PHYSICAL REVIEW B VOLUME 55, NUMBER 7 15 FEBRUARY 1997-I

Electronic structure and binding energies of hydrogen-decorated vacancies in Ni
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The electronic structure, binding energies, and magnetic properties of Ni-containing vacancies and vacancy-
hydrogen complexes have been studied using a first-principles all-electron self-consistent embedded-cluster
model based on local-spin-density-functional theory. The results describe the properties of perfect ferromag-
netic Ni metal correctly. The calculated local-spin magnetic moment at the nearest-neighbor site of the mono-
vacancy is found to be 30% larger than the bulk value. This magnetic moment, however, is reduced signifi-
cantly as hydrogen occupies the vacancy center. Calculations of binding energies of six hydrogen atoms
moving along the octahedral directions from the vacancy center reveal that the magnetic moments at the
nearest-neighbor Ni site continually decrease, eventually coupling antiferromagnetically to the bulk moment.
This occurs when hydrogen atoms are displaced from the vacancy center by a distagieewherea, is the
lattice constant. This is analogous to the antiferromagnetic coupling in NiO. The trapping of a six-hydrogen-
atom complex inside a vacancy is found to be energetically favorable. The results are compared with a recent
experiment where copious vacancy formation under high hydrogen pressure and temperature was observed.
[S0163-18207)05807-4

[. INTRODUCTION study from first principles. The relaxation of the host lattice
around the vacancy-hydrogen complex as well as the zero-

The interaction of hydrogen with metals has been a topigoint vibration of the hydrogen are almost impossible to treat
of interest for more than a century not only because hydroin a first-principles theory.
gen is the smallest impurity atom, but also because metal- A semiquantitative understanding of hydrogen trapping
hydrogen systems are technologically important. Trapping oby vacancies has been made possible by using effective-
hydrogen at lattice defects has important consequences fonedium theories. The embedding energy of a hydrogen atom
understanding hydrogen embrittlement. Vacancies are one att any particular site is approximated by calculating the am-
the most basic types of point defects. A typical vacancy conbient electron density at that site and assuming that the re-
centration at the melting point of a metal is abouti0thas  sponse to hydrogen is as if it is embedded in a homogeneous
also been known that vacancies trap hydrogen and the preélectron gas of that density. Higher-order corrections can be
erential site for hydrogen is off the vacancy center. It was notnade, but the model remains, in principle, semiquantitative.
until a couple of years ago that the influence of hydrogen onn addition, this model cannot provide any information on
vacancy formation was demonstrated. the electronic structure or magnetism of the imperfect sys-

Fukai and Okum&carried out arin situ x-ray-diffraction ~ tem. Nevertheless, the effective-medium theory has correctly
study of Ni and Pd under high pressure5 GPa and high revealed that the hydrogen atom tends to remain at an off-
temperaturé~800 °Q). They observed an anomalous lattice center site in the metal vacanty.
contraction amounting to-0.5 A% per metal atom in the A method that has been successfully applied to study the
hydride phase. This contraction remained even after hydroelectronic structure as well as energetics of defects in metals
gen was removed by heating the sample to 400 °C, but waand is intermediate between the supercell and effective-
annealed out at 800 °C. They attributed this lattice contracmedium approach in terms of complexity is based on the
tion to the copious amount of vacancy formatior20%) molecular-cluster model. Here the defected system is ap-
induced by the presence of hydrogen. proximated by a cluster of host atoms surrounding the defect

