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Optical constants of copper and nickel as a function of temperatures
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The optical constants were determined for copper and nickel from reflection and transmission
measurements on vacuum-evaporated thin films, in the spectral range 0.5-6.5 eV and at temperatures of
78, 293, and 423 K. The imaginary part of the dielectric constant was nearly independent of
temperature for nickel, but for copper it increased with temperature in the intraband region below 2 eV
and decreased above 4 eV in the interband region. Interpretation of the increase below 2 eV according
to the Drude free-electron expression suggests a temperature and frequency dependence of the relaxation
time, which is not completely explained. The thermal behavior in the interband region can be largely
understood, however, if the zero-temperature theory of Williams, Janak, and Moruzzi is modified by
including a Debye-%aller factor in transitions between nearly-free-electron-like bands.

I. INTRODUCTION

We have previously measured the optical con-
stants of copper' and nickel as a function of photon
energy (0. 5-6. 5 eV) at room temperature, and
compared the experimental values of &3, the imag-
inary part of the dielectric constant, with theo-
retical values from zero-temperature band-struc-
ture calculations. ' Since the experimental peaks
were generally lower and broader than the theo-
retical ones, it is now important to have values
for the dielectric constants of copper and nickel
as a function of temperature in order to complete
the comparison with these calculations, which ne-
glected atomic vibrations. In addition, accurate
values will allow us to discuss the temperature-
dependence mechanism; we shall propose that the
observed temperature dependence of e2 in the inter-
band portion of the spectrum is mainly described
by the Debye-Wailer factor.

Some mechanisms for explaining the tempera-
ture dependence of &2 in metals have been summa-
rized by Rosei and Lynch. ' Briefly, these mecha-
nisms are volume thermal expansion (and, in thin
films, shear strains resulting from different ther-
mal-expansion rates in the substrate and sample),
increased phonon population, Fermi-distribution
broadening, and shift of Fermi level. These ther-
mal mechanisms cause small energy shifts in the
band structure or Fermi level of the metals.
These shifts in turn give small shifts in the posi-
tion of peaks in the &2-vs-photon-energy curve,
which are seen as changes in the magnitude of &2

at, a given energy. In the case of copper, we have
measured a relatively large decrease in && with
increasing temperature beyond 4 ev, and these
mechanisms are inadequate to account fully for
the observed changes.

Therefore we consider another mechanism, '
the Debye-Wa11er factor, multiplying both the elec-

tron excitation energies (to account for energy
shifts in &z) and the transition probabilities (to ac-
count for changes in the magnitude of c,). The
Debye-%aller factor is a well-known thermal cor-
rection for the potential-energy matrix elements
which determine x-ray, neutron, or fast-electron
diffraction in a crystal, s and more recently for
the matrix elements of the pseudopotential used in
the calculation of band structures. ' In addition,
however, the Debye-%aller factor will also appear
as a correction for the momentum matrix elements
which describe the probability of electron transi-
tions between free-electron-like bands induced by
photon absorption. According to calculations by
Williams et aE. , a contribution to za of copper
starting at 4. 2 eV is the only one due to transi-
tions between free-electron-like bands in copper
or nickel. Therefore we will use the Debye-WaQer
factor applied to this transition to explain our mea-
sured thermal decrease in the magnitude of a~ in
copper, and the absence of a similar effect. in
nickel. This is, to our knowledge, the first evi-
dence for the appearance of the Debye-%aller fac-
tor in the magnitude of &3 through the momentum
matrix elements, although it has previously been
recognized as a possible cause of a shift in the
peak position through the potential-energy matrix
elements and band gaps. '

Although earlier determinations of the dielec-
tric constants as a function of temperature agree
as to the general behavior of the values with tem-
perature, they do not agree as to the actual magni-
tudes of the dielectric constants. These earlier
determinations used the ellipsometric method;
disagreement in the magnitudes of the dielectric
constants may be due to problems of sample prepa-
ration, contamination (oxidation of the metal on
heating or condensation of water vapor on cooling
the samples), or the cryostat windows, since
methods which depend on the phase change on re-
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flection are very sensitive to these factors. In
addition, all of these investiga, tions were over a
more limited spectral range.

