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excitation with photons of energies corresponding
to the band-to-band transitions differ from those
obtained after irradiation in the exciton bands.
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The optical reflectance spectra of the transition-metal oxides NiO and CoO have been mea-
sured over the energy range from 1to 26 eV. The optical constants have been derived by means
of a Kramers-Krénig analysis of their reflectance spectra. Structure in reflectance is found
at 4.0, 4.8, 5.9, 7.2, 8,25, 12.8, 13.6, and 17.8 eV in NiO, and at 5.5, 7.5, 12.6, and 17.5
eV in CoO. The positions of high-energy structure in their absorption coefficients is consis-
tent with maxima in their respective optical densities of states determined from photoemission
data. Two alternative interpretations are given for the structure in NiO between 4.0 and 9.0
eV. One interpretation involves oxygen p and nickel d states in localized excitations, and the
other involves the nickel d states and the “4s” band. Distinction between models on the basis
of presently available photoconductivity data is found to be questionable.

I. INTRODUCTION

The electronic structure of the low-mobility
transition-metal compounds has become the sub-
ject of increased interest in recent years because
of the rather diverse electrical and magnetic prop-
erties of these compounds and the recognition that
they represent a considerable gap in our knowledge
of the solid state.

The purpose of this work was to investigate a
part of this field of study which has been the sub-
ject of considerable disagreement for some time;
the electronic structure of the 3d transition-metal
oxides. Notwithstanding the practical importance
of these materials, their importance from a purely
scientific view point lies in the difficulty of con-
ceiving suitable models to explain their properties.

Studies of the optical constants in the ultraviolet
and vacuum ultraviolet have proven to be a power-
ful method for determining details of the electronic
structure of semiconductors and metals, 1=7 espe-
cially for materials for which meaningful band-
structure calculations have been performed. In
addition, the prior availability of the optical prop-
erties is often of considerable assistance to the
theorist in making such calculations. A consider-
able amount of useful information can be extracted
from the optical properties even though theoretical
calculations are not available to assist in the inter-
pretation. This is especially true when optical
data are analyzed in conjunction with other experi-
mental data such as photoelectron energy distribu-
tions. 8—1

In this paper we present the results of reflec-
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tance measurements on NiO and CoO over the pho-
ton energy range from 1.0 to 26.8 eV. The optical
constants have been derived through the use of a
Kramers-Kronig analysis of the reflectance data.

II. EXPERIMENTAL DETAILS

A. Samples and Preparation

Single crystals of NiO and CoO used in this work
were cut from flame-fusion-grown boules. The
reflectance samples were prepared by cleaving a
2-mm-thick wafer from a larger single crystal.
Cleaving was accomplished by placing a tungsten
carbide blade in contact with the crystal (properly
oriented) and striking the blade lightly with a ham-
mer. The samples were cleaved in air and fas-
tened to a sample holder with a low-vapor-pressure
Epoxy resin cement. Reflectance measurements
were made on cleaved faces, except in one case; a
polished sample of NiO was also measured.

B. Experimental Apparatus

The source of monochromatic radiation for all
measurements was a McPherson model 225, 1-m
normal-incidence vacuum ultraviolet monochroma-
tor. Light was generated in a Hinterregger-type
gas discharge lamp. Hydrogen was used in the
discharge lamp for measurements in the photon
energy range from 1 to 14 eV, and for the 14- to
26, 8-eV range emission lines from argon, helium,
and neon were used.

In order to obtain a quantitative determination of
the optical constants of a material from reflec-
tance measurements, it is necessary to measure
its absolute reflectance. To accomplish this, the
sample surface must be highly specular or a frac-
tion of the incident light will be scattered and not
intercepted by the detector during measurement of
the reflected intensity. In addition, the sensitive
surface of the detector should be uniform so that
for a given intensity its response does not vary ap-
preciably with the position, size, or orientation of
the beam.

The reflectance measurement apparatus described
below was designed so that with suitable precautions
absolute reflectance may be measured.

Shown in Fig. 1 is a cutaway view of the mea-
surement chamber which was used to obtain the
reflectance spectra of NiO and CoO. This chamber
was designed by Eden'? of this laboratory to mea-
sure absolute reflectance as nearly as practical.

The sample and a phosphor-coated light pipe are
mounted on a rotatable holder in such a manner
that the distance to the sensitive surface of the
light pipe (optical path length) remains the same
in both incident and reflected measurement posi-
tions. The manner in which this is accomplished
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FIG. 1. Reflectivity measurement chamber of Eden

(Ref. 12).

is easily understood upon reference to Fig. 2.
Light falling upon the phosphor-coated surface of
the light pipe is converted to the fluorescent wave-
length of the phosphor, travels down the reflecting
glass pipe, and is measured by a photomultiplier
after passing through a glass window on the top
flange of the vacuum chamber.