The quantitative understanding of vacancy trapping of hy-site. The electronic structure and total energies can be calcu-
drogen from theoretical calculations is a difficult problem.lated self-consistently by using the standard molecular-
The presence of defects destroys crystalline order, makingrbital theory based on the linear combination of atomic or-
conventional band-structure calculations difficult. To cir- bitals method. Since the model is based on real-space
cumvent the difficulty associated with the loss of periodicity,formalism, the loss of periodicity due to the defect does not,
a supercell can be constructed that contains the defect andiraprinciple, pose any real problem, although use of symme-
number of surrounding host atoms. The supercells can thetny relations can substantially lower computational time. In
be repeated periodically. Electronic band-structure techaddition, computational considerations usually limit the clus-
niques for this superlattice can be used to calculate the eneter size to only a few atoms, thus raising the nagging ques-
getics of the system. When hydrogen atoms are trapped byton of whether the cluster size is large enough.
vacancy, the calculations can get more complicated as one Recently, attempts have been made to address this short-
does nota priori know if hydrogen atoms would occupy the coming in the cluster model. This is done by embedding the
vacancy center or be displaced. Multiple trapping of hydro-cluster in a larger matrix of host atoms and taking into ac-
gen atoms by a single vacancy is even a harder problem toount the coupling between the central cluster with the em-
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bedding medium self-consistently. This method, while mini- p(N)=pl(r)+ph(r). )
mizing the boundary effects, can also treat the electronic and
magnetic interactions properly. The self-consistent cluster- o i _
embedding(SCCEB method is a first-principles method that Th€ kinetic energyT is evaluated exactly while the
has been successfully applied to transition-metal monoxide8xchange-correlation ter,. is calculated by the local-spin-
NiO and CoO*~® but has not been used for metals. For non-density approximation. Lq’q andp, represent the total elec-
periodic systems containing impurities and surface states, tHEON charge density in regions | and II, respectively. The total
SCCE method should be more suitable than other method@€ctron density of the embedded medium is then
because of the localized property of its solutions.

In this paper, we have used the SCCE method to calculate p(1)=p(1)+ py (). &)
the electronic structure, magnetic properties, and binding en-
ergies of pure Ni metal, monovacanies in Ni, and vacancies
decorated with one and six hydrogen atoms. In Sec. Il wéAssume thaip,(r) is already known and fixegy(r) can be
outline briefly the theoretical method. The results are prewritten as
sented in Sec. lll and summarized in Sec. IV.

pi(r)=pl(1)+pi(r)

[l. SELF-CONSISTENT CLUSTER-EMBEDDING METHOD = > |eh(MEF+ D LA @)

occupied nl occupied nl
Although this method has been described in detail
elsewheré,we provide a brief overview of our procedure for s i o )
completeness. In this model, we divide the system into twa "€ ¢n(r)’s are composed of linear combination of atomic

regions. The central core regiéregion ) contains the defect OrPitals. By varying ¢7(r) under the constraint that
and a small number of host atoriv occupying sites they 8 py(r)dr=0, one gets the traditional Kohn-Sham equations

would normally occupy in the lattice. This cluster is embed-

ded in a larger cluster of outer ators, (region Il) that (t')+ py(r')
simulates the bulk environment. The total number of atoms ( _v2+2f PRI
considered in our calculation =M ,+M,, . r=r’|
The starting point of our calculation is the density- M
functional theory of Hohenberg, Kohn, and Sdmvhere 3 Zi +Va(r))¢a(r)
the ground-state energy &f interacting electrons in a field S r-Ry| ¢ "
of M fixed nuclei is given by
=\nn(r). ®)
_ p(r)p(r’) ,
Eclp]=Tlpl+Exdpl+ r—r’| dr dr Note that, unlike in the energy band theory, the one-electron
" wave functionsg(r) in Eq. (5) are localized. They repre-
p(r)Z; ZZ; sent only a small part of the electron system: the cluster
_221 f [r=R] dr+2 m (1) electrons in region I. In addition, the(r), constructed from

i) the solutions of Eq(5), makes the total energy minimum
with respect to a fixeg,(r).

Here T[p] is the total kinetic energy oN noninteracting In order to prevent the electrons of the central cluster
electronsE,[p] is the exchange-correlation enefgyof the  (region |) from being drawn towards the core region of the
system. Atomic units are used throughout this papér2,  embedding atom&egion I), we apply a boundary condition
=1, and 2n.,=1). The charge density(r) is the sum of by introducing an orthogonality constraint teff, in the
spin-up(7) and -down(]) densities, namely, potential. This is defined as

My

2> m if r is in the core areas of surrounding atoms
= r-R

Vor= (6)

0 otherwise.

