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The reflectivity at normal incidence of single crystals of Na*C222 - Na~ was measured from 350 to
2500 nm in a microreflectivity apparatus. The reflectivity spectrum shows a single peak at 630 + 10 nm
(1.97 V) with a peak reflectivity of up to 60%. No rise in the reflectivity was found toward longer
wavelengths. This absence of a plasma edge confirms that the concentration of conduction electrons is
smaller than 1.8 X 10%/cm’ as expected from the low electrical conductivity of this sodide. The
absorption spectrum of thin solid films of Na*C222 - Na-, formed by vapor deposition, was measured
in situ in a vacuum evaporator. The absorption peak was at 650 = 10 nm (1.91 V), with a full-width at
half-maximum of 0.37 eV. The reflectivity and absorption data were used together to estimate the
indices of refraction and absorption and the components of the complex dielectric constant as a

function of wavelength. © 1987 Academic Press, Inc.

Introduction

Since the isolation of the first crystalline
salt of an alkali metal anion (alkalide) in
1974 (I, 2), we have prepared and charac-
terized (3-5) over 30 crystalline salts in
which the anionis Na-, K-, Rb™,orCs™. A
characteristic feature of these salts is an in-
tense absorption band, presumably arising
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from an ns — np transition of the anion (4).
Because it was necessary to use thin poly-
crystalline films prepared by solvent evapo-
ration in previous studies, the transmission
spectra (6-8) could not yield quantitative
information about absorption coefficients
or band shapes.

A great deal of information is now avail-
able for the ‘‘parent” compound sodium-
cryptand(2.2.2)-sodide, Na*C222 - Na~.
Its crystal structure (2), thermodynamics of
formation from sodium metal and cryptand
(9), NMR spectrum (10-12), photoelectron
spectrum (/3), powder and single crystal
conductivity (4, 14, 15), and absorption

0022-4596/87 $3.00
Copyright © 1987 by Academic Press, Inc.
All rights of reproduction in any form reserved.



240

spectrum (6, 16) have been measured. The
latter has been determined for films pro-
duced by both rapid solvent evaporation (6)
and direct codeposition of Na and C222
from the vapor (16).

Recently an Ultek high-vacuum evapora-
tor has been modified to grow thin solid
films of alkalides by physical vapor deposi-
tion. The thickness and stoichiometry of
films were monitored so that quantitative
and semiquantitative data could be ob-
tained. This paper describes the measure-
ment and interpretation of both the reflec-
tivity at normal incidence of single crystals
of Na*C222 - Na~ and the transmittance of
thin vapor-deposited films of Na*(C222 -
Na~. These results were combined to deter-
mine the optical properties of this com-
pound.

The optical behavior of an optically iso-
tropic solid is completely determined by the
frequency dependence of the complex in-
dex of refraction N = n + ik, in which n is
the index of refraction and k is the index of
absorption. The latter is connected to the
absorption coefficient, a, by a = 4wk/\.
The reflection coefficient, Ry, is given by

(n— 12+ &

Ry = e (1)

Alternatively, one can formulate the com-
plex dielectric function & = g; + is,. The
two expressions are related by N = Ve.

In order to determine the optical con-
stants at a particular frequency it is neces-
sary to make two measurements. If suffi-
ciently transparent samples with parallel
faces can be prepared, measurement of the
transmission, T,

r- 1= Rpp)* expl—ad]
1 — R3, expl[—2ad]

2

at two different thicknesses, or measure-
ment of transmission and reflectivity, R,

R = Rp[l + T exp(—ad)], 3

JAENICKE ET AL.

yields the necessary information. For an
opaque sample, R = Ry,.

In many cases, the absorption coefficient
becomes so large that even the thinnest sin-
gle crystal samples are opaque. Thin film
techniques can provide information about
the absorption coefficient, but they are not
without problems. With a sample thickness
or crystallite sizes comparable to the wave-
length of the light, interference effects can
become important. Thermally evaporated
films or films produced by solvent evapora-
tion are also generally less ordered than sin-
gle crystals and may have voids between
individual crystals which, especially at high
optical densities, can seriously distort the
observed absorption spectrum.