C. Measurements

Throughout the photon energy range from 1 to
11 eV, suitable filters were used to ensure that
higher-order responses of the diffraction grating
were eliminated from the output. In addition, in
the high-energy range (above 10 eV), filters of
CaF, (for 10- to 12-eV range) and LiF (above 12
eV) were used to determine the presence and
amount of lower-energy scattered light coming
from the diffraction grating. This can sometimes
be a serious problem since at high energies the
source intensity becomes small and generally so
does the sample reflectance. Thus, the normally
small amount of lower-energy scattered light cou-
pled with a usually higher sample reflectance at
lower energies can give significant errors. Scat-
tered light contributions were found to be insignif-
jicant except near 14 eV, where the hydrogen spec-
trum intensity is very small. At this photon en-
ergy, about 5% of the incident intensity passed
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FIG. 2. Illustration of operation of reflectance
chamber.

through a LiF filter (opaque beyond 12 eV). In this
case it was found that the scattered contribution
vanished when a CaF, filter (cutoff at 10 eV) was
inserted, indicating that nearly all of the scattered
light had photon energies above 10 eV. Hence, the
scattered contribution is primarily from the
Lyman-a line at 10. 2 eV, since it is by far the
most intense portion of the H, spectrum above 10
eV. Approximate correction for the scattered
light can be made by subtracting from incident in-
tensity the intensity remaining with the LiF filter
in place and then subtracting from reflected inten-
sity this scattered fraction multiplied by the
sample reflectance at Zw=10.2 eV. The scattered
light intensity was checked during every reflec-
tance measurement, since it depends primarily on
the condition of the diffraction grating (amount of
diffusion pump oil deposited, etc. ) and can vary
significantly with time.

Monochromator slits were kept small to provide
a resolution of about 8 1"&, and at each photon en-
ergy incident and reflected intensity measurements
were made seconds apart followed by an incident
check to minimize the effects of source intensity
variations. Readings were made with an integra-
ting digital voltmeter to improve accuracy and re-
duce the effects of noise, and several samples of
both NiO and CoO were measured to ascertain the
reproducibility of the results.

Do

III. NiO EXPERIMENTAL RESULTS

A. NiO Reflectance Spectrum

The absolute reflectance of NiO was measured
from one polished and two cleaved samples for pho-
ton energies ranging from 1.0 to 26.8 eV. Abso-
lute reflectance was also measured at one wave-
length using the beam of a helium-neon laser (1. 96
eV) and a silicon solar-cell detector in order to
provide a check on the chamber measurements and
give an accurate value for the optical dielectric
constant.

The spectrum of reflectance from a cleaved NiO
crystal is shown in Fig. 3. The only part of this
spectrum which has been previously reported® is
the prominent peak at a photon energy of 4.0 eV
(marked P4.0 in Fig. 3), where the reflectance
reaches 32%. Proceeding to higher energies in
Fig. 3, the next structure noted is a shoulder at
4.8 eV (S4.8). This shoulder was more prominent
in another cleaved sample than it is in the one de-
picted in the figure. The next three pieces of
structure in the reflectance, which occur at 7w
=5.9, 8.25 eV were clearly resolved in both
cleaved samples, but not in the polished sample.
Although P5. 9 appears as a shoulder in Fig. 3, it
was resolved as a definite peak in another sample.

The doublet peak (D12.8-D13.6) at Zw=12. 8,
13.6 eV and the final peak at 7w =17.8 eV (P17.8)
were identical in both cleaved and polished sam-
ples. The data-point increments were 0.1 eV for
1.0<7w< 12.6 eV, 0.2 eV for 12.6<7w <14.4
eV, and for 7w >14. 4 eV data points were obtained
at 16.8, 17.1, 18.45, 21.2, 21.4, and 26.8 eV,
Consequently, the details are accurately known for
7w < 14.4 eV, but the detailed nature (i.e., possible
splitting, ete. ) of the peak P17.8 is not certain,
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FIG. 3. Reflectance spectrum of NiO.
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and other small structures may exist on the slopes
of this peak.

A Kramers-Kronig analysis was performed on
the reflectance data assuming constant reflectance
from 7w=1.0 to Zw= 0 eV and extrapolating the
high-energy reflectance to 7w =100 eV.

