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Optical properties of Cu—Mn alloys with Mn concentrations of 2 %, 5 %, 10 % and
17.5 % (which corresponds to y-solid solutions) were studied in a wide spectral range of
0.23-2.8 um (0.44-5.39 eV). Real and imaginary parts of the refractive index were meas-
ured and other optical properties such as dielectric constant, optical conductivity and the
coefficient of specular reflectance at normal incidence were calculated based on them.
Based on the analysis of the dispersion dependences e(hv), R(hV) and o(hv) the electronic
structure model of these alloys was proposed. According to this model, the electronic
spectra (dependence of the density of electronic states on energy N(E)) of alloys with the
indicated concentrations of components are the superposition of electronic spectra of Cu
host, with weights equal to Cu concentrations, and the density of states within the
impurity band, calculated basing on the experimental data.

Usyuennl ontudecKkue cBoiicTsa criaBoB Cu-Mn ¢ xonmenrpamuamvu 2, 5, 10 u 17.5 % Mn,
COOTBETCTBYIOIIIMMU Y-TBEPABIM pacTBOpaM, B ITUPOKoi obsactu cmektpa 0,23-2,8 mrm (0,44—
5,39 5B), nyrem usMepeHUA JEMCTBHUTEJbHOM M MHMMOM YacTH NIoKasaTeis IpejomieHud. Ha
MX OCHOBE PaCCUMTAHBLI JPYrHe OITHYECKUE XAPAKTEPUCTHUKU, TaKHe KaK IUaJeKTpuuecKasd
HPOHUIIAEMOCTDb, ONTUYECKASA IIPOBOJUMOCTL U KOIMPUIIMEHT 3€PKaJIbHOI0 OTPAYKEHUA IIPU HOP-
MaJbHOM HajeHuu csera. [lyTeM aHaiuMsa AWCIEPCUOHHBIX 3apucumocteir €(hv), R(hv) u 6(hv)
HperIoMKeHa MOJENb JJEKTPOHHON CTPYKTYPHl YKa3aHHBIX ciiaBoB. CoryiacHoO 3TOH MOgenu,
2JIEKTPOHHBIN cieKTp ciuiaBoB Cu—Mn, saBucUMOCTbL ILIOTHOCTH B3JIEKTPOHHBIX COCTOAHUI OT
suepruu N(E), mpepacraBisieT coGo¥ CYepIIOSUIUIO 3JEKTPOHHLIX CHEKTPoB ocHoBbl (Cu) ¢
TIPOTIOPIUAMU, PABHLIMU KoHmeHtpanuaMm CU B criaBaxX, W IJIOTHOCTH COCTOSIHUM B TIpefienax
IpUMeCHOI 30HBI, PACCUNTAHHOI Ha OCHOBE TOJYUEHHBIX SKCIEPUMEHTAIbHBIX AAHHBIX.

Onmuuni éracmugocmi ma ereKkmporHHa cmpykmypa meéepdux po3iunie midv-map-
2zaneyv. B.M.Bondap, B.C.Cmawyx, O.Il.ITorancvra, €.0.9eprnyxa, B.A.I[wx.

