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state is the same as that of the "isolated Fe" in the
paramagnetic state. This implies that a change occurs
in the conduction electron con6guration of the "neigh-

boring Fe" across the magnetic transition temperature.
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Near-normal incidence-reflectance data on vacuum-evaporated white tin films, produced in situ, are pre-
sented for incident photon energies from 2.1 to 14.5 eV. In addition, the real part of the refractive index has
been measured from 14.5 to 20.5 eV by the critical-angle method. These results are combined with previously
published data for white tin films and an analysis of optical data is carried out from 0.1 to 27.5 eV. Separation
of the dielectric constants into contributions due to free and bound electrons indicates interband transitions
at 1.2~0.1 and 24.5+0.1 eV, as found by previous workers, and a further interband transition at approxi-
mately 3 eV. Tentative identification of these transitions is made using published energy-band calculations.
The energy-loss functions for surface and volume plasmons show sharp peaks at 9.2 and 13.4 eV, respectively,
in agreement with electron-energy-loss measurements. Sum rules are used to interpret the effective number
of electrons per atom at various incident photon energies.

I. IHTRODUCTIOÃ

HERE is very little data in the literature on the
optical constants of white tin' ' and no com-

prehensive analysis of optical data over an extensive
energy range. This paper presents an analysis of the
real and imaginary parts, rt(E) and k(E), respectively,
of the energy-dependent complex refractive index over
the energy range 0.1 to 27.5 eV. In order to do this,
measurements of optical constants have been made in
the energy ranges where insufficient data are available
in the literature. The quantities rt(E) and k(E) are used

to calculate the real and imaginary parts, e&(E) and
es(E), respectively, of the complex dielectric constant
e(E) and also the energy-loss functions, —1m[1/(e+1) j
for surface plasmons and —Im(1/e) for volume plas-
mons. Some discussion and interpretation of these
quantities are presented in terms of free-electron-like
behavior, interband transitions, and collective oscil-
lations. The interband transitions found in the present
analysis are compared with the available band-structure
calculations for white tin. In addition, the energy-loss
functions are compared with published electron-energy-
loss data.
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II. SURVEY OF PREVIOUS OPTICAL DATA

Optical constants for tin in the energy range 0.1 to
1.3 eV have been determined by Hodgson' and by
Golovashkin and Motulevich. Both used evaporated
tin films which were prepared outside, and then trans-
ferred into, the reQectometer. The change in polariza-
tion of radiation reflected from these Alms was analyzed
to give n(E) and k(E). There is fair agreement between
the values of n(E) and k(E) contained in these two
references. However, the data of Golovashkin and
Motulevich are more extensive and contain less scatter
than that of Hodgson. Lenham and Treherne' have
determined et(E) and es(E) for the principal directions
in crystalline tin from below 0.1 to 3.1 eV. However, it
is found that the values of n(E) and k(E) calculated
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from their et(E) and e:(E) do not agree with those for
evaporated tin films. In the energy range 1.3 to 14.5 eV
there are no recent determinations' of 22(E) or k(E) for
tin 6lms. From 7.5 to 27.5 eV, Walker et at. ' have
measured the reQectance at 20' angle of incidence from
a glass-backed tin 61m evaporated ie situ, but the
optical constants were not determined from these data.
Finally, Hunter' has obtained values of k(E) from 14.5
to 27.5 eV from transmission measurements made on
tin films.

III. EXPERIMENTAL PROCEDURE AND
EVALUATION OF OPTICAL CONSTANTS

Tin films, produced in the reQectometer, were ob-
tained by evapora, ting tin of 99.999% purity from a
small aperture in a Ta boat onto a quartz slide. The tin
was raised to its melting point in about 20 sec and
evaporated at about 1000 A/sec to produce a film

approximately 2 500 A thick. A pressure of 10 ' Torr
was maintained in the apparatus. To check the quality
of the vacuum-Sn surface used for reQectance measure-
ments, the reQectances from both the vacuum-Sn and
quartz-Sn surfaces were measured at a wavelength of
2 500 A in the region of quartz transmission. The
quartz-Sn surface has less chance of contamination than
the vacuum-Sn surface and always appears shiny in

the visible region even if the other surface is of poor
quality. The data reported here were obtained on a tin
film for which the reQectance from the quartz-Sn
surface, corrected for the quartz transmission and
reQection, was equal to the reQectance of the vacuum-Sn
surface. This indicates a good vacuum-Sn surface.
When formed and maintained at a pressure of 10 ' Torr,
the transmittance of the tin 61m in the visible region

was less than 0.01%, as compared with a neutral
density 61ter. After exposure to the atmosphere, slight
deterioration of the film was noted; the transmittance
increasing to about 0.1% in the visible. The apparatus
used for reQectance and critical angle measurements
has been described elsewhere. ' '

