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The optical and dielectric constants of Rb have been determined from reflectance measure-
ments for photons of energy between 3.3 and 10,7 eV. Reflectance measurements were made
as a function of incident angle at a Rb~substrate interface in an ultrahigh-vacuum system.

The refractive index (z) was determined from the critical angle for total internal reflection,
and the absorption coefficient (2) from the slope of the reflectance curve at the critical angle.
The real part of the dielectric function (€;) and the optical conductivity (0=w€,y/4m) were de-
rived from » and 2. In o, we find a broad strong peak centered at 7eV. It is attributed to ab-
sorption processes involving plasmon~assisted interband transitions and to direct interband

transitions to “f”bands. € isanalyzed interms of a nearly-free-electron model to obtain a value for

the contribution of core polarizatioh to €; of 4m @ =0,25+0, 02, and an effective mass of m s
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=(1, 03 +0,02)m,.

INTRODUCTION

The alkalis are the simplest of the metals, in
that their properties most nearly match those pre-
dicted using a simple nearly -free-electron (NFE)
model of metals. Optical measurements on Na, K,
Rb, and Cs in the visible and infrared region give
results in generally good agreement with the NFE
model. !* These results and optical measurements
on Na at higher energies suggest that there may
be additional absorption above the plasma frequency
that cannot be accounted for by the absorption
mechanisms usually included in the NFE model. ®
We have recently reported measurements of the
optical and dielectric constants of Cs for photon
energies between 4 and 10 eV that conclusively
demonstrate the existence of such an additional ab-
sorption process in this material. #° A broad ab-
sorption peak with a maximum at 5 eV was found
in the optical conductivity which we interpreted as
absorption resulting from the simultaneous excita-
tion of a collective mode and an interband transi-
tion.

In this paper we report experimental determina-
tions of the index of refraction (n), the absorption
coefficient (k), the real part of the dielectric re-
sponse function (¢;), and the optical conductivity

(o) for Rb for photon energies of 3.3-10.7 eV. A
broad peak centered at 7 eV is observed in the con-
ductivity. The peak is somewhat weaker and broad-
er and lies at a higher energy than the correspond-
ing peak found for Cs. A Kramers-Kronig analysis
applied to the imaginary part of the dielectric re-
sponse function (¢, = 4m0/w) is used to calculate the
effect of the interband transitions and of the broad
high-energy absorption peak on €;. These contri-
butions are subtracted from ¢; so that the remain-
ing portion represents the €; expected for a NFE
model containing only free-carrier absorption.

This corrected value of €; is used to obtain values
of the core polarization and the effective mass,
which are the adjustable parameters of such a free-
electron model. The values obtained are compared
with those obtained by other authors.

EXPERIMENTAL PROCEDURES

The basic experimental procedures used in this
work have been described in detail elsewhere. *°
The sample chamber is shown schematically in
Fig. 1. In brief, Rb was deposited on the flat sur-
face of a transparent semicylinder substrate. The
reflectance of light incident on the Rb film through
the substrate was measured as a function of angle.
A semicylinder is used so that incident and re-
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FIG. 1. Sample chamber for reflectance measurements.

flected beams pass through the vacuum-substrate
interface at normal incidence for all reflection
angles. The sample holder and light-pipe detector
are connected through a gear mechanism which
rotates the light path through twice the angle of the
sample and thus keeps the face of the light pipe in
the reflected beam throughout the experiment. The
system presently in use differs fromthose described
earlier®™® in that it is an ion-pumped ultrahigh-
vacuum system with gearing for the angle doubler
mounted inside the experimental chamber rather
than a diffusion-pumped system with external gear-
ing.

