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Abstract

Systematic theoretical results for La(TM)sH,, materials with TM one of the magnetic transition metals Fe, Co, or Ni are discussed. For TM = Co, Ni
the antecedent LaCos and LaNis intermetallics and hydrides are well known. While no La—Fe compounds exist, LaFes hydrides are predicted to form
by both Miedema’s phenomenological model as well as by first-principles density functional theory (DFT) for several prototype crystal structures.
Enthalpies of formation and saturation hydrogen contents derived from Miedema’s model and DFT are compared. Our phonon calculations for

LaCos and LaCosH, yield new information on their crystal structures.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

As a consequence of their numerous representatives and opu-
lent variety of properties the AB5 compounds and their hydrides
have received considerable scientific and technological atten-
tion over a lengthy period. Gaps in our fundamental knowledge
of these systems remain, however, among them the energetics
of phase formation and structural issues. Here we focus on a
small subset, the La(TM)sH,, materials having ferromagnetic
Fe, Co, or Ni as the transition metal (TM) component. LaNis,
LaCos, and hydrides of them are well known, with LaNisH,
especially well studied in view of its desirable hydrogen sorp-
tion characteristics. We compare enthalpies of formation from
both Miedema’s semiempirical model and density functional
theory (DFT), including vibrational energy contributions in the
latter. Our phonon calculations for LaCos and LaCosH4 reveal
new insights on their crystal structures. While neither LaFes nor
any other La—Fe intermetallic forms, Miedema’s model and pre-
liminary DFT work strongly suggest the existence of a LaFes
hydride.
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2. Miedema’s model

Miedema and co-workers formulated a highly successful
semiempirical model for the enthalpy of formation AH of binary
A-B alloys, with a principal focus on those having at least
one TM component [1]. AH(A¢,Bcy) is derived from a set
of parameters for each of the elemental constituents; no struc-
tural information is involved. Results for the parent compounds
of interest here are given in Table 1. The model correctly pre-
dicts the formation of LaNis, LaCos, and the absence of LaFes.
AH_ qc(LaNis) is in reasonable agreement with experiment, but
AH_gqc(LaCos) severely underestimates the magnitude of the
measured value; it is interesting to note that in contrast to LaNis,
LaCos undergoes a eutectoid decomposition below ~600 °C [4].
Moreover, AHac(LagsFegs)=+6.4kJ/mole LagsFegs at the
equiatomic composition, a value indicating [1] that no La-Fe
binary phases whatsoever form, in accord with observation.

Miedema’s original model was generalized to binary AH, and
ternary AB, H,4, hydrides of known hydrogen content and hav-
ing B:Aratios n=1, 2, 3, 5 [5]; AH of the latter is expressed as

AH(AB,H,,) = AH(AH,) + AH(B,H,)
— (1 -F)AH(AB,) (D

To enable an estimate of the hydrogen fraction the model was
extended recently to arbitrary hydrogen content as well as to


mailto:jan.f.herbst@gm.com
dx.doi.org/10.1016/j.jallcom.2006.12.003

J.F. Herbst, L.G. Hector Jr. / Journal of Alloys and Compounds 446—447 (2007) 188-194 189

Table 1
Enthalpies of formation AH of LaTM5 intermetallic compounds calculated with
Miedema’s model and experimental values

LaNis LaCos LaFes
AHcae —141 —89 +24
AHexp (298K) —159.1%, —166° -17° -
All AH entries in kJ/mole fu (=0.010364 eV/fu; fu =formula unit).
a Ref. [2].
b Ref. [3].
arbitrary n via the ansatz [6]
A[{(ABon) = AI_I(AHot(n))c) + AI'I(BnH[l—ot(n)]x)
{ al ] AH(AB,) )
B(n) + x "

The functions «(n) and B(n) are constructed to satisfy several
reasonable constraints and to ensure that Eq. (2) reduces to Eq.
(1) forn=1, 2, 3, 5 and the (x, y, F) parameter sets of Bouten
and Miedema [5]. As in ref. [6], minimization of AH(AB,H,),
specified per mole AB,H, by Eq. (2), provides an estimate x3*
of the maximum hydrogen content. Eq. (2) can also be employed
to find )c(c)alC which minimizes the enthalpy per mole H», (2/x)

AH(AB,H,). In keeping with the van’t Hoff relation [7]
Inp/po = [(2/x)AH(AB,H.)]/RT — AS/R (3)

x(c)alc can be identified as the hydrogen content of the hydride in
equilibrium with the AB,, parent and H; gas along the plateau at
lowest pressure in a pressure-composition isotherm experiment.
Results are presented in Table 2. In the case of LaFesH,, the