If p(r) satisfies the condition

p|(l’)|rc=0 (where r, denotesr in the core areas of surrounding atoms (7)
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we have EiLN, .M ]=Tlpi]+Exc iLp1,pul
pu(r)m(r ) ,
f pi(F)Vo(r)dr=0. ®) dr dr
Thus the total energy of the embedded clugtegions | and J J piNpa(r’) )Pu( ") dr dr’
II) can be rewritten with the added term in E8) as
M, M
p(Dp(r) pnZi
Eelp]- T[p]+Exc[p]+” PET dr dr E TRl ¢ ZJZ R - R|
J#i
2 f M 2.z, with
RIS R
i#] o
Exc |[P|7P||]:f > plexcdp! ph)dr. (13
+f pi(r)Volr)dr. 9 , . . :
N, is the number of electrons in region I. Since the embed-

ding environmentregion Il) depends on the geometry of the
central cluster containing the defgcegion ), it is not pos-
sible to compare the energies of the perfect and defected
system to calculate, for example, the vacancy formation en-

The variational solution of Eq9) yields the basic formula of
the SCCE method®

2 pi(r ) +py(r') ergy. However, our interests here are to locate the position
-Ve+2| —————dr . L P X
[r—r'| and energetics of hydrogen atoms inside a vacancy. In this
case, the central cluster compositigegion ) is fixed. We
2 ” ” only allow the hydrogen atoms to change their site inside the
-2 + Vi) +Vor | ¢a(r) vacancies to determine their equilibrium position. Since re-

r—R
| | gion 1l is fixed and we are only interested in the relative
=Nndn(r). (10)  energies with respect to the hydrogen site, we do not need to
take into account the contributions of region Il atoms to the
It is important to point out that addition of the orthogonality total energy. Thus, for studying the energetics of the impu-
constraint in Eq.(10) does not affect the total energy. It rity, we evaluate the energy difference teii,
simply keeps the electrons of region | from collapsing into
the atomic core areas of region IlI. p,( )p,(r )
For the perfect system, the following model is used to AELp1,Mi]= T[PI]JFEXC[P]“LJ f dr dr’
solve Eq.(10). (a8 The boundary condition fog;(r) is fi-

ite instead of periodic,
nite instead of periodic +2ff piNpa(r’) )Pn( ) dr’
¢ (n)];~»=0. 11 "z "z
P pulr)Z;
(b) The charge and spin densities have the periodicity of the _221 f Ir—Ri] r—Zgl f Ir—Rj] dr

crystal. This is achieved by the self-consistent solution of Eq.
(10): p,(r) is identical to the periodic extension pf(r), Mooz Z; i 7.z,
+E - L. (14)
IRi— R il IRi—Rj|
] |

]
j#i

pu(H)=2 p(r—R,). (12)
a#0

The binding energ¥, of n hydrogen atoms in a vacancy is

So the embedded cluster represents a portion of the cryste%]lven by
This guarantees that the total _charge o_len/sdty make_s the Ep=(E,+nu—E,) —Epu=(AE, . nu—AE,)—Epy, (15
total energyEg[p] in Eqg. (1) minimum, i.e., we obtain the
correct periodic charge and spin densities of the crystal. whereE, . 4 is the energy of the system containinghy-
When the above method is applied to the impurity prob-drogen atoms inside the vacandy, is the corresponding
lem, modifications are necessatfi). A new cluster contain- energy without the hydrogen atoms. Note tBgtis indepen-
ing the impurity at the center and layer of host atoms surdent of whether Eq(13) or (14) is used.
rounding it is taken as region I, which is solved exactii). To solve Eq.(10) and(14), the single-particle wave func-
The impurity-containing cluster is embedded inside the crystions are expanded into a set of Gaussian orbithl$he
tal. A cluster, separate from the one considered from thealculation uses all electrons, that is, no pseudopotential or
perfect host system, is constructed to simulate the embeddirfgpzen-core approximations are used. Table | gives our basis
medium.(iii) The charge density, in this medium is taken sets for Ni and H, which are based on those originally pro-
to be the same as that derived in the perfect host system. vided by Wachter@ and van Duijneveldt! The nickel 31
The total ground-state energy of the crystal containing dases were reoptimized by Rappe, Smedley, and God8ard.
defect is given as For hydrogen, the contraction coefficients were provided by



55 ELECTRONIC STRUCTURE AND BINDING ENERGIE . .. 4177

TABLE |. Basis sets for(a) the Ni atom andb) the H atom.

@

s(10) p(5) d(?)