The optical properties determined from the
Kramers-Kronig analysis were found quite insensi-
tive to the functional form of the high-energy ex-
trapolation. The calculation was done using the
method of infinite unit slopes of attenuation dis-
cussed by Thomas'® (see Appendix). Using this
method the functional dependence of reflectance be-
tween the last measured point (7w =26.8 eV) and
7w =100 eV is R=R (26.8)/ (7w — 26.8)%. The con-
stant K was adjusted to eliminate negative absorp-
tion coefficients for 7w <4.0 eV (this is the usual
practice — see Ref. 1).

As mentioned, the details of the reflectance peak
at Zw=17. 8 eV are not known because of the coarse-
ness of the data points in this region. To deter-
mine the dependence of lower-energy structure on
the reflectance in this region, the data above 7w
=14.4 eV were eliminated and the reflectance was
extrapolated (as previously described) from 7w
=14.4 eV to a small value at 7w =100 eV, thus
completely discarding the Zw=17.8 eV peak. The
effect on the optical constants of this rather gross
change was to change somewhat their magnitudes
at high photon energies (nearest the change). The
shape and positions of structure were unaffected.

B. Optical Constants of NiO

Two commonly used optical constants are pre-
sented in Figs. 4 and 5 for NiO. Figure 4 gives the
real () and imaginary () parts of the complex re-
fractive index (N=# - ik), and Fig. 5 depicts the
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Relative dielectric constant (determined from the reflec-
tance spectrum).

real (€,,) and imaginary (¢,,) parts of the complex
relative dielectric constant (¢, =¢€,, - i€,,). The
structural features of the imaginary components of
these constants are similar to the shape of the re-
flectance spectrum, but the actual positions of the
peaks and shoulders are shifted in energy.

The real parts of N and €, approach constant val-
ues at low photon energies. As shown in Table I,
the values differ somewhat from some of those ob-
tained by other workers. Table I summarizes the
values for the refractive index and optical dielec-
tric constant previously reported, along with the
values determined from the present work. The

TABLE I. Refractive index and optical dielectric
constant of NiO.
Refrac- Optical
tive dielectric
Index constant
n €4p = n? Method Ref.
2.45 5.76 Infrared reflectance (1 ) 16
(experimental)
2,38 5.7 Calculated from damped 17
oscillator model applied
to lattice vibrational
spectra
2.26 5.12 Calculated from damped 18
(4.75) oscillator model applied
to lattice vibrational spectra
(4.75 is experimental)
2.32 5.4 Reflectance (experimental) 13
P -
2.33 5.43  Reflectance (Hw=2.0 eV) ope"
work
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values obtained in this work are believed to be ac-
curate to within + 3% (at 7w =2. 0 eV), since they
were obtained consistently for polished and cleaved
crystals of different origins. Our values are within
experimental uncertainty of the values obtained by
Newman and Chrenko, 13 although they differ con-
siderably from the experimental work of Rao and
Smakula.!® The rather wide range of values pre-
sented by them and their co-workers!®~*8should be
noted.

A plot of the NiO optical-absorption coefficient
is presented in Fig. 6. The photon energies at
which structure shows are marked by the arrows
in the figure. Note that the positions of the struc-
ture in the absorption coefficient are somewhat
different than those of the reflectance spectrum of
Fig. 3. This is an expected result, since reflec-
tance depends on both the real and imaginary parts
of the complex refractive index (N = — ik) while the
absorption coefficient depends on % alone (a =47nk/
).

Near the absorption edge, we can compare the
present work with that of Doyle and Lonergan, °
and Rossi and Paul®® taken on NiO thin films. Op-
tical density is related to absorption coefficient a,
reflectance R, and sample thickness ¢ by the follow -
ing equation:

eat
optical density = logm[ (1 —R)z] ’

The optical density of NiO from 3.0 to 6.0 eV has
been calculated from the absorption coefficient of
Fig. 6 using a thickness of 2300 A. A comparison
of this optical density with that of the aforemen-
tioned absorption measurements is shown in Fig.

7. The data of Doyle and Lonergan and Rossi and
Paul have been scaled to give the same optical den-
sity as our data at 7w =5.4 eV, since these authors
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FIG. 6. Optical-absorption coefficient of NiO (deter-
mined from the reflectance spectrum).
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do not indicate their film thickness. The agree-
ment is quite good in view of the relative insensi-
tivity of reflectance to small changes in absorption.