Table 2
Hydrogen contents x and enthalpies of formation AH of LaTMsH,, hydrides
calculated via Eq. (2), as described in text, and experimental values

LaNisH, LaCosH, LaFesH,
0
e 5.73 4.97 272
0 a
xexpl 6.2 d,e 2.6
6.33° 34 ’
AHeqe(x2,) -17 -36 —76
A Hexpr(x0,) —32.1% —45.2¢
—34.8° —43.0°
A Heaie (x0) -16.6 (x=62) 30 76
—16.4 (x=6.33)
xmax 6.57 6.72 6.92
X 8.0° of -
A Hegre (x3%) —16 —-31 —56
A Heae (x32: —11 —18 -
All AH entries in kJ/mole Hj.
a Ref. [2].
b Ref. [8].
¢ Ref. [9]; 70 bar, 135 K.
d Ref. [10)].
€ Ref. [11].
f Ref. [12]; 1500 bar, 295 K.
g Ref. [13].

AH(LaFes) term in Eq. (2) was neglected since LaFes does
not form, so that AH(LaFesH,) represents the enthalpy of
formation with respect to La and Fe metals and H, gas. For
LaNisH, and LaCosH, the predicted hydrogen content xgalc
of the first-plateau hydride is in good proximity to x(e)xpt but
| AHexp| is underestimated; x2;» tends to the hydrogen content
Xexpt at the highest pressure observed. The model predicts the
existence of LaFesH,: xgalc =2.72 with AH¢y=—76kJ/mole
H; relative to the elemental constituents, and x(;i* ~7 the same
as for the other hydrides. We are aware of only one attempt
to prepare that material. Reilly and Wiswall [13] hydrided
an alloy of nominal composition LaFes and formed a solid
having the overall composition LaFesH> ¢ with a dissociation
pressure less than 1bar at 100°C. No X-ray diffraction or
other measurements were performed. The possibility exists that
the sample comprised LaH;, LaH3, and Fe metal, and in our

opinion verification of ternary hydride formation is warranted.

3. Density functional theory
3.1. Calculational methods

Electronic total energies were calculated with the Vienna
ab initio simulation package (VASP), which implements DFT
[14] using a plane wave basis set [15,16]. Projector-augmented
wave potentials [17] constructed with the Perdew—Wang [18,19]
generalized gradient approximation (GGA) for the exchange-
correlation energy functional were employed for the atomic
constituents. A plane wave cutoff energy of at least 700 eV was
imposed in all cases. Lattice parameters were determined via
full cell optimizations of the relevant structures. The energy of a
free H, molecule was obtained from a calculation for a hydrogen
dimerina 11 A x 12 A x 13 A orthorhombic cell.

Phonon dispersion relations for the solids and the H, vibra-
tional frequency were computed with the direct method [20,21]
using VASP as the computational engine. This involves con-
struction of series of supercells, in each of which a single atom
is displaced in such a way that all degrees of freedom of every
symmetry-unique atomic site are explored. Each supercell was
built from the VASP-optimized GGA crystal structure and made
large enough to ensure that (i) interactions between equivalent
atoms in periodic images were negligible and (ii) the possibility
of soft modes was adequately explored. Atomic displacements
of +0.01 A were employed in all cases.

3.2. Parent intermetallics

LaNis and LaCos both crystallize in the hexagonal CaCus-
type P6/mmm structure. LaNis is paramagnetic with an
exchange-enhanced magnetic susceptibility, while LaCos is a
ferromagnet (Curie temperature 7, ~840 K, magnetic moment
w ~1.2 np/LaCos). We previously reported the electronic struc-
tures and AH results obtained from the electronic total energies
[22-25]. Fig. 1 displays the phonon dispersion relations wg and
the corresponding phonon density of states calculated here for
P6/mmm LaNis. There is no evidence for any structural insta-
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Fig. 1. Phonon dispersion curves (left panel) and phonon density of states (DOS; right panel) for hexagonal P6/mmm LaNis calculated using a 2 x 2 x 3 supercell

(72 atoms).

bility since all frequencies are real and positive. Furthermore,
all wg— 0 modes are linear in the vicinity of the I"-point,
consistent with our previous finding of positive elastic constants
[22] (and elastic stability since the eigenvalues of the calculated
LaNis elastic constant matrix in ref. [22] are all positive). The
zero point energy Ezpg = %Zéha)g is 17.0 kJ/mole LaNis.