Exponent Coefficient Exponent Coefficient Exponent Coefficient
284 878.0 0.000 32 1774.180 0.002 95 58.730 00 0.175 529 262
41997.90 0.002 46 423.4030 0.023 37 16.710 00 0.100 405 05

9627.670 0.012 54 138.3110 0.104 06
2761.960 0.049 26 53.170 30 0.282 26 5.783 000 1.000 00
920.4880 0.149 50 22.387 40 0.434 86 2.064 000 1.000 00
341.8050 0.326 40 0.771 661 1.000 00
9.928 430 1.000 00 0.335 505 1.000 00
138.0230 0.404 74 4,116 250 1.000 00 0.156 049 1.000 00
59.258 70 0.191 86 1.710 310 1.000 00 0.080 025 1.000 00
0.672 528 1.000 00
20.371 20 1.000 00
8.594 000 1.000 00
2.394 170 1.000 00
0.918 169 1.000 00
0.202 922 1.000 00
0.101 461 1.000 00
0.054 844 1.000 00
0.032 261 1.000 00
(b)
s(6)
Exponent Coefficient Exponent Coefficient Exponent Coefficient
402.009 95 0.000 279 1.282 709 1.000 00 0.035 000 1.000 00
60.241 959 0.002 165 0.465 544 1.000 00
13.732173 0.011 200 0.181 120 1.000 00
3.904 5050 0.044 899 0.072 791 1.000 00

Lie and Clementt® A few diffuse bases have also been of the Nj; cluster representing region I. The atoms in thg Ni
added. The same basis sets were used in all of the followingluster are at the fcc sites of a cube with edge length of
calculations. a,=3.523 87 A. This corresponds to the fcc ferromagnetic
Ni in bulk.*
As shown in Table (B), each nickel atom has 60 bases.
lll. RESULTS AND DISCUSSION For the N cluster, the total number of bases is 360. A total
In the following, we discuss our results on pure Ni, mono-nhumber of 168 bases are used to fit the charge density. A

vacancy in Ni, and vacancy-hydrogen complexes in Ni sepatotal of 221 788 grid points filling a cube ol3x 3a,x 3a,
rately. Y yvereg P P and a sphere with radius of 28y (both are centered at the

origin) are used for the calculation &f,.. V,, is evaluated
_ _ numerically in each core region of the surrounding atoms.
A. Electronic structure of Ni The radius of surrounding atomic core regiog, is adjusted

We have calculated the electron charge density, moleculgccording to two simple rulest) avoid numerical instability
energy-level structure, binding energies, and magnetic ma@nd (i) _keep the_total energy minimum. After several trial
ments of pure Ni using the self-consistent cluster-embedding@/culations, we find the optimum valuerjto be 0.782 a.u.

technique for two reasonsi) A comparison of our results total of 1806 grid points are included in each core region.

with numerous theoretical results based on band-structur-ghe converged results show that only 0.0013 cluster elec-

methods and with experiments can allow us to judge thetrons remain in the 158 surrounding Ni atomic core regions,

merit of the SCCE methodii) In the study of defects in Ni, which means that the conditidf) is well satisfied.

RS N R In Fig. 1 we plot the electron eigenvalues for spin up and
we need to know the charge-density distribution in the eMyown. \g/'Ve notep that the Fermi egnergy passes tF;wough the

bedding regior(region I)). Studying the perfect system will pjghest occupied molecular orbitdHOMO) levels, indicat-
provide that information. _ _ ing that the SCCE method yields a metallic ground state. The

The perfect Ni metal was modeled by a six-atong 8lus-  glectronic states at the Fermi energy are composed of a hy-
ter embedded in a sea of 158 Ni atoms. The later atomgyid of 4s and & states. The solid lines represent occupied
simulate region Il where the charge density is givenpy  states, while the dashed lines are for unoccupied states. We
Region Il corresponds to all atoms confined within a sphergee that the g electrons are at both the top and the bottom of
of radius+/4.25,. The center of this sphere lies at the centerthe valence states. The bandwidth af 8lectrons is about



4178 H. ZHENG, B. K. RAO, S. N. KHANNA, AND P. JENA 55

0
Z 2
| R
L — o[ &° p
y - A . : ’ 2
J] —— ! .............. —_t Y
3d -7.231 ® X /"" ® :
/L ________ T Y I
—-8.962 /Q
. @—
P,

FIG. 1. Electron energy levels of a Ntluster.
FIG. 2. Geometry of the 12-Ni-atom plus vacancy embedded

