, No. 225, K,PtCk  Miller and co-worker$, have emphasized the importance of
structure'~® This structure ha® on site & (1/4,1/4,1/4,  |igand field effects in these complex hydrides, and, in fact,
M on 4a (0,0,0, and H on site 24 (x4,0,0. These com- the calculated electronic structures for these materials show
pounds are of fundamental interest because of the unusubhnd gaps within thd manifolds, indicating a more complex
structural motif and the interest in understanding resultingsituation! In particular, insulating band structures, in quali-
electronic structure, and the bonding associated with it. Furtative accord with experiment, resulting from band gaps be-
thermore, they could be of practical interest as potential hytween crystal field split transition metal manifolds were
drogen storage materials. MegH; has very high volume found in non-self-consistent warped muffin-tin calculations,
and mass storage efficien€y¥50 g/l and 5.4 wt. % but is  based on the X method witha=1.
too stable for reversible room temperature applicatforfs. Here, we reexamine the electronic structures, which we
In this regard, understanding of the electronic structure andbtain using a full-potential, self-consistent linearized aug-
cohesion may be helpful in finding modifications that im- mented plane-waveLAPW) method, and use these results,
prove the thermodynamics, to produce a material for hydroalong with calculations of the formation enthalpies, to dis-
gen storage in mobile applications. cuss the bonding of these materials and possible directions
The crystal structure may be regarded as a cubic doublpr modifying them to alter their stability. In addition we
perovskite A,BB'Hg, with A=D, B=M, and B'=vacancy. discuss the hypothetical materials, ,RHs, which was
Therefore, from a structural point of view, the compoundsstudied as a potential ferroelectric, and,BeH;, which is
consist ofMHg octahedra, well separated by presumably in-both in relation to ferroelectricity and to better understand
ert D ions, whose role is to fill space and donate charge taheir stability.
the MHg units. The cubid=m3m structure is maintained for
all these compounds in spite of large variations of Ahend
B site cation radii, in contrast to the structural distortions
often found in oxide perovskites and double perovskites. As mentioned, the calculations were done within the local
These compounds are insulators, and, like many of thelensity approximatioftLDA) using the general potential lin-
complex hydrides, follow the 18 electron rule, which says earized augmented planewagtsAPW) method'? Local or-
that the number of nonbonded metal electrons plus the nunbital extension’s were used to relax the linearization errors

Il. APPROACH
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TABLE I. LDA and experimental H positiongx(LDA) and  higher position of thed states relative to ligand states in
xq(exp), respectively, fully symmetric A, Raman frequency, compounds where the transition elements are cations. The
w(cm™), and band gayE, in eV. a(A) is the lattice parameter used, result is reduced covalency. Since covalency softens ionic

which was taken from experiment. interactions, the result is a stiffer lattice ird Sonic com-
pounds relative to the corresponding dompounds. A good
a X4(LDA) Xy (exp) ® Eq example is the comparison of KNRQwhich is a good ferro-

electric with KTaQ, which has practically the same lattice

CaFeHs  7.036 02257  0.230Q4] 1759 1.27X-X The calculated electronic band structures are shown in
Sr,FeH; 7.317 0.2178 1694 1.0B-X Figs. 1-3. The corresponding electronic densities of states

Mg,RuHs 6.629  0.2527  0.25244] 1977 2.93X-X (DOS) are in Figs. 4—6. The electronic structures are quali-
titively similar to those of Orgaz and GuptRef. 11, in that

CaRube  7.229  0.2359 1837 2.28-X all the materials are insulating with band gaps within the
SrRuUHg 7.600 0.2254 0.2231] 1778 2.06I'-X transition metald bands.
SOsH;  7.626  0.2262 1893 2.26-X The band structure for all the compounds studied consists

