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Abstract

The aim of this work was to study Cu—Ni alloys and establish a relation between
alloy concentration and infrared emittance for wavelengths of the order 10 um,
which is of interest in room temperature applications. The resistivity was
measured at room temperature for the same alloy compositions as the emittance
in order to investigate the validity of the Hagen—Rubens relation in the infrared
wavelength range for Cu—Ni. The Hagen—Rubens relation is verified for both
the copper-rich and nickel-rich samples. We therefore assume strong electron
scattering from impurities so that intraband transitions dominate over interband
transitions in the infrared wavelength range. The validity of the Hagen—Rubens
relation can, as a good approximation, also be used for the integrated thermal
emittance.

1. Introduction

The aim of this work was to study the infrared emittance of Cu—Ni alloys. Infrared emittance of
metals is of interest in thermal radiant applications such as heat mirrors and spectrally selective
solar absorbers. Alloys are of interest in applications where the surface is exposed to harsh
chemical conditions.

The copper—nickel alloy has been the subject of considerable theoretical and experimental
work and has been taken as the prototype of noble-metal—transition-metal systems since it has
the advantage of being solid soluble over the entire compositional range. Comparing electron
band structures of Ni and Cu shows that the s—p bands are very similar but not the 3d bands [1].
The location of the 3d bands is well below the Fermi level in Cu and at the Fermi level in Ni.
The electron band structure of the Cu—Ni alloys was first described in terms of the rigid band
model, which could accurately predict the Ni concentration limit of about 40% above which
the alloy is ferromagnetic [2]. Later on, the rigid band model was opposed by results from
measurements of optical absorption [3-6], ellipsometry [7], electron emission [4, 5] and soft
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x-ray emission [8]. Virtual bound state (VBS) models [9, 10] were proposed for the dilute
systems [3, 11] and the coherent potential approximation (CPA) (in which the VBS is a low
concentration limit) for concentrated systems [7, 12—14]. To summarize, the review indicates
that the rigid band model is abandoned in favour of the CPA. According to the CPA model Cu
preserves its d-band states well below the Fermi level for all concentrations, while the nickel
3d states show up as virtual bound states between the high energy edge of the Cu 3d states and
the Fermi energy. The Ni 3d states then broaden and extend to the Fermi level for increasing
concentration of Ni in the system.

Pure Cu shows interband dominated optical absorption for energies above 2 eV and
intraband dominated absorption for lower energies, leading to a constant reflectance in the
infrared wavelength range [15]. It shows the behaviour of a Drude metal in the relaxation
interval for which the frequency is higher than the inverse relaxation time but lower than
the plasma frequency [16]. Nickel is a transition metal, not a free electron metal, due to d-
band states at the Fermi level that give interband dominated optical absorption in the infrared
region [17]. It has been found from analysis of optical absorption in copper-rich Cu—Ni
alloys that the characteristic absorption edge in Cu at 2.1 eV, which is due to interband
transitions between 3d states and the Fermi level, loses sharpness but can be distinguished
for concentrations of 5-75% Cu. In addition a sharp absorption band appears at about 1 eV for
concentrations above of 5-65% Cu [18]. The wavelength dependence of the optical absorption
in nickel-rich Cu-Ni behaves more like the absorption in pure nickel [5, 18]. However, the
question is whether a free carrier contribution (intraband transitions), in the alloys, in any case
dominates in the infrared due to strong impurity scattering. It has been shown for Cu with
1 at.% Nithat/t = 0.02 eV, where t is the relaxation time, for pure Cu 71/t was increased to
0.71eV [19]. Converted to time, these values correspond to relaxation times of about 3 x 10~ 14
and 9 x 10710 g respectively. The short relaxation time in CuggNi; could lead to intraband
transitions taking over as the dominating absorption mechanism in the infrared range. A
relaxation time of this order is short enough to fulfil the condition in the low frequency limit in
the Drude model for which the frequency is larger than the inverse relaxation time. It has also
been reported that the zero-frequency limit of the optical conductivity has a similar dependence
on alloy concentration as the dc conductivity in the whole concentration range [ 18], which then
also indicates that intraband absorption dominates for low frequencies.

