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Thermoreflection and thermotransmission measurements were made on thin semitransparent films of
Ag at about 320, 120, and 15 K in the range 3.40-4.40 eV. The results are in fairly good agreement
with the theory presented in the preceding paper but show that thin metal films evaporated on
amorphous substrates become strained upon cooling to low temperature. The onset of the L, — L,'(Ef)
transition is found to be at 4.03 eV, while the onset of the L,'(Ep)— L, transition occurs at 3.87 eV.

I. INTRODUCTION

The technique by which the static and thermode-
rivative imaginary part of the dielectric constant
can be calculated for interband transitions involving
the Fermi surface in noble metals was discussed
in the preceding paper,! with special reference to
Ag. Part of the theoretical results have been ex-
perimentally verified by low-temperature thermo-
modulation measurements on Au.? Ag should pro-
vide an almost ideal check: Interband transitions
occur, in fact, in a spectral region where the in-
traband contribution to the absorption has almost
vanished, clearing the spectra of any unwanted
Drude background. Besides, it is known that both
d-band-to-Fermi-surface transitions and inter-
conduction-band transitions contribute to the steep
absorption edge at about 3.9 eV. Therefore the
calculated behavior of both kinds of transition can,
in principle, be checked.

The comparison of low-temperature thermode -
rivative data on Ag with the theory also may pro-
vide a useful assessment of the whole situation
which has received particular attention in the last
few years.=" Baldini and Nobile® have measured
the thermoderivative response of Ag at room tem-
perature (RT) and, assuming that their film was
opaque, performed a Kramers-Kronig analysis of
their fractional-reflectivity data in order to obtain
the spectrum of A¢,. Their results agree fairly
well in over-all shape with the theory presented in
the preceding paper.! Unfortunately, volume mod-
ulation and the modulation of the broadening param-
eter are not negligible at room temperature,® and
thus the expected response of the weaker L;(Eg)

- L, transitions may remain hidden in the strong
thermoderivative signal arising from the L, ~ L}(Eg)
transitions. Also, the procedure of Kramers-
Kronig-analyzing data of fractional reflectivity
AR/R for a film not completely opaque may lead to
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errors in the calculated spectrum of Ae€,. In the
following we present thermoderivative spectra of
Ag taken near RT, liquid-nitrogen temperature
(LNT), and liquid-helium temperature (LHeT).

Both the fractional change of the reflectivity, AR/R,
and the transmission, AT/7T, have been measured.
The comparison of the experimental results with
the theory allows the determination of several band
gaps and the evaluation of the contribution of the
two different transitions to the total absorption.

II. EXPERIMENTAL

The basic experimental technique has been de-
scribed in a previous paper.? The Ag samples
were prepared in a vacuum of 10”7 Torr during
evaporation. Ag was evaporated from a tungsten
boat onto a flat fused-quartz substrate, 25x25x5

mm. The film was measured to be 520 & thick with
a Varian multiple-beam interferometer. Errors

in the thickness measurement were about 10% with
this technique. The sample was clamped to a cold
finger in a cryostat immediately after removal
from the evaporator, and a vacuum of 10 Torr
was reached in this cryostat within 30 min.

A Perkin-Elmer 99 prism double-pass mono-
chromator gave double- and single-pass light from
a xenon arc lamp. Since the internal chopper was
not used, a Bausch and Lomb grating monochroma-
tor was used to filter out the single-pass light from
the prism monochromator. An EMI 6256B photo-
multiplier detected the energy range required,
from 3.4 to 4.4 eV. A 7-Hz square wave from a
power amplifier provided the temperature modula-
tion for the Ag. Typically, 0.15to 1.5 W of peak
power were dissipated in the sample. Data were
taken in a point-by-point manner with the I, or light
level held constant. The dc voltage on the photo-
multiplier load resistor was read with a digital vol-
tmeter. The small ac voltage was read using a
Keithley phase-sensitive amplifier, the output of
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FIG. 1. Thermotransmission and thermoreflection
spectra of a 520-A-thick film of Ag at 320 K. Peak pow-
er 0.8 W. Line through circles, AT/T; line through
triangles, AR/R.

which went to a voltage-to-frequency converter and
then to a counter for integration, typically for 100
sec.

The minimum detectable signal for AR/R or
AT/T was about 5xX10™¢, Most of the data were of
the order of 10™* or larger, with a reproducibility
of better than 5%.