of six H1s derived bands, holding twelve electrons, fol-
lowed by crystal field split transition metdl bands. The &
for the transition metadl states, and to treat the upper semi- band width is largest in the Mg compounds, and in the case
core levels of the alkaline earth and transition metal atomsof Mg,RuHs this is sufficient to yield an overlap between the
An LAPW sphere radiusy=1.1 a5 was used for H in all the  1s manifold and the lowed manifold. In the octahedral crys-
compounds. Metal radii of 1.8, were used for Mg-eH;  tal field of the H, the metal bands separate into a three-fold
and CaFeH;. For SpFeH;, metal radii,rg,=2.0a; andrg,  degeneratésix electrongt,y manifold and a two-fold degen-
=1.84ay were used for Sr and Fe, respectively. FopRazH;  erate(four electrong e; manifold. The 18 valence electrons
and SpgRuHs, metal radii of 1.9%, were used. For then populate the H derivedslbands and the metéb,
Mg,RuHs we usedry,=1.83; and rg,=1.9a,. Well con-  bands; the insulating gap is between the occupigdnd the
verged basis sets, defined §yG,,,=6.0, whereGp«is the  unoccupied; manifolds. Since these are gaps within a crys-
plane-wave cutoff were employed. The Brillouin zone sam-tal field splitd band, LDA band gap errors are expected to be
pling during the iteration to self-consistency was done usingsmall in the absence of strong correlation efféétdowever,
the speciak points method with a %44 mesh, which we note that the gap is between narrdvwbands, and so a
corresponds to tek points in the irreducible wedge. Densi- larger gap may be observed both because of optical dipole
ties of states were generated using a tetrahedron mesh sélection rules and, in the Fe compounds, correlation effects.
145k points in the wedge. Convergence was tested, both for The H 1s character of the lowest six bands may be seen
the zone sampling and basis set size, by repeating some cdtom the projections of the DOS onto the LAPW spheres.
culations with higheryG,.,=7 and morek points (8 X8  The small 1.1a, H spheres, used here, imply that most of the
X 8). Based on these tests, the present convergence with reharge of H ions will be outside the sphere. A free i,
spect to these parameters is better than 2 mRy/cell for totatabilized by a Watson spheféo approximately represent
energies, and better than 1 mRy for band energies. the Madelung fielgl of radius 3.01 A, would have only
0.45e (of 2) inside a sphere of radius 1a}. In contrast,
within the LDA, a non-spin-polarized neutral H atom would
have only 0.3% inside the same sphet@.Integrating the
H s projection of the DOS over the lowest six bands, we
Crystal field effects, which are important here, may beobtain from 0.5e (CaRuHs and SsRuHg) to 0.52e
expected to be sensitive to the H positions. Here we uséSnFeH;) inside each H sphere, not far from this simple
LDA relaxation to determine the H positioigiven in Table ionic view especially if one allows for a somewhat different
I). As may be seen, they are in good agreement with experbreathing. This is also similar to what was found for
ment for those compounds for which neutron refinements arBlaAlH,.}” Thus the basic electronic structure is ionic con-
available. Table | also gives the full symmetAy Raman  sisting of H anions an@® andM cations. These compounds
phonon frequency associated with the H internal structurashould therefore be viewed as ionic for understanding the
parameter. Raman and inelastic neutron scatteringrystal cohesion.
measurement$ for Mg,FeH; yield an experimental fre- However, from the standpoint of understanding the elec-
quency of 1873 cit, in good agreement with the present tronic structure and H storage properties, covalency is impor-
LDA value of 1923 cm'. The LDA frequencies follow the tant. The effects oM—H hybridization are clearly seen in
reported trend for H bond stretching modes in infrared 8ata,the electronic structures. While the bottom six bands are es-
decreasing with increasin® ionic radius, and increasing sentially H s bands, they contain the two formally bonding
with increasing atomic number. It is interesting to note the H s—M ego- combinationgas well as four nonbonding com-
increase in frequency from situHg to SLOsH;. Generally,  binationg. The lowest band is the symmetric combination of
the ionic properties of d and % elements are very similar s orbitals, which is a nonbonding combination wil e,
due to relativistic contraction. The main difference, which isstates, but is formally bonding with the nominally unoccu-
also due to relativistic contraction, is that teestates are pied M s states. This is followed by five more $ibands,
lower relative to thed states in the & series. This leads to a including the nonbonding and the formally bonding

IIl. ELECTRONIC STRUCTURE AND THE EIGHTEEN
ELECTRON RULE
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FIG. 1. Band structure of MgreH; (top), CaFeHs (middle), FIG. 2. Band structure of MgruHg (top), CaRuHg (middle),
and SpFeH; (bottom), with the relaxed LDA H positions. and SgRuHg (bottom), with the relaxed LDA H positions.

H s—M eyo combinations. In terms of degeneracies, this di-ing. Instead, the two-electrors™and ten-electrond” mani-
vision into an §’-like onefold symmetric band, a fivefold folds are actually from combinations of hydrogerstates,
manifold, and the threefolth; manifold is formally like the  and are therefore very different in atomic character from the
s, p, andd electron counting of the 18-electron rule. How- six-electron, $” group, which comes from very weakly hy-
ever, this counting does not correspond to atomic level fill-bridized M t,4 bands.
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FIG. 3. Band structure of gDsHy with the relaxed LDA H 30
positions.

