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Optical investigation of the electronic structure of alloys Cu-Fe
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Abstract. We investigate the optical properties of Cu-Fe alloys in a wide interval of
concentrations (7.5-30 at. %) and in a wide spectral interval (0.25—7 pum). An additional
absorption associated with interband electron transitions from localized states of
impurities to the Fermi level has been revealed in the 0.98—1.9-eV spectral range. The
energy bands in Cu-Fe alloys are almost undeformed and similar to copper ones, while
the Fe impurity forms localized d-bands at a distance of about 1.0-1.6 eV from the Fermi
level. For high impurity concentrations, the experimental optical conductivity spectra
G (hv) of the alloys are determined by a superposition of the spectra of Fe and the
appropriate solid solution with the corresponding weight coefficients. The obtained
experimental data allow one to calculate the density of states N (£) which is related to the

impurity band.
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1. Introduction

The optical method is very effective for investigation of
impurity states of the electron structures of alloys. This
method allows one to obtain the values of parameters
characterizing the impurity energy band, for example, its
position in the energy spectrum and a half-width, and to
calculate the density of electron states [1]. It is clear that
the formation of the impurity energy bands of alloys is
accompanied by essential modifications of magnetic,
optical, electrical, thermal, and other properties of
alloys.

According to the literature data, Fe is not almost
dissolved in Cu [1]. At concentrations of Fe of more
than 20 %, the heterogeneous mixture of copper with a
small content of Fe and almost clear Fe is formed. So,
the absorption spectra o (Av) of Cu-Fe alloys at the
indicated concentrations can be obtained by addition of
the spectrum o (4v) of the indicated solution and that of
pure Fe with fixed weights. However, it will be shown in
our examinations that the absolutely other situation is
observed in these alloys.

Earlier [2], the optical properties of Cu-Fe alloys
have been investigated within the narrow spectral range
with the use of the constants » and % measured at
ambient temperature in the photon energy range 0.18-
4.96 eV. The samples of alloys with an impurity content

of 7.5, 15, and 30 at. % were prepared by vacuum arc
melting in the argon atmosphere by using several
consecutive meltings. The recrystallization was per-
formed at a pressure of 5-107° Torr at 450 °C for 3 h. We
carried out the electric polishing to remove surface
strains. We found that the absorption index yx and
especially the refraction one n increase with the
concentration of Fe, though the dependences n(kv) and
% (hv) are monotone strictly increasing functions without
apparent singularities. On the basis of the measured
values of n and y, we calculated the optical conductivity
o, whose dispersion dependences o (hv) for Cu-Fe
alloys and pure copper are given in Fig. 1.

The characteristic peculiarities of the absorption
spectrum o(hv) of all noble metals are the sharp
absorption edge that corresponds to the photon energy
hv =2.1...2.4 eV and the very intense absorption band
with a maximum at a photon energy of about 4.62-
4.65¢eV. It is apparent that the absorption threshold
located near 2.25 eV for pure copper is not practically
displaced on the energy scale at the doping by Fe.
According to the results obtained, the difference of
G (hv) of Cu-30 % Fe alloy from another curve in the
threshold area is related to a sufficient contribution of
pure Fe to the absorption o (4v), because this alloy is an
inhomogeneous mixture of the solution of Cu-15 % Fe
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and pure Fe. Except the absorption edge of ¢ (4v) of the
alloys under study in the region 2.3 — 3.9 eV, we observe
the typical “plateau” which is formed as a result of the
aliasing of some absorption bands. The intensive stable
peak at 4.62 — 4.65 eV in the UV region appears for all
alloys, as well as for pure copper. The increase of ¢ in
the visible and UV regions at rising the Fe concentration
is related, of course, to the additional absorption owing
to the Fe impurity. So, in the optical spectra o (4v) of the
investigated alloys Cu-Fe, all characteristic anomalies of
G (hv) of pure copper become apparent and don’t change
their position on the energy scale at the doping by Fe.
However, in the long-wave region of the spectrum (at
hv <2.0 eV), where interband transitions are prohibited
and intraband ones are not pronounced due to high
frequencies of light with v as compared with the fre-
quency of relaxation y, the spectra o (hv) of alloys are
significantly changed. Fig. 1 shows that, even at the
7.5 % Fe doping, a resonance peak of absorption with a
maximum at 1.25 eV appears in the region of hv =
0.98...1.9 eV. At a further increase in the Fe con-
centration, the intensity of the mentioned band strongly
increase, and its peak shifts slightly (approximately by
0.10 —0.12 eV) to the short-wave region of the spectrum.
The new absorption band is not related to pure Cu and
Fe and is determined by resonance states which appear
in the electron spectrum of Cu owing to the Fe impurity.

The results of computer modelling have shown that
it is impossible to obtain the optical spectrum o (hv) by
a simple addition of the spectra of pure Cu and Fe or that
of a solid solution Cu-2 % Fe and pure Fe. On the first
stage, the assumption that the optical conductivity of
each alloy o(/#Vv) equals the sum of the conductivities of
pure Cu, ocy(hv), and Fe, op(hv): o1(hv) = c:Cg(hv) +
(1 = ¢)'ocy(hv) (where c is the concentration of Fe in the
alloy) was made. Obviously, this relation is true in the
case of the full insolubility of Cu and Fe. The spectrum
obtained in such a way is shown in Fig. 2.
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Fig. 1. o (hv) for Cu-Fe alloys with Fe concentration
7.5, 15, and 30 %. (The copper curve is lifted upwards on
1.5 MOhm "*m ™)
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Fig. 2. Calculated curves of optical conductivity of Cu-Fe
alloys.