We have inverted reflection and transmission
measurements made on thin evaporated films in
order to determine the optical constants at 78,
293, and 423 K. In the free-electron region of the
spectrum, we wiG use the Drude theory to analyze
our measurements on copper films, and discuss
the applicability of a frequency-dependent relaxa-
tion time. In the interband region we will develop
the Debye-%aller factor as an explanation for the
observed temperature changes in E2. Finally, we
compare our experimental values with other ex-
periments and state why we believe our measure-
ments to be more accurate.

II. EXPERIMENTAL CONSIDERATIONS

Our preparation of evaporated metal films and

the optical instrumentation have been described
previously. ' The evaporation was in a vacuum
of about 10 6 Torr, at a rate of about 100 A/sec.
The transmission and reflection measurements
were made with a Unicam SP 700 double-beam
spectrophotometer from 0. 5 to 6. 5 eV. Now we
have made measurements on copper and nickel
films at 78, 293, and 423 K in a cold-trapped evac-
uated cryostat.

A. Cryostat

The cryostat consists of an outer brass vacuum
can and an inner thin-waQed stainless-steel cylin-
der which serves as a reservoir for either liquid
nitrogen or hot oil. A copper bar extending from
the brass bottom surface of the reservoir holds the
sample. The temperature of the sample was moni-
tored by a thermocouple screwed to the massive
copper s~ple holder about 1 em away from the
sample itself. The spectrophotometer light beam
passes through two $-in. -thick quartz windows and
the sample holder. The sample is surrounded by
a copper shield which is in good thermal contact
with the copper-bar sample holder. There are
holes in the shield which allow the light beam
to pass through the sample, but the sample is
shielded in line of sight from all surfaces except
the quartz windows. The vacuum-system pres-
sure with the cryostat at room temperature was
7x 10 7 Torr. When the sample was cooled to
78 K by pouring llquld nltxogen into the resex'volx'
in the cryostat, the pressure decreased to 4 x10 7

Torr. To heat the cryostat to 423 K hot oil was
poured into the reservoir and maintained at a con-
stant temperature with an immersion heater; the
pressure rose to Qx10 7 Torr.

The cryostat has two necessary functions be-
side controlbng the sample temperature: At cold
temperatures it inhibits water vapor from freezing

onto the sample (for which purpose the copper
shield is essential), and at hot temperatures it
inhibits the sample from oxidizing. Nevertheless,
these two effects were still a problem over long
time periods. Reflection measurements were
found to be much more sensitive to both condensa-
tion and oxidation than transmission measurements,
which were reproducible over a period of time
well within our estimated instrumental accuracy.
The reflection measurements were observed to
change over long time periods, but from the ob-
served rate of change we concluded that changes
due to contamination could be kept within our esti-
mated error, and that the thermal change in the
ref lectivity could be reliably determined.

The measurements made in the cryostat must be
normalized to absolute values of reflectance and
transmittance, because the windows of the cryostat
introduce multiple reflections and are also slightly
absorbing. We have accurately measured the re-
flectance and transmittance of copper and nickel
outside the eryostat at room temperature. ' Since
the changes in reflectance and transmittance inside
the cryostat between room temperature and the
other measured temperatures are small, we can
renormalize our measurements in the cryostat ac-
cording to the ratio of measured room-temperature
values outside and inside the cryostat.

B. Evaluation of optical constants

The optical constants n and k of copper and nickel
at the different temperatures were obtained by in-
verting normal-incidence reflection measured from
opaque films together with normal-incidence trans-
mission measured from thinner semitransparent
films, both in the cryostat but renormah. zed as ex-
plained. The details of inverting reflection and
transmission measurements have been described
previously. ~'2 In this study we were able to simpli- .

fy our method of determining the thickness of the
semitransparent films. To determine the film
thickness, we inverted the normal-incidence room-
temperature transmission using our previously de-
termined room-temperature values~'~ for n and k at
each of the 48 measured wavelengths across our en-
tire spectral range. This method gave va.lues for
the film thickness at each of the measured wave-
lengths which agreed to within + 3 A. Using the
average of these values as the known thickness of
the semitransparent film„we were able to invert
the normal-incidence reflection and transmission
measurements at different temperatures to deter-
mine the optical constants. Thermal expansion of
the film thickness was negligible.

III. RESULTS AND DISCUSSION

The complex index of refra, ction n =n+R of copper
at 78, 293, and 423 K is listed in Table I. The
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TABLE I. Optical constants for copper at 78, 293,
and 423 K.

