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Abstract

The electronic and magnetic structures of Bd | Ni alloys were calculated using the charge and spin self-consistent Korringa—Kohn—
Rostoker method combined with the coherent potential approximation (KKR-CPA). The total and atomic magnetic moments were
estimated versug, the nickel concentration. For 0.8y =0.1 and 0.5=y=0.99, the magnetic moment of Ni does not vary, being
respectively 0.44 and 0.69,/f.u., and for intermediate compositions it increases linearly witRor several Ni contents, the total and
atomic magnetic moments were calculated vepstisr Pd,_, Ni H, and then compared with other theoretical and experimental data.
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1. Introduction for, using, for example, the coherent-potential-approxi-
mation method. Similarly, the electronic structure of RdH
Metal-hydrogen systems have attracted much attention has been carefully investigated. The main effect of H
during the last decade from both an experimental and insertion is to create bonding states below the Pd d band
theoretical viewpoint. Hydrogen inserted in a metal can (see, for example, Ref. [2] and references therein). In
dramatically change the fundamental properties of the host addition, Pd-based binary alloys are very interesting due to
matrix. For example, Pd, a near-ferromagnetic metal, the giant magnetic moment induced by Pd at the 3d
yields superconducting PdH at low temperature when transition metal impurity site [3], such as, for example, 8
hydrogenated. The ferromagnetic properties of NiH van- pg for Mn, 12.6 p, for Fe, and 10.8u, for Co [4].
ish when the hydrogen concentration is increased. In this Theoretical analyses of the induced magnetization on 3d
system, theoretical calculations of the electronic states transition metal impurities in Pd show that the 3d-Pd
versusx(H) were performed on the basis of the linear- interaction decreases from Cr to Ni [5].
muffin-tin-orbital (LMTO) formalism (e.g. Ref. [1]). Since Therefore, it would be interesting to study the impact of
it was assumed that the H vacancies are ordered, only a hydrogen insertion on the magnetization of 3d impurities
limited number ofx values were probed due to symmetry in Pd—3d—H systems. We present here a theoretical KKR-
limits. For a more realistic approach, a random repartition CPA analysis of the electronic and magnetic structures of

of H in each of the interstitial sites should be accounted disordered Pd  Ni alloys and their hydrides Pd, Ni H
versus the Ni and H concentrations. The total and partial
*Corresponding author. Institute of Physics, St. Petersburg State d§n5|t|es of states (DOSs) were calculated at ea}gh atom
University, Ulyanovskaya 1, Petrodvorets, St. Petersburg 198904, Russia.Sit€ as well as the. angular momentum decomposition and
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2. Method of calculation

The charge and spin self-consistent Korringa—Kohn—
Rostoker coherent-potential-approximation (KKR-CPA)
method [6,7] was used for the electronic and magnetic
structure analysis of Rd, Ni alloys and hydrides. The
exchange-correlation effects are accounted for within the
von Barth—Hedin local spin density approximation [8].
The electron charge density and the crystal potential are
assumed to be spherically symmetrical within muffin-tin
(MT) spheres, and constant in the interstitial region. The
Pd (Ni) hydride has a rock-salt structure where hydrogen
atoms occupy all the octahedral sites of the f.c.c. metal
lattice [9,10]. The cell parameter of the NiH hydride,
ayin, can be expressed by [9]
= (@i +4x- A,) " (1)
where a,; represents the cell parameter of pure Ni, and
AV, the experlmental volume expansion coefficient for H
in Ni, is 2.8 A’ /H atom [10]. Applied to PdH , one finds a

ayin,
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Fig. 1. Self-consistent KKR-CPA total DOS in disordered,Pd ,
alloys withy = 0.01 (a),y = 0.4 (b),y = 0.6 (c), andy = 0.99 (d). Dashed
vertical lines denote the Fermi enerdy,.

219

AV, value of 2.24°A /H atom. Because of the paucity of
data for both the cell parameters of Pd  Ni and their
hydride, we assumed that the lattice constant varied
linearly withwhen extrapolated from the values of
3.5332, 3.87 and 4.06 A for Ni, Pd [11] and PdH,
respectively [12,13]. The radii of the MT spheres were
chosen so as not to overlap, and to improve, the fits of the
Wigner—Seitz volume foy all x ranges. The total, site
ladeicomposed DOSs were computed for the final
potential converging up to 1 mRy, accounting for the s-, p-
and d-valence states.

