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Abstract—The optical properties of LuNi5 _,Cu, intermetallic compounds (x = 0, 1, 2) have been investi-
gated using ellipsometry in the wavelength range of 0.22—15 um. It has been established that the partial sub-
stitution of nickel by copper leads to substantial variations in the spectral characteristics, as well as in the
plasma and relaxation frequencies of conduction electrons. Self-consistent calculations of the electronic
structure of these compounds have been performed in the approximation of the local electron spin density.
The experimental frequency dependences of the optical conductivity in the interband optical absorption
region have been interpreted based on the calculated densities of electron states.
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1. INTRODUCTION

The system of intermetallic compounds of the RN
type (R is the rare-earth metal), which are notable for
a large variety of magnetic structures and electronic
properties, has attracted attention due to a wide range
of practical applications. Unique physicochemical
characteristics of such compounds ensure the possibil-
ities of their application as magnetostrictive and mag-
netoresistive materials [1, 2] as well as materials for
magnetic cooling [3, 4] and storage of atomic hydro-
gen [5, 6]. It is known that the partial substitution of
nickel by atoms of other p and d metals in alloys of the
RNi; family, which leads to a change in parameters of
the electron spectrum, crystalline field, and exchange
interaction, substantially affects structural, electrical,
and magnetic properties. Such variation in physical
characteristics of these intermetallic compounds upon
introducing impurity is actively used to improve their
functional properties.

One representative of the mentioned class of com-
pounds is LuNis, certain properties of which were
investigated in recent years. The literature reports the
results of experimental measurements of some mag-
netic [7], structural, and electronic characteristics [8,
9], the distinctive features of which are in many
aspects associated with the fact that the 4fshell of the
rare-earth metal is filled completely while the contri-
bution of 3d electrons of Ni in the spontanecous
moment is negligible. We showed [10] that this com-
pound is the Pauli exchange-enhanced paramagnet,
where the spin paramagnetism is the determining fac-
tor. In contrast to the LuNis-base intermetallic com-

pound, copper-doped LuNis_ Cu, compounds were
not investigated. In order to explain the experimental
results and understand the nature of observed physical
properties, the information on the electronic structure
of this family of intermetallic compounds is necessary.
In this study, in order to investigate the features of the
structure of valence bands of the LuNis binary com-
pound as well as their evolution upon the partial sub-
stitution of nickel by copper, we use the calculations of
the electron spectrum in the local electron spin density
approximation (LSDA) and optical measurements
allowing us to determine the energy dependences of a
number of spectral characteristics.

2. CALCULATION
OF THE ELECTRONIC STRUCTURE

The LuNis_ Cu, compounds (x = 0, 1, 2) have a
hexagonal structure of the CaCus type in the space
group P6/mmm. The Lu atoms occupy the crystallo-
graphic site 1a (0, 0, 0) in the LuNis unit cell consist-
ing of one formula unit, while Ni atoms are localized
in two sites 2¢ (1/3, 2/3, 0) and 3g (1/2, 0, 1/2) non-
equivalent by symmetry. We used the following exper-
imentally measured parameters of the hexagonal lat-
tice in calculations of the electronic structure of the
LuNis compound: a = 4.816 A and ¢ = 3.9817 A. Lat-
tice constants increase as the copper content increases
and have the following values: a = 4.8385 A, ¢ =
4.0012 A for LuNi;Cuand a =4.863 A, c =4.0197 A for
LuNi;Cu,.
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Fig. 1. Total (solid curve) and partial for Ni 3d (dotted
line), Lu 4f (dark regions), and Cu 3d (gray regions) densi-
ties of electron states for compounds (a) LuNis, (b)

LuNi4Cu, and (c) LuNi;Cu,, calculated in terms of the

LSDA method. The Fermi level corresponds to zero in the
energy scale.

Self-consistent calculations of the electronic struc-
ture in LuNi;_,Cu, compounds (x =0, 1, 2) were per-
formed in the LSDA method in the TB—LMTO—ASA
software package [11] based on the method of linear-
ized muffin-tin orbitals in the approximation of
atomic spheres. The integration was performed over
the grid of k-points in the reciprocal space with total
number of 10 x 10 x 10 = 1000 k-points. The orbital
basis included MT orbitals corresponding to 6s, 6p,
5d, and 4f'states of Lu as well as 4s, 4p, and 3d states of
Ni. The radius of the atomic sphere of Lu was 3.5 a.u.,
and radii of atomic spheres of Nil (2¢) and Ni2 (3g)
are 2.6 a.u.; the same radius of the atomic sphere was
used for Cu. The electron configurations found due to
the self-consistent process showed the absence of spin
polarization in all lattice sites. All possible substitu-
tional configurations of nickel atoms by copper atoms
in the unit cell were considered for x = 1, 2; then, the
self-consistent partial densities of electron states were
averaged with corresponding weights.