251

The lowest conduction bands derive mainly from the cor-
responding antibonding combinations asd derived states 20r
associated with th® cation. The covalency in thgviHg]*~
units can be seen in thd d contributions to the k, bands g 15}
for example. The,, bands show much less hybridization, as
expected in an octahedral ligand environment. It should be 4]
emphasized that the bands show relatively little dispersion,
with the exception of th&® =Mg compounds, and that there
are generally clean gaps between the different manifolds
(Hs, t,5, and ey), which implies that weakly interacting
[MHg]*" units may be regarded as the basic building blocks 0,
for understanding the band structure. The sizable crystal fielc (b)
splitting of theM d bands underlies the 18-electron rule in
these compounds. In particular, without it thg and g,
manifolds would overlap, and then there would be no barrier
to adding more than 18 electrons; the 18 electron rule here is 25f
the result of the crystal field splitting of the metalevels.
The octahedral geometry, with its large ligand field is ener- 20}
getically favorable for 18 or fewer electroHsThe substan-
tial crystal field splittinggas compared to the on-site Hund’s
coupling, which can be characterized by a Storler
~0.7-0.9 eV for F§>2are responsible for the low spin Fe
observed in these compounds. 10

To summarize the results so far, the electronic structure is
built up in the following way in decreasing order of the size s}
of the interactions involved;1l) Coulomb interactions, par-
ticularly the Madelung field, stabilize an ionic configuration, \ .
nominally D**M#*Hg. This is the main ingredient in the co- ‘10 -8 2 (ev)o
hesion.(2) Hybridization between the H orbitals and the ©
M g, orbitals Ieaq to a bonding antlbqndlng Spllttl_ng bet\l\_/e_en FIG. 4. (Color onling Electronic density of stategheavy red
these and contrlbute. t.o a substgnual crystal field sphttmqine) and projections onto the LAPW spheres of deharacter
between weakly hybridized occupiédity, states and unnoC-  (ashed green lineand Hs character (dotted blue ling for
cupiedM e states. This splitting and the position of the  \1o Fery (top), CaFeH; (middle), and SgFeH; (bottom), with the

derived states well above thg, energy underlies the 18 (ejaxed LDA H positions, on a per formula unit both spins basis.
electron rule(3) Hopping between thEMHg]*" units (pre-

51

30

15

N(E)

sumably mostly assisted hopping via unnoccudied and IV. PHONONS
d state$ leads to band formation. This is reminiscent of
some of the oxide double perovskites,MM’Og, with an The resulting image of ionic crystal with substantial co-

inert M’, such as SRuYQs, although in that case the hy- valency between anions and an octahedrally coordinated
bridization inside thd RuQ;]’~ units is very much stronger transition element cation suggests similarities with double
than in the present hydridés. perovskite oxides. Furthermore, the fact that the lattice con-
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dered or ordered as in, e.g., double perovskiEExamples
E, 15} 1 include PZT[Ph(Zr,Ti)Oz], PMN-PT[Ph(Mg, Nb, Ti)Os],
and PZN-PT[Pb(Zn,Nb,T)O3]. In these materials both
Pb—O and B—O hybridization is important in the
ferroelectricity3*

In order to further elucidate the relationship to oxides, we
calculated those zone center phonon frequencies Subi;
e i compatible with a rhombohedr&32 symmetry, and com-
% 8 pare with similar calculations for hypothetical fRuHs.
This was done at the experimental lattice parameter of
30 ' ' _ _ _ i SrLRuHg, using the relaxed H position. This noncentrosym-
metric group would include the ferroelectric mode, if the
material were ferroelectric. The calculations were done by
fitting the dynamical matrix to a series of frozen phonon
calculations with small displacements of the various atoms.
20F y This yields 6 threefold degenerate modpkuis the threew
=0 acoustic modgsThe frequencies and displacement pat-
terns of the phonon modes are given in Table Il. The 2%
difference between th8, frequencies for SRuH; between
Tables | and Il reflects the different approaches and should
be considered indicative of the errors in the fits used in con-
structing the dynamical matrix. The fitting errors can also be
seen in the deviation of the mode character as given in Table
4 Wy, Il from the Ay character required by symmetry. For thg

- - - 0 2 4 6 8 frequency, the value in Table | should be considered more

@ Eie¥) reliable because that value was obtained enforcing the exact
mode symmetry, but it should be kept in mind that the LDA
line) and projections onto the LAPW spheres of ®eharacter €707 is likely larger than the difference between the values in

