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The normal-incidence reflectance of electropolished Zn single crystals has been measured
from 0.6 to 4.0 eV at 300 and 77 'K for the polarization vector E parallel and perpendicular to

the crystallographic c axis. Optical constants are determined through Kramers-Kronig inver-
sion using a free-electron-like extrapolation for the reflectance outside the range of measure-
ment. Results for c&/& are compared withoptical spectra recently calculated by Kasowski using
the band-structure calculation of Stark and Falicov, in which the coefficients of a nonlocal

pseudopotential were adjusted to fit the band structure to Fermi-surface data. The present
optical data agree with theory much better than do previous oblique incidence reflectance data.
As predicted by the theory, a structure in ~2/Xat 0.9 eV arising from transitions along I'M and
I'K and allowed only for E II c is observed with good agreement in shape and position in energy.
For both polarizations a double peak around 1.6-2. 1 eV is seen; its shape agrees well with a
double peakaround 2. 2-2.9 eV predicted for transitions along LH in the Brillouin zone. The

discrepancy in energy can be partly understood in terms of the limited accuracy of the pseudo-

potential and of the fit to Fermi-surface data. Application of the sum rule to the experimental
~2/~ gi~es n ~q = 2for bothpolarizations, whichindicates that theextrapolationprocedureusedfor
Kramers-Kronig analysis and the magnitudes of interband structures in &2/~ obtained from
experiment are reasonable. In contrast, n&& calculated from theory suggests that the interband
matrix elements are at least 10-20% too large. Temperature dependence is also discussed.

INTRODUCTION

Pseudopotential band structures have been calcu-
lated for many crystals. ' In semiconductors the
pseudopotential coefficients are usually adjusted to
give optical gaps and cyclotron masses in agree-
ment with experiment at symmetry points in the
Brillouin zone. In metals the pseudopotential co-
efficients can also be determined by comparison
with Fermi-surface data. These band structures,
accurate at the Fermi energy E&, can then be used
to calculate the optical spectrum. Because optical
absorption involves electronic states both below and

above E&, the comparison of the calculated and
measured optical spectra tests the accuracy of these
one-electron band structures at energies away from

This kind of comparison has been made in sever-
al types of metals, including simple metals, e. g. ,
Na, and Al, ' and noble metals, e.g. , Cu. ' In Na
and Al and in Cu above 4 eV there was good agree-
ment between experiment and theory in regard to
position and shape of structure in the optical spec-
trum. In Cu the problem is greatly complicated by
the mixing of the d bands into the conduction bands.
In all three cases the calculations involved only
local pseudopotentials.

Stark and Falicov (SF) have calculated the band
structure of Zn by adjusting the pseudopotential
coefficients to achieve good agreement with Fermi-
surface data; this required the use of a strongly
nonlocal pseudopotential. The band structure of
Zn should be simpler to calculate and more accu-

rate than that of Cu because the d bands lie below
the bottom of the conduction bands. Thus the con-
duction bands originate from the two s electrons in
the valence shell of the free atom. The conduction-
band wave functions are formed from free-electron
eigenstates orthogonalized to the d core states just
below the conduction bands. In the pseudopotential
scheme these orthogonalization terms, large be-
cause of the relatively small energy (a few eV) be-
tween the bottom of the conduction bands and the
d bands, produce a strong, nonlocal, d-like contri-
bution to the pseudopotential. The simplicity of the
basis functions in Zn compared to the s-d admixture
in Cu suggests that the optical spectrum calculated
from the band structure of Zn should be at least as
accurate as that ior Cu and nearly as good as that
for the simple metals.

Kasowski used the SF band structure to calcu-
late the interband optical spectra of Zn, ignoring
spin-orbit coupling. For comparison, at low pho-
ton energies (infrared-visible)twosets of experi-
ments exist for Zn, both using a modified Drude
technique for oblique incidence reflectance. The
work by Graves and Lenham' (GL) was performed
at 298 and 7'7 'K on hand polished samples, while
Lettington obtained similar results with electro-
polished samples at room temperature.

The experimental results of GL and the theoret-
ical results of Kasowski are shown in Fig. 1. The
measured optical structures are not in good agree-
ment with the theory; no clear correlation between
experimental and theoretical structures is possible.
Furthermore, Kasowski's assignment of optical
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structure to regions of the Brillouin zone is not

consistent with the observed differences in the shape
of structures appearing for the tmo polarizations.
A more detailed discussion of these points will
follow. But one should certainly expect better
agreement between theory and experiment.

