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1. INTRODUCTION

Intermetallic compounds of rare�earth elements R
with nickel of the type RNi5 stand out in the large vari�
ety of their magnetic structures and electronic charac�
teristics. The unique features of the physicochemical
properties of these alloys underlie their engineering
potential as functional materials for permanent mag�
nets and magnetothermal applications, as well as for
devices based on magnetostriction and magnetoresis�
tive effects [1–3]. Particular interest expressed in
investigation of the properties of RNi5 compounds
stems from their ability to absorb and accumulate
atomic hydrogen [4], which led to the development of
portable energy�intensive storage cells based on (Ni–
R–H) [5].

The specific features in the magnetic and elec�
tronic properties of the RNi5 intermetallic compounds
are associated with the Ni 3d bands being practically
fully occupied by 5d electrons of the outer shells of R
atoms, which makes the contribution of Ni atoms to
the spontaneous magnetic moment weak. Magnetic
ordering in alloys of this system is mediated by indirect
exchange interaction among R ions supported by con�
duction electrons, as well as by crystal field effects. It
was found that many of the physical properties of the
RNi5 compounds change significantly when Ni is sub�
stituted for by atoms of other d or p metals as a result
of the strong effect an impurity exerts on the parame�
ters of the electronic structure, crystal field, and
exchange interaction. For instance, various pseudobi�
nary RNi5 – xMx alloys (M = Al, Cu, Fe, Co), which are

solid solutions with the structure of the parent binary
compound, exhibit nonmonotonic concentration
dependences of the crystalline, electronic, magnetic,
and thermodynamic characteristics [6–9]. Doping
likewise brings about a substantial improvement of the
electrochemical characteristics affecting the ability of
these materials to absorb atomic hydrogen [4, 10].

Substantial modifications of the above properties
imparted by an increase of the concentration of Cu
impurity were found also in the NdNi5 – xCux (x ≤ 2)
system of ferromagnetic intermetallic compounds
with low magnetic transition points (the Curie tem�
perature TC for NdNi5 is close to 8 K) [7]. Growth of
the number of substituent atoms leads to a decrease of
the spontaneous magnetic moment and magnetic sus�
ceptibility, nonmonotonic variation of TC, as well as
structural and electronic characteristics [7, 11]. X�ray
photoemission measurements [11, 12] demonstrate
noticeable transformation of the energy bands of these
alloys below the Fermi level EF, which is induced by a
partial substitution of copper atoms for nickel. This
was found to be accompanied by the appearance in the
valence�band photoemission spectrum of a broad
maximum at the binding energy ~3.5 eV, which was
identified with the Cu 3d band. Its intensity depends
directly on the impurity concentration, with the main
contribution to the electron densities of states in the
range of up to 6 eV below EF being provided by the nar�
row Nd 4f and wide Ni 3d bands.

Additional information on the specific features in
the effect of an impurity on band structure evolution of
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these compounds can be obtained from integrated
studies of spectral characteristics and band calcula�
tions of energy spectra. In this work, the electronic
properties of alloys in the NdNi5 – xCux (x = 0, 1, 2)
system have been investigated using the LSDA + U
calculations of the energy band spectrum and mea�
surements of the frequency dependences of optical
parameters. The main structural features of the disper�
sion curves of interband optical conductivity have
been interpreted based on the calculated electron den�
sities of states. The experimental data complemented
by the calculations provide information on the princi�
pal characteristics of the band spectrum and their vari�
ation with increasing number of substituent atoms.

2. CALCULATION OF THE ELECTRON 
DENSITY OF STATES

The NdNi5 – xCux (x = 0, 1, 2) alloys have a CaCu5�
type hexagonal structure with P6/mmm space symme�
try group. Nd atoms in the NdNi5 unit cell consisting
of one formula unit occupy the 1a (0, 0, 0) crystallo�
graphic position, while Ni atoms are localized in two
symmetrically inequivalent positions 2c (1/3, 2/3, 0)