Semicylinders of quartz, CaF,, and MgF, were
used as substrates. Reproducible results were ob-
tained only with carefully cleaned substrates.
Quartz was cleaned by methods described in our
earlier paper on Cs.® MgF, and CaF, were cleaned
with procedures described by Sowers et al.® The
glass-light-pipe detector was coated with sodium

salicylate to obtain sensitivity in the vacuum ultra-
violet. Its output was monitored through a window

by a photomultiplier mounted outside the chamber.
Glass ampoules containing about 0.5 g of 99. 8%
Rb under vacuum were mounted in an evaporation
gun consisting of a length of OFHC Cu tubing at-
tached to the chamber through a Cu flange gasket
and sealed off at the other end by an inert-gas weld.
Following a pumpdown procedure which included a
system bake of 200 °C and a bakeout of the evapora-

tion gun at 400 °C (a temperature above its operating
temperature during evaporation), the system typ-
ically reached a vacuum of 5x107' Torr as mea-
sured by a nude ion gauge mounted in the wall of
the sample chamber. The glass ampoule was then
broken by squeezing the Cu tube, and the system
pumped until it returned to the 10"%Torr range.
By heating the Cu gun externally, Rb films of
220000-A thickness were deposited on water-cooled
substrates in 3-5 min. Pressures during evapora-
tion were in the 10~"-Torr range and returned to
around 2% 10 Torr shortly after evaporation was
complete. This pressure was maintained for sev-
eral hours but increased slowly with time to about
107" Torr. The relatively high pressures result
from the high vapor pressure of Rb at room tem-
perature. Consequently, the residual gas in the
vacuum was mostly Rb vapor with much lower par-
tial pressures of other gases. The films obtained
were specularly reflecting at the substrate-film
interface and somewhat frosty at the free surface.
The frosty surface was composed of small crystal-
lites that grew slowly in size over a period of sev-
eral days. Experimental curves of reflectance as
a function of angle [R(#) curves] made on Rb at the
Rb-substrate interface were unchanged after many
hours.

Rb was deposited on only half of the substrate
surface. The remaining half was used as a ref-
erence surface having a substrate-vacuum inter-
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face. R(9) curves made at the vacuum interface
gave values of the total incident beam intensity and
of the index of refraction of the substrate that were
used in the subsequent analyses.

R(6) curves were taken between angles of 5° and
84°. At angles less than 5° the incident beam was
blocked by the light pipe and at angles greater than
84°, by the mounting structure of the semicylinder.

DETERMINATION OF OPTICAL CONSTANTS

The optical constants were determined from the
R(8) curves near the critical angle for total internal
reflection. If the index of refraction of the metal,
n, is less than that of the transparent substrate,
ng, and the absorption coefficient is zero, the crit-
ical angle is given by

Npo1=Nn/ng=Sind,, . (1)

If the relative-absorption coefficient, defined as
Bro1=k/ng, is small but not zero, the relative index
of refraction may be obtained from 6,, the angle

- of maximum slope of the R(9) curve. For k.,
£0.02, to 1% accuracy

oy = SING,, . (2)

Hunter has calculated the small corrections to the
above equation that allow its use for all values of
Erer UP to about 0.2.7 In all cases where 0<n,q, <1
and k.o < 0.1, » may be obtained from 6,, to within
about a 2% uncertainty by using Hunter’s correc-
tions.

We have shown in an earlier paper that the slope
of the R(6) curve at 6, depends strongly on the val-
ue of the absorption coefficient %_,, but very weakly
on n,,, and the polarization.® In particular, for
0.25 7,51 and 0. 025 k,,, 5 0. 12, the slope of R(6)
at ¢,, determines the value of k., within 5% re-
gardless of the value of n,,,. The explicit depen-
dence of %, on slope for a large range of n.,, and
polarizations will be discussed in a separate pa-
per.® Using these curves and Hunter’s calcula-
tions, one can determine » and k from the angular
position of 6,, and the magnitude of the slope of
R(9) at this angle without reference to the remain-
ing portions of the R(6) curves.