Total densities of electron states N(E) of
LuNi;_,Cu, compounds (x =0, 1, 2) are presented in
Fig. 1. The distribution of partial densities for 4f elec-
trons of Lu and 3d electrons of Niand Cu is also shown
here. In all three compounds, the region of higher val-
ues of N(E) is arranged in the filled part of the valence
band at energies smaller than the Fermi level by the
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Fig. 2. Dependences of the refractive index # and absorp-
tion coefficient k£ for LuNi;, LuNi4Cu, and LuNi;Cu,

compounds on the wavelength of light.

magnitude up to ~6 eV. Intense peaks localized in the
energy range by 4—5 eV below Ep are caused by 4felec-
trons of Lu atoms. A noticeable transformation of the
energy dependence of the total density of states is
observed as the copper content increases (x = 1 and 2).
A minimum at energies lying approximately by 2 eV
below Ef, which occurs in the structure of N(E) for the
binary compound, disappears. In addition, the forma-
tion of a new structure consisting of a group of narrow
maxima genetically associated with 3d electron states
of Cu atoms, is observed in the range of energies below
Er by 3—5 eV. The intensity and width of these fea-
tures, as it is reflected in Figs. 1b and Ic, substantially
increases as the concentration of copper atoms
increases. It should be noted that the localization
energy of 3d zone of Cu is close to values determined
previously for other compounds of this type with vari-
ous rare-earth metals [12—14].

3. RESULTS AND DISCUSSION

A method for preparing compounds under study
and their attestation are presented in [7]. The spectral
characteristics of the samples were investigated in the
wavelength range A = 0.22—15 pm (0.083—5.64 eV).
Optical constants, namely, refractive index n(A) and
absorption coefficient k(A), were measured by ellip-
sometry with a single and double reflection of light
from a mirror sample surface. A number of spectral
functions, which characterize the optical response of
the medium, was calculated by values of #» and k. Dis-
persion dependences n(A) and k(L) for three com-
pounds under study are presented in Fig. 2. Ratio k> n
is fulfilled overall the entire wavelength range, which is
typical for the media with the metallic type of conduc-
tion. A nonmonotonic variation in these parameters at
A <2 pm points to the manifestation of the mecha-
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Fig. 3. Energy dependences of the real part of permittivity
€; and reflectivity R (inset) for LuNi;, LuNiyCu, and

LuNi;Cu, compounds.

nism of the interband absorption of light, while their
subsequent smooth rise with an increase in A points to
the intraband (Drude) electron excitation. The varia-
tion in optical constants in the Drude spectral range
with an increase in amount of the copper impurity is
directed differently: # rises while k drops. The charac-
ter of the wave dependence of these parameters corre-
sponds to the fact that the real part of permittivity g, is
negative, while reflectivity R increases as the energy of
the optical wave decreases (Fig. 3).

Dispersion dependences of optical conductivity
o(m) =nkw/2n (o is the cyclic frequency of the optical
wave) for family of LuNis_ Cu, intermetallic com-
pounds (x =0, 1, 2) are presented in Fig. 4. The behav-
ior of () for all compounds in the low-energy region
to energy of ~0.7 eV is determined by an abrupt drop
6 ~ 2, which is typical of the Drude absorption of
light. The dispersion character of the optical conduc-
tivity varies abruptly as the frequency increases, which
is evidenced by the appearance of maxima inherent to
the manifestation of the quantum excitation mecha-
nism. In a wide energy region, where interband elec-
tron transitions dominate, there are structures whose
position and intensity substantially depend on the
composition of the compound. Three broad maxima
at energies near 1, 2.5, and 4.5 eV are shown up in
spectrum () of the LuNis binary intermetallic com-
pound. When substituting one nickel atom with cop-
per (x = 1), mainly the profile of the first maximum
varies, while the shape of two other remains almost
invariable. The further increase in the copper concen-
tration (x = 2) leads to the transformation of two max-
ima into a single extended band with a “shoulder” in
the low-energy spectrum.