and 3g (1/2, 0, 1/2). The a and c parameters of the
hexagonal lattice increase with increasing Cu content
to become a = 4.956 Å, c = 3.950 Å for NdNi5, a =
4.984 Å, c = 3.991 Å for NdNi4Cu, and a = 5.006 Å,
c = 4.014 Å for NdNi3Cu2. The self�consistent calcu�
lations of the electronic structure of these compounds
were performed in the local electronic density approx�
imation allowing for the strong interactions of 4f elec�
trons of Nd atoms (the LSDA + U method [13]). The
parameters of the direct Coulomb and exchange inter�
actions for the Nd 4f shell were calculated in the
present study in the frame of the supercell procedure
and found to be U = 4.2 eV and J = 0.7 eV, in contrast
to the values of U = 6.25 eV and J = 0.9 eV used earlier
[11] as fitting parameters. The calculations were per�
formed with the TB�LMTO�ASA code [14] with the
method of linearized muffin�tin orbitals in the atomic
sphere approximation. The integration by the tetrahe�
dron method was performed on a k�point grid in
reciprocal space with a total number 10 × 10 × 10 =
1000 (186 irreducible k�points). The orbital basis
included MT orbitals corresponding to the 6s, 6p, 5d,
and 4f Nd states, as well as to the 4s, 4p, and 3d Ni
states. The MT sphere radii of Nd were 3.6 and 2.7 a.u.
for Ni in positions of both types. The calculations
modeled collinear ferromagnetic ordering of local
magnetic moments on all lattice sites, with spin�orbit
interaction disregarded in the calculations. The values
of the magnetic moment on Nd ions are close to 3.1 μB

in all compounds, less than 0.2 μB on Ni ions in
NdNi5, and less than 0.02 μB in copper alloys. The cal�
culations performed for alloys with copper were com�
plemented for each value x = 1 and 2 with separate cal�
culations for each of possible configurations of substi�
tution of copper atoms for nickel in the unit cell,
followed by averaging of the self�consistent electron
densities of states with the corresponding weights.

Figure 1 presents the total electron densities of
states N(E) of NdNi5 – xCux compounds (x = 0, 1, 2)
calculated for two opposite spin directions, ↑ and ↓.
Also the partial density distribution for Nd 4f elec�
trons, as well as for the 3d electrons of Ni and Cu, is
shown. In all the three compounds, the extended
many�peak N(E) structure related with the Ni 3d band
is nearly identical in shape for both spin orientations.
The region of higher densities of states formed by elec�
trons of a given type is localized in the occupied part of
the valence band at energies 0–5 eV below EF. The
strong peaks in the ↑ band system located within 3.0–
3.5 eV below and 0.7–1.8 eV above the Fermi level
originate from the 4f↑ electrons of Nd atoms. As strong
peaks in the 4f↓ band system are confined in the range
2.2–3.4 eV. Significantly, the 4f band structure
obtained in this calculation for the two spin orienta�
tions differs from the one observed in the densities of
state of structurally similar RNi5 – xCux compounds
[15, 16], where R stands for Tb, Ho, and Er are the ele�
ments of the subgroup of heavy REM. In the latter

Fig. 1. Total (solid curve) and partial for Ni 3d (dashed
curves), Nd 4f (dark�gray regions), and Cu 3d (light�gray
regions) densities of states calculated for (a) NdNi5, (b)
NdNi4Cu, and (c) NdNi3Cu2 compounds in the frame�
work of the LSDA + U method. The Fermi level corre�
sponds to zero on the energy scale.
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case, the occupied 4f↑ and 4f↓ bands lie deep relative to
EF (at –8 and –6 eV, respectively), and the system of
very narrow (~0.1 eV) unoccupied 4f↓ bands is local�
ized in the range 1–2 eV above EF.

Thus, as the content of Cu atoms increases (x = 1,
2), the structure of the energy dependence N(E) is
seen to vary primarily at energies below EF. As shown
by the calculations, substitution of copper atoms for
nickel leads to a noticeable redistribution of the den�
sity of states in the range ~(3–5) eV below the Fermi
level, with the minimum observed in the correspond�
ing graph of the binary alloy at ~2 eV disappearing.
The transformation of N(E) is paralleled by formation
of a new structure made up by a group of maxima
genetically related to the Cu 3d band. As follows from
Figs. 1b and 1c), the intensity and width of this struc�
ture depend noticeably on the copper atom concen�
tration. Significantly, the energy of Cu 3d band local�
ization obtained in the calculation is close in magni�
tude to the one found earlier for other compounds of
this type [15, 16]. Meanwhile, the study of the band
structure of isostructural intermetallic compounds of
the TbNi5 – xAlx system [17] established that the wave
function of Al 3p electrons in the valence band is more
delocalized, with the corresponding contribution to
the density of states acquiring a nearly structureless
shape and being distributed uniformly over a broad
energy region.