(dashed green lineand Hs character(dotted blue ling for ~ 1ables Iand II. _
Mg,RuHs (top), CaRuHs (middle), and SsRuHs (bottom), with The highest frequency branches correspond to H motions,

the relaxed LDA H positions, on a per formula unit both spins basis@S €xpected. Of these, t#g Raman mode, which corre-
sponds to symmetric breathing of the Rybttahedra, is the

tains a large aniofH") stabilized by the Madelung field and stiffest mode, and the next lower mode also involves modu-
hybridized with nominally unoccupied transition metal stateslation of the Ru—H bond lengths. The two intermediate
further suggests connections with perovskite oxides, particunodes(738 and 777 cimt) involve distortion of the octahe-
larly ferroelectrics. In fact, many of the technologically im- dra, which would also yield lower frequency modes in ox-
portant ferroelectrics are based on perovskitdX); with ides. The two lowest frequency modes are motions of the Sr
mixtures of metal atoms on tHg sites(these can be disor- atoms within their cages. The lowest mode is the antisym-

N(E)
o

FIG. 5. (Color onling Electronic density of stategheavy red
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TABLE II. Calculated frequences (cm™?) and displacement patterns for zone-center modes &bt
a=14.36, compatible withR32 symmetry. The displacements des,, g, as,) for the first Sr(in R32
symmetry, (Bs, Bsr, Bsy) for the second St yry, Yru: YrW for Ru, (5H1,8H1,8H1) for the first type(in R32
symmetry of H (three atomp and(&Hz,st,st) for the second type of ithree atomp The 64 are Ru—H
bond stretch coordinates, whitg; are Ru—H bond shears.

w as Bsr YRu O, &H, O, &H,

126 0.073 -0.078 0.002 0.001 0.013 0.002 -0.009

141 -0.051 —-0.045 0.075 0.075 0.037 0.071 0.041

738 0.003 -0.000 -0.005 -0.024 -0.673 -0.079 0.195

777 -0.002 -0.003 -0.011 -0.087 0.188 -0.012 0.670
1433 0.000 0.000 0.015 -0.632 -0.055 -0.750 -0.020
1742 0.000 0.000 0.002 -0.757 0.012 0.643 -0.044

metric motion of the Sr, which is not ferroelectric. The fre- write as 3iw per H, unit, wherew is an average H vibra-
quencies of these Sr motions are compatible with the fretional frequency. The effective for H, is 703 cm?, so for
quencies of the shearing modes that modulate—8r hydrides withw>703 cni?, zero point motion will reduce
distances when the mass difference is accounted for. the formation energy, and the corresponding deuterides and
This pattern of phonon modes is quite different from whattritides will form more easily than the hydrides, while for
would occur in an oxide near ferroelectricity. In that case materials witho <703 cni?, the converse will be tru& At
there would be a low frequency cooperative mode. Thideast in principle, this difference can be used to obtain the
would consist of a distortion where the cations move relativeaverage H frequency from experimental formation energies
to the O atoms comprising the octahedra, reflecting the highf hydrides and deuterides.
polarizability of the octahedra softened by covalent Inorder to estimate for the compounds considered here,
interactions’*3° Here, the mode corresponding to motion of we performed LDA calculations for selected distortions and
the Ru with respect to the H is at high frequencyassumed that the H behaves in an Einstein-like way. In par-
(1433 cm?) and the lower frequency Sr derived modes haveticular, for MgH,, we displaced a single H in the unit cell
only a small component of Ru motion relative to the H oc-(which contains four equivalent H atoinalong the three

tahedra. principal directions in its cage and averaged the resulting
frequencies to obtain an average freque(tbg principal di-
V. ENERGETICS AND ZERO POINT EEFECTS rections relative to the lattice argl,1,0], [1,1,0 and

[0,0,1)). For CaH and SrH, we used the average of the four

In order to better understand the stability of these com+{ull symmetry Raman modes that are H derivgdere are
pounds, we performed calculations of the formation enthaltwo other such modes associated with metal motibor the
pies by comparison of the total energies with those of deK,PtCl structure hydrides, we used the average of the high-
composition products. Specifically, we did calculations forest twol'-point modes consistent with rhombohedral symme-
the elements, Mg, Sr, Ca, Fe, Ru, and Os in their bulk metry (the highest of these is the full symmetry Raman breath-
tallic form (in the LDA at the experimental lattice param- ing mod¢ to obtain an effectiveB-site metal-H bond
eters, parallel to the calculations done for the hydrides, instretching force constanfwhich contributes 1/3 of the
cluding ferromagnetism for Fethe H, molecule(relaxed, in - mode$ and obtained the effective force constant for the
the LDA) and MgH,, CaH,, and SrH (using experimental other two thirds of the modes by averaging the two other H
lattice constants, but relaxed atomic positiorie addition  derived modes from the rhombohedral symmetry and the oc-
calculations were done for elemental Be and the intermetallitahedral rotation mode. As a test, we also calculated an av-
phase BgFe, which is the expected decomposition producterage Einstein frequency for MigeH; by displacing a single
of the hypothetical phase BeeH; (see below. H (of the six in the unit ce)l perpendicular to the Fe-H

