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Pressure-induced magnetic transition in metallic nickel hydrides by ab initio pseudopotential
plane-wave calculations
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The effects of pressure on the nickel hydrides NiH, with different hydrogen concentrations (x=0, 0.25,
0.375, 0.5, 0.625, 0.6875, 0.75, and 1) have been extensively studied using the ab initio pseudopotential
plane-wave method. A pressure-induced ferromagnetic (FM) to paramagnetic (PM) phase transition has been
predicted. The hydrogen concentration-pressure phase diagram up to several megabar has been obtained. The
transition pressure from FM to PM decreases with increasing hydrogen concentration. It is found that the
electron transfers from 4p and 4s to 3d inside each Ni atom and from 4p and 4s of Ni atoms to H 1s are the
main causes of the hydrogen-doping induced magnetic transition, while the electron transfers from the nearest-
neighbor Ni 4p to H 1s, the nearest-neighbor Ni 4p to the further Ni 4s, and from 4p to 4s and 3d inside each
Ni atom mainly contribute to the pressure-induced magnetic transition.
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Metal-hydrogen systems have attracted much attention
due to their importance in basic research and technological
applications, such as a fuel storage mechanism for superef-
fective electrochemical cells, as a catalyst, etc. Some of the
bulk properties of metals may be significantly changed due
to the addition of hydrogen, such as the degradation of me-
chanical properties,! the modification of superconducting
properties,>* and the transition of magnetic properties.’

In the case of nickel-hydrogen systems, many investiga-
tions have concentrated on the storage of hydrogen in nano-
crystalline nickel, nickel-base alloy, and a large-cluster-
nickel surface®® concerning the hydrogen behavior of
transport, permeation, and absorption, etc. Besides that, there
are many reports on nickel hydrides®>!'%!? and on vacancy in
nickel hydrides'? at normal pressure. In experiment, Bauer
and Schmidibauer® observed that the introduction of hydro-
gen induced a ferromagnetic (FM) to paramagnetic (PM)
phase transition in nickel hydrides (NiH,) when the H con-
centration x was up to 65%. Vargas and Christensen'? calcu-
lated the band structure of NiH, (x=0,0.25,0.5,0.75,1.0)
based on the linear-muffin-tin-orbital (LMTO) formalism
with the local-density approximation for the exchange and
correlation functional. Their results indicated a magnetic
transition in NiH,

With the advance in diamond anvil cell technology and
x-ray diffraction techniques, many new phase transitions in
solids under megabar pressures have been detected.!*'? As
for the effect of pressure on Ni, it was suggested that the fcc
structure of nickel was stable up to 65 GPa at room
temperature.”’ McMahan and Albers?' gave a prediction that
Ni would transform to an insulator at 34 TPa and revert back
to a metal at 51 TPa, based on the self-consistent augmented-
plane-wave (APW) calculations. Roy?? suggested that there
might be a pressure-induced ferromagnetism (FM) to para-
magnetism (PM) phase transition in nickel. However, the
pressure effect on the nickel hydrides is still less reported. In
this Brief Report, the effects of H concentration and pressure
on the magnetic properties in NiH, are extensively studied
using the ab initio method. A pressure-induced FM to PM
phase transition in nickel-hydrogen systems is predicted. The

1098-0121/2006/74(5)/052405(4)

052405-1

PACS number(s): 62.50.+p, 71.20.—b, 75.30.Kz

transition pressure reduces with the increase of hydrogen
concentration. The electron transfers with pressure from 4p
to 4s and 3d inside Ni atom, from the nearest-neighbor Ni 4p
to H 1s, and further Ni 4s are attributed to the magnetic
phase transition.

Pseudopotential plane-wave ab initio calculations?® are
performed within the framework of density-functional theory
through the CASTEP code.”* The general gradient
approximation® exchange-correlation functional is em-
ployed. An ultrasoft pseudopotential is generated with an
atomic electronic configuration of 3d%4s'*74p%73 for Ni and
1s! for H, respectively. Geometries under pressures are opti-
mized for Ni from fcc, bee, hep, and bet structures,?®?’ for
NiH from NaCl, wurtzite, CsCl, NiAs, blende-type
structures,”® and for NiH, s from some candidate structures
constructed from NiH with wurtzite, NiAs, and blende struc-
tures by deleting a hydrogen atom (denoted as wurtzite-I,
NiAs-I, and blende-I hereafter), and from Ni with bee and
fec structures by adding a hydrogen atom (denoted bee-I and
fec-I), respectively. The equations of state (EOSs) for all
structures are shown in Fig. 1. The results indicate that
within our investigated pressures, the stable sites for hydro-
gen atoms in Ni are the interstitial sites in a fcc Ni crystal
lattice with octahedral symmetry. Two 2 X 1 X1 supercells
constructed with the unit cell of NiH, 5 and NiH, ;5 are used
to realize the Ni hydrides with H concentrations of 0.375 and
0.625, respectively. One of the 2 X2 X 1 supercells was con-
structed with NiHg ;5 to realize the H concentration of
0.6875. A convergence test to give an energy cutoff of
330 eV for all NiH, (x=0.0-1.0) and a 16X16X16
Monkhost pack grid is used in the electronic Brillouin zone
integration for all structures with the exception of NiH 375
and NiHg 5 with an 8 X 12X 12 grid and NiHgeg75 with
an 8 X8 X 12 grid. All the calculations performed here are
spin-polarized.