The energy dependences of the electron densities
of states presented graphically in Fig. 1 correlate
nicely with the experimental photoemission spectra of
these compounds [11, 12]. The position, width, and
intensity of the main structural features of these spec�
tra related to the 3d bands of Ni and Cu atoms lying
below the Fermi level are similar to those calculated in
the present work.

3. RESULTS AND DISCUSSION

The technique employed in obtaining the com�
pounds under study and their characterization are
described in [7]. The spectral properties of the samples
were studied in the wavelength range λ = 0.22–16 μm
(0.078–5.64 eV). The optical constants, such as the
refractive, n(λ), and absorption, k(λ), indices were
measured by the ellipsometric method under single�
and double reflection of light with an error of 2–4%.
The mirror finish surfaces of grade 14 were prepared by
mechanical polishing with fine diamond pastes. The
values of n and k thus obtained can now be used to cal�
culate the dielectric functions defining the optical
response of the medium, including the most sensitive
spectral parameter, namely, the optical conductivity
σ(ω) = nkω/2π (ω is the light�wave cyclic frequency)
discussed in the present paper.

Figure 2 plots dispersion curves of the optical con�
ductivity of alloys in the NdNi5 – xCux system (x = 0, 1,
2). The behavior of σ(ω) for all compounds, irrespec�

tive of x, on the whole, is typical of the media with
metallic conduction, which is demonstrated by a sharp
low�energy drop at E < 0.5 eV that is of the Drude
mechanism of electromagnetic wave absorption (σ ~
ω–2). As the light frequency increases, the pattern of
dispersion of the optical conductivity of all alloys evi�
dences the dominant part played by interband absorp�
tion, whose low�energy threshold lies below 1 eV. We
see that the width of the quantum absorption band
remains nearly constant for all values of x, while its
structure transforms noticeably with variation of the
impurity content. Indeed, the strong maximum in the
σ(ω) spectrum of binary NdNi5 located at 1.15 eV (the
upper curve) becomes less pronounced in the x = 1
alloy, to practically disappear in the curve for the x = 2
compound. The broad maximum at 3.3 eV, in its turn,
is conspicuous only in the σ(ω) graph of the ternary
compound NdNi4Cu, to be only weakly evident in the
corresponding dispersion curves plotted for the other
two alloys.

The specific pattern of the σ(ω) curves in the quan�
tum absorption region, as well as their modification
induced by substitution of copper atoms for nickel, are
defined by the actual structure of energy spectra. It
appears therefore of interest to compare the experi�
mental interband optical conductivities σib(ω) with
the conductivities calculated from the corresponding
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Fig. 2. Energy dependences of the optical conductivity of
NdNi5 – xCux compounds (x = 0, 1, 2). The curves are
shifted upward along the ordinate axis relative to one
another by 10 units.
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electron densities of states. These dispersion curves
were obtained by subtracting the Drude contributions
from experimental spectra. The theoretical interband
optical conductivities were obtained, in their turn, by
the method described in [18] and can be represented as
an integral function obtained by convolution of the
total densities of states above and below EF. This cal�
culation performed in arbitrary units assuming equal
probabilities of direct and indirect transitions is dis�
played in Fig. 3 together with experimental σib(ω)
curves. Also shown are partial contributions to inter�
band optical conductivity from quantum transitions
involving electrons of the Cu 3d and Nd 4f bands.

A comparison shows that, for all the three alloys,
the dispersion of the theoretical curves σib(ω) qualita�
tively reproduces the main features of experimental
spectra and such parameters as the range of strong
absorption, its low�energy threshold, and the smooth
decrease at energies above 4 eV. The pattern observed
in transformation of the calculated interband optical
conductivity spectra with increasing number of sub�
stituent atoms fits, on the whole, the pattern seen in

experiment. For all the alloys studied, the fine struc�
ture in σib(ω) spectra obtained from the total densities
of states is qualitatively similar to the corresponding
dispersion curves determined by the partial interband
contributions involving Nd 4f electrons (Ni 3d  Nd
4f transitions in the ↑ and ↓ spin subbands, as well as
the Nd 4f↑  Nd 4f↑ transitions). This suggests a sig�
nificant part played by the Nd 4f electrons in mediat�
ing interband absorption in NdNi5 – xCux compounds.
This specific feature of quantum excitation of elec�
trons by light waves of different frequencies differs rad�
ically from the situation observed in absorption spectra
of RNi5 – xCux intermetallic compounds, where R
stands for heavy REMs. In the latter, the nature of
interband absorption in the spectral region studied was
found [15, 16] to evolve primarily from electron tran�
sitions between the extended Ni 3d bands lying below
and above EF, the contribution of the transitions
involving the narrow 4f↓ bands localized above EF