78 K 293 K 423 K

0.64
0. 77
0. 89
1.02
1.14
1.26
1.39
1.51
l. 64
l. 76
1.88
2. 01
2. 13
2. 26
2.38
2. 50
2. 63
2. 75
2. 87
3.00
3.12
3.25
3.37
3.49
3.62
3.74
3. 87
3.99
4. 11
4. 24
4.36
4, 49
4. 61
4. 73
4. 86
4. 98
5. 11
5.23
5, 35
5.48
5.60
5. 72
5. 85
5.97
6. 10
6.22
6.34
6.47
6.59

0.69
0.49
0.41
0.34
0.25
0.23
0, 22
0.20
0.19
0.17
0.20
0, 29
0.6V
l. 09
l.22
1.27
1.29
l.28
l.27
1.32
1.35
l.36
1.40
l.41
1.40
l.38
1.41
1.41
l.41
1.45
1.56
l.58
l.56
1.54
l.52
l.50
l.46
l.40
l.35
1.28
l.22
l. 16
1.13
l. 08
1.07
1.05
l. 02
l. 01
0.99

13.21
10.99
9.358
8.192
7. 184
6.401
5.730
5.156
4. 650
4. 183
3.728
3.182
2. 634
2.500
2.546
2.507
2.427
2.342
2.246
2. 144
2. 054
1.985
1.916
l. 857
l. 815
1.776
1.751
1.704
1.650
1.581
1.547
1.560
1.585
1.609
l. 664
l. 724
l. 771
1.789
1.780
l.757
1.728
1.690
l.642
1.598
l.554
1.498
l.446
l.396
1.345

l. 09
0.76
0.60
0.48
0.36
0.32
0.30
0.26
0.24
0, 21
0.22
0.30
0.70
1.02
l. 18
1.22
1.25
l. 24
l.25
1.28
l.32
1.33
1.36
1.37
1.36
l.34
1.38
1.38
1.40
l.42
1.45
l.46
1.45
l.41
l.41
1.37
1.34
l. 28
1.23
l. 18
1.13
1.08
1.04
1.01
0.99
0.98
0. 97
0. 95
0.94

13.43
11.12
9.439
8.245
V. 217
6.421
5.768
5.180
4. 665
4.205
3.747
3.205
2.704
2.577
2. 608
2.564
2. 483
2.397
2.305
2.207
2. 116
2. 045
l.975
l.916
l. 864
l. 821
l. 783
l. 729
l.679
l. 663
l. 663
1.646
1.668
l. 691
l. 741
l. 783
l. 799
1.802
1.792
1.768
l. 737
1.699
1.651
l. 599
l.550
1.493
1.440
1.388
ly 337

1.54
1.04
0. 80
0.64
0, 47
0.41
0.38
0.32
0.28
0.24
0.25
0.32
0.71
l. 02
1.18
1.23
l.24
1.23
l.23
l.27
1.30
1.30
1.33
1,34
1.34
1.32
l.35
l.36
l.38
l.38
l.40
l.41
l.39
1.37
l.34
l.31
l.27
l. 22
l.17
l. 12
l. 07
1.02
0. 99
0. 94
0.92
0.91
0.90
0.90
0. 91

13.85
11.37
9.569
8.379
7.302
6.477
5.928
5.203
4. 690
4. 208
3.753
3.205
2. 767
2. 625
2. 627
2. 582
2. 512
2.422
2.332
2. 237
2. 144
2, 075
2. 002
1.941
1.883
1.842
l. 796
1.740
1.700
l. 674
1.676
l. 688
1.706
1.730
l.770
l. 793
l. 805
l. 807
1.795
1.V74
l. 743
l. 706
l.661
l. 597
l.548
l.485
1.441
1.385
1.336

corresponding values of &~ =—2' are plotted in Fig.
1. Figure 2 shows the results in differential form:

e,(423) —~,(VB)

423 —78

The results were obtained by inverting reflection
measurements from opaque films together with

0
transmission measurements on a 347-A semitrans-
pax'ent film. Reflection measurements on two sepa-
rate sets of opaque films and transmission measure-
ments on two different simultaneously evaporated
347-A films both agreed well.