The  theoretical  lattice  constants in  NiH,
(x=0,0.25,0.5,0.75,1.0) at zero pressure, together with the
tight-binding calculations,?® the LMTO results,'? and the ex-
perimental measurement,>? are listed in Table 1. Our PW cal-
culations in the equilibrium lattice constant and bulk modu-

3

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.74.052405

BRIEF REPORTS

13715 — . . . .
. L)
13720 | ® wurtzite ]
° C?C] NiH .
3725 4 NiAs . P
O blende . f
-1373.0 ©  NaCl ° N ) o 4
. [a] o
a
. o
13735 | . N ] ]
° A q o
13740 Lo o . a ] ]
N = °
a n °
IS L, a 5 g
— nn
> 3750 | ]
o L L L L L
Py (¢) 0 50 100 150 200
= amoof T ' ' T T ]
N .
ot 27295 [ = blende-1 ]
® NiAs- NiH, &
_g 27300 [ Nias- 1 0: . o 4
= A wurtzite -1 . 2
s 27305 [ o beel s ]
o feeel . . 2
~ 2m30 - o fee ] ]
> ° Y
o 27315 [ . N ) ]
>, 27320 [ . . o ]
=1 . “
o 27325 L . 4 ]
L 27330 | . [} ]
s °° 8
= RIEL] P <} - ]
—t 27340 L1 L L n L
< 0 50 100 150 200
s O
[ T T T T T
3572 | v ]
A
:
13574 ® bet ]
® bee . :
-1357.6 |- 4 hep Ni o ]
13578 v fec . ¢ ]
-1358.0 |- . M 4
¢
13582 | . ]
¢
-13584 |- ; 4
?
-13586 |- ' 4 ]
-1358.8 - ’ , 4
-1359.0 L1 L L L L
0 50 100 150 200
@
Pressure (GPa)

FIG. 1. (Color online) Calculated total energies for Ni (a),
NiHj 5 (b), and NiH (c) in various crystal structures as a function of
pressure.

lus for nickel and nickel hydrides are in excellent agreement
with the experimental measurement. The bulk modulus of
NiH, shown in Table I decreases with the H concentration up
to x=0.25, and then increases with larger x. The density of
states (DOS) at the Fermi level [N(Er)] for NiH, is also
listed in Table I. It is found that N(Ey) increases with H
concentration, and then decreases as x>0.25. This fact in
N(EF) may contribute to the anomalous behaviors in the bulk
modulus of NiH,. The EOSs shown in Fig. 1 and the opti-
mized structures for Ni and Ni hydrides suggest that the
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FIG. 2. (Color online) The saturation magnetization in NiH, at
zero pressure. The black squares represent the experimental curve
(Ref. 5). The green circles represent the LMTO calculation (Ref.
10). The red hollow triangles represent our pseudopotential PW
results.

stable sites for hydrogen atoms in Ni are the interstitial sites
in a fcc Ni crystal lattice with octahedral symmetry without
any obvious structural phase transitions induced by pressure
in the pressure range from O to 210 GPa. This result agrees
with the fact that in pure Ni there is no phase transition in
experimental measurement up to 100 GPa,?! and the theoret-
ical prediction by McMahan et al.?! up to 34 TPa, respec-
tively.