III. RESULTS AND DISCUSSION

The experimental spectra of the fractional change
in film reflectivity, AR/R, and the fractional
change in film transmissivity, AT/T, obtained with
a 520-A film of Ag near RT, LNT, and LHeT are
shown in Figs. 1-3. The spectrum of AR/R at RT
(Fig. 1) shows the well known derivative structure®
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FIG. 2. Thermotransmission and thermoreflection
spectra of a 520-A-thick film of Ag at 120 K. Peak pow-
er 1.4 W. Line through circles, AT/T; line through
triangles, AR/R.
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FIG. 3. Thermotransmission and thermoreflection
spectra of a 520-A-thick film of Ag at 15 K. Peak pow-
er 0.15 W. Line through circles, AT/T; line through
triangles, AR/R.
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FIG. 4. Detail of band structure near L for Ag. The
effective masses were calculated from Ref. 6 and the gap
values from the fitting of experimental data.
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FIG. 5. Thermoreflection spectra of Ag. Line through
circles, experimental (~15 K); solid line, theoretical.

and a slight shoulder at about 3.82 eV which has
not previously been observed. On lowering the
temperature, the derivative structure sharpens and
moves to higher energies. The shoulder in AR/R
becomes more pronounced and moves to 3.86 eV

at LNT. Close to LHeT (~15 K) the shoulder has
become a separate peak, and the derivative struc-
ture has sharpened further, but not as much as one
might expect on a theoretical basis.?

The spectra of AT/T are much simpler and seem
to indicate that the main effect is a decrease of
transmission with increasing temperature. It is
somewhat surprising, however, not to find struc-
tures at about 3.86 eV in correspondence to the
structure in AR/R.

In order to interpret the data and have a direct
comparison with theoretical calculations, we have
attempted to calculate A€; and A€, from the spectra
of AR/R and AT/T.'® This proved to be difficult
for Ag, since the calculated A€, and A€, show very
large, sharp spurious structures. It was found
that these were an artifact of the method of inver-
sion of the formulas for thin films. It should be
mentioned that similar difficulties have been en-

C. H. CULP, AND J.

H. WEAVER 10

countered by several authors when attempting to
get €¢; and €, data from static R and 7 measure-
ments on Ag thin films, -3

To avoid these difficulties, the theoretical line
shape of A€, has been used to calculate the expected
AR/R and AT/T. The theoretical A¢; was calcu-
lated via Kramers-Kronig analysis of A€,; A€, and
A€, data were then inserted in formulas for thin
films!* to yield the spectra of AR/R and AT/T.'

To obtain agreement with the experimental struc-
tures, it was decided to use as free parameters the
positions of the points L;, Lj, and L, with respect
to the Fermi surface and the relative magnitude of
the oscillator strength of the L;~ Lj(E) transition
and the L;(Ez) - L, transition. As an additional
constraint, we required that the theoretical €, ob-
tained with these parameters should fit €, experi-
mental data (taken from Ref. 11).

The effective masses were obtained from Chris -
tensen’s relativistic augmented-plane-wave (RAPW)
band -structure calculation® by fitting parabolas
through his calculated points, with the exception of
m,,, which was determined using the experimental
neck radius'® of the Fermi surface and the value of
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FIG. 6. Thermotransmission spectra of Ag. Line
through circles, experimental (~15 K); solid line, theo-
retical.
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FIG. 7. Imaginary part of the dielectric constant for
Ag: solid line, experimental (from Ref. 11); dotted line,
calculated L4(Ep) —L, contribution; dot-dashed lines, cal-
culated L3 —L5(Ep) contribution; dashed line, total theo-
retical.

the Ep — L energy separation.'” The parameters
used for the theoretical computation are reported
in Fig. 4.

Only the lowest-temperature data have been con-
sidered for the fitting since it is known that at high-
er temperature other modulation mechanisms in-
tervene in addition to the smearing of the Fermi
surface.?® It was also clear at the outset that a
strong artificial broadening had to be introduced in
the calculation since a rough estimate showed that
the experimental structures at very low tempera-
ture were at least a factor of 10 broader than what
was predicted.?

Figures 5-7 show, respectively, the comparison
between the experimental data of AR/R, AT/T, and
€, (the latter with Drude contribution subtracted)
with the theoretical line shapes obtained with the
following parameters:

L —Ep=3.85¢eV, (1)
Ep-L}{=0.31 eV, (2)

Ep-L;=3.99 eV, (3)
| Pd=p) 1% _
—-———————I P(p-s)|2'2'21 , (4)

where P(d-p) and P(p - s) are the matrix elements
for the d-p and p - s transitions, respectively.
Note that the Lj(Ez)~ L, transitions begin at Jower
energy than the Ly~ L;(Ey) transitions, the order
being reversed from that previously assigned, 33+
but in agreement with the order given by Liljenvall
and Mathewson.* As Fig. 7 shows, this does not
introduce much structure on the rising edge in ¢,.
(See also Ref. 4.)