For the H, molecule we used a cubic supercell of lattice “bond,” and along it, similar to the procedure that was fol-
parameter 4.5 A. This yielded an LDA energy of —2.288 Ry,lowed for MgH,. This yielded a shear frequency of 727 ¢m
bond length of 0.765 A, and bond stretching vibrational fre-and a stretch frequency of 1828 thnfor an averagew
quency of 4217 ciit. These results are in good agreement=1094 cm?, in fortuitously good agreement with the esti-
with previous LDA calculations, for example, Patton and co-mate of 1089 ciit, made as abovéTable Ill). In all cases,
workers report a vibrational frequency of 4188%¢nand the averages are arithmetical averages of frequencies as is
bond length of 0.765 &2 The H, zero point energy obtained appropriate for the zero point energy.
from the LDA frequency is 25.2 kJ/mol. This is a substantial a-MgH, has a tetragonal structurespace-group
number, which underscores the f&ct® that zero point ef-  P4,/mmm) with one H coordinatex. We obtainx=0.3046,
fects need to be considered in the thermodynamics of hyin agreeement with the recent neutron measurement of Bortz
dride formation. Here, we neglect metal modes, and consideand co-workerg® who obtainedk=0.3040, and an LDA cal-
only the H contribution to the zero point energies, which weculation by Yu and Lan?/ who also obtainest=0.304. Mov-
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TABLE Ill. LDA energies in kJ mot? of formation on aper i~ -77.4 kJ/mol (Ref. 8. The calculated LDA energy of
basis, assuming full decomposition into separated elemental metals133 kJ/mol is significantly larger and this difference would
and H (minus means that the formation is exothermibHswic  seem to be at the high end of the expected range of LDA
denotes the LDA energy with no correction for zero point motton, errors, especially considering the reasonable agreement with
is the average phonon frequency estimated from LDA calculation%xperiment for MgH, and for FeAl, where we obtain agree-
andAH(LDA) is the zero-point corrected formation energy for the ment with experiment to within 5 k/mol of F& Perhaps
hydride. The LDA vibrational frequency of Hs used in this cal-  {hg |argest errors come from spurious LDA self-interaction
culation. Experimental values are given id(exp). effects associated with £1:38 Besides LDA static binding
— energy errors, the most likely source of error is the crude
Compound  AHgajc  w(cm™) AH(LDA) — AH(exp method that we used to obtain an average phonon frequency.
Mg,FeHs 147 1089 133 -77,-86, -0 However, even if the average phonon frequency were
250 cmi® higher than our estimate, which we think is un-

CaFeHs -221 1033 -209 - .

StFeH, 211 871 205 Icgl;el_liy, the calculated enthalpy would shift by only 9 kJ/mol
2.

Mg.Rube -147 968 -137 One possibility is that some of the difference is experi-

CaRuHg -229 1013 -218 mental in origin, related to the possible existence of some

SrRUHg -221 1006 -210 stable hydride among the decomposition products, which

Sr,0OsH; -216 1023 -205 would then stabilize the products relative to MeH; and

MgH, -90 954 -81 -75 therefore would lower the formation energy as measured by

CaH, -219 767 217 -184 the decomposition. In any case, we do find certain trends.

StH, 507 670 208 _180 First, Mg,FeH; is by far the least stable of the,RtCk hy-

drides studied. However, this is connected with the fact that
MgH, is much less stable than Syldr CaH,.. If one consid-

ing a single hydrogen in the unit cell of MgHwe obtained ~ ers formation via BH,+H;+M — D,MH, then this heat of
frequencies of 1277 cth along [1,1,0 (bond stretching format_lon is largest for MgFeH; as m'lght be expect'ed from
592 cnrt along[1,1,0] (bond bendingand 993 crit along an ionic picture. Second, the formation energy pefisisig-

[0,0,7 (mixed). The bond stretching “Einstein” frequency is nificantly larger for MQF.eHG tha_n_ for Mgl—b. This implies
near that of the full symmetry Raman mode, which we obtairfhat under thermodynamic conditions, without some very un-

at 1301 cmi* and which is also of bond stretching character,USual entropy contribution, the decomposition should pro-
This supports the simple Einstein-like approach used. ceed directly to H and the elements, or, at a bare minimum,