3. Results and discussion

3.1. Pd,_,Ni, alloy

The total DOSs in Pd, Niy=0.01, 0.4, 0.6 and 0.99,
are plotted in Fig. 1a—d. The major (up) and minor (down)
total DOSs iyPd , (Ni  exhibit very similar shapes (Fig.

la), although the minor spin band appears to have a
somewhat greater width. Hence, very little Ni impurity
effects ferromagnetism in Rd, Ni . For further substitu-
tions of Ni for Pd (y=0.4), changes appear in the DOS,
being minor in the up-spin region and significant in the
down-spin region (Fig. 1b). The DOS shape is smoothed,
reflecting a disordered smearing of states: the sharp peak at
0.42 Ry for Pq ¢4 Nj, o, is not observed for Bg Ni, . The
up- and down-spin parts are not symmetrical, and the
down-spin DOS is shifted to higher energies. As can be
seen in Fig. 1c, Pgd, Nis shows a similar DOS with little
change. However, the situation with Pgd JNi IS quite
different (Fig. 1d). The DOS is more localized and
symmetrical, and is very close to that of pure Ni obtained
with the KKR and KKR-CPA methods [14].

These results give an insight into how magnetic mo-
ments form on Pd and Ni atoms. Pure Pd is non-magnetic;
however, Ni impurities induce a magnetic moment on Pd.
The s, p and d contributions to the DOS at the Pd and Ni
atoms in Pd_, Nj ¢=0.01, 0.4 and 0.99) were calculated
and the results foy=0.01 are shown in Fig. 2. For small
Ni contentsy, the up-spin d band is filled in the Ni DOS
and partly filled in the Pd DOS. For down spin, the
high-energy peaks in both the Pd and Ni DOSs are partly
empty. With increasingy, the up-spin d band of Pd fills,
while the down-spin d bands for both atoms become
essentially empty.

It is assumed that spin polarization occurs for the d
states. For the smallest Ni contenyt=£0.01, Fig. 2), the Ni
d band for both spin directions can be decomposed into a
large band of low density and a narrow band of high
density. The appearance of this peak results from the
strong hybridization of the impurity d electrons with the
host d electrons. As for the s and p Ni states, they
contribute poorly to the spin polarization, which is caused
by the interaction with neighboring Pd atoms, which are
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Fig. 2. Site-dependent KKR-CPA DOS in Pd N . The Pd and Ni

for magnetic 3d impurities in noble metals [15-17]. For
larger Ni contents, the high-intensity peak in the Ni d
states and the gaps in the s and p states both disappear as a
result of the reduced polarization at the Pd site.

Fig. 3 shows the total magnetic moment and its com-
ponents for Pg., Ni plotted versug There are three
different states for the total magnetic moment behavior.
For 0.01=y=0.1 and 0.52sy=0.99 the magnetic mo-
ment does not vary, being 0.44 and 0,69/f.u., respec-
tively, but in the intermediate range it increases linearly
with y. In contrast to the total moment, the atomic
magnetic moments are maximum for the smallest Ni
concentration, for Ni and Pd as well, and are equal to 1.34
and 0.46p.5, respectively. As can be seen from Fig. 3, the
magnetic moment of Ni decreases linearly up to j@g7for
y=0.99, when the Ni content increases. In addition, the
magnetic moment of Pd also decreases; however, it does
not change within the range O<ly <0.5.

3.2. Pd,_Ni, hydride

The total DOSs in Pg, Nj, H fok=0, 0.3 are 0.7 are
plotted in Fig. 4. Clearly, Pg, Nis appears magnetically
ordered. The up and down total DOSs exhibit quite
different shapes: the minor spin band is smoother and has a
markedly greater width than that of the major spin band, as
seen in Fig. 4a. It is worth noting that, reflecting the
disordered smearing of states, in,Pd | Ni the DOS shape
is generally softened in comparison with the case for pure
Pd or Ni. As shown in Fig. 4b and c, hydrogen insertion
leads to noticeable changes in the total DOS. General

components are shown by solid and dashed lines, respectively. The totalfféNds can be observed: first, the large band close to 0.1 Ry