When the crystals are too opaque, reflec-
tivity measurements provide a way to ob-
tain the complex dielectric function, £(0,w).
Either ellipsometry or measurement of the
reflectivity at normal incidence over a wide
spectral range and subsequent Kramers—
Kronig analysis of the data can be used.
These methods are also not without their
pitfalls. Reflectivity is extremely dependent
on surface conditions, and features are eas-
ily obscured by scattering from imperfect
surfaces or by adsorbed layers. The best
measurements are therefore made on sur-
faces that have been freshly cleaved under
the ultrahigh vacuum of the sample cham-
ber or that have been carefully prepared by
mechanical polishing and subsequent elec-
tropolishing, although the latter method can
introduce surface impurities. Because of
the extreme moisture and temperature sen-
sitivity of the alkali metal anion salts that
are the subject of this work, neither these
techniques nor cleaning by ion bombard-
ment could be used.

Kramers—Kronig analysis requires, in
principle, knowledge of the frequency de-
pendence of the reflectivity from zero to
infinite frequencies. In many cases useful
information can be obtained even if R is
known only over a limited frequency range,
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provided the data include the region below
the threshold for direct optical transitions
as well as most of the strong structure at
higher energies. Extrapolation of the mea-
sured data to zero frequency is quite
straightforward by calculating the reflec-
tance from the dielectric constant which is
normally easily obtainable. The extrapola-
tion of R to higher frequencies on the other
hand does not follow a simple rule. Tech-
niques useful when working with semicon-
ductors have been given by Philipp and
Ehrenreich (I7). In the present work, re-
flectivity data were obtained only for the
energy range 0.5 eV < fiw < 3.6 e¢V. This
range is not extensive enough to justify a
Kramers—-Kronig treatment. Instead, we
obtained optical information by combining
these new reflectivity measurements with
the new measurements of the absorption
spectrum of vapor-deposited thin solid
films. The transmittance data were ob-
tained for the energy range 1.35 eV < iw <
3.0 eV, although the energy range was ex-
tended slightly by extrapolation to 1.00 eV
< fiw < 3.0eV.

Experimental

Polycrystalline samples of Nat(C222 -
Na~ were synthesized as described previ-
ously (I, 2). Crystals were grown by pro-
grammed cooling of a solution of Nat(C222
- Na~ in a 1:2 mixture of
methylamine/ethylamine. After initial cy-
cling of the temperature by +5° slightly be-
low the saturation temperature, the solu-
tion was cooled from —10 to —65°C at arate
of 1°C/hr. Crystals of ca. 1 mm in size are
easily obtained in this way. Some of these
crystals were transferred under purified he-
linm in an inert atmosphere glove box (Vac-
uum Atmospheres Model DLX-001-S-G)
into a 5-mm quartz optical cell and sealed
off under high vacuum (<1075 Torr). Exam-
ination of the crystals at a magnification of
ca. 100X revealed many small grooves on
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the surface as well as regions of silvery ma-
terial on the predominantly shiny golden-
copper-colored surface. Thus, the area suit-
able for measurement is very smaill, so that
a microscopic technique was necessary.
The reflectivity spectrometer was con-
structed with an Ealing—Beck microscope
body. The design is similar to the apparatus
of Welber (I8) and Yakushi et al. (I9). A
150-W tungsten—halogen lamp was focused
onto the secondary focal plane of the 10X
NA.17 achromatic objective. A 90° thin film
dielectric mirror directed the beam down
through the objective onto the sample.
With a 1-mm iris at the lamp and another in
front of the 90° mirror, the light spot was
ca. 40 um in diameter. The long working
distance and small acceptance cone (<20°)
of the objective resulted in approximately
normal incidence. The reflected light was
spectrally analyzed with a Bausch & Lomb
high intensity monochromator (f3.5) at a
resolution of 10 nm from 350 to 800 nm and
(with a different grating) 40 nm from 800 to
2500 nm. A UV-enhanced Si-photodiode
(UDT-UYV 005) was used for the 350- to 800-
nm range and a thermoelectrically cooled
PbS element (IR Industries 2757) from 800
to 2500 nm. The latter detector is sensitive
up to 3500 nm, but the combination of low
lamp output and the characteristics of the
dielectric mirror restrict the measurements
to A < 2500 nm. The light was mechanically
chopped, and the signal from the photoele-
ments, which was preamplified with home-
built amplifiers integrated into the detector
housing, was synchronously detected with
a PAR Model 126 lock-in amplifier. A first-
surface aluminum mirror was used as a re-
flectance standard with its reflectivity set to
100% over the whole experimental range.
The lamp and electronic components
were stable enough that a precision of 1%
was casily achieved. Stray light from reflec-
tions on the windows of the cell was effec-
tively suppressed by use of suitable iris dia-
phragms in the microscope barrel and was
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FiG. 1. Reflectivity (relative to a first-surface alumi-
num mirror) of three single crystals of Na*C222 - Na-.
The continuous curves in this and the other figures are
drawn as an aid to the eye and do not represent calcu-
lated curves.