Oxide layers and surface films are often a prob-
lem in the preparation of good single-crystal sur-
faces of metals. The oblique incidence reflectance
methods used in prior experiments on Zn are con-
siderably more sensitive to these surface problems
than is normal incidence reflectance. On the other
hand, the optical constants cannot be determined
directly from normal incidence reflectance, but
must be obtained through a Kramers-Kronig inver-
sion involving extrapolations of the reflectance into
unmeasured regions of the spectrum. However,
the shape and position of structure are quite insensi-
tive to the details of the extrapolations. The mag-
nitudes of the optical constants can be partially
corrected by invoking sum rules to choose proper
extrapolations.

This paper reports normal incidence reflectance
data for Zn between 0. 6 and 4. 0 eV carried out at
300 and 77 K, with optical constants determined
from the data by Kramers-Kronig analysis. The
purpose of this work is (a} to check the previous
experimental results by an independent experiment
and technique; (b} to compare the new results with
the calculations of Kasowski; (c) to analyze the
experimental spectra in terms of the band struc-
ture; and (d) to attempt to determine the success
of the SF empirical nonlocal pseudopotential band
structure of Zn, calibrated at E~, in predicting
electronic eigenvalues away from E& as seen in
optical absorption.

II. EXPERIMENTAL TECHNIQUE

A high-precision normal incidence scanning
ref lectometer' was used to record the reflectance
R directly as the photon energy 8+ mas scanned.
A quartz light pipe, bentslightly off axis at the top,
captures both the incident (Ip) and the reflected
(RIp) beams in alternate positions; the off-axis
bend allows the incoming beam to pass by the light
pipe and strike the sample at near-normal (=6')
incidence when the reflected beam is beir.g captured.
In this way a single detector and essentially the
same optical path are used for both beams. The

light pipe is rotated at about 70 Hz. Each beam
contributes to the signal a flat pulse about 20% of
the rotational period wide. The signal is processed
by an electronic gating circuit which extracts the
average height of each of the two pulses. The inci-
dent beam signal controls the detector gain to keep
the magnitude of the incident beam signal constant.
The reflected beam then yields a direct reading of
the reflectance as the photon energy is scanned.
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FIG. l. Optical constants of Zn. Previous experiment
from Graves and Lenham (Ref. 7), theory from Kasowski
(Ref. 6).

In the visible and ultraviolet a photomultiplier
is used as a detector, while at photon energies be-
low 1.5 eV, the cutoff of the photomultiplier, a PbS
cell with a 1-cm area is used. Additional channels
measure the signal during parts of the rotational
period mhen neither beam is captured by the light
pipe. Thus the dark current of the photomultiplier
(or dark resistance of the PbS cell} is automatically
subtracted from both Ip and RIp to give a true read-
ing of the reflectance. With the PbS cell the rela-
tive error in R is + 5x10, while with the photo-
multiplier it is +10

Single crystals of Zn were grown by zone melting
and oriented by Laue back-reflection techniques.
Samples were spark cut with surfaces parallel to the
c axis. Thus the reflectance for both E I~ c and
E ~c could be measured for the same surface by
simply rotating the plane of polarization of the in-
coming light. The samples were chemically etched
in HNO&, then electropolished in a 1:1 phosphoric
acid and ethanol solution, and finally rinsed with
fresh methanol. A rinse in distilled de-ionized
water or even the presence of excess mater in the
methanol tends to create a bluish cast on the sur-
face. This effect is attributed to the adhering of
(OH) radicals to the surface, "because when the
polarity of the electrodes in the electropolish is
reversedbriefly to make Zn the cathode, this cast
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disappears. Consequently, care was taken to keep
th samples as free of water as possible.

The samples were mounted in a stainless-steel
cryostat which was evacuated to better than 10 'Torr
by a liquid-nitrogen-trapped oil diffusion pump.
The samples were thermally connected to a liquid-
nitrogen trap inside the cryostat by a stainless-
steel holder which allowed them to cool in about
1 h. Hence the residual gas in the chamber was
cryopumped by the trap before the sample surface
was cold. The samples were located directly be-
hind a quartz window, which was tilted with respect
to the sample by a small angle. In this manner the
cryostat could be adjusted in such a way that the
reflections from the window were not captured by
the light pipe, and the correction for the window
reflections could be straightforwardly computed.
In this configuration the absolute error in R is
about + 2%, independent of photon energy.