Busueno ontuuHi Bractmsocti cmmasis Cu—Mn 3 xkomnenrpaniamum 2, 5, 10 ta 17,56 %
Mn, mo BigmosigaroTs Y-TBepauM posumMHAM, B INHPOKiN o6Gmacri cmerkrpa 0,23-2,8 mMrM
(0,44-5,39 eB) masxom BuUMipooBaHHS AificHOI Ta ySBHOI YaCTUHU IIOKA3HUKA 3AJIOMJEHHS,
HA OCHOBI SIKMX pPO3pPaxoBaHO iHIII ONTHYHI XapaKTePHCTHUKH, TAKi AK IieJIeKTpUYHA IIPO-
HUKHICTb, OIITHYHA IIPOBigHicTs Ta KoedilieHT I3epKaNbHOrO BigOMBAHHSA IIPU HOPMAaJbLHOMY
naginui ceitma. Illnaxom amanisy aucmepciiimux sanesxuocreir €(hv), R(hv) Ta o(hv) sampo-
TIOHOBAHO MOJEJL €JIEKTPOHHOI CTPYKTYPY BKasaHMX CIIaBiB. 3rigno 1iei momeni, eleKTpoH-
HU# CHeKTp (3aJle’KHiCTh TYCTHHHU eJJeKTPOHHUX CTaHiB Bix emeprii N(E)) cmraBiB 3 BKazaHu-
MU KOHIEHTPAIiAMMA KOMIIOHEHTIB ABJAE cO00I0 CYHEPIIO3UIi0 eJeKTPOHHUX CIIEKTPiB OCHO-
Bu (Cu) 3 nmponopuiamu, Mo IopiBHIONTL KoHIeHTpaniam CU y ciaBax, Ta I'yCTUHM CTAHIB
y MeXax [TOMIIIKOBOI 30HHM, PO3Pax0oBaHOl HA OCHOBI OTpUMAHMUX €KCIEPUMEHTAJIbHUX
JaHUX.
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1. Introduction

Cu—Mn alloys, unlike Cu—Ni alloys, which
are single-phase [1] in a wide range of con-
centrations, form two-phase solid solutions
with y-phase Cu and e-phase Mn. At the
same time, other transition metals such as
Fe, Co or Cr are almost insoluble in Cu [2].
On the other hand it is well known that the
impurities of 3d-transition metals in noble
metals, in particular Cu, form localized
magnetic moments [3], which gave impetus
to theoretical studies of electronic proper-
ties of the compounds of noble metals, in
particular Cu, with 3d-transition metals [4].
It was found that with addition of 3d-tran-
sition metals to noble metals, especially to
copper, impurity bands form in the elec-
tronic spectrum of the solvent, located
below the Fermi level Ep [5]. This enabled
to determine the parameters that charac-
terize the impurity band as in the case of
alloys Cu-Fe [6], Cu—Co [7] and Cu-Cr [8].
However, so far, to our knowledge, optical
properties of alloys of copper with another
3d-transition metal (antiferromagnetic Mn)
were not studied. Therefore in this work we
studied the optical properties and, based on
them, the electronic structure of Cu—-Mn
compounds, rich in Cu.

2. Experimental

Optical properties of solid solutions of
Cu-Mn with Mn concentrations of 2 %,
5 %, 10 % and 17.5 %, and pure Cu and
Mn were investigated in the spectral range
A=10.23-2.8 um (hv = 0.44-5.39 eV) by
Beattie ellipsometric method using an origi-
nal spectral ellipsometer [9]. The ellipsome-
ter included the following functional units:
block of light sources, consisting of deute-
rium-mercury lamp ART-250, hydrogen
lamp ICE-25 and halogen lamp KGM-150;
block of radiation detectors, which included
photoelectron multipliers PEM-39A and
PEM-62; G-5 goniometer, which housed the
Glan prism polarizer P and analyzer A. The
studied samples were located on the go-
niometer sample stage. The setup also in-
cluded electrical components for amplifying
electrical signals and their registration by
standard digital voltmeters and a PC. Ellip-
sometric parameters A (phase shift between

p-and s-polarization components) and vy (azi-
muth of the restored linear polarization)
were measured within this setup in the
specified spectral range at a fixed angle of

incidence close to the principal. Based on A
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Fig. 1. Dispersion curves of reflectance R(Akv)
for Cu (1), Mn (6) and their alloys containing
2% (2), 5% (3), 10 % (4) and 17.5 % Mn (5).

and y the refraction and absorption indices
n and % were calculated, and then the di-
electric constant € = n2 — 2, optical conduc-
tivity o = 4negnyv (v — light frequency)
and the reflection coefficient at normal inci-
dence R = (n—1)2+%2/(n+1)2+%2 were ob-
tained.