It is, of course, possible to make a least-squares
fit of R(6) at all angles to obtain » and k. We found
that only for the MgF, substrate did the values thus
obtained agree closely with values obtained by mea-
suring 6, and the slope at 6,.. The problem was
traced to the fact that at angles beyond the critical
angle the shape of the experimental curves differed
from that expected theoretically. The effect is
shown in Fig. 2, where R(9) at 3523 A for Rb on
MgF,, CaF;, and quartz are plotted. The point
of maximum slope is marked by circles on the
three curves. The horizontal displacement of 6,
for the three curves results from the different in-
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dices of refraction of the substrates. Values of

n and k obtained from 6,, and the slope at 6, are
the same for all curves within our limits of error
(n=0.41, £=0.17). But only for the MgF, sub-
strate does the theoretical R(f) curve generated
from these » and % values closely match the ex-
perimental curve at angles beyond the critical
angle. R(f) curves for the other substrates are
depressed and flattened above these angles. The
deviations from ideal R(6) curves result from ef-
fects occurring at the interface, but the details are
unknown. We conclude that values of » and % de-
termined by fitting the slope of the curve at 6, are
more reliable than those obtained by fitting the
entire curve, and that in our experiments the R(8)
curves obtained for MgF, substrates are the most
reliable over the full range of angles measured.

Values of » and % obtained from several films on
a MgF, substrate are shown in Fig. 3. The solid
line in this figure gives the averaged values of »n
and % which were used in all further analyses.
Above 1500 fk, k values show scatter of about 5%
around the average value. At shorter wavelengths
when 2< 0. 05, the scatter increases to some 20%.
Values of » remain within 3% of the average over
the entire range of wavelengths measured.

For wavelengths between 1100 and 3000 1&, values
of »n and %k determined by the angle -and-slope meth-
od from data from other substrates scatter about
the same average values as the data from MgF,
alone. At longer wavelengths, systematic devia-
tions occur that are substrate dependent. For rea-
sons discussed above, we think that the values ob-
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FIG. 2. Dependence of reflectance curve on the sur-

face condition of the substrate. Solid, dash-dot, and
dashed lines are reflectances obtained from MgF,-,
quartz-, and CaF,-Rb interfaces, respectively.
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tained with MgF, substrates are the most accurate.
Table I gives averaged values of n, &, €, €;, and
o obtained from our data.

ANALYSIS AND DISCUSSION

The optical conductivity given by o= we,/4n
=nkw/2m is plotted in Fig. 4. The dominant fea-
ture is a strong broad peak centered at about 7 eV.
We emphasize that data from all substrates gave
this peak in nearly identical form. The small,
rather sharp peak near 3.5 eV is substrate depen-
dent, being largest for CaF, and smaller for MgF,
and quartz. It seems probable that it is associated
with some surface effect. The data shown as open
squares at energies below 4 eV are those obtained
by Smith using an ellipsometric technique.? The
data shown as closed circles are data of Aufschna-
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FIG. 4. o vs kw of Rb. Solid line is the curve obtained
from the averaged smooth curve of » and £ using MgF,
substrate. Squares, closed circles, and equilateral tri-
angles are data points obtained by Smith, by Aufschnaiter,
and by Ives and Briggs, respectively.

° _ FIG. 3. Experimental values of » and 2
' obtained from the films on the MgF, sub-
e strate. Solid and open squares are n and
—d k values, respectively, obtained from
] the critical-angle method. Solid and open
circles are those values calculated by
computer from the data curveofR(0) vs 0.
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iter® obtained from ellipsometry, and the equilater-
al triangles are data of Ives and Briggs10 obtained
from reflection measurements. It is interesting

to note that the values of Ives and Briggs are very
close to those that we obtained when using a CaF,
substrate. From our experience it seems probable
that surface effects can play a large role in deter-
mining the optical constants measured in the inter-
band absorption region of Rb. Smith’s data are
probably most reliable in the low-energy region.

It clearly shows the contribution of interband tran-
sitions to the absorption between 1 and 3 eV. For
this reason and because it matches our own data

in the region of overlap, we will refer to his work
when it is necessary to use low-energy data in the
following discussion.
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FIG. 5. o vs 7w of Rb and Cs.
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TABLE 1. Optical and dielectric constants of Rb.