The emittance was derived from reflectance measurements over the whole compositional
range with the purpose of establishing a relation between alloy concentration and infrared
emittance for wavelengths of the order of 10 um, which is of interest in room temperature
applications. If the intraband absorption dominates and the infrared wavelength range around
10 pm can be considered as the low frequency range according to the Drude theory, we would
expect the emittance to change with composition in a similar manner as the dc electrical
resistivity since these two entities are related according to the Hagen—Rubens relation [2]. In
alloys, the dc electrical resistivity shows a gradual increase for increased concentration of one
of the constituents in the alloy and it reaches a maximum value at about equal concentration
of both. The resistivity can be described by the Nordheim rule for noble metals with similar
atomic volumes and the same valence and crystal structure [2]. The resistivity and emittance
were measured at room temperature for identical alloy compositions in order to investigate the
validity of the Hagen—Rubens relation in the infrared range in Cu—Ni.

2. Theorical framework

The Hagen—Rubens relation is usually expressed as the spectral reflectance R(w) at normal
angle of incidence as a function of the frequency w [2]:
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where oy is the dc-electrical conductivity and & the vacuum permittivity. The dc-electrical
conductivity for a metal, according to the Drude model, depends on the free electron
concentration 7., the relaxation time 7 and the effective electron mass m™ [20]:
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The dominating contribution to the relaxation time is assumed to be impurity scattering
in the Cu-Ni alloys. Considering also that the scattering comes from neutral impurities the
relaxation time should be frequency independent [21], which is required for the Hagen—Rubens
relation. Substituting reflectance for emittance ¢ (valid for bulk metals) and the electrical
conductivity with the inverse of the electrical resistivity p, equation (1) can be expressed as the
emittance as a function of wavelength A (A = 27 c¢/w, where c is the light velocity in vacuum):
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3. Sample preparation

Seven different bulk copper—nickel alloys and a copper and a nickel sample were manufactured
by Metalli AB, Denmark. The samples were ordered in weight per cent but the element content
will from now be used in atomic per cent. The ordered alloys had the following concentrations:
CIlgNigl, CLI28Ni72, Cu38Ni62, Cu48Ni52, CLI58Ni42, CllggNi32 and CuggNill. The copper and
the nickel samples have a purity of 99.9%. The purities of the elements in the alloy samples
are 99.99% for copper and 99.94% for nickel. The manufacturer reported the alloy content of
the samples with the uncertainty of one percentage point.

According to the manufacturer the alloys were made in an induction vacuum furnace at
different temperatures, depending on the alloy, within 150° from the exact temperature of the
liquid. The melt was naturally cooled in the furnace until the temperature was below 473 K.

To verify that the copper and nickel were in a complete solid solution and no other phases
were present in the samples, the samples were checked with x-ray diffraction.

The samples used for the reflectance measurements were manually polished with a water-
cooled Buehler® ECOMET® 2 (two-speed grinder-polisher), with silicon carbide grinding
papers. The abrasive particle sizes ranged from 220 grit (65 um) to 4000 grit (1-5 um). To
remove any thin oxide layer, the sample surfaces were dipped in a weak solution of sulfuric
acid, rinsed in de-ionized water and dried with a flow of nitrogen gas, before the optical
measurements.

Small rods were cut out from the polished bulk samples for the resistivity measurements.
The rods were then ground, with the polisher mentioned previously, to cut thin rods. Finally, a
Buehler® ISOMET™ low speed saw equipped with a diamond wafer was used to achieve
proper lengths of the rods. The typical dimensions of an alloy sample for resistivity
measurements were 20 mm x 0.6 mm x 0.3 mm.

4. Experimental measurements

4.1. Reflectance measurements

All samples were measured from 2 to 40 um. In this work two different spectrophotometers
have been used for the reflectance measurements. The choice of instrument depends on
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different parameters such as surface roughness of the sample, type of desired reflectance
measurement (total, specular or diffuse) and the actual wavelength region of interest.