The agreement of theory with experiment for €,
is very good; the fractional-reflectivity spectra
of AR/R also agree fairly well, but the fractional-
transmission data AT/T only agree qualitatively.
The artificial smearing of the Fermi surface in-
troduced (corresponding to the thermal smearing
at 300 K) is necessary to account for both static
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FIG. 8. Theoretical thermoreflection of a 520~ A-thick
film of Ag: dotted line; contribution of the L4(Eg) —L,
transition; dashed line, contribution of the Ly—L4(E )
transition; solid line, total.
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FIG. 9. Theoretical thermotransmission of a 520-A-
thick film of Ag: dotted line, contribution of the L4(Eg)
— L, transition; dashed line, contribution of the Ly
— L4(E ) transition; solid line, total.

(e;) and derivative (AR/R, AT/T) data. This leads
to the conclusion that the samples used in these
experiments (thin films evaporated on fused-quartz
substrates) have a Fermi surface much more
smeared out than the actual temperature would ac-
count for. The most likely source for this smear-
ing is probably due to the stress produced on the
films on cooling from RT to LHeT, due to the dif-
ference of thermal expansion coefficients between
the sample and quartz substrate. Despite the
broadening, these results allow the unequivocal as-
signment of the contributions of the two different
transitions.

Figures 8 and 9 show the theoretical line shapes
of AR/R and AT/T divided into their contributions,
and Figs. 10 and 11 show the theoretical spectra
of Ae; and A€, used to calculate Figs. 8 and 9.

The contribution at lower energy has a much small-
er magnitude and should therefore be identified as
due to the L{(Eg)—~ L, transition.

The small peak in AR/R at 3.86 eV (Fig. 3) is
seen in the calculated spectrum (Fig. 5) at slightly
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FIG. 10. Theoretical A€ of Ag: dotted line, contri-
bution of the L4(Eg) — L, transition; dashed line, contri-
bution of L; —~L%(Eg); solid line, total.
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FIG. 11. Theoretical A€, of Ag: dotted line, contri-
bution of the L4(Ep) —L4 transition; dashed line, contri-
bution of the L;— L%(Ey) transition; solid line, total.



higher energy. Figure 8 shows that it arises from
the inter-conduction-band transitions, and, in fact,
occurs at the onset of transitions from the Fermi
level near Lj to the higher conduction band. A
similar structure was seen in wavelength-modula-
tion spectra,'® but at 3.77 eV, which was subse-
quently attributed to the effect of grain bounda-
ries.!® We do not believe the 3.77- and 3.86-eV
peaks are the same, for the peak at 3.86 eV is
readily accounted for by the expected band struc-
ture and model for optical transitions.

The peculiarity of thermoderivative spectra of
A¢€; and Ag, taken at low temperature, which arise
only from interband transitions involving the Fermi
surface, is that they are strictly proportional to
the magnitude of the transition.! This is certainly
an advantage over the piezoderivative technique,
where each contribution is weighted with the de-
formation potential of the bands involved. From
the set of calculated parameters we find the value
of 4.16 eV for the L; - L, critical point, in very
good agreement with previous results.’** The on-
sets of the Ly(Ez)—= L, and Ly~ Lj(Ep) transitions
occur at 3.87 and 4.03 eV, respectively.

Since the smearing of the Fermi surface affects
€, only at the onset of the transitions, the good
over-all agreement obtained with the experimental
€, data seem to indicate that the effective masses
deduced from Christensen’s work® are quite rea-
sonable. The geometrical factors F,., and F,-,
introduced in the preceding pa.pex'1 depend only on
the effective masses used. Their numerical values
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are
EFa-p =O. 516 ) gr's =0. 198 . (5)

Together with the ratio given by Eq. (4), these val-
ues yield for the ratio of the magnitudes of the two
contributions

M4 ?/M* =516,

which should be compared with the value of roughly
4 obtained by Liljenvall and Mathewson* from high-
temperature ellipsometric measurements on Ag
bulk samples.

IV. CONCLUSIONS

The general features of the theory of thermo-
modulation of optical transitions involving the Fer-
mi surface in noble metals have been experimental -
ly confirmed. It has been shown that the compari-
son of very-low-temperature thermomodulation
spectra with the theoretical line shape allows the
determination of optical band gaps about the Fermi
surface with good accuracy.

While thin films deposited on amorphous sub-
strates usually have optical properties very close
to bulk samples, ?° it has been found that at low tem-
perature a conspicuous broadening takes place
probably due to the stress induced on the film by
the different coefficients of thermal expansion of
the substrate and the film.
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