A E o
&) (eV) n b € € (10" sec™)
1165 10. 64 1.041 0,027 1.08 0. 056 0.72
1192 10.40 1.03 0.028 1.07 0,059 0.74
1218 10.18 1.03 0. 030 1.06 0,062 0,76
1235 10,04 1.02 0.031 1.05 0. 064 0.78
1254 9.89 1.02 0.033 1.04 0,067 0. 80
1280 9.69 1.02 0,035 1,04 0,071 0.83
1320 9.39 1.01 0.038 1.03 0,076 0,87
1351 9.18 1.01 0. 040 1,02 0,081 0.90
1399 8.86 1.00 0,044 1.01 0.089 0.95
1462 8.48 0,997 0. 050 0,992 0. 099 1,02
1520 8.16 0. 990 0. 055 0.977  0.108 1.07
1543 8.04 0,988 0,057 0,973 0,112 1.09
1578 7. 86 0.985 0. 060 0,967 0.118 1.12
1606 7.72 0.983 0.062 0.962 0,123 0.15
1636 7.58 0.980 0. 065 0.956 0.128 1,17
1670 7.43 0.978 0,068 0. 952 0.133 1.20
1700 7.29 0.976 0.071 0.948 0,139 1,22
1780 6,97 0.970 0,077 0,935 0.150 1.27
1837 6. 81 0. 965 0,080 0.925 0.155 1.28
1875 6.61 0. 962 0.081 0.919  0.156 1.25
1942 6.39 0.955 0,081 0.905 0,155 1.20
2015 6.15 0.947 0.080 0. 890 0.152 1.13
2044 6.07 0.944 0. 079 0.885  0.150 1.10
2145 5.78 0,932 0.076 0. 863 0.141 0.98
2214 5.60 0,928 0.073 0. 856 0,135 0.92
2305 5.38 0,908 0,071 0. 819 0.128 0,84
2400 5,17 0. 891 0. 069 0.789  0.123 0.77
2461 5,04 0,877 0.070 0.764 0,122 0.74
2544 4,87 0. 855 0. 070 0.726 0,120 0.71
2613 4,75 0.837 0,072 0.695 0,120 0.69
2750 4.51 0. 790 0.075 0.618 0,119 0.65
2889 4.29 0.739 0. 080 0.535 0,118 0.61
3000 4,13 0,697 0,086 0,478 0.120 0.60
3105 3.99 0.648 0. 093 0.411 0,121 0.58
3256 3.81 0.570 0.106 0.314 0,121 0.56
3359 3.59 0,510 0.119 0.246 0,121 0.54
3434 3.61 0. 465 0,136 0,198 0,126 0.55
3563 3.48 0.385 0.179 0.116  0.138 0.58
3620 3.43 0.350 0.211 0.078 0, 148 0,61
3695 3.35 0.293 0,258 0.019 0,151 0.62
3740 3.32 0.262 0.292 0.003 0,153 0.62
3800 3.26 0.216 0.346 —0,073 0, 149 0.59

We may distinguish at least three different con-
tributions to the conductivity. Below about 1 eV,
free-carrier absorption processes dominate. Di-
rect interband excitations between the filled con-
duction band and the next-higher unfilled band pro-
duce absorption between 1 and 3 eV. Both of these
absorption processes may be understood in terms
of the NFE model and have been studied extensively
both experimentally and theoretically. *21*=** The
slow rise in ¢ between 3 and 5 eV and the broad
strong peak between 5 and 10 eV with a maximum
near 7 eV are much more difficult to explain. As
an aid in the discussion of this peak, we plot ¢ for
both Rb and Cs in Fig. 5. The low-energy data are
Smith’s. The high-energy peak in Rb is slightly
weaker and broader and is centered at higher en-
ergy than the comparable peak in Cs. The inten-
sity ratio of the high-energy peak to the interband
peak is greater in Rb than in Cs, however.