generally <1%. The rough surface condi-
tion of the sample, and the lack of an x—y-z
tilting stage to ensure exact normal inci-
dence of the light beam on the crystal sur-
face, limited the accuracy to ~20%. Higher
harmonics were suppressed by using appro-
priate filters (Corning 254, 2303, and 2424).

Na*(C222 - Na~ was synthesized in thin
film form for transmittance measurements
by the direct evaporation of sodium and
cryptand in a vacuum evaporator. The ma-
terials were resistively heated at 10~ Torr
and the vapors were simultaneously depos-
ited on a cooled quartz substrate suspended
above the vapor sources, or were deposited
in alternate layers of metal and complexant.
The deposition rates were monitored with a
VEECO thickness monitor, Series QM-
300, Model 301. The deposition rates and
times were used to determine the thickness
of films. The blue (by transmission) films
appeared to be smooth and uniform, and
thick films gave the characteristic golden
color of Na*C222 - Na~ by reflectance.
The microscopic uniformity of these films
has not, however, been confirmed by ex
situ electron microscopy.
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An in situ spectrometer was constructed
to measure the transmission spectrum of
Na*C222 - Na~ films. Light from a 100-W
Aries quartz tungsten-halogen lamp in a
universal lamp housing (Model 40-130) was
focused onto the entrance slit of the mono-
chromator after being chopped by an Opti-
cal Engineering attenuator. The chopping
frequency was monitored by a photodiode
detector that provided a signal for the lock-
in amplifier. The light was monochromated
by a Jarrell-Ash Model 82-000 series Ebert
scanning monochromator with straight-
edged slits that were variable between 0 and
2000 um. A Jarrell-Ash diffraction grating
(Model 980-28-20-22) that had been blazed
for 500 nm with 1180 grooves/mm was used
with a Corning 744 filter. The light beam
was directed into the vacuum system
through a sapphire window and was re-
flected vertically through a focusing lens so
that it passed through the film and substrate
and reached the detector. A United Detec-
tor Technology photovoltaic photodiode
detector (Model PIN-5DP) was used with a
home-built preamplifier and was housed in
an aluminum can in the vacuum space. The
signal from the preamplifier was processed
by a home-built lock-in amplifier and was
recorded with a Linear X-Y recorder
(Model 8036). The reference spectra were
measured through bare substrates prior to
the evaporation of sodium or cryptand.

Results

For purposes of illustration, the reflectiv-
ity of three different crystals in the *‘visi-
ble’’ region is shown in Fig. 1. Crystal 1 had
obviously changed and appeared silver in
color, while the other two crystals showed
the golden color typical of Na*C222 - Na~.
Also, the peak reflectivity of crystal 1 was
only 7%, whereas the other two crystals
had maximum reflectivities of 61 and 43%,
respectively. The wavelength of the reflec-
tivity maximum for crystal 1 was blue-
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FiG. 2. Normalized reflectivity (composite spectra)
as a function of the photon energy for single crystals of
Na*C222 - Na~.

shifted and this peak had a pronounced
shoulder at ~500 nm, which was absent in
the other crystals. Since the processes that
lead to this initial spectral change and ulti-
mately to complete decomposition are un-
known, only the spectra of fresh, intact
crystals of Nat(C222 - Na~ will be consid-
ered.

