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Abstract

Modifications of the electronic and magnetic properties of Cr and,\ee to hydrogen absorption were studied using band structure
calculations with the LMTO-ASA method.

For chromium, we show that the presence of hydrogen leads to a disappearance of antiferromagnetism. The paramagnetic state is the sta
state of the hexagonal hydride CrH, in agreement with experimental results. We analyzed the role of the structural modifications and volume
expansion of the Cr lattice and also the role of hydrogen on the electronic and magnetic properties. The increase of the density of states at
Fermi level from Cr to CrH is in agreement with measurements of heat capacity and magnetic susceptibility.

The stronger magnetization in ferromagnetic YiHgcompared to YFewas explained by two antagonistic effects: (i) the lattice expansion
due to hydrogen insertion which increases the magnetic mom&asthe Fe sites, (ii) the metal-hydrogen interaction which slightly reduces
Ms. In the hydride, the majority spin states of Fe are fully filled and the Fermi energy falls in a peak of the minority spin density of states. We
found a small ferrimagnetic coupling of the 4d states of yttrium. Our results are in satisfactory agreement with experimental magnetic data.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction netismin YFeH, compared to the Laves phase intermetallic
compound YFg [8-10].

Hydrogen absorption in metals and intermetallic com- Using ab initio band structure calculations, investigation
pounds (IMC) is associated with a wide variety of alteration of electronic structures and magnetic characteristics of these
of their electronic, optic, conducting, superconducting and compounds has been made in this paper. The role of hydrogen
magnetic propertied—3]. The role of hydrogen on the mag- is analyzed in terms of modifications of crystallographic data
netic properties of IMCs is a very complex and fascinating and chemical bonding effects.
topic that has been experimentally investigated since the pio-
neering work of Buschow et g¥]. The insertion of hydrogen
in a matrix is expected to affect the magnetic properties via 2. Computational method
several factors: magnetism is strongly dependent on inter-
atomic distances that increase by the negative pressure effect The band structure calculations have been performed us-
associated with hydrogen uptake; in addition, the metal hy- ing the density functional theory in the local spin density ap-
drogen bonding and the change in the Fermi level position proximation. The von Barth-Hed[i 1] approach was used to
are expected to strongly modify the magnetic interactions. determine the exchange and correlation term of the crystal po-
To illustrate these effects, we have selected two examples,tential. Since in the case of Ykd,4, we are dealing with unit
the disappearance of the antiferromagnetism of chromium Crcells containing a substantial number of atoms, we have used
in hexagonal CrH5-7], and the enhancement of ferromag- the self-consistent linear muffin—tin orbitals method within

the atomic sphere approximati¢h2]. The so-called com-
* Corresponding author. Tel.: +33 1 69 15 62 28; fax: +33 1 69 15 48 15, bined correction terms were included to account for the over-
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spin-polarized calculations have been performed at/65
points of the irreducible Brillouin zone (BZ), and with 270
k-points for hexagonal CrH. We sampled the irreducible BZ
with 95 and 14@&-points, respectively for YReand YFeH,.

The densities of states (DOS) were calculated in a 1 mRy
mesh with the linear energy tetrahedron metfi®j.

3. Results and discussion
3.1. Crand hexagonal CrH

The insertion of hydrogen in b.c.c. chromium (with lat-
tice parameten = 2.895,&) leads to a structural transition.
In the present work we considered only the most experimen-
tally investigated hexagonal anti-NiAs struct@€rH phase
with space grou@6zmc [14] and lattice parametesis= 2.72
ande = 4.42A [5], although other cubic polymorphic phases
have been reportdfl]. While Cr has an antiferromagnetic be-
havior with a Neel temperatur@y = 311 K[15], it has been
shown that the hydride CrHbecomes paramagnetic for val-
ues ofx larger tharx ~ 0.8 with a strong Pauli susceptibility
close to 5x 10-% emu/g[16].

The DOSs of the two spin directions of antiferromagnetic
Cr are represented Fig. 1L With a total width of~8 eV, the

3d bands of Cr, hybridized with s and p states, are character-

ized by two main structures associated to bonding and anti-

bonding states separated by a valley characteristic of b.c.c.

transition metals. The Fermi levelsHs located in this val-

ley, thus the density of states At is low, N(Eg) = 0.61
states/(eV-formula unit).The calculated magnetic moment,
0.60up per Cr atom, is in agreement with the experimental
value of Bacon, 0.5 g [15]. We find that the antiferromag-
netic state is more stable than the paramagnetic state since it
total energy is 5 mRy lower, it is thus the stable state.

D.O.S. (states/eV - f.u.)