The index of refraction of nickel at room tempera-
ture is listed in Ref. 2. Reflection and transmission
measurements made on nickel films were indepen-
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FIG. 1. Imaginary part of the dielectric constant for
copper at 78, 293, and 423 K vs the photon energy.

dent of temperature (within the accuracy of our
spectrophotometer) over the temperature range
78—423 K. Our dielectric constants for nickel are

l
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O
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I

6

FIG. 2. Difference between &2 at 423 and 78 K, divided
by the temperature difference, from Fig. I..
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FIG. 3. Negative of the real part of the dielectric con-
stant for copper at 78, 293, and 423 K vs the square of
the wavelength.

7 (pm )
FIG. 4. Imaginary part of the dielectric constant for

copper at 78, 293, and 423 K divided by the wavelength,
vs the wavelength squared.

therefore identical to the previously measured
room-temperature values.

A. Comparison with theory

taken to be frequency dependent. ' Accordingly, we
have determined different values for r at each of the
measured frequencies in the free-electron range,
from the slopes of straight lines drawn from the or-

The complex dielectric constant and the complex
index of refraction are related as follows: na= c
=e~+ie~, so that e~=n -4 and e~=2nk. The Drude
free-electron theory predicts values for the dielec-
tric constants of metals for photon energies below
the onset of interband transitions. In copper this
occurs near 2 eV; however, in nickel interband
transitions are dominant throughout our entire mea-
sured range and the free-electron effects are neg-
ligible. We have therefore observed the tempera-
ture dependence of the optical constants in the free-
electron range only for copper, but for both copper
and nickel in the interband region.

j. Free-electron region

According to Drude's free-electron theory

e~((o) =1 —
(

S

O

1

!Cu!

where &o~~ =4vNe~/mo. If ape» 1 then values for the
optical mass m, could be determined from the slope
of a plot, over the free-electron range, of —cz ver-
sus Xa (Fig. 3); and then values for the relaxation
time v from the slope of a plot of ea/X versus Xa

(Fig. 4). In the latter plot, although the points ac-
tually lie reasonably close to straight lines, the
best lines do not pass through the origin, as pre-
dicted by the Drude theory with a constant relaxa-
tion time. As a result the relaxation time might be

0
!

22
(eV)

FIG. 5. Reciprocal of the relaxation times for copper
at 78, 293, and 423 K vs the photon energy squared.
Lines are least-squares fits.
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TABLE II. Free-electron parameters for copper cal-
culated from data of Table I using the Drude theory, corn-
pared with handbook values of electrical conductivity.

Extrapolated
dc relaxation

time
(sec)

Optica]. mass
(electron mass)

Optical
dc conductivity

(sec ~)

Electrical
dc conductivity

(sec ~)

Mean free path

78 K

11.4 x 10-15

1.56

1.56 x1017

45. 0 x 10~7

200

293 K

6.99x10 15

1.49

1.OO x1O"

5.32 x1O"

423 K

4.97 x 10"15

1,43

0.739 x 10~7

3.46 x 10~7

igin through each of the points shown in Fig. 4. If
we plot these values as 1/v versus photon energy
squared (Fig. 5), we get acceptable straight lines
at each temperature of measurement. [Plots of 1/v
versus eV and v versus eV a3.so give equally straight
lines; however, 1/v versus (eV)3 is related to theo-
ry, as discussed below. j The resulting values of v

for different temperatures are nearly identical above
2 eV, the upper end of the free-electron range. The
intercepts at zero frequency correspond to dc values
for v. The results for the optical masses and dc
relaxation times at V8, 293, and 423 K are shown
in Table II.

Using our extrapolated dc values for 7 one can
calculate values for the optical dc conductivity of cop-
per, o'=¹'v/mo. These values along with mea-
sured electrical dc values" are also listed in Table
II. Our extrapolated values at 293 and 423 K are
both abaut five times smaller than the correspond-
ing measured dc values. At V8 K, however, our
extrapolated value is about 30 times smaller than
the measured value. The larger discrepancy at
V8 K may be due to the limitation imposed on the
mean free path of the electrons by the thickness or
grain size of our metal films. The mean free path
is equal to the product of the Fermi velocity and the
relaxation time, l =v&v. The resulting values for I
are presented in Table II. At 78 K the mean free
path is comparable to the sample thickness (possib-
ly equal to the grain size in the film}. The resulting
limitation would cause a decreased relaxation time
in comparison to the phonon-scattering limitation
in bulk specimens.