For measurement of near normal specular reflectance, from 2 to 40 ;tm, a Perkin-Elmer 983
double-beam spectrophotometer was used. Evaporated gold mirrors were used as references.
All samples were masked when measured since some of the alloy samples were smaller than
the light spot of the spectrophotometer. The masks used were painted in black with a 15 mm
circular opening placed in the centre of the light spot. The sample surfaces were placed on
the masks and then measured. To compensate for the signal loss of the masks the sample
reflectance, Rgumple, Was calculated according to

Rmask+sample - Rmask

Rsampie = 0.98 4)
e Rmask+ref - Rmask

where Rpaskssample 18 the measured reflectance, Ry is the reflectance of the mask without
sample or reference mirror and Rpask+ret 1 the reference reflectance measurement. The factor
0.98 is used to compensate for the reflectance of the gold mirrors. Since the PE-983 near
normal reflectance accessory uses a relatively high incidence angle, s- and p-polarized light
was measured separately to avoid polarization effects. The reflectance was obtained as the
average of s- and p-polarized reflectance. For comparison, some of the alloy samples with
larger surfaces were also measured without the masks. The reflectance results with and without
mask were compared and differed by only a few tenths of one per cent. The accuracy in the
measurements regarding systematic errors is less than 0.01.

To ensure that the polished samples were smooth and flat enough to be measured specularly
in the PE-983, the samples were also measured in a spectrometer equipped with an integrating
sphere. The instrument used was a Bomen Michelson 110 spectrometer, which is based
on Fourier transform infrared spectroscopy. The instrument was equipped with an integrating
sphere coated with gold. This instrument was used for reflectance measurements in the infrared
wavelength range, from 2.5 to 20 um, on all samples. The measurements were performed for
near normal incidence. The size of the sample port of the integrating sphere is smaller than
the polished surfaces of the samples so masking was not needed. The reference measurements
were performed with an evaporated gold mirror. The comparison of the reflectance results
from the two instruments, measured in the infrared wavelength range, showed no significant
differences. From this we conclude that the samples were sufficiently polished. By using the
instrument for specular reflectance we could extend the measurements to 40 pum instead of
20 pm, that is the maximum reached with the FTIR.

The near normal emittance at 10.5 wm was derived from the near normal reflectance data
as €(10.5 um) = 1 — R(10.5 um). The wavelength of 10.5 um was chosen since it is the
wavelength of maximal intensity for the blackbody radiation at 293 K. In order to limit the
influence of noise in the measured data, the reflectance at 10.5 m was derived from a linear
fit between 10.2 and 10.8 um. The standard deviation, s, was calculated from the measured
data points, x;, the linearly fitted value, (x), and the number of data points, 7, according to

g [z (i = ) )
n—1
The standard deviation was calculated to 0.001 and marked in the figures as error bars.

The near normal thermal emittance, &;, was calculated as the average emittance weighted
with the blackbody radiance distribution 7, (A, T') over the measured wavelength range, 1| to
A2, for in this case T equal to the room temperature (293 K):

3 fxf (1 — RO Iy(A, T)dx
a PGy

(6)
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Figure 1. Resistivity versus composition at 293 K of copper—nickel alloys. The error bars mark
the calculated maximum error for the resistivity measurements.

A calculation of the standard deviation is not necessary to perform in this case since the
stochastical variation of the noise cancels out in the numerical integration routine.

4.2. Resistivity measurements

A standard four-probe method was used for the temperature dependent resistance
measurements. The voltage was recorded in the temperature range 4.2-293 K with a Hewlett
Packard 3457 A multimeter instrument with an accuracy of 10~ V at a constant current and data
were sampled every second. The voltage of a platinum wire was calibrated to the temperature
and used as a thermometer in the measurements. The sample thickness and width were
measured with an accuracy of 0.05 mm. The source of error lies mainly in the measurements
of the distance between the voltage wires connected to the sample. The distance between the
two voltage wires was measured with an accuracy of 0.5 mm and used when calculating the
resistivity of the samples. A maximum error analysis was performed for each sample and
indicated as error bars in the figures.