Good agreement with neutron diffraction restif® is if there is an intermediate hydride phase, it should not be
also obtained for the internal structural parameters of g:aHMg"r']Z' Thhe fohrmatljtlon energleis of thehCa anfd Srh%orsnpounds
and SrH, which occur in an orthorhombiPnmastructure, on the other hand are very close to those o ca . .”_&’
as given in Table IV. As mentioned, the full symmetry Ra- so depending on the conditions, those decompositions may

man frequencies obtained from this relaxation, were used tyery well proceed via an intermedialé-+ DH,.

construct the H frequency for the zero point contribution to. Similar calqulatlons were done .for the other compounds
the enthalpy of these compounds. in order to estimate the H zero point energy, but these were

LDA formation energies are given in Table IIl. The for- at a lower level of convergence in the fitting of the dynami-

mation energies of Mgkl CaH,, and SrH are in reasonable cal matrix.

agreement with the experimetthermodynamic values are

~75, ~184, and ~180 kJ/mol Hrespectivel) and in good V1. STABILITY, BONDING, AND IMPLICATIONS

agreement with previous LDA calculatio#s3? The values

indicate overbinding of the hydride phases by 5—35 kJ/mol We now speculate about possible implications of our re-
H,, i.e., about 10%-20%. The formation energy of JdgH;  sults for hydrogen storage. First, we note that the cohesion is
is the best studied of the RtCl hydrides, and is reported as ionic, and that it is the Madelung field that stabilizes the
-98 kJ/mol (Ref. 2, -86kJ/mol (Ref. 7, and [MHg]* units. Changes in the Coulomb potential then ought

TABLE IV. LDA and experimental atomic positiorjig(LDA ), zZ(LDA) andx(exp), z(exp) for PnmaCaH,
and SrH. y=1/4 for all atoms in this structure.

x(LDA) zZ(LDA) x(exp z(exp) Ref.
CaH, Ca 0.2380 0.1100 0.2378 0.1071 28
CaH, H1 0.3566 0.4274 0.3573 0.4269 28
CaH, H2 0.9741 0.6773 0.9737 0.6766 28
SrH, Sr 0.2382 0.1109 0.2438 0.1108 29
SrH, H1 0.3558 0.4278 0.3570 0.4281 29
SrH, H2 0.9732 0.6787 0.9693 0.6825 29
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to strongly affect the bond lengths in these units as well as N
their stability. This is already apparent in the valuexpbf
Table I, which show substantial changes in Me—H bond
lengths as the lattice parameter is changedhsite substi-
tution (note that the octahedra are not connected so that they
need not breath with the latticerhis implies significant tun- 0
ability in the properties with substitutions. Second, the ionic
stabilization of the lattice implies that mixed cation sub-
stitutions should be possible and that the octahedral coordi-
nation of the metal atoms will be preserved in them. For

Nz
>

::—-‘?

example, if the partial or full substution Os3Re+31r could \

E(eV)

TR
i

2
e
be made, its structure is expected to feature Reht IrH; € >
octahedra, rather than different ReH and I—H coordina- =
tions on this lattice. However, it is unclear if any of these 8 /
substitutions can be made, and even if they can it is unclear
whether they will be beneficial. Finally, we note that the fully -10
hydrided compound can therefore be destabilized by driving
the transition metatl states up in energy via the Madelung  FIG. 7. (Color onling Band structure of ferromagnetic FeBe
potential, if all other things were equal. One way would be toMajority (minority) spin bands are given by solid re@ashed
substitute some fraction of the Mg with a monovalent cationgreen lines. The Fermi energy is at 0 eV.
if one can be made to enter the lattice.

However, the stability is relative to the decomposed prodride BgFeH; is therefore not the formation enthalpy from
UCtS, and it is clear from the calculated energetiCS that the%e e|ementsi but from the intermeta”ic’ FQBth:h' with
play a major role. For example, MBuHs and MgFeHs are  H, would be the product of the decomposition. Relative to
the least stable compounds relative to decomposition intecomposition into the elements, the existence of the inter-
elemental Mg and Ru or Fe, but they are the most stable withetallic then results in a shift of the formation enthalpy of
respect to a hypothetical intermediate MgHFe/Ru. As  BeFeH, by 29 kJ/mol on a per K basis, to yield
mentioned, this suggests that under normal conditions.g kj/mol. The average phonon frequency, determined as
Mg,FeHs and MgRuHs decompose into Hand elemental  for the other KPtCl hydrides, discussed above, is
metals without any Mghl intermediate, consistent with the 1172 cm?, yielding a zero point correction of +17 kJ/mol

A L H AT KM T

observation of Bogdanovic and co-workérs. H,, placing the calculated enthalpy including zero point at
+9 kJ/mol. Thus, it is likely that B&eH; is marginally un-
VIl. REDUCING THE FORMATION ENERGY: stable with respect to decomposition into FgBand there-
HYPOTHETICAL Be ,FeHq fore will only be formed under high pressure or by chemical

routes, if it can be made at all.