Another useful quantity which may be obtained
from the optical constants is 74, (#wy) which is the
effective number of electrons per NiO molecule
contributing to the optical absorption at photon en-
ergy 7w,. This quantity is obtained from the sum
rule?:

nety (iwg) = (2m/Ne*?) [7° Ee,, (E)dE,

where m is the free-electron mass and N is the
number of NiO molecules per cm®, Figure 8 is a
plot of nq, for NiO. At higher energies, 74,
should finally saturate at a value of 14 (assuming
deeper valence levels are not excited) correspond-
ing to 8 valence electrons of the nickel ion and 6
for the oxygen ion of each NiO molecule. The fact
that . rises so slowly indicates that optical tran-
sition strengths are relatively small in the spectral
region of study.

IV. CoO EXPERIMENTAL RESULTS

A. CoO Reflectance Spectrum

The absolute reflectance of CoO was measured
on two cleaved samples for photon energies from
1.0 to 26.8 eV. Absolute reflectance was also
measured using the beam of helium-neon laser
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contributing to optical absorption.

(1.96 eV) and a silicon solar-cell detector in order
to provide a check on the chamber measurements
and give an accurate value for the optical dielectric
constant.

The spectrum of reflectance from a cleaved CoO
crystal is shown in Fig. 9. The first reflectance
peak occurs at 7w =5.5 eV, where the reflectance
reaches its maximum of 20%. (The splitting of
this peak shown in Fig. 9 is subject to some doubt,
since it was not resolved in the second sample. )
Proceeding to higher energies, we find a shoulder
at iw="17.5 eV, a peak at Zw=12.6 eV, and a final
peak at Zw=17.5 eV.

The data points obtained in the CoO measure-
ments were the same as in the NiO measurements.
Therefore, the details are accurately known for
7w < 14. 4 eV, but the detailed nature of reflectance

ol8 ) CoO REFLECTANCE SPECTRUM
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FIG. 9. Reflectance spectrum of CoO.
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(i.e., the possibility of additional structure in some
energy ranges) for 7w >14.4 eV is not certain. The
extrapolation used in the Kramers-Kronig analysis
was similar to that used for NiO.

B. Optical Constants of CoO

The optical constants of CoO are presented in
Figs. 10 and 11. Figure 10 gives the real (z) and
imaginary () parts of the complex refractive index
(N=n—-1ik), and Fig. 11 depicts the real (€,,)
and imaginary (€,,) parts of the complex relative
dielectric constant (€, =¢€,, —i€,,). As in the NiO
results, the low-energy values of » and ¢,, differ
somewhat for those obtained by other workers, and
Table II summarizes the values for the refractive
index and optical dielectric constant determined
from the present work and the values previously
reported. The values obtained in this work are
averages of several cleaved crystals and are be-
lieved to be accurate to within +3% (at 7w =2.0 eV).

The CoO optical-absorption coefficient is pre-
sented in Fig. 12. The photon energies at which
structure shows are marked by the arrows in the
figure. As expected, the positions of the structure
in the absorption coefficient are somewhat differ--
ent from those of the reflectance spectrum of Fig.
9.

V. DISCUSSION

It is important to the discussion of the optical
properties that we establish the nature of the oc-
cupied states which contribute to optical transi-
tions. These states must be associated with either
or both of the nickel ion 3d® levels or the oxygen
ion 2p® levels since other filled levels are suffi-
ciently removed in energy that they need not be con-
sidered in optical excitations.? Evidence for the

4
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FIG. 10. Real and imaginary parts of the CoO complex
refractive index.
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nature of the 3d® levels in NiO has been provided
by studies of the crystal-field spectra® of the Ni?*
ion. It has been observed that the spectra of the
Ni®* jon in an octahedral crystal field are qualita-
tively identical for many materials, and the quan-
titative differences, which stem from differences
in the strength of the crystal field, are small. For
example, Newman and Chrenko'® have found the
location and strength of absorption lines in the crys-
tal-field spectrum of the Ni® ion in NiO to be iden-
tical (within experimental error) with lines in the
spectrum of Ni®* in MgO (as an impurity) measured
by Low2* and very similar to lines in the spectrum
of the complex Ni (H;0)g**. %

The fact that the spectra of Ni®* in NiO can be
explained in terms of this point-ion model implies

TABLE II. Refractive index and optical dielectric
constant of CoO.
Refrac- Optical
tive dielectric
Index constant
n €,=n’ Method Ref.
2.33 5.35 Infrared reflectance (1 u) 16
(experimental)
2.30 5.3 Calculated from damped 17
oscillator model applied
to lattice vibrational
spectrum
2.51 5,01 Calculated from damped 18
oscillator model applied
to lattice vibrational
spectrum Pres—
2.18 4,76 Reflectance (Fw=2,0 eV) ent
work
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that the 3d wave functions are highly localized and
that local (or site) symmetry rather than transla-
tional symmetry is the most relevant to the 3d elec-
trons in this material.