We have shown that, if we use the Drude free-
electron theory with a single relaxation time, then
we must assume that the relaxation time is frequen-
cy dependent in order to account for the positive in-
tercept in the plot of em/X versus X2. The contribu-
tions to the relaxation times due to phonons~~ and
static impurities are not expected to be frequency
dependent over our measured frequency and temper-

4-

0

~6-7~
y&-636/$.

Ml
2 3 4 5 6

PHOTON ENERGY (eV }

FIG. 6. Band-by-band decomposition (dashed lines) of
the iInaginary part of the dielectric constant for copper
(full line) as calculated by Williams et al. (Ref. 3). The
dotted curve represents an 8% decrease in magnitude and
a 4% shift (2% near 4 eV) in energy of the 6 7 transi-
tion, to simulate the change in the Debye-Wailer factor
between 0 and 387 K (or between 78 and 423 K).

ature range. ~~ A functional form for a frequency-
dependent relaxation time has been calculated by
Gurzhi, however, on the basis of the electron-
electron interaction. Although his expression fairly
accurately describes the frequency dependence of
our room-temperature relaxation time, it does not
predict the correct temperature dependence:
Ourzhi's formula predicts that the rate of change
of 1/r with &u~ is independent of temperature; how-
ever, the plot of our data (Fig. 5) clearly suggests
that the rate of change is temperature dependent.
More recently, Schnatterly and Nagel~ have cal-
culated a functional form for a frequency-dependent
relaxation time based on scattering in crystallites
and grain boundaries in the sample. Their theory
also predicts a linear rate of change of 1/r with &o~

which is independent of temperature.
Alternatively, the failure of the lines in Fig. 4

to pass through the origin could be ascribed to an
excess contributiori to e& from interband effects
(possibly indirect transitions, for example} below
the sharp absorption edge at 2 eV.

2. Interband region

Williams, Jan@]~, and Moruzzi~ have made self-
consistent band-structure calculations for copper
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and nickel, neglecting atomic vibrations. In addi-
tion, they calculated the transition-matrix elements
at each of 240 k points in ~«of the Brillouin zone
and, using them, evaluated the interband contribu-
tions to the imaginary part of the dielectric constant
at T = 0. Their theoretical values for copper are
shown in Fig. 6, together with their resolved con-
tributions from transitions between different bands
(numbered in order of increasing energy). We will
discuss our results for copper and nickel in terms
of these calculations, introducing into their calcu-
lation for copper modifications to take into account
the temperature dependence of the Debye-Wailer
factor for transitions between the free-electron-like
bands (6- 7).

The Fourier components V~ of the electron
pseudopotential should be multiplied by the temper-
ature-dependent factor e, where W=wF(T/8) jn
the Debye approximation to the phonon spectrum.
The constant w and the function F(T/8) are defined
as follows6:

8/ 2'

dz e/(e' —1) +-,'

w —= 3h 2G3/2M@8,

where 2mb is Planck's constant, G is a reciprocal-
lattice vector, 4' is Boltzmann's constant, 6 is the
Debye temperature, and I is the mass of an atom.
The above integral is approximately

= (T/8)+-,', T» O.

The temperature-dependent potential V~e ~ has
two effects for free-electron-like bands. First, at
the zone boundary C the band gap is 2VGe ~, and
so the transitions near this boundary will shift in
energy as a function of temperature. Secondly, the
same factor enters into the transition probability
between the bands, i. e. , into the momentum matrix
elements: The probability of finding an electron,
initially in a state P;, in a higher energy state P&,
due to the absorption of a photon, is22 approximately
proportional to lgrzi V }g;)I ~, where V is the gradi-
ent operator. The wave functions g; and g& for elec-
trons in free-electron-like states separated by an
energy 2&E near a zone boundary are linear com-
binations of two plane waves~~ such that~4

which is the result given by Harrison. 23 (Just on
the boundary &E = V~, but away from the boundary
AE is approximately independent of V~. ) Now when
V~ is multiplied by e ~, the probability of electron
transitions is proportional to the Debye-Wailer fac-
tor e, and therefore so is the contribution to &&,

which is due to transitions between the free-elec-

tron-like bands. The wave functions for electrons
in localized states, on the other hand, are given in
the tight-binding approximation as Bloch functions
with atomic orbitals for a free atom. Since the
atomic functions do not overlay significantly, the
evaluation of (gq I &I P ~) removes" the plane-wave
functions, leaving only the atomic functions which
are not affected by the Debye-Wailer factor. As a
result, we would roughly approximate the theoretical
values of e2 at temperature T as follows: For the
contributions from the free-electron-like bands
(6- 7) we modify the static-ion calculation, de-
creasing the band gay by e and decreasing the
transition probability by e ~~, but for the other con-
tributions (involving d-band states) we make no
change. (Strictly speaking, the first effect occurs
only not too far from the zone boundary and the
second only not too near. )