The question of greatest interest is whether the
absorption can be understood in terms of one-elec-
tron transitions or whether it must be explained
by a many-body theory in terms of the excitation

of collective modes. Within the framework of one-
electron theory, interband excitations from the
conduction band to “d” or “f” bands can contribute
to absorption in this energy range. According to
Kenney’s calculations, the d-like bands are strong-
ly mixed with p-like states in Rb and lie at ener-
gies 2—4 eV above the conduction-band states. **
The f bands lie at energies 5-9 eV above the con-
duction-band states. It is thus energetically pos-
sible that transitions to f bands are responsible for
the higher-energy peak. Two factors argue against
this interpretation. It is difficult to understand the
greater relative strength of the high-energy peak
as compared to the interband peak at 2 eV on this
basis. Transition probabilities between s-like
conduction-band states and high-lying f-band states
are expected to be very much smaller than those
between filled conduction-band states and the next-
higher band. This factor should more than com-
pensate for the higher density of states of the f
bands. Moreover, the similar peak observed in
Cs is not located at an energy where absorption
can be conveniently explained by transitions to f
bands. It falls at an energy between the calculated
d bands and f bands where very few final states
are available. Neither of these arguments is com-
pletely conclusive. The experimentally determined
peak magnitudes may be in error; in our work, data
taken in the visible region have been particularly
susceptible to distortion by surface effects. The
band-structure calculations we have used may be
in error. Finally, to our knowledge the absorption
expected from transitions to f bands has not been
calculated in realistic fashion.

The second possible explanation of the peak at
7 eV involves a many-body absorption process which
produces a final state consisting of a plasmon plus
an electron-hole pair. Other possible many-body
effects were discussed in the Cs paper® and elimi-
nated from consideration. Those arguments re-
main valid here. This explanation was favored in
the case of Cs where calculated f bands were at too
high an energy to account for the absorption peak.
Lundqvist and Lyden'® and Janow and Tzoar!’ have
applied many-body theory to simple models to cal-
culate the optical absorption from such processes.
Lundqvist and Lyden predict an absorption peak
with a threshold at the plasmon energy plus the
threshold energy for interband transitions, and a max-
imum at approximately the plasmon energy plus the
energy of the interband peak. On this basis, the
threshold for Rb would be near 4 eV and the peak
maximum about 5 eV. The experimental peak max-
imum is at 7 eV. The qualitative agreement for Cs
is much better, since the theory of Lundqvist and
Lyden predicts a peak at about 5 eV in agreement
with our experimental data. The calculation of
Lundqvist and Lyden also predicts a magnitude for
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absorption due to such “plasmon-assisted transi-
tions” that is approximately 50% of that due to di-
rect transitions. For Rb, this is in conflict with
the relative magnitudes of the interband peak at
2-eV and the 7-eV peak. Again the arguments are
not conclusive, since a very simple model was used
in these calculations. Even so, it is disturbing that
the relative magnitudes of the interband and high-
energy peaks are not approximately the same for
both Cs and Rb, since it can be shown that the same
transition matrix elements are included in both the
interband transition and the many-body process of
Lundqvist and Lyden. We think that a conclusive
explanation of our data will require further calcula-
tions within the framework of both one-electron and
many -body theory. Neither of the mechanisms
discussed above seems to account for the relative
magnitudes of the interband in high-energy peaks

in Rb.

The real part of the dielectric function, ¢,, is
plotted as a function of wavelength squared in Fig.
6. The open circles are points calculated directly
from » and % using the relation €, =#® — k% Since
nZ 10k over most of the range of interest, ¢, is
known with approximately the same accuracy as
n.? The analysis of €, for Rb follows closely that
previously applied to data from Cs.® We present
here a somewhat abbreviated version of the dis-
cussion given there.

The plot of €, vs A% may be compared with results
obtained by Cohen using an NFE model, ! where

€=1+4mmg - (w,/w)?+05€(w) . (3)

Here o is the core polarizability, which is con-
stant in this frequency range, n, is the number of
atoms per unit volume, and w, is related to the ef-
fective mass m, of the conduction electrons through
the expression

wi=4mge?/m, . (4)

In Cohen’s formalism, 6€;(w) includes contribu-
tions to €; from interband transitions. It may
equally well include the effect on €; of all absorp-
tion processes except the free-carrier Drude term,
whose effect is included in the other terms of Eq.
(3).