Regarding the states associated with the oxygen-
ion 2p8 levels, there is experimental evidence from
x-ray emission spectra® and theoretical evidence
from band-structure calculations?’ that the oxygen
2p wave functions overlap sufficiently in NiO to
form an energy band several eV in width.

Having discussed evidence for the nature of the
relevant occupied states, let us consider possible
interpretations of the absorption edge at 3.7 eV
and the structure in the absorption coefficient be-
low 9.0 eV. First, let us assume that the transi-
tions producing this structure originate primarily
from the oxygen 2p band.

It has been suggested'® that the sharp rise in the
absorption of NiO near 7w =4.0 eV is the onset of
“charge-transfer transitions.” The concept of
charge transfer in solids is one which has been
carried over from the study of electronic excita-
tion in molecules. 2® The charge-transfer model
was applied in early studies of the alkali halides??
to explain the nonconducting excited states. In this
model an electron is removed from the negative
ion and placed on a nearest-neighbor positive ion.
The aforementioned crystal-field spectrum of NiO
plus the studies of the nature of the charge-transfer
spectra in transition-metal complexes® provide
some of the justification for the extension of the
charge-transfer concept to solids such as NiO. In
solids, a charge-transfer excitation corresponds
to the formation of a “transfer exciton.” In the
transfer exciton, the excited electron is assumed
to be associated with one of the nearest-neighbor
‘(or next-nearest-neighbor) positive ions. The
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transferred electron may go into 3d or other (say,
4s) orbitals on the Ni®* ion, and since it is equally
likely to be on any one of six nearest-neighbor Ni%*
ions, its wave function must be represented by a
symmetrically appropriate (i.e., it must agree
with the crystal symmetry) linear combination of
atomic functions centered on the nearest neighbors.
Overhauser® has used group-theoretical techniques
to evaluate the symmetrically allowable excited
states for various transfer exciton configurations.

Another localized exciton model is the so-called
“excitation model.” Here the electron is consid-
ered to remain explicitly centered at the site of
the hole, with its angular distribution described by
atomic wave functions (s, p, d, etc.). Knox and
Inchauspe® have pointed out that there is a funda-
mental correspondence between the two models and
that the number of absorption lines predicted by
either model is the same for a particular configu-
ration.

The five peaks in the absorption coefficient of
NiO (Fig. 6) from 4.3 to 8.5 eV may be associated
with the various transitions of the p°d localized ex-
citon. 3 Although such a p - d transition is allowad
and could produce the observed absorption, the
transition strength is expected to be somewhat re-
duced because the d levels are mostly occupied,
having only two empty states per Ni®* jon. This
might explain why the effective number of electrons
per NiO molecule has reached only about 1.5 for
7w =10 eV (Fig. 8). The contribution of the p elec-
trons to #n4, should reach a maximum of 6 at high
energies. Doyle and Lonergan'® have calculated
the energy of a transfer excitation for both NiO and
CoO using a rather crude atomic calculation, their
values are 6.5 and 6.9 eV for NiO and CoO, re-
spectively. Including the effects of crystal-field
energies could reduce these values by 1-2 eV, so
they are reasonably close to the first maxima in
the absorption spectra (in view of the uncertainty
associated with such a calculation) of NiO (4. 3 eV)
and CoO (6.5 eV).

When an electron is transferred to a Ni** ion,
thus forming a Ni* ion, the states of the d electron
are split into two groups, d; and d,, corresponding
to the ¢ and e orbitals of d electrons in an octahe-
dral crystal field. It is interesting, though perhaps
fortuitous, that the separation of the first two ab-
sorption peaks (0.6 eV) is nearly the predicted
crystal-field splitting of the 3d° configuration (10Dq
=0. 57 eV).

Knox and Inchauspe have pointed out that group
theory predicts seven absorption lines for the con-
figuration p°d. However, it would be pointless to
attempt assignment of any of the structures in Fig.
6 to such a model, since no quantitative theoretical
calculations have been made.
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Feinleib and Adler®* have proposed a model for
the energy levels and bands of NiO in which they
suggest that the absorption edge near 4 eV may be
due to the onset of transitions from either the 2p
band or the 3d® levels to the 4s band. However,
the latter appears to be more likely in view of the
relatively small transition strength in this energy
range.