In the case of nickel, over our measured spectral
range no transitions between free-electon-like bands
are calculated. 3 If the Debye-Wailer factor is
assumed to account for the main temperature de-
pendence of e2, one would expect no appreciable
change in the dielectric constants with temperature.
This prediction is in agreement with our experi-
ments on nickel films. On the other hand, in the
case of copper there is an ene rgy range from 4. 2
eV up, where transitions are calculated (Fig. 6)
between two free-electron-like bands (6- 7). These
occur mainly in a volume of 0 space near the L
point. Over this same spectral range our measured
values of &~ show a relatively large temperature de-
pendence (Figs. 1 and 2) which can be qualitatively
explained by our use of the Debye-Wailer factor.

The temperature dependence of the experimental
curve of &~ for copper above 4. 2 eV is seen primar-
ily as a progressive decrease in the magnitude of
the 5-eV peak with increasing temperature, by about
10%. Using as values for copper O=315 K, G
= 2m& 3/a in the [111]direction, a = 3.608 A, and M
=1.063&&10 ' g, our Debye-Wailer factor e pre-
dicts that there should be an 8% decrease in the
contribution to &~ from the 6- 7 transition with an
increase in temperature from 78 to 423 K. (In the
case of x-ray diffraction data on copper, this Debye-
Waller factor exactly describes the measuredchange
in the intensity. ) The 6- 7 transition accounts
for about 30% of the calculated total e~ value from
4. 2 to 6. 6 eV (Fig. 6) and so this effect would be
seen as a 3/0 decrease in the theoretical value of e~.
(The other transitions are not between free-electron-
like bands. In addition, in the case of nickel where
the 1- 6 transition accounts for the entire high-en-
ergy peak, there is no appreciable temperature de-
pendence experimentally. ) Besides decreasing the
magnitude of the contribution to &~ due to transitions
between tree-electron-like bands, the Debye-Wailer
factor also causes these transitions to shift in energy.
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At the L point the free-electron-like bands are
bands 6 and 7, separated by 2V~. Here the factor
e will cause a decrease in the energy of band 7
and an increase in the energy of band 6 so that the

gap decreases by about 4/0 with a change in temper-
ature from 78 to 423 K. As a result, the contribu-
tion to &2 from 6- 7 must be shifted down in energy
by 4%. But since the Fermi level remains un-
changed, the low-energy edge of the 6- 7 contribu-
tion, which starts with transitions at the Fermi level,
is shifteddown in energyby only about2%%up. Aplot of
the theoretical e~ with an 8% decrease in magnitude
and a 4/z shift in energy (2% on the low-energy side)
of the 6-7 transition is included in Fig. 6, showing
reasonable agreement with the experimental behav-
ior in Fig. l. (The 0-K theoretical curve itself was
not modified for the 0-K Debye-Wailer factor; in-
clusion of this modification would further improve
the absolute agreement of the theoretical and experi-
mental curves. ) From 4. 2 to 4. 5 eV the theoretical
temperature dependence due to the shift of band 7 is
incorrect. This effect may be cancelled because by
raising band 6 in energy we actually decrease the
number of electron states just below the Fermi lev-
el, further reducing the contribution of the 6-7
transition below 4. 5 eV. ~'