Cu—-Mn alloy samples were obtained by
vacuum-arc melting of pure Cu and Mn with
corresponding weights in argon atmosphere
by repeated melting. To achieve greater uni-
formity the samples were annealed in the
same atmosphere at 900°C for 24 h. Sample
mirror surfaces were prepared by mechani-
cal grinding and polishing with diamond
paste with subsequent recrystallization an-
nealing and electropolishing. X-ray struec-
ture and phase analysis of the alloy samples
was also conducted with DRON-3.0 X-ray
diffractometer.

3. Results and discussion

Analysis of optical properties dependence
on photon energy Av in the investigated
spectral range hv = 0.44-5.39 eV provides
information about changes in the electronic
structure of Cu with the addition of Mn.
First we consider the dispersion curves of
reflection coefficient R(Av) of studied Cu-—
Mn alloys and pure Cu and Mn, shown in
Fig. 1. The figure shows that the reflection
curve R(hv) for pure Cu is a smooth curve
without any anomalies, although the value
of R varies within wide limits (35-99 %),
except for the shallow minimum located at
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Fig. 2. Dispersion curves of dielectric permit-
tivity e(hv) for pure Cu (I) and Mn (6), and
Cu-Mn alloys containing 2 % (2), 5 % (3),
10 % (4) and 17.5 % Mn (5).

about 4.2 eV, caused by electron interband
transitions. At the same time, the value of
R for Mn is much smaller than that for Cu,
especially in ultraviolet region, where the
values of R differ by almost 8.5 times. A
broad maximum is observed in infrared re-
gion (hv<1.1 eV) for Mn, located at about
0.95 eV. It is seen that in this area R value
for Cu depends weakly on energy, indicat-
ing the dominance of interband electron tran-
sitions. With the addition of Mn the value of
R in the ultraviolet spectral region (
hnu>3.0 eV) decreases with the increase of
Mn concentration, and a minimum at
4.2 eV, characteristic for pure Cu, does not
appear on R(hv) curves of alloys with Mn
concentrations higher than 10 %. The be-
havior of the curve R(hv) for Cu-17.5 %
Mn alloy is quite peculiar, as a maximum at
3.85 eV clearly appears on the curve, which
is virtually absent in other alloys. It is
speculated that with further increase of
manganese concentration this maximum in-
tensity will increase, as it is observed on
the R(hv) curve of pure manganese. There-
fore, the most significant changes in the
IR(AVv) spectra of the alloys are observed in
infrared region (with Av<1.5 eV), which in-
dicates the increasing role of interband
transitions with the increase of manganese
concentrations.

Next we proceed to analyze the disper-
sion of dielectric constant &(hv), shown in
Fig. 2. The figure shows that &(hv) curves
for the alloys with low Mn content are simi-
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Fig. 3. Dispersion curves of interband optical
conductivity o(kv) for pure Cu (1) and Mn (2)
and Cu-Mn alloys containing 2 % (3), 5 %
(4), 10 % (5) and 17.5 % Mn (6). Curves (1)
and (2) for the pure component raised by
0.1 M (Ohm-m) 1.

lar to pure copper €(hv) curve, which de-
creases monotonically with the decrease in
energy, which is typical for normal disper-
sion. In samples with high Mn concentra-
tions, as well as for pure Mn, anomalous
dispersion is observed on &(AV) curves at
1.0-3.0 eV, indicating the dominance of in-
terband electron transitions in this spectral
range. Additional information can be ob-
tained by analyzing the €(#v) curves at hAv =
3.83-4.5 eV, where the value of & for all
studied alloys is close to zero, which is a
necessary condition for the excitation of
plasma oscillations.