McNatt®® has proposed a model based on an en-
ergy-band calculation by Wilson®® in which the ab-
sorption edge and higher-lying structure is the re-
sult of transitions from a mixed p-d band to the
lowest unfilled d band. A major difficulty with this
model is that the crystal-field spectra described
above strongly indicate small p-d interaction, and
certainly the d-d crystal-field excitations cannot
be explained in terms of a one-electron band mod-
el. On the basis of the observed crystal-field
spectra, we feel that a one-electron band model
for the nickel d states is unrealistic.

Let us now consider the possibility that the ab-
sorption and structure below 9 eV result from
transitions originating from the nickel ion 3d® lev-
els. We will postpone-until later consideration of
the final state in such a transition. When an elec-
tron is optically excited out of a 3d® state to a
higher-energy level, the “hole” left behind is a
Ni®* with electron configuration 34”. The fact that
this 3d” configuration remaining could be in an ex-
cited state gives rise to the possibility that struc-
ture in the optical properties results from such an
excitation. The excitation of lowest energy corre-
sponds to transferring an electron from a 3d® con-
figuration (assumed in the ground state) to a higher
band (non-d), leaving the 3d" configuration in the
ground state. Excited energy levels of the 3d" con-
figuration can be determined from the diagrams of
Tanabe and Sugano.3 7 Using the value of B=1115cm™
given by these authors for Ni IV and a Dg value of
1800 cm™ % for the Ni** ion we have determined
values of 0.7, 2.1, 2.8, 3.9, and 4.3 eV, respec-
tively, for energy differences between the 2E, *F,,
2F, +%F,, *F,, "A,+%A, excited states and the *F,
ground state of the d” configuration. If we assume
that the 4. 2-eV peak in Fig. 6 results from a tran-
sition which leaves the d in the ground state, then
we should expect additional peaks in absorption
(selection rules permitting) at 4.2+0.7=4.9, 6.3,
7.0, 8.1, and 8.5 eV. The correspondence may
be entirely coincidental, but it is apparent that five
of these values are quite close to the peaks observed
in Fig. 6.

Let us return now to consideration of the final
state in transitions originating from the 3d® levels.
The first fully allowed transition of the Ni%* ion is
3d® - 3d"4p with an energy of 13.7 eV.3® This en-
ergy will be reduced somewhat (~2 eV) in the
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crystal because of difference in the crystal-field
stabilization of the d® and d" configurations. How-
ever, reduction of this transition to about 4.3 eV
seems very unlikely. On the basis of the data pre-
sented here and other experimental data, Adler and
Feinleib®® have recently indicated preference for
the second alternative of their model, 3 namely,
that the absorption edge arises from 3d®- 4s-band
transitions. Since band-structure calculations in-
dicate that the 4s band is the lowest-lying complete-
ly empty band, this interpretation appears to be
the most likely if the initial states are the nickel
3d® levels rather than the oxygen 2p. Although
such a d- s transition is forbidden in a free ion,
the band-structure calculation of Switendick®’ indi-
cates that the wave functions in the “4s” band are
comprised of about 50% plane wave, 15% oxygen p,
and ~ 2% nickel p wave function. Thus, there is
sufficient admixture of p and plane wave functions
~in “4s” band to partially break down the selection
rule. However, such a transition is not expected
to be as strong as a fully allowed transition. It
should be noted that a relatively weak transition is
consistent with the small value of 7., (Fig. 8) be-
low 9.0 eV since the total contribution of the d elec-
trons alone must reach 8 at high energies.

We have presented two alternative interpreta-
tions to explain the absorption edge and structure
below 9 eV. The first interprets these features as
a localized excitation involving oxygen 2p and nick-
el 3d states. In the second model excitations are
from 3d® initial states into the “4s” band, leaving
the 3d" “hole” in various states of excitation to
give rise to the observed structure. In the first
model the excitations are localized and no photo-
conductivity near 4 eV is expected (at higher photon
energies photoconductivity might occur due to auto-
ionization), whereas the second predicts photocon-
duction due to excitation of electrons into the 4s
band. Hence, the presence or absence of photo-
conductivity near the absorption edge could, in
principle, distinguish between the two models. An
attempt to observe photoconductivity in flame-fu-
sion-grown NiO crystals gave negative results. 2
Ksendzov and Drabkin reported the observation of
photoconduction near 4 eV in a halide-decomposi-
tion NiO crystal. * However, we have reason to
believe that the photoresponse reported may not be
simple photoconductivity. Experiments have been
performed on a halide-decomposition NiO single-
cystal sample (resistivity ~10'% € cm at 300 °K).
Using a 0. 25-mm-thick NiO sample with Au elec-
trodes on opposite faces and illuminating through
one Au (semitransparent) electrode, no photocur-
rents either transient (equipment response time
<% sec) or steady state were detectable (<1073
A) with an applied field of 4 kV/cm (either polar-
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ity) and an incident-light flux (5w =5 eV) of 5.6