Measurements of reflectance were made in the
range 0. 6-4. 0 eV at 300 and 77 'K using a prism
monochromator and triple- reflection polarizer of
better than 9'f% efficiency. Two sets of measure-
ments were made on the samples, one with a PbS
cell and tungsten lamp, and the other with a photo-
multiplier and high-pressure xenon lamp. The two
sets overlap in energy, and a vertical shift of less
than 3% in reflectance was sufficient to match the
two sets of curves in the overlap region.

III. REFLECTANCE DATA

The normal incidence reflectance spectra of Zn
from 0. 5 to 3. 0 eV at 300 and 77 'K are shown in
Fig. 2. The actual measurements begin at 0. 6 eV;
below this energy the curves are extrapolated to a
constant reflectance close to 100% in accordance
with the expected Drude behavior. Such an extrap-
olation, carried to zero energy, is used for the
Kramers-Kronig analysis, which is to be discussed
later. Its validity is experimentally indicated by
the apparent saturation of the measured reflectance
near 100% as Itd-0. 'f eV from higher energies.
Measurements were carried out to 4. 0 eV in the
ultraviolet; they showed a slight smooth decrease
in reflectance with increasing photon energy. We
attribute this decrease to the presence of an oxide
layer on the sample surface.

Structure in the reflectance spectra of Zn is
contained in a band of energies from 0. 6 to 2. 6 eV.
In the absence of interband absorption, the reflec-
tance would have the Drude shape: R large and
nearly constant up to the plasma energy S~= 10 eV
and then dropping to very small values above S~.
Thus the departure of the measured spectrum from
the drude shape must be attributed to interband
absorption, which yields structure concentrated
primarily in the range 0. 6-2. 6 eV.

The major anisotropy in the spectra is the peak
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FIG. 2. Normal incidence reflectance of Zn.

at 1.0 eV, which occurs only for E ll c. It appears
to suppress the sharp drop in reflectance seen for
E l c near 1 eV. At 77 'K the peak sharpens con-
siderably and shifts to lower energy.

Shoulders occur at 1.6 and 2. 3 eV for both po-
larizations and sharpen at lower temperature. An

additional shoulder appears at 1.3 eV for E ~c and
for E ll c at 77 'K superimposed on the high-energy
side of the main anisotropic peak. Weak shoulders
were also noted for both polarizations in the region
where the reflectance drops from nearly 100%, i. e. ,
at the onset of interband absorption.

A 7% decrease in reflectance near 3 eV is evi-
dent for E ~ c upon cooling to 77 'K while for E ll c
the reflectance remains constant within the abso-
lute error. This polarization-dependent change
in reflectance with temperature is puzzling and its
cause is not understood. The high-vacuum condj. —

tions of the experiment should rule out condensed
gases on the surface at low temperatures, particu-
larly for such low photon energies. Furthermore,
one would expect such condensation to produce a de-
crease in reflectance for both polarizations, but no
temperature shift is observed for E ll c.

Independent evidence for a temperature shift for
E &c (E l~ c could not be measured) is found in the
photoemission data of Mosteller, Huen, and
Wooten. ' In their results, the magnitude of the
photoelectron energy distribution N(E) in the ultra-
violet for Zn basal-plane surfaces cleaved in vac-
uum decreased by about 10% as the temperature
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was reduced from 290 to 96 'K. They suggest that
this decrease might be attributed to a change in the
optical absorption coefficient with temperature.
In our case, the samples were exposed to air before
being measured, so that we cannot exlude the pos-
sibility of a polarization-dependent change in the
absorption coefficient with temperature for the
oxide layer at the surface. Although the effect is
still unexplained, it does not significantly affect
the determination of the position and shape of struc-
ture in the optical spectra, which is the main con-
tribution of this work.

Qp
2

g ((0) =
u)r((u'+1/v )

(2)

with a plasma energy S~=10. 1 eV and a relaxation
time t =2x10 ' sec. This reflectance is nearly
constant from 2. 2 to 6. 5 eV. They found that when
the sample is exposed to air, the reflectance in this
energy range decreases, similar to our results.