-4 2
Energy (eV)

Fig. 1. Total density of states of the antiferromagnetic state of Cr for the two
spin directions. The Fermi energy is chosen as origin.
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Fig. 2. Total density of states (full line, left hand side scale) and number of
electrons (dashed line, right hand side scale) of: the Cr sublattice in hexagonal
CrH without H atoms, “Crld”, at the top, and the hexagonal hydride “CrH”

at the bottom. The Fermi energy is chosen as origin.

In order to separate chemical from structural effects asso-
ciated with the insertion of hydrogen, we present in the upper
part of Fig. 2, the DOS of the so-called CgHictitious com-
pound that corresponds to the h.c.p. Cr latticg-&frH where
the hydrogen atoms have been removed. The DOS of GrH
very different from that of b.c.c. Cr since the Cr—Cr distances
increase by 7% and the coordination around Crincreases from
8 to 12. The DOS afEf, N(Eg) = 1.25 states/(eV-formula
unit) is much higher in Crigl

The total DOS of the hydride CrH is presented at the bot-
fom of Fig. 2, for comparison with that of Crg while the
partial wave analysis of the DOS of CrH around the Cr and
H sites is plotted ifFig. 3. A new structure appears between
—12 and—6 eV below the Fermi level corresponding to the
interaction of the s states of Hwith s, p and d states of Cr. This
structure corresponds to one band thus to two electrons, it is
separated from the conduction band by a gap of about 1.5eV.
From a comparison of the DOSs of Gyldnd CrH, itis clear
that the position off shifts to higher energy in the hydride
and N(Eg) decreases substantially. For CrH, the calculated
DOS atEr, N(EF) = 0.88 states/(eV-formula unit), is higher
than its valueN(EEF) = 0.61 states/(eV-formula unit) in Cr,
in agreement with observed trends in the electronic specific
heat coefficient that increases from 1.4 to 4.5 mJ/(g mol K)
from Crto CrH[17], magnetic susceptibility dafa6], recent
full-potential linear augmented plane-wave method calcula-
tions[7] and preliminary band structure resytis].

If we impose to CrH a polarization of spins on Cr with
antiparallel ordering, we observe a quick cancellation of the
moments during the self-consistent iterations and a conver-
gence towards the paramagnetic state. The insertion of hy-
drogen thus leads to the destruction the antiferromagnetism
of the Cr sublattice.
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Fig. 3. Partial wave analysis of the DOS of hexagonal CrH around the atomic
sites (d states: full line, p states: dashed line, s states: dotted line). The Fermi
energy is chosen as origin.

3.2. YFe> and YFeoHy

The AB; Laves phase YFecrystallizes in the cubic
MgCuw, type C15 structure with space grouf-3m (no.
227). Neutron diffraction data show that fer= 3.3 D/f.u.
in YFexD,, only the AB; tetrahedral sites (96 g) are oc-
cupied whereas far = 5, there is some evidence for AB
site occupancy{8,9]. In our calculations on YFE#l4, we
just considered the preferred,B, occupancy and we
neglected the small rhombohedral distortion reported in
YFexH, for x greater than 3.3. The cubic lattice parameters
7.363 and 7.98 have been respectively used for YoRand
YFexH,4 [10,21]

The total DOS of ferromagnetic Ykés plotted inFig. 4
while its partial wave analysis around the different atomic
sites are shown itfrig. 5 for each of the two spin direc-
tions. The calculated magnetic momeMg = 2.86 up is
very close with several experimental data listedable 1
The magnetic moment is primarily localized on Fe, per iron
atom it is smaller in the intermetallic compound than the
value of 2.22up in b.c.c. iron. We find that the 4d orbitals of
yttrium give a small negative contribution to the total mag-
netization, in agreement with calculations performed with
different method$19,20] The exchange interaction leads to
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Fig. 4. Total density of states (full line, left hand side scale) and number of
electrons (dashed line, right hand side scale) of ferromagnetig. Vi
Fermi energy is chosen as origin.

E

4_ T T T T T T L T T

5 b

2f Y h g

T l J\\'.
g- 0 ; + ! ; * l%!%‘ e D b T“';-_
Gl :f .\N\JZ
> 2r ]
3 3 | ]
ﬂ’. 4 Il 1 1 1 1 1 + 1 1
© L T T 1 T T I/‘| T T ]
B, 5 A\ ' w/. ]
;2 Fe AN | 7]
@ o1 WA || ;
o 'f \,y’nlr v \JL,UI i
G PVt At Hﬁ\:.'—",‘"p““"-"\r-

1_- \J ,’ﬂh |‘ Mr\\J LN\IJ:

2f LYo I ]

af | 3

) P T | L 1 R | 1 1 ]

7 5 5 4 3 -2 -1 0 1 2 3

Energy (eV)