% 10*3 photons/sec. With a lateral structure con-
sisting of two Au electrodes on the same surface of
the crystal a 300 °K photoresponse similar to that
reported by Ksendzov and Drabkin was obtained
when the surface between the electrodes was illu-
minated. The 300 °K dark current and the maxi-
mum photoresponse current (7w =5 eV) were both
approximately 4X1071% A and both currents were
polarity independent and linear with electrode po-
tential difference. However, both the photore-
sponse and dark current vanished (<107 A) at

78 °K. While not clearly understood, these results
seem inconsistent with the presence of ordinary
(band-to-band) photoconductivity suggested by the
model of Feinleib and Adler. Trapping effects may
be involved in the quenching of photoconductivity at
low temperature. However, it has not been estab-
lished that the observed photoresponse is not mere-
ly due to thermal generation of free carriers near
the surface by local heating.

Photoconductivity in the infrared has been re-
ported recently by Tsu et al. ** A sharp peak in
photocurrent was observed at 0. 23 eV in disordered
NiO films. However, this result is not understood
since it was not observed in single-crystal NiO.

These authors also observed a photoresponse
extending to 4 eV, but Tsu® has indicated that his
photoresponse does not have the appearance of
simple photoconductivity, being a small effect with
a long response time. It is apparent that until
some of the ambiguities concerning the nature of
the photoresponse have been resolved, the pres-
ence of “photoconductivity” remains a rather weak
piece of evidence for distinguishing between mod-
els for the electronic structure of NiO.

Photoemission studies of NiO 22 provide evidence
that the structure at 13-13. 8 and 17. 6 eV in Fig.

6 is due to transitions from peaks in the optical
density of states at — 5.8 and - 9. 2 eV, respec-
tively (energies referred to the uppermost occu-
pied state) to a peak in the optical density of states
at +7.5 eV. Feinleib and Adler®* have interpreted
the 17. 6-eV peak in our optical data to be a transi-
tion in which an electron is transferred from one
Ni%* (34®) ion to another leaving a Ni* (34°) and a
Ni*(3d"). Their model places the 3d® level at —1.5
eV and the 3d° level at 15 eV. This interpretation
is not supported by the photoemission data. Fur-
thermore, it is very unlikely in view of the strong
absorption peak since such a transition is forbid-
den in first order.

A comparison of Figs. 6 and 12 shows the low-
energy structure in the CoO optical data to be sim-
ilar to that of NiO, and the structure might be sim-
ilarly interpreted, but since relatively little exper-
imental or theoretical work on CoO has been done
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to date, no further interpretation will be attempted
at the present time. However, with regard to the
high-energy structure, photemission data predict
structure of 13.6, 15, 16.6, and 18 eV. The peaks
in Fig. 12 at 13.6 and 18.4 eV are consistent with
this, and the absence of resolvable structure at

15 and 16. 6 eV may be due to optical selection
rules or the coarseness of the reflectance data in
this region. As a final observation regarding CoO,
it is noted that the optical properties of CoO are
(as expected) very similar to the corresponding
properties of NiO. However, all observable struc-
ture is much sharper in NiO than in CoO. 1t is in-
teresting that this difference agrees qualitatively
with the fact that the d orbitals are more tightly
bound in NiO than in CoO because the larger nucle-
ar charge on the Ni®* ion more than offsets the re-
pulsive effect of the additional d electron, result-
ing in less d-orbital overlap in NiO.# Consequent-
ly, one would expect less energy-level broadening
in NiO and also that the energy levels would main-
tain more of their atomic nature.
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APPENDIX: KRAMERS-KRONIG ANALYSIS

The technique of Kramers-Kronig analysis is
based upon dispersion relations which are simple
integral formulas relating dispersion and absorp-
tion. These formulas, which are often named
after Kramers and Kronig because of their x-ray
dispersion work, ** have been applied extensively
in the past to optical properties!™" and linear net-
work theory. ** These relationships are based on
the fact that the real and imaginary parts of a
bounded causal linear system function are not in-
dependent, but related through an integral equa-
tion. The relationship between phase 6 (w) and at-
tenuation A (w) is given by*®

B(we)=Cwy/ ) fo [Aw)/(@?-wd) Jdw. (A1)

It follows from Eq. { Al) that if A (w) is known
over the entire frequency spectrum, 6 may be de-
termined at a given frequency wy. The function to
which Eq. (Al) will be applied for our purpose is
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the Fresnel reflection coefficient for normal inci-
dence 7(w) which is related to the complex refrac-
tive index N=#n —ik by

r=(N=1)/(N+1)=|r|e* . (A2)

The Fresnel reflection coefficient is the ratio of
incident and reflected amplitudes, but the experi-
mental quantity is the reflectance R, which is giv-
en by

R=|7r|2=[(n-12+F%/[(n+1)%+2%] .