being very small. At the same time, because of the
purely qualitative approach to the σib(ω) calculation
which disregarded the interband transition probability
and the lifetime of excited state, the details of the fine
structure in the experimental and theoretical behavior
of interband optical conductivity are not completely
identical. To cite an example, the magnitude of σib(ω)
calculated for a binary alloy in the low�energy range
E ≤ 0.7 eV is certainly an overestimate for a binary
alloy, and a number of narrow peaks appearing in the�
oretical curves for alloys with x = 0, 1 were not con�
firmed by experiment.

Note that the experimental spectra visualizing the
interband optical conductivity of alloys with x = 1 and
2 (Figs. 3b, 3c) do not reveal any conspicuous features
which could be assigned to Cu 3d electrons, while in
the density�of�states graphs (Fig. 1) the corresponding
bands are denoted by strong maxima. The partial con�
tribution of such transitions to σib(ω) calculated for
these compounds appears as an extended band with a
broad maximum near 5 eV (Figs. 3b, 3c). It appears
only natural that in the total graph depicting the inter�
band optical conductivity this contribution is practi�
cally unseen as a result of being noticeably smeared
and distributed smoothly almost over the whole energy
region studied. The similar pattern of the Cu impurity
band distribution in the optical spectra of the alloys
under study likewise is at odds with the one observed in
the isostructural intermetallic compounds of the
RNi5 – xCux family (R stands here for heavy REM) [15,
16]. The experimental σib(ω) dispersion curves
obtained for these compounds demonstrate formation
under substitution of copper atoms for nickel of a new
strong quantum absorption band within a limited
energy range of 3.5–5.0 eV, which is mediated by Cu
3d  Ni 3d transitions in both spin subbands.

Measurement optical constants in the low�energy
(Drude) spectral region where interband transitions
affect only weakly optical properties offers a possibility
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of calculating the relaxation, γ, and plasma, ωp, fre�
quencies of conduction electrons. It was established
that the relaxation frequency γ = 2π/τ (τ is the relax�
ation time), which additively takes into account all
kinds of scattering of electrons excited by an electro�
magnetic wave, increases substantially with increasing
content of the Cu impurity and assumes the values
2.1 × 1014 s–1 (NdNi5), 2.8 × 1014 s–1 (NdNi4Cu) and
3.3 × 1014 s–1 (NdNi3Cu2). A similar trend in variation
becomes evident in the magnitude of the squared

plasma frequency , a parameter depending on
interelectron correlation and structure of the electron
spectrum in the near�Fermi region [19]: 26 × 1030 s–2

(NdNi5), 31 × 1030 s–2 (NdNi4Cu) and 35 × 1030 s–2

(NdNi3Cu2). The above numerical values of γ and 
were employed in calculation of the Drude contribu�
tion to the optical conductivity, which is displayed
graphically in Fig. 3.

4. CONCLUSIONS

The electronic structure and spectral properties of
the isostructural compounds NdNi5 – xCux (x = 0, 1, 2)
have been investigated. The main features in the evo�
lution of the interband optical conductivity spectra
induced by substitution of copper atoms for nickel
have been identified. The spin�polarized electron den�
sities of states have been calculated by the LSDA + U
self�consistent method for all intermetallic com�
pounds allowing for the strong correlations in the 4f
shell of Nd ions. The nature of the energy bands con�
tributing to optical absorption which evolved in the
energy range under study has been established. The
main structural features observed in the experimental
graphs of optical conductivity were identified with the
theoretical dispersion curves. It was demonstrated that
the pattern of dispersion of experimental σ(ω) curves
in the interband transition region finds a satisfactory
interpretation in the frame of the N(E) calculation
presented. A number of differences between the inter�
band conductivity spectra of these compounds and the
corresponding dispersion curves obtained for isostruc�
tural intermetallic compounds with heavy REM were
identified. The optical data obtained in the Drude fre�
quency range were used to obtain the relaxation and
plasma frequencies of conduction electrons.
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