Fig. 5. Partial wave analysis of the DOS of YHer the two spin directions
around the atomic sites (d states: full line, p states: dashed line, s states:
dotted line). The Fermi energy is chosen as origin.

atoms, the DOSs around the Y and Fe sites are plotted for
each of the two spin directions fig. 6. A comparison of
Figs. 5 and @ndicate clearly that the 20% increase in the
cell volume and the increased localization of the 3d orbitals,
results in a decrease of the witdh of the iron d bands, and the
exchange splitting is found to increase. ¥Hg behaves like

adecrease of the Y-Fe bonding between electrons of majoritya strong ferromagnet, the majority spin d states are entirely

spin and in anincrease of the interaction for the minority spin.
In ferromagnetic YFgthe majority spin states are almost but
not entirely filled, while the level Fermi falls in valley of the
DOS of the 3d minority spin states. Thus, the total DOS at
the Fermi energW(EF) = 2.71 states/(eV-formula unit) is
rather low, the contributions from the minority and majority
spin states are comparable.

In order to separate lattice expansion effects and chemical yss — 2 86 4 calculated

effects due to the insertion of hydrogen, we preseign 6
the results obtained for the ferromagnetic ¥Heg fictitious
compound obtained from YEEl,; after removing the H

filled while the Fermi level falls in a decreasing portion of a
DOS peak below the valley of the minority spin d states. The
DOS atEF, 5.89 states/(eV-formula unit), increases from its

Table 1
Magnetic moments for YFeand YFeH,

YFe,

YFexHy

Ms = 3.71up calculated
Ms (YFexH4) = 3.6618p [4]
Ms (YFezH,) = 3.80ug [21]
Ms (YFepHy2) = 3.62up [10]

Ms =2.90pug [4]
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Fig. 6. Partial wave analysis of the DOS of the metal sublattice obMire
without H atoms, “YFeHg”, for the two spin directions around the atomic

sites (d states: full line, p states: dashed line, s states: dotted line). The Ferm

energy is chosen as origin.

value in YFe. At the Fe site, only the minority spin states
strongly hybridized with the bonding Y 4d states, contribute
significantly toN(EE), in contrast to the result obtained for
YFe. The magnetic moment, 3.93 increases substantially
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Fig. 7. Partial wave analysis of the DOS of YiFg for the two spin direc-

tions around the atomic sites (d states: full line, p states: dashed line, s states:

dotted line). The Fermi energy is chosen as origin.
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from its value in YFe due solely to the lattice expansion
effect.

The partial DOS analysis of ferromagnetic YoFg is plot-
tedinFig. 7around the different atomic sites. Metal-hydrogen
interactions lead to a stabilization of the lowest portions of
the Fe and Y bands and to the formation of a structure extend-
ing from—9 to —3 eV corresponding to four metal-hydrogen
derived bands filled by eight electrons. The contribution to
metal-hydrogen bonding is lightly more important per atom
for iron than for yttrium. The calculated magnetic moment,
Ms = 3.71up, is very close to the experimental values listed
in Table 1 Comparing the values @ffs calculated for YFg,
YFe;Hp and YFeH4 we conclude that the lattice expansion
effectleads to animportant increasésf while the chemical
effect due to the@/—H interaction slightly reduces this value,
in agreement with calculations performed by other methods
orfor different values of the H contefit9,20] In YFe;Hy, EF
is located in a peak of 3d Fe minority states leading to a large
Value of the DOS at this energi(Eg) = 6.52 states/(eV-
formula unit). A calculation of the total energy of the para-
magnetic state of YR, has also been performed and was
found 7.5 mRy higher than for the antiferromagnetic phase.

4. Conclusions

Using band structure calculations, we have studied the
electronic and magnetic properties of Cr, Ykad their hy-
drides CrH and YFgH4.

For chromium, hydrogen loading leads to the destruction
antiferromagnetismin hexagonal CrH. We analyzed the effect
of structural modification and show that the shift of Fermi
level due to the additional electron brought by hydrogen is
responsible for the increase of th EF), in agreement with
experimental observation.

We found that YFeg is more stable in the ferromagnetic
phase than in the paramagnetic one. The magnetic moments,
in agreement with the experimental results, are primarily
localized on the iron atoms; a weak ferrimagnetic component
associated to the more delocalized yttrium 4d states appears.
A detailed study of the relative contributions of the lattice
expansion and of the chemical effects associated to the
metal-hydrogen bonding provides a clue to the origin of
the increase in the magnetic moment of the ferromagnetic
hydride YFeH4. The calculated total magnetic moment is
3.71up, in satisfactory agreement with the experimental
values. This value results from two antagonistic effects:
(i) the strong increase oMs associated to the lattice
expansion, (i) the chemical effects due to the interaction of
metal-hydrogen which tend to slightly decredds.
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