Phonon results for paramagnetic P6/mmm LaCos are strik-
ingly different, as Fig. 2(a) shows. There are soft modes
(imaginary o plotted as negative) with large ||, clearly point-
ing to structural instability. A ferromagnetic calculation yielded
similar gross anomalies. Although the computations of the elec-
tronic energies for the P6/mmm structure converged with no
difficulty, the phonon energies are a more sensitive measure
of lattice stability, in this case at least qualitatively reflecting
the breakdown of P6/mmm LaCos as indicated by the observed
eutectoid decomposition [4] mentioned previously. Analysis of
the imaginary frequency modes in the vicinity of the A-point
suggested an orthorhombic Ccem crystal structure. VASP opti-
mization of that structure yielded the lattice parameters given
in Table 3 and a total energy E¢) = —40.190 eV/LaCos, slightly
lower than E; = —40.144 eV/LaCos for the P6/mmm structure;
the magnetic moments are both 6.7 wg/LaCos. The orthorhom-
bic Cccm variant departs marginally from hexagonal lattice
symmetry since a/b+/3 = 0.990, a ratio that would be pre-
cisely unity for a hexagonal structure described as C-centered
othorhombic (cf. refs. [10,26]). Phonon calculations for the fer-
romagnetic Cccm structure, Fig. 2(b), exhibit no anomalies;
Ezpe =15.1kJ/mole LaCos.

We write the standard enthalpy of formation AHr at temper-
ature T as

AHr = AHy + §AHy “)
where the zero temperature limit

AHy = AHe + AHzpg (5)

consists of the electronic (AHe]) and zero point energy (AHzpg)
contributions, and § AH7 represents the correction to finite tem-
perature. The pV terms have been omitted since the small molar
volumes of the solids make pV negligible at p =1 bar. For the
specific example of LaNis the components of AHr are

AHe(LaNis) = E¢(LaNis) — E¢i(La) — 5E¢i(Ni) (6)
A Hzpe(LaNis) = Ezpg(LaNis) — Ezpg(La) — SEzpe(Ni) (7)
and

8AHy(LaNis) = Epn(LaNis) — Epn(La) — 5 Epp(Ni) ®)

E. is the electronic total energy from the VASP optimization.
The phonon energy Epp at T'is

Eph = Zéhwén(%) )

Table 3

Lattice parameters and magnetic moments for orthorhombic LaCos (Cccmy;
No. 66) and orthorhombic LaCosH4 (Cmm2; No 35) structures identified from
phonon calculations

LaCos Ccecm LaCosHs Cmm2
a(A) 8.691 8.862
b (A) 5.066 5.374
c(A) 7.885 4.090
V (A3/fu) 86.79 97.39
Co (8K) z 0.2605 La (2a) z 0.0086
Co (8) x 0.3380 Co (2b) z 0.4917
y 0.0328 Co (4¢) z 0.4959
Co (4d) x 0.3643
z —0.0134
H (4c) z 0.0705
H (4d) x 0.1457
z 0.5124
1« (pp/fu) 6.7 5.8

The sites in the Cccm LaCos lattice are La (4¢), Co (4b, 8k, 81). In Cmm2
LaCosHy the sites are La (2a); Co (2b, 4c, 4d); H (4c, 4d). Only position
coordinates not fixed by the space group are listed.
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Fig. 2. Phonon dispersion curves (left panel) and phonon density of states (DOS; right panel) for (a) paramagnetic, hexagonal P6/mmm LaCos calculated using a
2 x 2 x 2 supercell (48 atoms); (b) ferromagnetic, orthorhombic Cccm LaCos computed with a 48-atom 2 x 1 x 1 supercell.

without the ZPE; n(w) = (/KT — 1)71 is the Bose factor.
The ZPEs from our phonon calculations for paramagnetic
La (3 x 3 x 1 36-atom supercell), ferromagnetic Ni (2 x 2 x 2
32-atom supercell), and ferromagnetic Co (3 x 3 x 2 36-atom
supercell) are 1.09, 3.16, and 3.65 kJ/mole, respectively.