3.4 eV, which agrees with the experimental data of 3.4 eycluster used to model a vacancy in Ni.
The exchange splitting of B states defined as the energy . . . .
difference between the eigenvalues of spin up and dow alculation, while all other nickel atoms are allowed to retain

states at the HOMO level is 0.38 eV, which agrees well withth€ir bulk values. This assumption is imposed by computa-
the experimental result of 0.31 eV. The magnetic moment ig'onil I|m|tat|ons;. _ hanged .

calculated to be 0/g/atom and the moments of all six at- The l_)ases of Ni atoms are unchanged. In order to avoid
oms in the Nj cluster are aligned ferromagnetically. This the basis-set superposition erforthe central vacancy was

agrees with the experimental data on bulk Ni, where eac@llotted_ a set of bas<|as, bué no cfharget; So the total rc;um?_err:)f
site has a total magnetic moment of 0.G6with 0.54ug ases is 780. A total number of 364 bases are used to fit the

coming from the local spin magnetic moment and 0066 charge density. A total of 270 150 grid points, filling a cube

from the orbital angular momentum. The numerical integralf 330> 380X 38, and a sphere with radius ag7 (both are
show that in a sphere of radius 4.71 a.u. centered at thgentered at the originare used for the calculation .
nickel atomic nucleus, the total number of electrons iSThe converged results show that there are only 0.0016 clus-
27.2128. The total energy of the embeddeq dluster cal- ter electrons remaining in the core regions of surrounding
culated according to E413) is —18 074.7051 Ry. We have 188 nickel atoms, which means that HJ) is again well
calculated the total energy of a single free Ni atom by usingatsfied.

the same basis set to be3011.9035 Ry. Thus the calculated Figure 3 gives the calculated eigen\_/alues of the embedded
binding energy per atom in Ni is-0.547 Ry. This needs to 12 Ni atoms plus vacancy cluster. An important change from

be compared with the experimental value ©0.32 RyS the perfect system is that there are n® dectrons at the

The source of this discrepancy could be due in part to OuFerrIni fﬁln%rgy.h_BEt the stathes ar: the_ Fermi energy are stil
local-density approximatidfiand the basis-set superposition Prtly filled, which means that the Ni atoms near a vacancy
error'” We also note that a small error in the energy of theSt'” have metallic property. The Mulliken populations show

Ni free atom could contribute significantly to the discrepancy
noted above. This, however, would not be a factor in our E(eV)
following discussions of hydrogen trapping energy. T l

B. Monovacancy in Ni

The cluster used to model a vacancy in Ni is shown in ———— E,
Fig. 2. It contains a vacancy at the center surrounded by 12
Ni atoms. This cluster is then embedded in a host environ- 3d band
ment that contains 188 atoms. These correspond to all Ni —
atoms lying within a radius of5a, from the vacancy center. _
The charge density distributigs, in the embedded region I o
is taken as the same charge density derived in Sec. lll A. The " as+3d | o112
radius of surrounding Ni atomic core region is unchanged,
which is 0.782 a.u. Here we have two basic assumptions.
There is no electron charge transfer between the cluster at-
oms (region ) and the surrounding atomsegion lI). (ii)
Only the nearest 12 Ni atoms of a vacancy are permitted to FIG. 3. Electron energy levels of the 12-Ni-atom plus vacancy
change their electron charge density during the variationatluster.

4s

-7.417
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that each nickel atom has a local-spin magnetic moment of

0.67ug and the moments are aligned ferromagnetically. This T E(eV) ¢
is larger than the bulk value of Q4 by about 30%. Numeri- | 1.997
cal integration shows that in the central vacancy dradius gq [ 2A--2.499
4.71 a.u), there are 0.526 electrons. In each nickel atom area — K
(radius 4.71 a.u.the total number of electrons is 27.171,
which is a little less than that of the bulk state. This means 3d band
that some electron charges have moved to the vacancy re- 39ev Ei:
gion. —

In order to study the effect of the vacancy on the elec- $ —_—
tronic structure, we compare the eigenvalues in Fig. 3 with as+3d | 0893

those in Fig. 1. Since the two systems have a different num-

ber of cluster atoms and surrounding atoms, the absolute

energy scales and the density of states are different and we

can only compare their relative properties. In general, the 4s + 1s(H) __l
two figures are similar, except for the followin@) The va-

cancy state has mores4lectrons at the bottom of valence

band.(ii) The Fermi energy of the vacancy state is in tlie 3 FIG. 4. Electron energy levels of the 12-Ni-atom plus vacancy
band, while the Fermi energy of the bulk state is between th&luster with a hydrogen atom at the vacancy center.