Next, let’s look more detailed at the dis-
persion of optical conductivity o(kv), which
is proportional to the interband density of
electronic states G(A#v) [10]. Experimental
o(hv) curves of investigated alloys and pure
Cu and Mn are shown in Fig. 8. The fea-
tures of o(hv) spectra of pure Cu and Mn are
significantly different. At energies
hv<1.5 eV the optical conductivity value of
Cu increases monotonically with the de-
crease of energy hv, which indicates the
dominance of intraband transitions that
occur within each of the bands that cross
the Fermi level Ep. Characteristic features
of o(hv) spectrum of Cu are a sharp inter-
band absorption edge at hv =2.1-2.3 eV,
centered at 2.2 eV, and an intense absorp-
tion band with a maximum near 4.72 eV, as
well as minor spectrum features at 3.5—
4.4 eV. o(hv) curve of Mn is in turn charac-
terized by a wide maximum at 2.2 eV and a
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slight increase in o value in the IR range
(hv<0.5 eV) caused by intraband electron
transitions. Next we analyze the dispersion
of optical conductivity o(hv) of Cu—Mn al-
loys with the increase of Mn concentration
(Fig. 3).

The figure shows that an addition of low
quantities of manganese to copper does not
introduce significant changes in the overall
shape of the absorption spectrum of copper.
Characteristic features of o(hv) spectrum of
pure copper, in particular a short peak at
4.72 eV and a sharp edge at 2.1-2.3 eV, to
some extent, appear in all of the investi-
gated Cu—-Mn alloys, as in Cu—Co alloys [7].
It is found that peak at 4.72 eV is observed
in all alloys, hardly shifting along the en-
ergy scale. The sharp absorption edge at
2.2 eV appears only in the samples with
manganese concentration below 10 %. At
the same time, in infrared spectral range
hv = 0.8-1.8 eV it is found that with addi-
tion of only 2 % Mn to Cu the contribution
of "free” electrons in the overall absorption
decreases sharply. At high concentrations of
Mn this spectral area is completely domi-
nated by interband electron transitions.
This is due to the sharp increase of relaxa-
tion frequency of electrons in the alloys as
compared to the pure components. It is
found that the addition of Mn to Cu at Mn
concentrations greater than 5 % gives a
very strong effect — the appearance of an
intense absorption band on the c(#v) curves
in the near-IR range with a peak at hv =
1.9-2.0 eV. Fig. 3 shows that a minimum is
observed on Cu o(Av) curve in this region,
while the maximum of absorption of pure
Mn, according to our experimental data, is
located at 2.2 eV. Consequently this band is
not associated with pure Cu and Mn, and it
is most likely associated with the resonant
states arising in the electronic spectrum of
Cu by addition of Mn. The maximum, which
is located at 2.5 eV for the Cu—2 % Mn
alloy, shifts in high-energy region of the
spectrum, for example, for Cu-17.5 % Mn
alloy it is located at 2.15 eV (see Fig. 3).
Clearly, the formation of additional band in
the alloys is due to the changes in the elec-
tronic spectra of Cu—-Mn alloys. These
changes are associated with the restructur-
ing of the energy spectrum of Cu and the
appearance, as noted above, of resonant im-
purity states [10].

Further we analyze the dispersion curves
of the residual optical conductivity Ac(hv),
which represents the difference between the
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Fig. 4. Dispersion of residual optical conduc-
tivity Ac(hv) for Cu—Mn alloys containing
2% (1), 5 % (2) 10 % (3) and 17.5 % Mn
(4). All curves are shifted upwards by
0.1 M(Ohm'm)~!. Inset are the density of
states N(E) curves for Cu [11] and Cu-Mn
alloys within the impurity band (dashed
lines).

experimental values o(hv) for the alloys and
the values of the optical conductivity of
pure copper Og,(hv) and pure manganese
opmn(hv) with respective weights Ac(hv) =
o(hv)—(1—c)og, (hV)+copy,(AV) (¢ — the con-
centration of Mn), which for Cu—Mn alloys
containing 2 %, 5 %, 10 %, and 17.5 %
are shown in Fig. 4.