Mosteller and Wooten could only measure the
reflectance for E ~c since Zn cleaves in the basal
plane. The reflectance curves for E II c and E ~c
should have the same shape above 2. 6 eV if they
are free- electron-like. We performed measure-
ments on both polarizations with the scanning reflec-
tometer using as a light source in the vacuum uv
the polarized synchrotron radiation from the 240-

IV. KRAMERS-KRONIG ANALYSIS

The optical constants are determined from
normal incidence reflectance by applying the
Kramers-Kronig relations to the complex reflec-
tance to obtain the phase shift 9 on reflection. Be-
cause e(~,) depends on the reflectance R(&) for all
('d, the extrapolation of the reflectance at both ends
of the spectrum is crucial. Extrapolating R to
=100% at low energy, as mentioned in the previous
section, appears very reasonable. The high-energy
extrapolation requires further discussion.

The measured reflectance of Zn shows a gradual
decrease (= —2%/eV) in R above 2. 6 eV as K~ in-
creases. We attribute most of this decrease to the
existance of an oxide layer on the Zn surface. The
effect of the oxide should become more serious at
larger photon energies. Therefore we suspect that
the high-energy limit of our measurements does not
represent the reflectance purely of the bulk Zn.
Additional experimental information is needed to
make a reasonable high-energy extrapolation of the
reflectance.

Mosteller and Wooten" have found the reflectance
of clean vacuum-cleaved Zn in the ultraviolet to be
similar to the reflectance calculated from the free-
electron dielectric functions

MeV electron storage ring at the University of
Wisconsin. No polarization dependence was detect-
ed in the shape or position of the plasma edge.
Futhermore, the shape of the reflectance was that
found by Mosteller and Wooten for slightly oxidized
surfaces, which is reasonable since our samples
were chemically etched and put into vacuum within
10 min of removal from the etch.

The reflectance values of Mosteller and Wooten
are larger than our values near 3. 0 eV. Thus,
joining our curves to their values would introduce
artificial structure in the optical constants, which
is unacceptable. In order to generate a free-elec-
tron-like extrapolation of our reflectance curves
without introducing artificial structure, we calcu-
lated the reflectance from Eqs. (1) and (2) with
8+~= 10. 1 eV and w= 10 ' sec, and multiplied these
ref lectances by a scale factor' to match the mea-
sured curves smoothly near 3.0 eV. In this way
the shape and position of the interband structure
at lower energies remains unaltered.

Changing the value of r from 10 ' to 3&10 '
sec in the calculation results in no shift of the
position of the ea/& structure and an increase in
magnitude by less than & Q. Hence the choice of
7' is not critical, and T= 10 ' sec was used in all
extrapolations because this value yields the best
fit to the slope of the measured reflectance at the
matching point near 3 eV. The value of S&~ is well
established and could not be used as an adjustable
parameter. On the other hand, if the actual mea-
surements showing the decrease in reflectance
above 3. 0 eV are used and extrapolated smoothly
to an edge at I+~, the position of the double peak
in em/& shifts to lower energy by as much as 0. 2
eV and the magnitudes decrease by a factor of be-
tween 3 and 4. This yields unreasonably low values
for the sum rule discussed below.

The use of a single relaxation time for both
polarizations and different temperatures is a sim-
plification which masks changes in & by a factor of
2 or 3 as indicated by the anisotropy and tempera-
ture dependence of electrical conductivity. The
changes in ez/& from such a variation in r are
small, as discussed above. This means that the
decrease in reflectance with temperature for E ~c
cannot be attributed to the temperature dependence
of 7'.

V. OPTICAL CONSTANTS: COMPARISON WITH THEORY
AND PREVIOUS EXPERIMENT

The "optical conductivity" e2/&= 2nk/& derived
from Kramers-Kronig analysis of reflectance mea-
surements for Zn is shown in Fig. 3. The inter-
band optical spectrum calculated by Kasowski is
also shown. These results are to be compared with
previous measurements shown in Fig. 1.