Substituting the real and imaginary parts of the
complex function Inz=1In|7| +i6 into Eq. (A1) and
using (A3), we have

(A3)

6(wg) = (wy/ ) f:[lnR (w)/ (w? - wd) Jdw. (A4)

The success of the Kramers-Kronig analysis
method depends on the fact that negligible error
results from a lack of knowledge of the reflectance
far removed from the frequency of interest. This
becomes more apparent if Eq. (A4) is written in an
alternative form derivable from (A4) by integrating
by parts:

1 f” dInR
0 == i § ¢ § 0
(wo) 2r Yo dw

WY dw. (A5)
W =Wy

The logarithmic weighting function in (A5) becomes
small for frequencies far removed from w, and
thus reduces the relative contribution to the inte-
gral at such frequencies. Furthermore, InR ap-
pears in a derivative in the integrand, so there is
no contribution from a region of constant reflec-
tance, and positive and negative slopes on the same
side of w, (e.g., the slopes of a peak at a remote
point) tend to cancel each other.

Bode’s method for the determination of the phase
associated with a known attenuation characteristic
has been applied extensively in the field of linear
circuit analysis. **** The first application of this
method to optical spectra was apparently made by
Kreiger, Olechna, and Story, ** who wrote FORTRAN
programs applying the technique to reflectance
spectra. The method of Bode is basically a con-
ceptually rewarding and mathematically convenient
way of performing the integration of Eq. (A5). The
conceptual significance of this method is best ap-
preciated through a study of the paper of Thomas. !®
Briefly stated, the method involves connecting ex-
perimental points by straight lines on a In|R|-ver-
sus-lnw plot. Then the phase for a given value of
w (say, w,) is determined by summing the phase
contributions of individual line segments. The
phase in radians at w, corresponding to a semi-
infinite unit slope of attenuation starting at w is
given by Bode as



2192 R. J. POWELL AND W. E. SPICER 2
®(x)=B(x), x=wy/w, x<1 help reduce computation time. The series in E
(A6) )
ther slowly convergent for x near unit
=igr-B = <1 is ra y.
@)=zm-Bl), x=w/w, (A6) Kreiger et al. found it useful to use the following:
2 2\ X (2m=1) 1 1 1 o 1 — AN2m=1)
B(x)=—2, ®(1)=4m oy 1 —x\_2_[{1-%
(%) T ma(2m = 1)’ * B (x)=4m wlnx 1+x WZI; 1+x

The derivative of Eq. (A6) is expressible in closed
form®®

dd 1

dx TX

1+x
1-x

’ (A7)

where the positive sign is taken for x=w,/w and
the negative sign for x=w/w,. Substituting (A7)
into (A5), we get for either choice of x

1 r=dlnR
0(wp)=~7 [ e 92 (A8)
Expressing Eq. (A8) as a finite sum, % we get
9((.00 Ek [‘I’(xi -® (xhl)]:
(A9)

lanml —lani|
Inw;,, — Inw;

k{:

where x;=w,/ w; for w; >wy and x;=w; / w, for w;
<wg as in Eq. (A6).

Equations (A9) in conjunction with (A6) are in a
form suitable for computer programming. The R;
and w; are the discrete experimental reflectance
values and frequencies (photon energies), respec-
tively. One additional modification is useful to

% (2m=1)
B(x)=22——-—x 5 for 0<x< (VZ-1),
LY (2m -1)

(2m -1 ]for (V2-1)<x<1. (A10)

The latter form may be derived by substitution of
y=(1+x)/(1-x)into Eq. (A7) and integrating by
parts. The value (V2-1) arises because it is the
value of x for which both series have the same argu-
ment.

Having determined a value of 6 for a given photon
energy the real and imaginary parts of the complex
refractive index (n — ik) are obtained from?*

(A11)

n=01-|7|%/0+]|rPf-2|7| cos),

kE=(m+1) |7 sinf/(|7| coso-1) . (A12)

The real and imaginary parts of the complex rela-
tive dielectric constant (€,, - i€,,) and the absorption
coefficient & are determined by

€,=n -k, €,=2nk, a=41k/X\ . (A13)
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