In Fig. 2 the complete normalized com-
posite spectrum, obtained by combining
data from several crystals, is shown on an
energy scale. The peaks at 0.59 and 0.75 eV
(4760 and 6130 cm™') are probably due to
higher harmonics of C-H vibrations in the
cryptand molecule. Apart from this struc-
ture, the reflectance shows only one broad
peak at 1.97 = 0.03 ¢V (630 nm) with a full-
width at half-maximum of 0.51 eV. The in-
crease in reflectivity above 3.0 eV suggests
that there may be a second maximum at
higher energies.

The absorption spectra of several thin
films of Na*C222 - Na~ were measured.
While most of the spectra had nearly identi-
cal lineshapes that were also similar to
those found for films produced by solvent
evaporation, a few films, deposited at low
temperatures, had abnormally broad bands
and high baselines, indicative of an inho-
mogeneous film that contained large
amounts of unreacted metal and cryptand.
The typical absorption shape gave a peak
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maximum at 650 = 10 nm (1.91 eV) with a
full-width at half-maximum of 0.37 ¢V, The
spectral bands also showed the typical
asymmetry of the Na~ absorption, in which
the high energy side of the peak has more
absorption in the wings than the low energy
side.

The absorption coefficient, «, as a func-
tion of wavelength was calculated for all the
films measured. The areas under these
curves were determined in order to esti-
mate the oscillator strength of the transi-
tion. The oscillator strength, f, is defined by

f=433 x107° C! [k(v)dv, 4)

in which C is the concentration of the ab-
sorbing species in moles per liter. In crys-
tals of Na*C222 - Na~, C is 2.52 M. The
value of f was approximately 2 for some
films, but other films, particularly inho-
mogeneous films that contained large
amounts of unreacted metal and cryptand,
had values as low as 1.0. The oscillator
strength is expected to be close to 2.0 based
on its value for Na~ in solution (20). Be-
cause of this, the absorption coefficients of
four films with very similar lineshapes were
scaled to give an oscillator strength of 2.0.
At the absorption maximum, this compos-
ite spectrum yielded an average value of the
molar decadic absorption coefficient, a/In
10,0f7.1 £ 0.5 X 10* M~ cm~!, in compar-
ison with the value for Na~ in solution of
8.2+ 0.3 x 10* M1 cm~! (20). The index of
absorption, k, was then calculated from the
average values of a by using the relation-
ship a@ = 4wk/\. The relationship between
the spectral shape of vapor deposited films
and films grown from solution can be seen
in Fig. 3 in which the values of k from the
composite vapor deposited film spectra are
compared with those of solvent-evaporated
films. It can be seen that the peak for the
vapor-deposited film is substantially nar-
rower than for the solvent-evaporated film
and has a less-pronounced shoulder at 2.5
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FiG. 3. The index of absorption, k, versus photon
energy for films of Na*(C222 - Na~ formed by solvent
evaporation (dotted line) and by vapor deposition
(solid line).

eV. We attribute this to better uniformity of
the vapor deposited film.

These values of & were used with the
value of R obtained from the composite re-
flectivity spectrum to calculate the index of
refraction, n (Eq. (1)), as well as the com-
plex dielectric constant from the relation-
ships &; = n? — k? and &, = 2nk. The results
are shown in Fig. 4. The energy loss func-
tion, Im(¢~1), calculated from

Im(e™1) = &)/(e} + £3)

()

50-]
40+
30

204

Photon Energy (eV)

FiG. 4. The components of the complex dielectric
constant of NatC222 - Na~ as a function of the photon
energy.
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Fic. 5. The energy loss function, Im{e™?), for
Nat(C222 - Na~ as a function of the photon energy.

is shown in Fig. 5. This function is expected
to exhibit maxima where collective electron
oscillations are excited (2/-23). Within ex-
perimental error, only the peak centered at
2.6 eV (Fig. 5) might be significant. This
energy coincides with the pronounced mini-
mum in the reflectivity and the shoulder
found in the. optical absorption of thin films.
The threshold for photoemission from the
Na~ species is also found near this wave-
length (13). The absolute value of the peak
in Im(e~!) is small, however, and the uncer-
tainties in the absorbance and reflectivity
data are large in this region. Thus, while we
can be fairly confident that there is no sig-
nificant peak between 0.6 and 2.0 eV, direct
measurements of the energy loss function
(in progress) will be required to verify the
existence of a peak at high energies.