Table 4 presents the components of AHy9g for LaNis and
LaCos. The Ezpg terms for LaNis very nearly cancel, as do

Table 4
Components of the calculated 7=298 K enthalpies of formation AHygg for
LaNis, LaNisH7, LaCos, and LaCosHy (orthorhombic Cmm?2 structure)

LaNis LaNisH7; LaCos LaCosHy
AHy —168.0 —39.3 —12.6* —47.1
AHyzpg 0.1 9.9 —4.2b 10.8
AH)y —167.9 —29.3 —16.8 —36.3
8AH»03 —0.01 —6.8 3.0 -82
AHaog —167.9 —36.2 —13.8 —44.5

LaNis and LaCos entries in kJ/mole fu; hydride entries in kJ/mole H,.
? Ee1(LaCos) computed for hexagonal P6/mmm structure.
b Ezpe(LaCos) computed for orthorhombic Ccem structure.

the phonon energies Ep,n, so that AHzpg, AH293 ~0 and
AHj9g = AH¢ = —168 kJ/mole LaNis, which agrees well with
the measured values in Table 1. For LaCos AHzpg and § AH»9g
are appreciable but of opposite sign; their sum contributes
—1.2 kJ/mole LaCos to AH»93 = —14 kJ/mole LaCos and serves
to improve the correspondence with experiment (Table 1). We
note that Ee; (Ezpg) for the P6/mmm (Cccm) structure was
employed in deriving the LaCos results in Table 4. Use of
E¢1(Cccm) would lower A Hpgg to —18 kJ/mole LaCos, in closer
proximity to the experimental value of —17 kJ/mole LaCos, but
we believe the choice of E¢j(P6/mmm) is more appropriate since
that structure is observed.

To explore LaFes formation we selected as prototypes four
distinct structures characterizing related compounds: (i) hexag-
onal P6/mmm (LaNis), (ii) hexagonal P63mc (LaNisHy7), (iii)
orthorhombic Cmmm (LaCosHj,), and (iv) orthorhombic Cccm
(CeCosH3). Lanthanum was placed on the rare-earth sites and Fe
on the TM sites. We find AH. =+35.8 £ 0.1 kJ/mole LaFes in
each instance. The optimized crystal structures are quite similar,
with both orthorhombic lattices very nearly hexagonal. While
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Fig. 3. Phonon dispersion curves (left panel) and phonon density of states (DOS; right panel) for hexagonal P63mc LaNisH7 calculated using the 26-atom conventional

cell. Larger supercells produced no essential differences.

our search is clearly not exhaustive, the positive values are in
accord with the nonexistence of an LaFes intermetallic phase and
consistent with the result from Miedema’s model in Table 1.

3.3. Hydrides

In earlier work we discussed the electronic structure and
AHg results for LaNisH7 (hexagonal P63mc structure) [22] and
LaCosHy4 (orthorhombic Cmmm structure) [23,25]. LaNisH7;
is paramagnetic, while LaCosHy4 is a ferromagnet (7, >300K,
magnetic moment p ~5.8 up/LaCosHy). Additionally, we
derived AH, for a large variety of filled hydrogen site configu-
rations in those structures [24] and found that DFT identifies
the 2b6c16¢c, (4ed4h) sites in the P63mc LaNisH, (Cmmm
LaCosH,) structure as those occupied by hydrogen in the most
stable hydride (i.e., the hydride in equilibrium with the parent
intermetallic and H; gas at the lowest pressure), in precise agree-
ment with neutron diffraction experiments. Maximum hydrogen
contents n~ 11 (n~ 16) for LaNisH, (LaCosH,) were esti-
mated, somewhat greater than those from Miedema’s model
(Table 2) and in qualitative correspondence with the observa-
tion of LaNisHg at p=70bar, T=135K [9] and LaCosHo at
p=1500bar, T=295K [12].

Here we consider the phonon spectra. Fig. 3 displays wy cal-
culated for LaNisH7. As for LaNis, there is no evidence for
any structural anomalies. All frequencies are positive, and the
wg — 0 branches approach the I’-point with linear slopes and
are thus consistent with our results for the elastic constants
[22] that also confirm elastic stability. The zero point energy
is Ezpg = 143.8 kJ/mole LaNisH7. The situation is quite differ-
ent for the orthorhombic Cmmm structure of LaCosHy. The
calculated phonon dispersion relations (Fig. 4(a)) contain imag-
inary modes implying instability, even though our electronic
structure and elastic constant work [23,25] do not. Analysis
of the imaginary modes suggested hydrogen atom displace-
ments leading to the orthorhombic Cmm?2 space group with La