It is known that the ferromagnetic properties of bulk Ni
are sensitive to the presence of interstitial H atoms.'? In this
work, we examine the variations of magnetic properties of
NiH, with H concentration. Figure 2 shows the comparison
of the calculated saturation magnetization with the experi-
mental data’ and previous LMTO (Ref. 10) calculations for
NiH,. It is clear that our calculations are in excellent agree-
ment with the experimental results. The calculated saturation
magnetization for NiH, decreases with the increasing x as
plotted in Fig. 2. Particularly, as H concentration x is up to
0.625, the saturation magnetization decreases steeply. The
calculated saturation magnetization for NiHg;5 and NiH
equals zero, indicating a paramagnetic state in these two
compounds. The addition of H atoms suppresses the ferro-
magnetism of pure Ni. For transition metals, theoretical and
experimental research has confirmed that the magnetic prop-

TABLE 1. The equilibrium lattice constants (in A), bulk modulus (B, in GPa), and density of states at Fermi level [N(Ey) in states eV™!]
for NiH, at zero pressure, including the tight-binding calculations (TB) (Ref. 29), the linear-muffin-tin-orbital (LMTO) (Ref. 10) results, the
experimental measurement (Expt.) (Refs. 10 and 30), and our pseudopotential PW calculations.

a (A) B, (GPa)
H concentration N(Ep) (eV™h
x PW TB? LMTOQP Expt. PW TB? Expt.© PW
0.00 3.54 3.43 3.51 3.52 191.1 268 186 7.89
0.25 3.60 3.53 3.59 183.1 9.24
0.50 3.66 3.65 3.66 185.6 8.91
0.75 3.70 3.74 3.72 186.8 8.83
1 3.75 3.74 3.72 188.3 4.22

4Reference 29.
PReference 10.
‘Reference 30.
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FIG. 3. (Color online) (a) The electron population for Ni 3d, 4p,
4s, and H 1s in NiH, relatives to its atomic electronic configuration.
(b) The electron population for Ni 3d, 4p, 4s, and H ls in NiH 5
under different pressures relative to those at zero pressure (includ-
ing the nearest-neighbor Ni-3 atom and the second-nearest-neighbor
Ni-2 atom). The dashed, dotted, and solid lines represent H, Ni-2,
and Ni-3, respectively. The black crossed squares, red squares,
green triangles, and blue circles represent the H 1s, Ni 4s, Ni 4p,
and Ni 34 electrons, respectively. S for the charge spilling param-
eter is around 2 X 1073 under all the investigated pressures.

erties depend directly on the conduction electrons, including
s and d electrons.?? Using Mulliken population analysis,333*
the effect of H concentration on the electron population for
Ni 3d, 4p, 4s, and H s in NiH, related to its atomic elec-
tronic configuration has been shown in Fig. 3(a). It is clear
that there exist electron transfers from 4p and 4s to 3d inside
each Ni atom and from 4p and 4s of Ni atoms to H 1s due to
the hybridization of the Ni 3d orbital with Ni 4s and Ni 4p
orbitals, and the hybridization of the H 1s orbital with Ni 4p
and Ni 4s orbitals. The fact that H doping influences the
electron configuration of Ni and H itself acts as an acceptor
result in the magnetic transition from FM to PM in NiH,.
The net spin DOS represents the difference between con-
tributions from majority- and minority-spin eigenstates, and
a field for the net spin DOS can visualize the spatial distri-
bution of the magnetic moment. Therefore, the magnetic in-
formation can be obtained from the net spin DOS. At zero
pressure, the net spin DOS of NiH s shows strong structural
features, while the intensities of the net spin DOS curve de-
crease with pressure. Up to 100 GPa, the net spin DOS van-
ishes, signaling a pressure-induced FM to PM transition hap-
pening in this compound. We also explored the spin-
polarized band structure in NiHs with pressure. At zero

FIG. 4. The phase diagram of pressure vs H concentration in
NiH,. Phase I is the ferromagnetic state, while phase II is the para-
magnetic state.

pressure, the calculated band structure shows a strong split-
ting between the majority- and minority-spin bands. But the
band splitting decreases with increasing pressure. When the
pressure reaches 100 GPa, the band splitting totally vanishes.
Thus, the band-structure calculations lend strong support to
the observation of FM to PM transition in the net spin DOS.

The predicted FM to PM transition pressures for NiH, 375,
NiHy ¢»5, and NiH, ¢g75 are 210, 30, and 4 GPa, respectively.
Within the pressure range of 0—210 GPa, Ni and NiH, s
systems remain ferromagnetic, while NiH 75 and NiH com-
pounds stay in a paramagnetic state. Thus, we conclude that
the transition pressure decreases with H concentration. The
phase diagram of pressure versus H concentration in NiH,
has been plotted in Fig. 4. The transition pressure has a con-
tinuous reduction with H concentration. In particular, the ex-
trapolated critical value of x corresponding to zero transition
pressure in Fig. 4 is ~0.7, which is in reasonable agreement
with the experimental result of x=0.65.°