5. Results and discussion

5.1. Resistance measurements

The resistivity of the copper—nickel alloys at 293 K can be seen in figure 1. The resistivity
data show the typical behaviour with a maximum resistivity for slightly over 50% of nickel at
ambient temperature (293 K), which is in good agreement with previously published data [22—
24]. As a guide to the eye, the data are fitted to a four-degree polynomial; it was not possible to
fit the data with a lower order polynomial. Itis, however, possible to fit a straight line from pure
copper to CusgNiy in figure 1 with a slope that corresponds well to previous data [23]. The
recorded resistivity versus temperature did not show any anomalous resistivity behaviour due
to giant magnetic moments from atomic clustering of nickel in the magnetic phase as reported
earlier [23, 25]. Sample preparation [26] and ageing effects [23] can play an important role in
promoting atomic clustering. From this point it seems as if our samples were cluster free at
the time of the measurements.
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Figure 2. Reflectance versus wavelength of (a) copper-rich copper—nickel alloys and (b) nickel-rich
copper—nickel alloys.

5.2. Reflectance measurements

The room temperature reflectance of the copper-rich Cu—Ni alloys can be seen in figure 2(a)
and the nickel rich in figure 2(b). The reflectance of pure copper shows a high, fairly constant,
reflectance from 5 to 40 um. The reflectance of the copper-rich alloys is not ‘copper-like’
as the reflectance drops at shorter wavelengths to below 0.9 in the near infrared. This can be
interpreted as interband transitions influencing the absorption in the near infrared wavelength
range as reported previously [4]. With increasing nickel content the reflectance of the copper-
rich alloys decreases over the whole measured range and between 20 and 40 ;um the reflectance
is fairly constant. Figure 2(b) shows the reflectance of the nickel-rich Cu—Ni alloys. The
reflectance of the alloys is reduced compared to that of pure nickel. The wavelength dependence
is very ‘nickel-like’ for the nickel-rich alloys as well. Itis noticeable that the infrared reflectance
for CuygNis; is slightly higher than for CusgNig,. In the three samples with the highest copper
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content a region with, except for the noise, fairly constant reflectance is found in a limited
range between 30 and 40 pum.

The emittance of the Cu—Ni alloys at 10.5 um is derived from the near normal reflectance
in figure 2 and can be seen in figure 3(a). The emittance data points are, as a guide to the eye,
fitted to a four-degree polynomial. The standard deviations of the measurements are marked
as error bars.

The integrated emittance as defined in equation (6) is often of more practical use when
evaluating thermal radiant properties of surfaces. We have therefore calculated the integrated
emittance from equation (6) at 293 K, for all samples, which is shown in figure 3(b). The
integrated emittance shows a similar dependence on alloy composition as the emittance at
10.5 pm. This is not surprising since the reflectance is fairly constant in the measured range.

Both the emittance at 10.5 um and the integrated emittance for 293 K have a similar
dependence on alloy composition as the resistivity but with the maximum value shifted from
the sample with 52% Ni to 62% Ni.

5.3. Relation between the emittance and the resistance

In order to check the validity of the Hagen—Rubens relation in equation (3) the emittance at
10.5 um was plotted versus the square root of the dc resistivity for all copper—nickel alloys.
As seen in figure 4(a), a single line does not fit very well to all values, but if the data are
divided in two groups, copper rich and nickel rich, it is seen that those two groups can be
fitted to two linear curves that are almost parallel. Notice that the pure samples of copper and
nickel are excluded from the fit since they do not fulfil the conditions for the Hagen—Rubens
relation. For copper the Hagen—Rubens relation is only valid in the low frequency interval,
i.e. ot < 1, and for nickel interband transitions dominate in the infrared wavelength region
(see the introduction section).