(2a), Co (2b, 4c, 4d), and H (4c, 4d) sites. VASP-optimized
lattice parameters for that structure are listed in the final col-
umn of Table 3. The total energy E.| = — 54.722 eV/LaCosHy is
slightly lower than E,] = —54.679 eV/LaCosH4 for the Cmmm
structure; the magnetic moment is 5.8 wg/LaCosHg4, the same
as the experimental value [10], versus 6.1 pg/LaCosHy for
the Cmmm structure. The cell volume (cell constants) differs
from those we determined for the Cmmm structure [23] by
0.2% (at most 1.6%). The H(4c; x =y = (1/4), z=0.071),
H(4d; x=0.146, y=0, z=0.512) sites in the Cmm?2 structure
(Table 3) are the analogs of the H(de;x =y = (1/4), z=0),
H(4h;x =0.148, y=0, z = (1/2))sitesinthe Cmmm struc-
ture (Table 2 of ref. [23]), respectively; the displacements are
quite small. The phonon spectra calculated for Cmm?2 LaCosHg4
(Fig. 4(b)) exhibit no anomalies. Interpretation of the neutron
diffraction data in terms of the Cmmm structure was originally
made on the basis of simplicity; the authors reported that an
equally accurate description could be provided by the Cmm?2
space group [10,26]. This fact and our phonon results are cogent
evidence that the Cmm?2 structure (Table 3) is preferable.

We express the enthalpy of hydride formation for LaNisH7;
and LaCosH4 again using Egs. (4) and (5) but with respect to
the parent binary and H, gas. In the case of LaNisH; we have

A Hq(LaNisH7) = Eq(LaNisH7) — E¢(LaNis)
—(7/2)Ea(Hz) (10)

AHzpg(LaNisH7) = Ezpg(LaNisHy) — Ezpg(LaNis)
—(7/2)Ezpe(H2) (11

and

A Hy(LaNisH;) = Epn(LaNisHy) — Epy(LaNis)

77
- 5 |:2kT + Evib(HZ):l (12)
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Fig. 4. Phonon dispersion curves (left panel) and phonon density of states (DOS; right panel) for ferromagnetic, orthorhombic (a) Cmmm LaCosHs; (b) Cmm?2

LaCosHy. A 40-atom 1 x 1 x 2 supercell was employed in each case.

where (7/2)kT is the sum of the translational (3/2kT),
rotational (kT), and pV=kT terms for the H, molecule
and Ejp = hwon(wp) its vibrational energy (we calculate
wo(Hz)=4399 cm™!, in excellent accord with the measured
value of 4405cm™! [27]). Table 4 includes results for AHaog
of LaNisH7 and LaCosH4. In each case [AHzpg + §AH»9g] is
positive and serves to bring A Hagg closer to experiment (Table 2)
than the electronic component AH, alone. The DFT values are
also substantially more accurate than those from Miedema’s
model in Table 2.

Our preliminary findings suggest that a LaFesH, hydride
forms. We have calculated

AHg(LaFesH,) = E.(LaFesH,) — Eci(La)

— SEei(Fe) — 5 Ee1(Hp) (13)

the electronic component of the enthalpy of formation with
respect to the elemental metals and H, gas, for a broad range
of hydrogen site configurations in the same four structures

explored for LaFes (Section 3.2). To this point the most neg-
ative AH, values we have obtained are —24.6, —34.8, —35.2,
and —38.7 kJ/mole H, for P6/mmm LaFesH|; (120), P6smc
LaFesH7 (2b6c16¢2), Cmmm LaFesH (4h), and Cccm LaFesHy
(4e8g16m), respectively, where the occupied H sites are in
parentheses. The orthorhombic Cccm structure thus appears
most favorable. Additional configurations will be investigated,
and we will calculate the elastic properties and phonon spectrum
of the most stable hydride.

4. Summary

We have shown that Miedema’s semiempirical model
correctly accounts for the most fundamental characteristics of
the La(TM)sH,, (TM=Fe, Co, Ni) materials, namely: (i) the
formation of LaNis, LaCos, and hydrides of them; and (ii) the
absence of LaFes; and other La—Fe binary compounds. The
model also predicts the formation of a LaFes hydride, under-
scoring its utility as at least a qualitative tool for determining
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the existence of novel hydrides when no other information is
available.

Our first principles DFT work confirms the general predic-
tions of Miedema’s model and provides more accurate results
for the enthalpies of formation. DFT enables, of course, the
calculation of electronic and vibrational properties beyond the
scope of Miedema’s construct, including the zero point and
finite temperature contributions to AH, hydrogen site prefer-
ences, and magnetic moments. For LaCos and LaCosHs we
have demonstrated that computation of the phonon spectra can
yield important inferences with regards to the crystal structure
and structural stability. To our knowledge the phonon spectra in
Figs. 1-4 have neither been measured nor previously calculated.
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