The intraband or free-carrier contribution to
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FIG. 3. Optical constants of Zn. Theory from
Kasowski (Ref. 6).

ey is given by Eg. (2). Thus (ey/&)„„, due to free
carriers is proportional to 1/trt2, except at very
small photon energies for which ter «1/T and

(ez/&) „,~ becomes large and constant. The intra-
band portion of ee/& is seen below 0. 5 eV in Fig. 3.
Since e2/& drops to small values near 0. 5 eV, the
structure above this energy can be considered es-
sentially all interband absorption.

The reflectance peak at 1.0 eV for E II c gives
rise to the peak in e2/& near 0. 9 eV, which sharpens
and shifts to lower energy with decreasing temper-
ature. The sign of the temperature shift is some-
what unusual but in agreementwiththe GL results.
This peak is in excellent agreement with the theory
in regard to position and shape. The asymmetry of
the peak, i ~ e. , sharper on the low-energy side,
is clearly reproduced in the theory, whereas this
feature is not obvious in the GL results. The
magnitudes are in disagreement by a, factor of 2.

The calculated peak for E~c at 0. 25 eV is not
expected to appear in the present results because
the lower limit of these measurements was 0. 6 eV.
Other experimental techniques, e. g. , calorimetry,
may be preferable at photon energies below the
quartz infrared cutoff unless a better infrared-
transmitting material is used for the light pipe.

Broad peaks in ee/& occur for both polarizations
near 1.6 eV. They show an additional shoulder on
the high-energy side near 2. 1 eV. The shape and
location of this structure is similar for all four
curves, except that the relative height of the peak
and shoulder reverses for E ~c at 77 'K. (This
may arise from the temperature dependence of the
reflectance magnitude. ) Comparison with the theory
suggests that this structure is to be associated with
the broad double peak arising for both polarizations
and centered at 2. 5 eV. The half-width of this
structure is about 1 eV in both experiment and the-
ory. The positions in energy disagree by about 0. 9
eV. Furthermore, this doublet seems more clearly
resolved in the calculation than in the experiment.
The discrepancy in energy location is too large to
be explained by the fact that the calculations are
based on He-temperature data, whereas the optical
experiments are carried out at much higher tem-
peratures, even though the temperature shift mea-
sured experimentally is in the right direction.

This experimental double peak in ea/& at 1. 6-2. 1
eV is similar to the GL result for E ~c. The GL
structure for E II c at 1.6 eV is very different, how-
ever. Thus our normal incidence results differ
from the oblique incidence measurements of GL
(and also those of Lettington) primarily for E 11 c.
We see no evidence of the middle peak which ap-
pears in their data and which is also absent in the
theoretical results of Kasowski. Furthermore, we
do not observe the large decrease in e2/X upon
cooling found by GL for E II c.

The present measurements provide improved
agreement between theory and experiment for the
shape of the interband optical spectra of Zn. This
fact generates increased confidence in the accuracy
of the SF band structure away from the Fermi en-
ergy, but also emphasizes the need to understand
the error in the energy position of the double peak.

VI. DISCUSSION

The SF band structure of Zn is shown in Fig. 4.
The notation of the single group is used because
the optical spectra were calculated ignoring spin-
orbit interactions. For reference the first Brillouin
zone for the hexagonal close-packed lattice is de-
picted in Fig. 5.

Kasowski identifies the peak at 0. 9 eV for E II c
as arising from transitions in the hexagonal (I"MK)
plane about 3 of the distance to the zone face. In
the band structure these transitions are seen along
I'M(T, - Z~) and I'K(T4- T2). Here, bands which are
degenerate in the free-electron model are split by
the crystal potential, resulting in nearly para. llel
bands which cross E~ and give rise to optical ab-
sorption. Electric dipole transitions are allowed
along Z and T for E II c only, and the calculated in-
terband matrix elements are large. This assign-
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FIG. 4. Band structure of Zn from Stark and Falicov
(Ref. 5).

ment and the calculated shape and position are in
very good agreement with the present experimental
results.

The broad double peak in ez/X centered at 2. 5
eV and occurring for both polarizations in the cal-
culation is assigned by Kasowski to the LH(S') re-
gion of the Brillouin-zone face, where again the
bands are nearly parallel and oscillator strengths
are large. Here, however, electric dipole transi-
tions are allowed for both polarizations. These
bands are also degenerate in the free-electron
model and are split by the crystal potential. The
doublet nature of this structure is attributed to the
sharp change in curvature of the bands along LH
near the I point. This theoretical doublet would
agree with the present experimental observations
if shifted to lower energy by 0. 9 eV.