The slope of the lines is compared to the constant factor in the Hagen—Rubens relation in
equation (3). The constant has the value 0.115 £Q2~"/2 m~'/2 for A = 10.5 um. The slope of
both lines in figure 4(a) is 0.11 w2 m12,

In order to check whether we can also extend the validity of the Hagen—Rubens relation to
the integrated emittance it has been plotted versus the square root of the resistivity in figure 4(b).
As in figure 4(a), two linear curves are fitted, one for the copper-rich and one for the nickel-rich
alloys. The values for pure copper and nickel are, in this case also, excluded from the fit. The
slope is 0.11 2~/ m~!/2 for the copper-rich and 0.12 ©2~!/2 m~!/2 for the nickel-rich
alloys. The Hagen—Rubens relation is not strictly valid for an integrated emittance. Therefore
the same type of integration as in equation (6) was also performed on the right-hand side of
equation (3), which from a mathematical point of view is formally correct:

i o[ 12 (3, T) i
S B, T) di '

(N

& =

The constant factor in this integrated version of the Hagen—Rubens relation then includes the
integration of A~/ weighted by the blackbody radiation distribution. The constant factor for
293 K is 0.10 2~/ m~1/2, which is somewhat lower than the experimental values for the
integrated emittance.

Based on earlier studies on electron structure from optical data and CPA calculations, one
can expect a contribution to the emittance from interband transitions for the alloys, as mentioned
in the introduction. However, the Hagen—Rubens relation seems to fit the data very well, that
indicates that impurity scattering dominates. Considering the errors in the measurements, the
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Figure 3. (a) Optical emittance, at 10.5 pm, versus composition of copper—nickel alloys. The
standard deviation of is marked as error bars. (b) Thermal emittance at 293 K versus composition
of copper—nickel alloys.

data fitted better to two parallel lines, none of them crossing zero emittance for zero resistance:
one line for the copper-rich and the other for the nickel-rich alloys. This reflects the fact
that the dc conductivity and the zero limit of the optical conductivity are different in some
fundamental physical aspects as has also been observed before for pure metals [27]. It shows
that the emittance has a constant contribution that is lacking in the resistivity. The emittance
at zero resistivity is higher for the nickel-rich group than for the copper-rich group. Here
we can only speculate and suggest that it may be at least partly due to interband transitions
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Figure 4. (a) Emittance at 10.5 pm versus square root of resisitivity at 293 K of copper—nickel
alloys. A linear curve fit is included for the copper- and nickel-rich alloys. The horizontal error
bars mark the maximum error of the square root of resisitivity at 293 K. The vertical error bars
mark the standard deviation of the optical emittance. (b) Thermal emittance versus square root of
resistivity at 293 K of copper—nickel alloys. A linear curve fitis included for the copper- and nickel-
rich alloys. The horizontal error bars mark the maximum error of the square root of resisitivity at
293 K.

which is an optical phenomenon that has no coupling to the dc conductivity. It has been
found from absorption measurements that the optical absorption at high energies (about 4 eV)
is very similar within the group of copper-rich alloys including pure copper and within the
nickel rich including pure nickel but different between the groups with higher absorption for
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the nickel-rich group [18]. The character of the ‘host’ metal low energy bands is preserved
also in the alloy. The higher emittance at zero resistivity for nickel-rich samples might then
reflect the fact that interband transitions at higher energies are stronger in this group than in
the copper-rich group.

6. Conclusions

The relation between emittance and atomic concentration in the Cu—Ni alloy follows a similar
behaviour as the resistivity with a maximum emittance for nearly equal concentrations. The
maximum value in resistivity is obtained for 52% Ni and in emittance for 62% Ni. The Hagen—
Rubens relation can be established for both the copper-rich and nickel-rich samples with a very
good agreement and is also supported by reports of short relaxation times in Cu—Ni alloys [3].
We therefore assume strong electron scattering from impurities so that intraband transitions
dominate over interband transitions in the infrared wavelength range. The emittance is non-
zero at zero dc resistivity, with a higher value for the nickel-rich samples, which we interpret
as a contribution from interband transitions to the emittance. The shift in the concentration
at maximum resistivity compared to maximum emittance might also have the same origin;
the interband contribution to the emittance is higher for the nickel-rich samples compared to
the copper rich and therefore shifts the curve to higher concentrations for the emittance. The
validity of the Hagen—Rubens relation is confirmed and it can, as a good approximation, also
be used for the integrated thermal emittance.
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