It is seen that for all investigated alloys
a new absorption band with the maximum
at 2.056-2.15 eV appears. From the obtained
data, presented in Fig. 3 and Fig. 4 the fol-
lowing conclusions can be made: firstly, at
low concentrations of Mn (5 %) it solves
almost completely in Cu, secondly, the solu-
bility increases with the increase of Mn con-
centration, and thirdly, an impurity d-band
forms in the electronic spectrum of Cu—Mn
solid solution, associated with Mn, which is
located at 2.05-2.15 eV below the Fermi
level Ep.

Given the results of studies of the elec-
tronic structure of pure copper and its opti-
cal spectrum [12], we can propose a model
of the electronic structure of Cu-Mn solid
solutions. According to [12], the absorption
edge in pure copper at 2.1-2.2 eV is associ-
ated with transitions of electrons from the
peaks of d-band near the Ls Brillouin zone
(BZ) to free states of s—p-bands L’y in the
vicinity of the Fermi level (FL) Ep. Based
on the data of the experimental study of
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optical properties of Cu—Mn alloys it can be
concluded that the energy gap between the
top of d-Cu bands and the Fermi level with
addition of Mn remains unchanged. That is,
the position of d-band relative to the Fermi
level is virtually unchanged in the elec-
tronic spectrum of the alloys. Intense inter-
band absorption is observed above the ab-
sorption edge, which is associated with
transitions in the large volume of BZ from
2nd, 3rd and 4th bands into the free states
of sixth band in L-W and D-X directions
of the Brillouin zone [10]. Taking into ac-
count that the high-energy peak on the
o(hv) curve of copper at 4.7 eV is related to
transitions from the sixth to the seventh
band, mainly from d-states of L; to free
sp-band levels of L’; [11], one arrives to
conclusion that the structure of d-bands lo-
cated at 4.0-4.95 eV lower than the Fermi
level is not changed in the alloys and it is
similar to the d-bands of copper. Thus, the
energy bands in the investigated Cu—-Mn al-
loys retain the characteristics of the elec-
tron spectrum of pure copper.

Assuming by analogy with Cu-Fe and
Cu—Cr alloys [6, 8] that the absorption band
with a peak at 2 eV in the o(hv) optical
spectra is related to electron transitions
from the impurity d-subband to free elec-
tron states in a vicinity of the Fermi level
Ep and using the obtained data, one can
find a distance of the energy center of the
impurity band from the Fermi level E;—Ep
as well as its half-width A. According to the
experimental data in Cu-Mn solid solution
the value of E;—Ey is about 2.1 eV and al-
most independent on the concentration of
Mn, and A increases slightly with increasing
Mn content in the solution and equals
1.35 eV (Cu-2 % Mn), 1.4 eV (Cu-17.5 %
Mn). Based on the obtained E;—Ep density
of electronic states N(E) was calculated for
Cu-Mn alloys within the impurity band,
shown on the inset in Fig. 4. Consequently,
the resulting electron spectrum of any alloy
is a superposition of the spectrum of pure
copper with a weight equal to the concentra-
tion of Cu in the alloy, and the density of
states of the alloy within the impurity
band.
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4. Conclusions

It was found that the new impurity en-
ergy band forms in the electronic spectrum
of Cu with addition of antiferromagnetic Mn
impurities, located approximately 2.1 eV
below the Fermi level Ep, which may split
into two energy subbands due to exchange
interaction. It was shown that the electron
spectra N(E) of Cu-Mn alloys are, in a
rough approximation, the superposition of
densities of electronic states N(E) of pure
copper with a weight equal to its concentra-
tion in the alloy, and the density of states
within the impurity band.

It was revealed that the optical proper-
ties of Cu—Mn alloys are determined by sol-
vent (Cu) d-bands and impurity bands (Mn).
Due to interband transitions from the sol-
vent d-band to its sp-band, the main absorp-
tion band in the o(Av) spectra of Cu—Mn
alloys is formed. Additional bands appear
due to transitions of electrons from the im-
purity band to the Fermi level Ep.
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