For incident photon energies from 2.1 to 14.5 eV,
reflectance measurements were made at an angle of
incidence of 15'. From 14.5 to 20.5 eV, where e(E) &1
and k(E)~0, ts(E) was determined by the critical-angle
method. " These values of N(E) were then combined
with Hunter' s' values of k(E), from transmission
measurements in this energy range, to yield the normal-
incidence reQectance as a function of incident-photon
energy. These values are plotted in Fig. 1. Also plotted
in Fig. 1 is the normal-incidence reQectance in the
energy range 0.1 to 1.3 eV obtained from Golovashkin
and Motulevich's' n(E) and k(E).

A Kramers-Kronig (KK) analysis" was performed
on the complete reQectance data presented in Fig. 1 to
yield n(E) and k(E) over the energy range 2.1 to 14.5
eV. The usual method" employing extrapolation of
reQectance to higher energies was not used. Since values
of ts(E) and k(E) were already known in the energy
ranges 0.1 to 1.3 eV and 14.5 to 20.5 eV, the phase
change on reflection 8(E) could be calculated in these
regions from Eq. (1)

8(E)= tan '2k/(1 —t22—k') .

This relation is obtained from Fresnel's equations
assuming the complex refractive index in the form
(22—sk) and the complex reflectance amplitude r= re",
where the reflectance R equals ~r~2. 8 is restricted to
—2r &8&0. The pha, se change is also given by Eq. (2)
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The integral from 0 to 20.5 eV in this equation can be
calculated from the known reQectance presented in

Fig. 1; hence, where 8(E) is known, the integral from
20.5 eV to in6nite energy can be calculated. Values of
this second integral, calculated in this way, have been
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FIG. 1. Reflectance of Sn Qms as a function of incident photon
energy. The curve is a composite of data obtained for the present
analysis and that of Refs. 4 and 6. Circles represent experimental
reQectance at 15' angle of incidence; dashed lines indicate normal-
incidence reflectance calculated from n and k.
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plotted as 68 in Fig. 2. 60 is the contribution to the
phase change on reflection due to absorption in the
energy region above 20.5 eV. 68 was interpolated in the
energy range 1.3 to 14.5 eV by a smoothly varying
function as shown by the curve in Fig. 2. By substitu-
tion bac!& into Eq. (2), 8(E) was then obtained in the
energy range 2.1 to 14.5 eV. A knowledge of 8(E) and
E(E) in the interpolated region then yielded e(E) and

k(E) from

n = (1—r')/(1+r' —2r cos8)

k= (—2r sin8)/(1+r' —2r cos8) .

Since Hunter' had measured k(E) up to 27.5 eV, values
of n(E) up to 27.5 eV were estimated by making a
smooth extrapolation through the points n=0.88 at
20.5 eV and e=0.965 at 27.5 eV.
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Pro. 3. Optical constants of Sn as a function of incident photon
energy. The curve is a composite of data obtained from the present
analysis and from Refs. 4 and 6 (X critical-angle method. )

e(»(E) in the following form:

e(»(E) = 1 E„.'/E(E+ —k/zr), (4)

where E„,=h(47rEr(, ((e'/m, qr)' ', r is the relaxation
time, S is the number of atoms per unit volume of the
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Values of n(E) and k(E) over the energy range 0.1 to
27.5 eV are shown in Fig. 3, and the dielectric constants,
et(E) and es(E), are shown in Fig. 4 over the energy
range of interest in the interpretation of the energy-loss
functions.

IV. A5'ALYSIS AND DISCUSSION

It has been shown" that the complex dielectric con-
stant of a metal can be written as

e(E)= e(f)(E)+pe(&)(E)

where e(»(E) is the contribution due to free electrons
and 8e(s)(E) is that due to bound electrons.

From the free-electron theory, '~ we can express
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crystal, nz, « is the effective mass of the electrons, and
n.gf is the effective number of electrons per atom
contributing to the optical properties at energies below
the threshold for transitions between electronic bands.