Another problem in combining reflec-
tance and transmittance data is the fact
that, as shown in Fig. 6, the peak in k oc-
curs at slightly lower energies than that in
n, contrary to theory for a single transition
(24). Since sodide crystals are strongly an-
isotropic, different faces might have differ-
ent reflectivity spectra so that the maxi-
mum in reflectivity could appear at higher
energies than the maximum in the absorp-
tion spectrum. The latter averages over all
possible orientations of the polycrystalline
films.

The real part of the dielectric constant,
g1, reaches a value of 3 = 1 at the lowest
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Fi1G. 6. The index of refraction, » (dotted line), and
the index of absorption, & (solid line), of Na*C222 -
Na~ as a function of photon energy.

frequencies. Direct measurements of the di-
electric constant in the frequency range
0.1-10 MHz vyield ¢ = 2.4 * 0.4, nearly
independent of frequency and temperature
(15). The latter value of £ and the Clausius-
Mosotti equation

_M(s—l)
M7 (e +2)

yield a molar polarization, Py, of 140 = 20
cm?® mol~!, To estimate the molar polariza-
tion of the cryptand molecule, we use the
fact that atom, bond and group polariza-
tions are additive. The values compiled by
Vogel et al. (25) yield a calculated molar
polarization of 108 = 5 cm® mol~! for C222,
while the Na' cation adds the negligible
contribution 0.5 ¢cm?® mol~!. To obtain Py,
for the sodide ion, we use the equation

Py = —2.64 + 2.01 x 10%%(r)

(6)

@)

in which r is the anionic radius. Equation
(7) gives an excellent fit (correlation coeffi-
cient 0.9989) to the experimental molar po-
larizations of F~, Cl-, Br™, and I~, which
are 2.5, 9.0, 12.5, and 19.0 ¢cm?® mol~!, re-
spectively (24), and agrees with the predic-
tion from electrostatic considerations that
the polarizability of a conducting sphere is
equal to its volume. By extrapolating Eq.
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(7) to the experimental radius of Na~ as ob-
tained from structural data, 2.6 A (2), we
obtain a value of 33 = 4 cm3 mol~! for the
molar poiarization of the sodide ion. The
total calculated molar polarization of
Na*(C222 - Na~ is thus 142 = 6 ¢cm® mol~},
in excellent agreement with experimental
values.

Conclusions

Although guantitative measurements of
the optical properties of alkalides are diffi-
cult because of their extreme reactivity and
tendency to decompose thermally, these
data provide a consistent picture of the na-
ture of the sodide salt Nat(C222 - Na~. At
low energies the optical reflectivities and
absorption coefficients are compatible with
the low-frequency dielectric constant data.
The low-energy refractive index is also in
agreement with the value expected for the
cryptated cation and the highly polarizable
anion Na~.

Consideration of the structure (2), Na
NMR spectrum (10-12) and optical proper-
ties of NatC222 - Na~ shows conclusively
that Na~ is a ‘“‘genuine’’ alkali metal anion
with two electrons in the 3s orbital and that
the ground state is not strongly perturbed
from that in the gaseous state. The intense
optical absorption band described in this
paper is assigned to a 35> — 3s3p transition
with an oscillator strength of ~2.0. Thus,
we expect no strong absorption bands of
Na- at higher frequencies due to excitation
of the 3s electrons. The shoulder in the ab-
sorption spectrum at ~2.5 eV may be due
to a transition to the conduction band since
conductivity measurements show a
bandgap of this magnitude (I5).

The ability to measure the reflectance
spectrum of small reactive crystals will be
of particular importance to the study of
electrides, salts in which the anions are all
trapped electrons (4, 26-28). Qualitative
transmission spectra indicate that the elec-
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trons range from a localized state in the
case of Cs*(18C6), - e~ (26, 27) to deloca-
lized in K*C222 - ¢~ (4). The former shows
a well-defined absorption peak in the near
infrared at 0.8 eV, while the atter has an
apparent plasma edge at about 1.4 eV. Be-
cause thin films can have a variety of imper-
fections, it is important to complement op-
tical transmission studies with reflectance
measurements. Such studies of both alka-
lides and electrides are in progress.
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