Considering the trend in the energetics with respect to the
alkaline earth element, one pOSSlblllty for Obtaining a lower VIIl. ELECTRONIC STRUCTURE AND MAGNETISM
formation energy would seem to be replacement of Mg by IN FeBe,
Be3® This would seem especially likely considering the
properties of Be metal, which include strong bonding that FeBe is an interesting hard magnetic material. In particu-
would compete with the formation of hydride phases. In or-lar, it has a relatively low density, high anisotropy, and a very
der to check this trend we performed calculations for hypohigh Curie temperatureTc of 880 K42 Experimentally,
thetical BgFeH; to obtain its formation energy. Since the FeBeg crystallizes in the hexagonal MgZgstructure(space-
compound is hypothetical, we obtained the lattice parametegroup P6;/mm¢ No. 194 and has magnetization
by relaxation in the LDA. The calculated structure has a~1.95ug/Fe. Since we are not aware of previous first prin-
lattice parameter of 5.65 A, a H internal coordinate xof ciples studies of this material, we briefly summarize our re-
=0.2648, and a corresponding full symmetry Raman phono#ults for the electronic structure of this compound.
frequency of 2233 cit. No doubt the LDA underestimates ~ The reported lattice parameters ame4.215 A andc
the lattice parameter slightly, as is typical. In any case, with6.853 A% The unit cell contains four formula units. The
the LDA structure, we obtain a static formation enthalpy ofBe atoms are on sitesa20,0,0 and & (x,2x,1/4), while
-37 kd/mol H with respect to elemental products. This con-the Fe atoms are onf41/3,2/3 7). Experimental values of
firms the conjecture that Be would lead to lower bindingthe two internal parameters are not available, so they were
energies. However, while this energy suggests thaF&e;  found by structural relaxation in the LDA. We find
would be an interesting hydride phase, it neglects the fact0.8294 andz=0.061. The calculated LDA spin magnetiza-
that unlike Mg, Be forms compounds with Fe. In particular, tion is 1.76ug/Fe and the magnetic energy is 0.237 eV/Fe.
FeBe is a known intermetallic compound and would com- This is only ~3kT. suggesting some itinerant character.
pete with the hydride phase. We calculated the enthalpy of The local spin density approximatighSDA) band struc-
formation of FeBeg (details are in the next sectipand find  ture and density of states are given in Figs. 7 and 8. The band
—-87 kJ/mol. The relevant energy for the stability of the hy-structure shows narrow crystal field split Fe& Bands on top
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of a broad manifold of free electron like B@ derived 4
bands. These Be derived bands are weakly polarized, oppc
site to the Fe polarization, similar to the case of ¥,Rer
example*344 The majority spin Fe @ bands are fully occu- 2t
pied, while the Fermi energy falls in the crystal field gap
between the,; ande; manifolds in the minority spin. This 1r
yields two minority spiney holes per Fe, and explains the g
~2 ugl/ Fe magnetization. Relative to bcc Fe, there is a trans-Z
fer of Fes character to the Be derived bands, and a back _.1}{
transfer of charge to give effectively neutral Fe, with eight
3d electrons. This is consistent with the image discussed by -2}
Jesser and Vincze based on experimental susceptibility an
Mossbauer measuremenitsThis pseudogapped band struc-
ture yields a relatively low density of states at the Fermi 4
energy in both spin channels\;(Ef)=0.39 eV! and -
N|(Ef)=0.67 eV on a per formula unit basis.

The calculated formation energy of FeBe —87 kJ/mol FIG. 8. Electronic density of statégsolid) and Fed projection
on a per formula unit basis. As a test of our approach, wento the LAPW sphergbroken, radius 2.1y) for FeBg on a per
also calculated the formation energy of FeAl in the samePer formula unit basis. Spin-up is above the 0 and spin down is
way. The result was -77 kJ/m@eAl), which is in good shown as negative. The Fermi level is at 0 eV.
agreement with the experimental value of —72.6 kJ/#Ad?.
This suggests that the error in the formation energy of FeBeWe also calculated the energy as a function of the rotation of

-2
E(eV)

is likely in the range of 5 kJ/mol. the RuH; octahedron. Such rotational degrees of freedom
compete with ferroelectricity in ferroelectrics such as
7 46 i -
IX. FERROELECTRICITY AND HYPOTHETICAL Pb(Zr,_Tl)Og. Here, these r_nodes are stable. We obtain fre
Pb,RuH¢ AND Be,FeH quencies of 576 and 490 ¢t for Sr,RuHg and PBRuUHg
respectively.