The free-electron theory has been modified by
Dingle" and by Holstein' to allow for the anomalous
skin effect.""However, this effect is found to be very
small in tin at room temperature4 and no allowance is
made for it in this a,nalysis.

X-ray studies show that tin has two Sp electrons in
the valence band and two Ss electrons in a (overlapping)
band at approximately 1.4 eV. The next lowest bands
are 4d bands at 23.9 and 24.4 eV." In tin, the unique
separation of the complex dielectric constant into free-
electron and bound-electron contributions is difficult
because of the low energy associated with the first
interband transition. The x-ray studies indicate tha, t
the contribution to the imaginary part of the dielectric
constant due to bound electrons should go through a
maximum at approximately 1.4 eV. This interband
transition may cause the dielectric constant to deviate
from the free-electron formula down to the lowest
energy at which measurements were made. Thus, in tin,
there is no extended energy region over which it is
known that the behavior of the dielectric constant
should be "free-electron-like" and the data cannot be
analyzed to yield a unique dependence of the relaxation
time on energy. In order to make a reasonable separa-
tion of the measured dielectric constant into free-
electron and bound-electron contributions, we have
assumed that interband transitions have no inhuence
at the lowest energy at which measurements were made
and the relaxation time is energy-independent. Then
the following equations:

ei(exp) = ei&r&(E)+&&ei "&(E)

= 1—LE '/(E'+(h/r) 2)]+.)ei (E) (S)

e2(exp) = ee&r&(E)+&&em&'&(E)

h
LE 2/(E2+(A/r)2) j+&&e2&b&(E) (6).E

for the experimental values of e~ and e~ yield L+',„„=8.16
eV and r4.20)&10 "sec, with ber&b&(E) = 6e2& &(E) =0
at 0.1 eV. With m, qq taken equal to the free-electron
mass and for a density of 7.3 g/cm', E„,=8.16 eV gives-
a value of 1.30 for n, g~. For comparison Hodgson' ob-
tained 1.33, and Chambers" 1.1 from observations of
the anomalous skin eRect. Measurements such as
electrical conductivity also indicate that n, fg is much

' R. B. Dingle, Physica 19, 311, 348, 729, 1187 (1953).
'7 T. Holstein, Phys. Rev. 88, 1425 (1952); 96, 535 (1954).

G. E. H. Reuter and E. H. Sondheimer, Proc. Roy. Soc.
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'~ A. E. Sandstrom, in IIandblch der Physzk, edited by S. Flogge
(Springer-Verlag, Berlin, 1957), Vol. 30, p, 226.' R. B. Chambers, Proc. Roy. Soc. (I andon) A215, 481 (1952).
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less than four, the number of valence electrons per atom
usually assumed for tin. This indicates the existence of
a "Jones" zone which contains about four states per
atom. " In fact, in multivalent metals, such as tin,
where the free electrons occupy several overlapping
energy bands, n, ~l and m, gf are regarded as representing
averages of the numbers of electrons and the eRective
masses of the electrons in the various bands.

In order to show the energies of interband transitions,
&&»,

& &(E) and 8e, &b&(E), calculated from Eqs. (S) and (6)
with F-„,=8.16eV, ~=4.20&&10 "sec, and the experi-
mental values of e~ and e~, are plotted as a function of

energy in Fig. 5. It is seen that there is a well-defined
interband transition" "identified by a zero in hei&'&(E)

and a maximum in be2&b&(E) at (1.2+0.1) eV. This inter-
band transition which corresponds to the Ozz x-ray
level was obtained by Golovashkin and Motulevich4
from the maximum slope of a, plot of k(E)/)&(E) versus
the energy of the photons, where X is the wavelength.
Hodgson' did not find this transition; instead, he
obtains a constant n,«over the energy range 0.1 to
1.3 eV and attributes deviations of ee(E) from the
free-electron formula to a dependence of v- on E.

At higher energies the structure in lier&'&(E) and

he2
"&(E) is more complicated since more than one inter-

band transition contributes to the calculated values
of the real and imaginary parts of the dielectric con-
stant. The most recent measurements of the transmit-
tance of tin films' locate the Xzv and Ã~ x-ray edges
at 24.9&0.1. eV and 23.8&0.1 eV, respectively. These
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