The preceding interpretation of the optical spec-
tra gives good agreement between theory and ex-
periment for the interband energy along j."M and IK,
but poor agreement for that along LH in the Brillouin
zone. This difference in accuracy can result from
the choice of the pseudopotential. Both structures
arise from splitting of degenerate states by the
crystal potential. This splitting is twice as large
for the LH structure as for the I'M-I'E structure,
so that a given inaccuracy in the pseudopotential
should result in a larger error in the interband en-
ergy at LH than along I'M and IX. Furthermore,
precise knowledge of the Fermi-surface k vectors
does not determine the slope of the bands at Ez.
In fact, the same Fermi surface and a smaller
slope of the lower bands along I H would reduce
the interband separation along I H, improving
agreement with experiment. '

Stark and Auluck' are presently attempting to
improve the Zn pseudopotential to obtain a good fit
of the band structure to the cyclotron-resonance
data of Sabo' for the Zn third-band "lens. " The
cyclotron-resonance masses give a measure of the
slope of the bands at E~. Stark and Auluck indicate
that the d potential must be decreased to fit the data

of Sabo as well as the previous Fermi-surface data.
This change in the nonlocal pseudopotential flattens
the bands at E& and reduces the interband energies
along LH considerably more than it does the ener-
gies along j.M and ~K Hence, better agreement
with the optical spectra is to be expected.

The observed shift of the LH structure to lower
energy with increasing temperature is expected:
Phonons effectively smooth out the crystal potential
as seen by the electrons, so that the splitting of the
bands along LH caused by the crystal potential is
reduced. This argument should hold for the I'M-
I'E structure as well, but the observed temperature
shift has the opposite sign. This surprising result
may arise from the anisotropic thermal-expansion
coefficient and deformation potentials or from the
shift of the Fermi energy relative to the bands with
temperature.

2 2

( )d 2vNn„, e
(3)

where the right-hand side is just 2m» N is the
atomic density of the crystal, and n, ff is the effec-
tive number of electrons per atom. Ne assume
the sum rule (3) applies individually to the indepen-
dent components e" and c' of the second-rank dielec-
tric tensor. For Zn, m, «should saturate at
8 ff = 2. 0 when the oscillator strength of the two
outer s electrons of the atoms is exhausted. Ex-
pressing (3) in terms of egX,

n, «(if~) =, —2 (ffv) d(ff~) (4)

„Zs
FIG. 5. Fxrst Brillouxn zone

of the hexagonal close-packed
lattice.

VII. MAGNITUDES AND SUM RUlE

The magnitude of the ~M-~K peak measured
here corresponds roughly to the room-temperature
result of GL and is about half the magnitude of the
theoretical peak. For the LH structure, the present
results agree with the GL results for E~c. The
observed magnitude for E ~c is somewhat larger
than that for E ~~ c. The difference is, however,
not quite as large as in the theory, which attributes
larger matrix elements to the perpendicular polar-
ization.

An indication of the accuracy of the magnitudes
of eg& is obtained from calculating the sum rule
for E2.
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from Kasowski's interband ez/& and included it in
Fig. 6. At. 4. 9 eV we find that n,"«= 1.36 and

n,«-2. 19. Adding to this the estimated intraband
contributions we obtain n,"«= 2. 2 and n', «= 2. 7 at
only 4. 9 eV. Thus the theory gives absorption mag-
nitudes which are at least 10-20% too large in con-
sideration of the requirements of the sum rule. If
the magnitudes of the theoretical e2/& curves are
artificially adjusted to fit the sum rule more close-
ly, both curves must be reduced, the perpendicular
polarization more than the parallel. This brings
the magnitudes into better agreement with the data
obtained here by Kramers-Kronig analysis, but
does not change the discrepancy in the relative
heights of the 0.9-eV peak and 1.6-2. 1-eV doublet
observed for E II c.
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FIG. 6. Sum rules for Zn. Theory is calculated from
the interband &2/X values of Kasowski (Ref. 6).