B. Comparison with other experiments

Early studies of the temperature dependence in
nickel and copper were made by Roberts, "o who
measured the optical properties at 90, 300, and
500 K from 0. 5 to 3 eV. The behavior of his values
of E2 for copper as a function of temperature is
qualitatively similar to ours. Above 2 eV there is
no temperature dependence up to 3 eV, and below
2 eV the values of &2 increase significantly with in-
creasing temperature. In his experiments on nickel
Roberts, like us, determined that the optical
constants were independent of temperature. More
recent measurements were made by Pells and
Shiga, ' who used mechanically polished samples
in ultrahigh vacuum. They made measurements on
copper from 1.7 to 5. 9 eV and over the temperature
range 77-920 K. Their values qualitatively agree
with ours in that &~ increases with temperature be-
low 2 eV, does not change much with temperature
from 2 to 4. 2 eV, and decreases with temperature
above 4. 2 eV. Nevertheless, their values for E,
are as much as 501' larger than ours at some photon
energies. They also made measurements on nickel
samples from 0. 5 to 5. 9 eV. With a temperature
change from 295 to 470 K they observed only a
very small change in e2; inthis case their values were
asmuchas20'%%uolarger than ours. Finally, Stolid~de-
termined the optical constants of copper from 0. 5 to
3.3 eV over the temperature range 77-600 K.
Stoll's values for c~ are in close agreement with
ours and a similar temperature dependence is ob-

served in his more limited energy range.
The general behavior of the dielectric constants

for copper and nickel as a function of temperature
is consistent in all of these ellipsometric studies,
but the magnitudes differ. These differences may
be due to the surface condition of the samples,
which depends on preparation techniques as wel. l as
any oxidation or condensation which may occur. In
addition, distortionsmay resultfrom the windowsof
the cryostat. Since our measurements are normalized
to our room-temperature measurements made out-
side the cryostat, we believe that our values are the
most accurate in magnitude. Only our measurements
covered the whole spectral range, including both
the infrared and ultraviolet regions. Knowledge of
& over this wider range is essential to tie together
the behavior in the free-electron region and the in-
terband region.

Comparison can also be made with thermomodu-
lation experiments' on copper. In the thermomodu-
lation technique, the temperature of the sample is
modulated with about 10-K modulation amplitude.
The resulting ac component in the reflectance, ~,
and transmittance, &T, is measured. Values for
&&& and «2 can be calculated from ~ and &T,
provided that values for e, and &~ at the average
temperature of the sample are known. This tech-
nique is a useful tool for precisely locating struc-
ture in the interbaiid absorption of solids, although
its absolute accuracy is limited by knowledge of the
thermomodulation amplitude and by the choice of
known values for &, and e~. Rosei and Lynch used
their measurements of &R and ~T in conjunction
with the e, and e2 values of Pells and Shiga" to de-
termine values for &&2 from 1 to 5 eV. The struc-
ture in our b, e~/'T curve (Fig. 2) agrees well with
that of Rosei and Lynch, considering that f rom 2 to
4 eV our &~~ is smaller than our estimated absolute
error. The differences in magnitude are not sur-
prising, since Pells and Shiga's values for ~~ which
theyusedareasmuchas50%%uolarger

th ours. Fur-
thermore, their &e~ values were obtained as dif-
ferences of two large quantities.

Thermomodulation measurements of ~ have
also been made on nickel. 6 The magnitude of the
structure in these 4R measurements is much
smaller than our estimated error, thereby con-
firming that any change in the dielectric constants
with temperature would be very small in nickel.
Thus our absolute measurements of &z as a func-
tion of temperature for both nickel and copper are
in satisfactory agreement with the thermomodula-
tion experiments, which provide a sensitive test
for fine structure in z~.

IV. SUMMARY AND CONCLUSroNS

We have made reflection and transmission mea-
surements on evaporated copper and nickel films
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at 78, 293, and 423 K from 0. 5 to 6. 5 eV and in-
verted these measurements in order to determine
values for the optical constants. The reflection
measurements were made on opaque films and the
transmission measurements on semitransparent
films (-350 A). Since all of the measurements
were made in a cryostat where the windows may
introduce distortions, we normalized our measure-
ments to room-temperature measurements made
outside the cryostat. In addition, we observed the
rates for condensation of water vapor on our sam-
ples at 78 K and oxidation of the samples at 423 K,
and determined that these effects were within the
estimated error of our optical measurements.