For understanding the physical origin of the pressure-
induced FM to PM transition, we list the calculated charge
(Q) and magnetic moment (m) for three atoms (one H atom
and two Ni atoms) in the primitive cell of NiH s under dif-
ferent pressures in Table II, using Mulliken population analy-
sis. Here we label the hydrogen atom as H-7, the second-
nearest-neighbor nickel atom to hydrogen as Ni-2, and the
nearest-neighbor one as Ni-3, the same as in Ref. 10. One
notices that the magnetic moments for the two Ni atoms
decrease with increasing pressure, in agreement with our pre-
vious prediction. At zero pressure, the magnetic moment of

TABLE II. The charge Q(e) and magnetic moment m(ug) for two Ni atoms (Ni-2 and Ni-3) and one H atom (H-7) in the primitive cell
of NiH( 5 under different pressures. Ni-2 and Ni-3 represent the second-nearest-neighbor Ni atom to H atom and the nearest-neighbor one,
respectively. The charge spilling parameter (S) for majority- and minority-spin components is around 2 X 1073 under all the investigated

pressures.
0 GPa 40 GPa 80 GPa 100 GPa 120 GPa
NiH, 5
atom @) m @) m m (0] m (0] m
H-7 -0.21 0.00 -0.25 0.00 -0.28 0.00 -0.29 0.00 -0.30 0.00
Ni-2 0.08 0.40 0.07 0.29 0.06 0.15 0.05 0.00 0.04 0.00
Ni-3 0.13 0.15 0.18 0.10 0.22 0.06 0.24 0.00 0.26 0.00
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Ni-2 is 0.40up, larger than the value of 0.15up for Ni-3.
Therefore, the farther the Ni atoms are away from the H
atoms, the larger their magnetic moments are, while the mag-
netic moment contributed by H atoms is almost negligible.
From Table II, at zero pressure, the charge of Ni-2 is 0.08e,
while it is 0.13e for Ni-3. This indicates that the H atom
mainly accepts charges from the nearest-neighbor Ni atom.
As pressure increases, the charge for Ni-2 decreases and that
for Ni-3 increases, while the total charge transfer from Ni
atoms to H atom increases and the magnetic moment of all
the Ni atoms decreases. The charge transfer from Ni-3 atom
to H atom as well as to Ni-2 reduces the number of unpaired
electrons of all the Ni atoms.

We show the pressure effects on the changes of the elec-
tron population of s, p, and d in NiH, s in Fig. 3(b). There are
three kinds of electron transfers among the atoms in the
primitive cell, including from 4p to 4s and 3d inside each Ni
atom, from Ni-3 4p to H 1s between the nearest-neighbor Ni
atom and hydrogen atom, and from Ni-3 4p to Ni-2 4s be-
tween the two Ni atoms with increasing pressure. The elec-
tron transfer tends to cause makes the minority- and
majority-spin electrons to be balanced once the minority-
and majority-spin electrons in Ni 3d, 4s, 4p, states and H 1s
state, respectively, can be counteracted; the magnetic mo-
ments disappear. Thus, the above electron transfer is respon-
sible for the predicted FM to PM transition. Note that all the
population curves with pressure show a weak discontinuity
around 100 GPa. This weak discontinuity might be related to
the observed transition at this pressure.

The above fact might be attributed to the screening of
protons in jellium.?-¢ The H atom mainly forces the neigh-
boring Ni atoms to supply charges and tends to cause the
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majority- and minority-spin electrons to be balanced. The
screening length decreases and the screening effect increases
with pressure, which enhances the interaction between two
Ni atoms, so the charge transfer between the inequivalent Ni
atoms occurs. As suggested in Fig. 3(b) and Table II, the
electron transfers from the nearest-neighbor Ni 4p to H 1s
and the second-nearest-neighbor Ni 4s increase with increas-
ing pressure.

In summary, we have investigated the effect of pressure
and H concentration on nickel hydrides using the ab initio
pseudopotential plane-wave method. In the pressure range
from O to 210 GPa, no obvious structural phase transition is
observed in all the studied Ni-H systems. A pressure-induced
FM to PM phase transition has been found. A hydrogen
concentration-pressure phase diagram up to several megabar
has been obtained. Most importantly, the transition pressure
from FM to PM reduces with increasing H concentration. We
have shown that the hydrogen-doping induced magnetic tran-
sition is caused by the electron transfers from 4p and 4s to
3d inside the Ni atom and from 4p and 4s of Ni atoms to H
s, while the pressure-induced magnetic transition is mainly
attributed to the electron transfers from the nearest-neighbor
Ni 4p to H 1s, from the nearest-neighbor Ni 4p to the further
Ni 4s, and from 4p to 4s and 3d inside each Ni atom.
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