It is apparent that, in the visible and UV regions,
the same peculiarities like in experimental curves
become actual. However, in the near-IR region, the
theoretical and experimental curves are strongly
different. This implies that Fe dissolves better in Cu,
than it was considered before. Let us assume that
7.5 % Fe dissolves in Cu. Then the optical spectrum of
the conductivity of alloys o,(4v) must equal the sum of
conductivities of the mentioned solid solution Cu-
7.5 % Fe, o75(hv), and pure Fe, op.(hv), ie., ox(hv) =
c1'ope(hv) + (1 — ¢) o75(hv) (a part of the solid solution
Cu-7.5% Fe in the Cu-Fe alloy). The additional
absorption band at 1.6-1.9 eV is pronounced on the
theoretical curves. The intensity of this absorption band
increases monotonically with the concentration of Fe,
according to the experimental results, but the absorption
by free carriers in the near-IR region in comparison with
that of Cu strongly decreases. To determine how good is
the correlation between theoretical and experimental
curves, we consider the dispersion curves of the residual
conduction Ac (hv). It was found that the value of
Ac (hv) is practically independent of 4v and is located
near zero for alloys with 7.5 % Fe, although it strongly
rises with the concentration of Fe. Our next step is the
attempt to represent the optical spectrum of the
conductivity of alloys o (Av) for a higher concentration
of Fe (30 %) as a sum of the conductivities of the solid
solution Cu-10 % Fe and pure Fe with appropriate
weights and to calculate the residual conduction Ac (4v)
on their base. We found that the experimental and
theoretical curves correlate well with one another for the
alloy with 7.5 % Fe and sufficiently worse for the alloy
with 30 % Fe. Furthermore, the residual conduction
shown in Fig. 3 is comparatively small for the alloy with
10 % Fe and sufficiently high for the alloys with 15 and
30 % Fe. These results show that the dissolubility of Fe
in the mentioned alloys exceeds 5 %.

The analysis of the data obtained indicates that it is
possible to determine which changes take place in the
electron spectrum of Cu at the doping by Fe. The
absorption edge in Cu is formed as a result of the
electron transition from the 5-th to 6-th band, basically
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Fig. 3. Ac (hv) for Cu-Fe alloys.
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Fig. 4. Density of states for Cu-Fe alloys.

from the peak of d-band L; on free levels of sp-band L,

which is located near the Fermi level Ey.

Experimental results show that energy gap between
the peak of the d-band of Cu and the Fermi level at the
doping by Fe remains invariable, i.e., the location of d-
bands compared to the Fermi level Er in the electron
spectrum of alloys doesn’t change. Above the absorption
edge, the intensive interband absorption is observed. It
corresponds to transitions in the large volume of the
Brillouin zone from the 2-nd, 3-rd, and 4-th bands on
free states of the 6-th band in L-W and I'-X directions.
As the character of the spectrum o (Av) doesn’t change
at the doping by Fe in the energy region hv=
2.5...4.0 eV, this means that d-bands which are located
below the Fermi Level Er by 2.5 — 4.0 eV are not
deformed strongly in alloys. Since the high-energy peak
on the curve o (hv) for Cu at 4.7eV is related to

transitions from the 6-th to 7-th band, basically from d-
states L, on free sp-levels of L, band, we obtain that the

structure of the d-bands located by 4.0-4.95 eV below
the Fermi level is not changed and similar to the d-bands
of Cu. Energy bands in Cu-Fe alloys keep a
characteristic pattern of the electron spectrum of pure
copper. However, the appearance of a new absorption
band at 1.10-1.15 eV in the optical spectrum o (Av) of
Cu-Fe alloys testifies that an additional d-subband,
which is related to the Fe impurity, is formed in the
electron spectrum. Let us assume that the new
absorption band is formed as a result of the electron
transitions from the impurity d-band to free stated
located in the region of the Fermi level Er. Then it is
possible to calculate the density of states N (£) on the
basis of the obtained experimental data which are related
to the impurity band [4, 5]. To calculate N (F), it is
necessary to determine the energy distance of the
impurity band center from the Fermi level, £, — Ef, and
its half-width A which are 1.25 and 0.3 eV for Cu-
7.5 % Fe as well as 1.13 and 0.41 eV for Cu-15 % Fe
accordingly to experimental data.

The density of states N(E) for Cu and the
contribution to the density of states of Cu-Fe alloys with
2.5, 5, and 10 % Fe from the impurity band are shown in
Fig. 4. It is possible to approximately consider that the
complete density of states N (£), for example, for Cu-
5 % Fe alloy, is a sum of the densities of states for both
pure copper and the impurity d-band of Fe.

The above-presented results testify that a single
band of conductivity of alloys that keeps characteristic
patterns of the electron spectrum of Cu is formed as a
result of the interaction of the sp- and d-bands of Cu and
d-bands of Fe. An additional d-band which is located
between the Fermi level and the peak of d-bands of Cu is
formed owing to the Fe impurity, which does not
contradict the data on the temperature behavior of
thermal, electrical, and magnetic properties of the
mentioned alloys.
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