Thus n,« is proportional to the area under the
curves in Fig. 3. This function is plotted up to
5 eV in Fig. 6. At 11.0 eV, just above the plasma
energy for the two s electrons, the experimental
n„q is within 3'%%uo of 2. 00 for all curves except E & c
at 77 'K, which has n, «= 1.79. The asymptotic
approach to n,«= 2. 0 implies that the average of
e2/& magnitudes over the whole spectrum is accu-
rate to about + 10%. This indicates that the extrap-
polations made for Kramers-Kronig analysis and
the resulting magnitudes of e2/& are reasonable.
However, the lower value of n,« for E ~c at 77 'K
suggests that the corresponding reflectance magni-
tudes are too small and that the decrease in reflec-
tance for E ~c upon cooling from 300 'K is erro-
neous.

Since the theoretical spectra include only inter-
band absorption, a contribution for intraband ab-
sorption must be added to compare with experiment.
This can be estimated from the results of Kramers-
Kronig analysis shown in Fig. 3. The intraband
absorption appears to be mostly confined to 8& - 0. 5
eV, and interband structure essentially begins
above this energy. Thus n,«(0. 5 eV) is the esti-
mated intraband contribution, which is about 0. 85
for E 11 c and 0. 5 for E~c. We have calculated n,«

VIII. CONCLUSION

Previous experimental evidence suggests that
the optical properties of Zn above 3. 0 eV are
primarily free-electron-like. Therefore a reason-
able extrapolation of the reflectance can be made in
order to obtain the optical constants by Kramers-
Kronig analysis of normal incidence reflectance
data. The validity of the extrapolation procedure
and the accuracy of the resulting e2/X spectra are
given support by satisfaction of the sum rule for e2
and by the relative insensitivity of the interband
structure in e2/& to changes in the extrapolation
parameters.

The theoretical optical spectra of Zn calculated
f rom an empirical nonlocal pseudopotential band-
structure fit to Fermi- surface data are in consid-
erably better agreement with the present normal-
incidence reflectance results than with previous
oblique incidence data. The good agreement be-
tween theory and the present experiment for the
shape and polarization dependence of interband
structure suggests that the general features of this
band structure are correct. In analyzing the optical
spectra, we have assumed that direct transitions by
single electrons dominate the interband absorption.

The theory correctly predicts the 0. 9-eV energy
of interband '.ransitions along I'M and I'K in the
interior of the Brillouin zone, but for transitions
at the zone face along I H the calculated energies
lie = 0. 9 eV above the measured energy range of
1 ~ 6-2. 1 eV. Errors in the interband energies can
arise from departures from the optimum pseudo-
potential coefficients. Recent calculations indi-
cate that (a) the Zn pseudopotential of SF does not
give optimum agreement with available data describ-
ing the bands in the immediate vicinity of Ez, lb)
fitting the band structure to cyclotron mass data in
addition to other Fermi-surface data will improve
the pseudopotential for bands near EI., and (c)
agreement with the measured optical spectra will
improve as the pseudopotential is optimized. How-
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ever, from the results now available, one cannot
draw definite conclusions about the ultimate accura-
cy of the band structure obtained with the empirical
nonlocal pseudopotential scheme for Zn.

The theoretical interhand ez/X spectra yield
values of n,«which are at least 10-20% too large
to satisfy the sum rule. Hence, we conclude that
the optical matrix elements calculated from the
band structure are too large. This is not surprising
because the main contribution to the interband n,«
comes from the doublet structure involving transi-
tions along the I.H line at the Brillouin face, where
the calculated interband energy is too large and the
bands are not accurately predicted by the theory.
In addition, the theory gives a value of eg& for the
0. 9-eV peak which is twice as large as the magni-
tude obtained from experiment.

Clearly, in order to predict the band structure
of Zn away from E& using an empirical pseudopo-
tential band structure calibrated at E&, a minimum
requirement is the availability of precise data from
several kinds of experiments, so that not only the
position, but also a measure of the slope of several

bands at E&, is known. The agreement between ex-
perimental and theoretical shapes of the optical
spectra is encouraging evidence that the empirical
pseudopotential scheme is useful for Zn, but the
present accuracy of the band structure away from
E+ is not impressive. For the practical matter of
depicting approximate band structures over a range
of several eV, the accuracy and amount of data
from experiments which probe electronic states at
the Fermi surface may require a more difficult ef-
fort than the measurement of optical gaps and their
consequent use in determining pseudopotential coef-
ficients.
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