5€,(w) may be calculated from ¢, (or o) using the
Kramers-Kronig relation

wde,y (w)

o (=
5€1(w’)=;/0- oo (5)

where 6€,(w) represents the contribution of all
processes except free-carrier absorption to €;,. In
practice, d€, was obtained from the expression
b€, =460/ w, where 60(w) are experimental values
of the conductivity from which the contribution of
free-carrier absorption has been subtracted. The
free-carrier absorption was characterized by fitting
a Drude term to Smith’s data below 1 eV. This
Drude absorption term was characterized by a
damping constant of 27y% =0. 025 eV and the plasma
energy of 3.40 eV obtained below. At energies
above 10 eV, b0 was extrapolated smoothly to zero
at 30 eV. There will be another absorption peak
at an energy of about 14.5 eV resulting from exci-
tation from core levels. '® The existence of such
an absorption peak will only slightly affect our
analysis of data at photon energies below 10 eV be-
cause of the resonant energy denominator of the
Kramers-Kronig relation. When d¢,; is subtracted
from €,;, the remaining portion represents the ¢,
expected for an NFE model containing only free-
carrier absorption. In Fig. 6 values of €, ~ ¢, are
plotted as crosses. The solid line is the best
straight-line fit to the crosses. From the slope
and intercept of the straight line, we obtain the
following values for the NFE parameters:

4mnga=0,25+0, 02,
m,=(1.03+0.02) m,,
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. TABLE II. NFE parameters from optical data.

7wy, ore Tiw,

(€,=0) (€,—6€=0) my/m dmnyQ
Present work (uv) 3.33+0.03 3.40+0, 03 1.03+£0,02 0.25+0,02
Smith (infrared) (Ref. 2) v 3.40 1,16 (0,11)
Smith (visible-uv) (3.40) 3.40 (1.07) (0,20)
Aufschnaiter (infrared) (Ref. 9) 3.39 ven 1.28 (0,01)
Aufschnaiter (visible-uv) 3.04 3.04 1.21 0.33
Ives and Briggs (visible-uv) (Ref. 10) 3,01 ves 1.08 0.50

where m, is the free-electron mass.

In Table II our results are compared with those
obtained by other workers using optical measure-
ments at lower photon energies. Included also are
values of the effective plasma energy 7w, o, de-
fined as the energy for which €;=0, and plasma en-
ergies Zw, obtained from the intercept of €; - 6¢;
with the A? axis. Numbers in parentheses were cal-
culated by us from the published data.

Our value of the effective plasma energy agrees
well with that obtained by Kunz'® (3. 39 eV) from
electron-energy -loss measurements. Our value
of effective mass is comparable with those ob-
tained by fitting the data of Smith and of Ives and
Briggs in the visible and ultraviolet. However, in
Rb, as in Cs, consistently higher effective masses
are found by fitting the data in the infrared. This
seems to be a real effect, found in the data of all
workers, that needs an explanation. It is sugges-
tive that the same plasma energy is obtained by
fitting €,-vs-» data above and below the plasma
energy but that the slope, and hence the effective
mass, changes. It may be that many-body-dress-

ing effects change in the vicinity of the plasma en-
ergy and that different effective masses are ap-
propriate in the two regions.

Our value of core polarization is comparable with
values obtained recently from visible and ultra-
violet data by other workers. It is more accurate,
however, since it results from fitting data much
closer to the A= 0 intercept. It agrees well with
the value of 0. 28 that may be calculated from val-
ues of atomic polarizabilities of alkali ions in the
alkali halides. '®° The lower values obtained from
an extrapolation of infrared data result from the
smaller slope, and higher effective mass, that
must be used to fit the data below the plasma en-

ergy.
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