3d band and the € band. (i) The 3d bandwidth of the

vacancy state is about 4.0 eV and is larger than the value of The calculations of the embedded cluster of 12 Ni atoms
bulk state, which is 3.4 eV. This difference could be due inplus vacancy plus 6H atoms involves the determination of
part to our choice of two different clusters that model thethe positions of the six hydrogen atoms. To determine this,
perfect bulk and the vacancies. However, this will not affectwe confined the six hydrogen atoms symmetrically along
our studies of hydrogen decoration since we use the santbree coordinate axes. We then varied the distanoé hy-
cluster environment. In conclusion, we found that the va-drogen from the center of the cluster within the range
cancy state in Ni enhanced the local magnetic moment, keeg—=0.208,/2—a,/2 (see Fig. 2 The local-spin magnetic mo-

8531

ing the spin alignment intact. ments of the 12 nearest nickel atoms and the binding energy
of six hydrogen atoms are given in Fig. 5. We see that as the
C. Vacancy-hydrogen complex hydrogen atoms go from the center to the outside, the local-

Now we perform the calculations on the vacancy-Spm magnetic moments decrease. At the position o {23

hydrogen complex. In this section, the solid environment anéhey are almost zero. When the hydrogen atoms reach sites

the grid points used for the calculation\8f; are the same as equivalent to the oxygen site in Ni® £ a,/2), the 12 near-
est nickel atoms have a small local-spin magnetic moment,

that for the vacancy calculation in Sec. Ill B. The basis setbut in the opposite direction. This can be seen from the
for nickel atom is also the same as that in Sec. Il B. The P '

only difference is that we add the hydrogen atoms in theenergy—level diagram in Fig. 6. Here we have plotted the

. . -spin-up and -down levels for the six hydrogen atoms dis-
\{_Zcb?eml:y' The basis set of the hydrogen atom is shown II?)Iaced a distance @fy/2 from the vacancy center. In contrast

. . to the energy-level structures in Figs. 1, 3, and 4, a deep
First, we calculate a cluster of 12 Ni atoms plus vacancy .ok state appears in Fia. 6. Moreover. thé-Band
plus one H atom embedded into a 188-Ni-atom atomic arr yarog P g.©. '

vidth is reduced to 3.2 eV. The most important feature, how-

(region Il). The hydrogen atom is at the center of the va- . . )
cancy. The total number of bases is 726. The charge densig/ver’ is that the Fermi energy passes through the spirdup 3

was fitted to 345 bases. The converged results show that

there are 0.0016 cluster electrons remaining in the core re- 0.2 . . . . 5
gions of surrounding 188 nickel atoms, which means that the
condition in Eq.(7) is well satisfied. Figure 4 shows the
eigenvalues and the Mulliken populations of the cluster. We 01|
see that there are n® electrons at the top of the valence
band. The states at the Fermi energy belong to dNiekc-
trons and are patrtly filled, which means that they still have a
metallic property. The cluster still shows the ferromagnetic
property, but the local-spin magnetic moment of each nickel
atom is reduced to 0.58& . The total energy of the cluster o1
containing a single hydrogen at the center of a vacancy is
0.0925 Ry lower than that of an undecorated vacancy. Note

that it takes 0.1636 Ry/atom to dissociate arblecule to 02 , . , , 2
individual hydrogen atoms. The above result, therefore, indi- “04 0.3 05 07 0.9 1.1

cates that if vacancy trapping of hydrogen is to be energeti- r(ao/2)

cally favorable, the equilibrium hydrogen site would be an

off-center site. This is in agreement with the result obtained FIG. 5. Variation in the Ni magnetic moment and hydrogen
from the effective-medium theory. binding energy as a function of distance inside a Ni vacancy.