The observed modification of spectra ¢(®) in the
region of quantum absorption of light is caused by the
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Fig. 4. Dispersion of the optical conductivity for LuNis,
LuNi4Cu, and LuNi;Cu, compounds. Curves are shifted
relative to each other along the ordinate axis by 10 units.

variation in the band structure of compounds during
the partial substitution of nickel by copper. Therefore,
it is of interest to compare the experimental interband
optical conductivities 63, = 6 — op (op is the Drude
contribution) with corresponding dependences calcu-
lated from the densities of electron states (Fig. 1). The
latter were determined according to the method pro-
posed in [15] and were expressed by integral functions
based on convolutions of total densities of states below
and lower the Fermi level. Dependences o;,(®), which
were calculated not allowing for the selection rules, are
presented along with the experimental curves in Fig. 5.
Partial contributions to the interband optical conduc-
tivity from quantum transitions with the participation
of electrons of 4f band of Lu and 3d band of Cu are
also presented in Fig. 5. The comparison shows that
the frequency dependences of the curves 6;,(®) both
for binary and ternary compounds qualitatively repro-
duce the main features of the experimental spectra.
The character of transformation of calculated o;,(®)
curves with an increase in the number of substitutional
atoms in general corresponds to the tendency observed
experimentally. According to the calculation, the
nature of maxima observed in the experimental spec-
tra to energies of ~4 eV is preferentially associated with
the interband transitions in a system of 3d band of Ni.
A broad peak near 4 eV for all compounds is formed by
transitions with the participation of 4/ electrons of Lu.
The system of 3d electrons of copper also introduces a
small contribution to the interband optical conductiv-
ity of ternary alloys. Figures 5b and 5c¢ show that this
contribution has a form of a monotonically rising

2015



INFLUENCE OF COPPER IMPURITIES ON THE EVOLUTION

LuNi,Cu

e —

te i —— [ 7
0 e e R RO AN J . log o=, | ] ] 1

Fig. 5. Interband optical conductivity spectra for
LuNi; _ ,Cu, compounds (x = 0, 1, 2). Points correspond
to the experiment. Solid curves correspond to the calcula-
tion from the total densities of states. The dotted line is the
Drude contribution. Dash-and-dot and dashed lines cor-
respond to the partial contributions to conductivity from
transitions with the participation of 3d band of Cu and 4f
band of Lu, respectively.

extended band with a broad maximum near 5 eV. It
should be noted that the correspondence of the struc-
tural features of experimental and theoretical depen-
dences o;,(®) is affected by the qualitative character of
calculations performed not allowing for probabilities
of interband transitions and lifetimes of excited states.
For example, the magnitude of theoretical o;,(®)
dependence in the low-energy region to ~1 eV for
compounds with x =0, 1 (Figs. 5a, 5b) turned out sub-
stantially higher than the corresponding values in the
same range found experimentally.

The dispersion of optical conductivity in the low-
energy spectral range, where the intraband electron
excitation mechanism dominates during the absorp-
tion of light, while the influence of interband transi-
tions is insignificant, the dispersion of optical conduc-
tivity is determined by microcharacteristics of charge
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carriers. Relaxation y and plasma o, frequencies of
conduction electrons for the corresponding wave-
length range (10—15 pm) are determined using the
Drude relations. It is established that the relaxation
frequency, which additively takes into account all scat-
tering types of electrons during their interaction with
the electromagnetic wave, substantially increases with
the partial substitution of nickel by copper and have
the following values 1.5 x 10 s~' (LuNis), 1.9 x

10" s7' (LuNi,Cu), and 2.2 x 10™ s~! (LuNi;Cu,).

The square of plasma frequency mf} —the parameter,

which depends on the local structure of the electron
spectrum in the near-Fermi region and electron—elec-
tron correlation effects—manifests a weak tendency
to rise [16]: 31.2 x 10°° 72 (LuNis), 32.3 x 1030 s72
(LuNi,Cu), and 33.5 x 10*° s72 (LuNi;Cu,). The

found values of v and coz were used to calculate the

Drude contributions to optical conductivities of alloys
under study (Fig. 5).

4. CONCLUSIONS

The electronic structure and optical properties of
LuNi;_ Cu, intermetallic compounds (x = 0, 1, 2) as
well as their variations occurring during the partial
substitution of nickel by copper were investigated.
Energy dependences of total and partial densities of
electron states, which were calculated using the LSDA
method, were presented. The nature of electron states
participating in the formation of the interband optical
absorption spectrum was identified. It was shown that
the character of the frequency dependences of optical
conductivities in the region of quantum electron tran-
sitions as well as their transformation with the varia-
tion in the impurity content find a satisfactory expla-
nation in terms of the presented calculations of the
densities of states. The relaxation and plasma frequen-
cies of conduction electrons were determined from the
optical data in the low-energy spectral region.
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