We did phonon calculations for the hypothetical com- We found a similar result for hypothetical BeeH;,
pound PBRuHg. In perovskite and double perovskite oxides, which, however, might be a more difficult synthesis target. In
Pb typically can be substituted for Sr. The Pb compoundshis case, we obtained a slightly unstable mode of Be char-
typically have unit cell volumes very close to the Sr analogsacter, with a ferroelectric displacement pattern, and stable
but are more likely to be ferroelectric because ofP®  rotational and antiferroelectric modes. Significantly the
covalency(e.g., PbTiQ vs SrTiOy). Since the experimental ferroelectric mode is at 9m™%, while the antiferroelectric
lattice parameter of BRuHg is unavailable, we used the Be mode is at 72 cit. Taking into account the mass ratio of
value for SgpRuHg. This choice also makes comparison of Pb and Be this shows a similar difference in the curvature of
the two systems more direct. LDA relaxation of the latticethe energy surfaces of the ferroelectric and antiferroelectric
parameter yielded a value 1.8% smaller than this, but conA-site cation modes for BRuH; and BgFeH;. However,
sidering the usual underestimate of lattice parameters in thsince we used the LDA lattice parameter for,BeH, which
LDA, we do not consider the LDA value to be more reliable is expected to be an underestimate, perhaps by 1-2%, and
than the use of the §RuH, value3® The PhRuH; modes since ferroelectricity is normally disfavored by
(Table V) are qualitatively like those of §RuHg, except that compressiort®—8 Be,FeH; may be the better candidate for
the low frequency Pb modes are shifted down in frequencyferroelectricity. As in PERuHg, the octahedral rotational
This shift is, however, larger than can be accounted for bynode of BgFeH; is stable now at 541 cth. The full sym-
the mass difference, and the modes are reversed in order. Theetry Raman mode is calculated to be 2233 trifihis sug-
lowest mode is now the symmetric mode and it is at zerayests PERuH; and BgFeH; as a candidate ferroelectric hy-
frequency to within the precision of the present calculationsdrides. If these compounds are made, the possibility of

TABLE V. Phonon frequencies and displacement patterns, as in Table IV but fgRuPl a
=14.36%; frequenciesw are in cm™.

w app Brb YRu On, &H, O, &H,
23 -0.023 -0.019 0.089 0.082 0.038 0.077 0.045
52 0.049 -0.048 0.005 0.005 0.025 0.004 -0.017
552 -0.002 -0.002 -0.010 -0.062 0.518 -0.013 0.469
632 0.002 -0.002 -0.001 -0.022 -0.473 0.041 0.520
1265 0.000 0.000 0.013 -0.646 -0.028 -0.745 -0.008
1626 —-0.000 0.000 0.002 -0.749 0.002 0.654 -0.040
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ferroelectricity should be investigated, e.g., by low tempera- One way to reduce the stability of the hydride without
ture structural studies and temperature dependent dielectrfacing this limitation would be to focus on the stability of

measurements. decomposition products. One possibility would be to explore
minor additions, X that are soluble in and stabilize an

Fe—Mg— X intermetallic. These need not enter the hydride

X. SUMMARY AND DISCUSSION lattice, provided that they are available, e.g., on hydride par-

icle surfaces to promote the decomposition and provide suf-
icient enthalpy via the formation of the intermetallic. This

ay be the most promising avenue for modifying JAgH;

The present density functional calculations show that th
K,PtCly hydrides are ionic compounds, with some cova-
lency. The 18 electron rule is a consequence of ligand fiel SN - .
effects on the transition metal site. This type of ionic char- or hyc_jrogen storage appllcatl_ons, the S°|Ub.'|'ty of Mg in
acter suggests the possibility of ferroelectricity in related hy-'_:eBQ is not known. However, if Fe-Be—Mg mtermeta_l-_
drides. We find that the hypothetical compounds,FRiH, lics are stable, the present results suggest that the addition of

and BeFeH are on the borderline of ferroelectricity, and B€ 10 M&Feks may lead to lower stability, which if not for

should be investigated in this context, if they can be madet.he toxicity of Be, would be favorable for applications.

Fur_thermore, th_e ionic charac'Fe_r stabll_lzes H anions, an_d Fe ACKNOWLEDGMENTS
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