DOSs associated with Pd and Ni as well as lttdecomposed DOS are
shown.

also magnetically polarized. As reported previously [15],

the gap in the s and p states of 3d metals comes from their

interaction with the Pd 4d band. Such a trend is common
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becomes increasingly larger when the H content is in-
creased; the up-spin part is then smoother in the hydride,
having a shape similar to that of the down-spin part. The
sharp peak found near the FermiHgvel ¢the down-
spin part of the DOS, of Pd Ni also appears in the
up-spin part of the hydride. Finally, the width of the
down-spin band decreases in a such manner that, for
x=0.7, it is essentially filled. The more localized DOS
situation is similar to that found in NiH [1], as calculated
for several H contents when the hydrogen vacancies were
assumed ordered. In Pg  Nj ,Hx=€0.0, 0.3 and 0.7) the
s, p and d contributions to the DOS at the Pd and Ni sites
were also derived. Fox=0 the |I-decomposed DOSs
reveal the same trends for both atoms: the up-spin d bands
are filled, and for the down spins, the high-energy peak is
partly empty. Whenx increases to 0.3, the down-spin d
bands of both Pd and Ni are filled, while for both atoms
the up-spin d bands do not change. ker0.7, the down-
spin d band of Pd is almost filled, in contrast to that of Ni,
which remains almost empty. In Pd N 44 and
Pd, ,Niy ¢H, » the H s DOS exhibits a large peak between

Fig. 3. Calculated values of the total and atomic magnetic moments for O @nd 0.2 Ry. Such a peak appears in all the Pd and Ni
Pd,_, Ni, versus Ni conteny.

DOS components, but it is more marked for the Pd s, p, d
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and Ni s, p bands, because of the large hybridization with x
those bands. (b)

As is well known, the ferromagnetic character of Ni is
strongly affected by the insertion of hydrogen, and pal- Fig. 5. Calculated values of the total (a) and atomic (b) magnetic
ladium hydride exhibits superconducting properties. Thus, moments in Pd., Ni b foy=0.4, 0.6 and 1 versus the H content(a)
analysis of the impact of H insertion on the magnetic Egpenmental data frqm Ref. [18] are represented by the dashed line for

. . . . NiH,. (b) Open and filled symbols correspond to the magnetic moment
prOpem.es of Pd—Ni alloys would be .|nterest|ng. In the values calculated at the Ni and Pd sites, respectively.
Pd,_,Ni H, system, the total magnetic moment and its
components were determined for several Ni contents,

namely y=0.4, 0.6 and 1, as shown in Fig. 5. Fig. 5a for all Ni concentrations. Converselyx=#d.01, Pd

shows that the total magnetic moment does not depend exhibits a larger magnetic moment of 0.35 ppddi.29
merely ony, as observed for Rd, Ni; e.g. fa=0.01 it y=0.4 and 0.6, respectively; it is found to be non-magnetic
is equal to about 0.67wg/f.u. When x increases it forx=0.6.

decreases linearly to 0 for=0.9. This critical value is

close to the 0.58ug/f.u. measured experimentally for

NiH, [18]. For Ni, the dependence of the experimental 4. Conclusion
magnetic moment on the H content is shown in Fig. 5a by

the dashed line. It varies linearly in the range0-0.6 KKR-CPA calculations show unexpected behavior of the
and is 0 forx>0.6, opposite to the case for the total atomic and total magnetic moments in the disordered alloy
magnetic moment, which strongly depends on the Ni , Pd, Ni. Hydrogen insertion leads to noticeable changes
concentration. Forx values up to 0.8, the magnetic in the magnetic moment of both atoms. For example, for
moment at both sites decreases with increasings seen the smallest hydrogen conterhe total moment does not

from Fig. 5b. For x=0.01, when hydrogen may be dependyfWhenx increases in Pd, Ni H , the atomic
considered as an impurity, the Ni magnetic moment is magnetic moments decrease to 0, but differentx critical

calculated to be 1.12, 0.97 and Qug for y=0.4, 0.6 and values are found, which are equal to 0.6 and 0.9 for the Pd
1, respectively; it then decreases to about®,1at x=0.9 and Ni atoms, respectively.
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