Wi

Energy (hartree)
o
o
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magnetic properties of the vacancy-hydrogen complex are

E(eV
T oV ‘ expected to be less sensitive to the above approximations.
Pl /S W Meyerset al? have studied the multiple trapping of hy-
[r 2291 — _ 3d drogen atoms inside a vacancy in Ni by using the effective-
3d band Es medium theory. They have found that the binding energy is
39eV —— 2.1 eV lower than that when the hydrogen atoms occupy the
% S — ] interstitial sites. Since the vacancy formation enéfgy Ni
ég.:isgs - is 1.5 eV, it implies that vacancy trapping of multiple hydro-

gen atoms is energetically favorable. It should be pointed out
that these authors have ignored the effect of lattice relaxation

-7.939 I as well as the vibrational properties of hydrogen in comput-
_go;:+3d ing the hydrogen binding energy. These calculations there-
1s +4s fore provide a qualitative interpretation of Fukai and Oku-

ma’s experiment.It should be emphasized that the effective-
ey T medium theory cannot provide any information on the effect

of multiple hydrogen decoration in vacancies on the elec-

FIG. 6. Electron energy levels of the 12-Ni-atom plus vacancytronlc structure and magnetic properties.

plus 6-H-atom cluster.
IV. CONCLUSION

states as opposed to spin-dowd 3tates in the previous ] . )
case. This means that the magnetic moments at the nearestUsing a self-consistent cluster-embedding scheme, we
Ni atoms have flipped their direction and are coupled antihave calculated the electronic structure, energetics, and mag-
ferromagnetically to the surrounding lattice. netic moments of pure Ni and Ni containing vacancies as

From the energetics of the six-hydrogen complex in Fig. 5Well as vacancy-hydrogen complexes. A comparison of our
we note that the equilibrium position of the six hydrogenresults on the 8-band width, the magnetic moment, and
atoms in a vacancy is at a distanceay/2 from the vacancy coheswe energies in pure Ni with experiment leads us to
center. This is similar to the position oxygen atoms occupyPelieve that the SCCE method can be successfully applied to
in NiO. The energy of the six-hydrogen complex in this con-Study properties of crystalline materials. _
figuration is 5.2 eV lower than the bare vacancy plus three We then used this method to study the binding energies of
isolated hydrogen molecules. It is difficult to assign muchhydrogen atoms to vacancies and the preferred location in-
quantitative significance to this binding energy for severaside the vacancies. We found that a single hydrogen atom
reasons(i) Determination of the binding energy using Eq. Would not preferentially locate at the center of a vacancy.
(15) requires a knowledge of the total energy of the vacancy! he equilibrium location of six hydrogen atoms is along the
with and without the decorated-hydrogen atoms. Since th@ctahedral directions displaced ky2 (a, being the lattice
energy differences are very small compared to the total erffonstant from the vacancy center. This is similar to the po-
ergy of the system, it is important that all the atoms in bothSitions of oxygen in NiO. The binding energy of the six
systems are treated properly. In our present calculation, th@ydrogen atoms inside the vacancy exceeds that of the 3H
embedding potential arising from region Il is taken to be themolecules, confirming the stability of such a complex. In
same for Ni containing either a vacancy or a vacancy-2ddition, this gain in energy is larger than the vacancy for-
hydrogen complex. Clearly, when a vacancy contains agation energy. Thus hydrogen can induce vacancy formation
many as six hydrogen atoms, the host atoms in the embe@S suggested by the experiment of Fukai and Okuma and
ding region are bound to “feel” their presence. It is there- €arlier results of Meyerstal. based on the effective-
fore preferable to recalculate the embedding potential fofnedium theory.
each situation. We have not attempted these calculations The electronic structure of the vacancy-hydrogen complex
since they are computationally expensivié) The calcula- IS also very interesting. As hydrogen atoms move away from
tion does not take into account the relaxation of the hosthe vacancy center, the magnetic moments of the nearest Ni
lattice around the vacancy and the vacancy-hydrogen conftom continually decrease, and the hydrogen atoms reach
plex. Again, one expects the relaxation to be different intheir equilibrium configuration, the magnetic moment
these casediii) No vibrational contributions to the binding couples antiferromagnetically to the lattice. This prediction
energy of the hydrogen atoms have been included. Thesdhould be verifiable in the hydride phase.
contributions are expected to be significant. However, what
can be saidl about our calculations of tht_a energetics is that the ACKNOWLEDGMENT
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