We detected some interesting changes in the di-
electric constants for copper as a function of tem-
perature, and found that by contrast they are ab-
sent in nickel. In copper below 2 eV, where intra-
band free-electron effects are thought to be domi-
nant, we fit our results to Drude theory. Values
for the optical mass, which are determined by &&,

decreased very slightly with temperature, an ef-
fect which we believe to be real. The relaxation
time, which is determined from the values of the
optical mass and e&, was found to be frequency and
temperature dependent. Using the observed fre-
quency dependence we extrapolated to the zero-fre-
quency values for optical dc relaxation time, to
compare with the measured electrical dc conduc-
tivity for copper. Our extrapolated values for the
optical dc conductivity were about five times
smaller than measured electrical values, except
at V8 K, where a greater discrepancy can be ex-
plained by the mean-free-path limitation due to our
sample thickness and grain size. At room temper-
ature the high-frequency dependence of the relaxa-
tion time predicted from electron-electron or
boundary-region scattering gives reasonable agree-
ment with our experiments, but our indicated
change in the frequency dependence with tempera-
ture is not predicted. Possibly the grain boundary
mechanism dominates at 78 K and the electron-
electron scattering at higher temperatures. A
contribution to the frequency dependence calculated
from electron-phonon scattering theory ~ seems to
be much too small. Previous optical measure-
ments on noble metals in the near infrared have
likewise exposed difficulties of interpretation in
terms of free-electron theory; these were sum-
marized recently by Winsemius. ~ Precision re-
flectance measurements on gold show a deviation
above 0.4 eV, which might a1.so be expected in cop-
per. Similar effects are found in alkali metals3~ as
well. Perhaps it is not surprising that the assump-
tion of a parabolic band fails to account for intra-
band transitions at energies as large as 2 eV.
(Another approach is to consider the discrepancies
as a low-energy tail of interband processes. ) No

intraband effects were expected or observed in
nickel.

Above 2 eV interband processes are dominant
in copper as well as nickel. We observed only
very small thermal changes in && from 2. 2 to 4. 2

eV, and the observed change above 5. 2 eV in cop-
per can be reasonably well described by a Debye-
Waller factor in the matrix elements for transi-
tions between free-electron-like bands and for the
electron excitation energy. We modified the zero-
temperature theoretical calculation of %.lliams et
al. by incorporating (rather crudely) the Debye-
Waller factor in order to explain this thermal
change in e~ of copper. The energies at which ex-
perimental and theoretical changes occur agree ex-
cellently, and the magnitudes of the changes agree
reasonably well. This mechanism predicts no
thermal change in nickel. Thus we conclude that
the large negative values of 6&2/hT in copper
around 5. 2 eV are due mainly to the Debye-Wailer
factor, rather than to volume thermal expansion or
changes in the Fermi distribution. The experimen-
tal effect of volume expansion can be estimated
from Gerhardt's volume-strain modulation results3~
if they are multiplied by the thermal-expansion co-
efficient of copper. The result agrees well with
our positive peak at 2. 1 eV but is only one-fifth of
our negative peak at 5. 2 eV. The theoretical vol-
ume effect which we expect on the basis of energy-
band calculations33 is a downward shift of less than
0. 1 eV (- l. 5%) for the 6- 7 and 1-6 peaks around
5 eV. The predicted shifts of the 5- 6 peak at 2. 1
eV and the 4, 5- 6 (X,- Z~. ) peak at 4. 0 eV are
much smaller yet, as is the effect of thermal
changes in the Fermi distribution. The Debye-
Waller mechanism therefore seems to account for
the largest thermal interband changes. The Debye-
Waller factor might also cause a temperature
change in alkali metals, 3 but this has not been
verified to our knowledge.

Our conclusion that the interband contribution is
nearly independent of temperature from 2 to 4 eV
in copper, as expected from the Debye-Wailer
mechanism, actually depends on the crossing of
the intraband curves (Fig. 4) at 2 eV. If one sim-
ply used the temperature-dependent (but frequency-
independent) values of v calculated from the slopes
to extrapolate the free-electron expression into the
interband region above 2 eV, a compensating tem-
perature dependence would thereby be introduced
into the interband contribution to ez as well (be-
cause experimentally the sum is almost indepen-
dent of temperature). Since almost no tempera. -
ture dependence is observed in the experimental
E~ from 2 to 4 eV, we assume that the intraband
contribution remains independent of temperature
in the interband portion of the spectrum, or else
that it decreases more rapidly with frequency at
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all temperatures than is described by our Drude
expression.

Finally, we have compared our values for the
dielectric constants with other experiments and
found qualitative agreement as to the thermal be-
havior. The differences in the magnitudes of the
dielectric constants we attribute to the sensitivity
of the previous ellipsometric measurements to the
condition of the sample surface and to the windows
of the cryostat. We find fairly good agreement be-
tween our thermal changes and the structure ob-

served by the thermomodulation technique in cop-
per.
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