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Table I. Pressure derivatives for the extremal
cross section 8 of the electron Fermi surfaces in Pd
and Pt. For comparison, the free-electron value 3K is
given where E is the compressibility. All values are
positive numbers. The values of S were taken from
Refs. 2 and 4.

trons by at least a factor of 4. Because the pres-
sure derivatives are not much greater than the
compressibility values, then, the shift with pres-
sure in the center of gravity of the d bands rela-
tive to the core levels is probably much smaller
than the shift in the electron band relative to the
Fermi level.
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tion and, therefore, the value quoted in Table I
represents the dominant or central section.

The electron pressure derivatives in Table I
show little variation with orientation. The elec-
tron surface is not highly anisotropic; it is lo-
cated at the center of the Brillouin zone, and it
occupies only about ~ of the zone volume. '4
Pressure, therefore, is not expected to change
the anisotropy of this surface very much.

Average values of the pressure derivatives in
Table I are greater than the corresponding com-
pressibility values by about 16% in Pd and about
30% in Pt. Since these are compensated metals,
the d-band hole surface and the electron surface
are constrained to remain equal in volume. The
calculated d-band density of states" at the Fermi
level, however, is larger than that for the elec-
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ELECTBOREFLECTANCE STUDY OF NiO
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By using a thin NiO single-crystal sample, it has been possible to observe electrore-
Qectance spectra between 3.0 and 5.0 eV. The results of this study and a recent photo-
conductivity investigation suggest that an energy-band description which includes the 3d
electrons is necessary for a full description of NiO interband optical properties.

The sensitivity to detail in the joint density of
states made possible by modulation techniques'
has not previously been utilized in studies of in-
terband optical transitions in transition-metal
compounds. This note reports electroreflectance
spectra obtained for NiO and discusses their im-
plications for three current models of electronic

structure for this material.
NiO is a NaCl-type antiferromagnet with a Neel

temperature of 523'K The specimens used in
this study were prepared from a single crystal
of 10 0 cm resistivity grown by the flame fusion
technique. ' Reduction in a hydrogen atmosphere
at 700 C for about 10 min produced a thin nickel
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metal coating through which Ohmic contact was
made to the back of the sample. 3 The front sur-
face of the sample was polished until the thick-
ness of the NiO single crystal region was about
50 p, in order to minimize the size of the dc po-
tential drop across it. The specimen was insu-
lated with epoxy. -

Electroreflectance spectra were taken using
the electrolyte technique. ' Several different elec-
trolytes proved equally effective but most data
were obtained with buffered 0.1-N KOH. Remov-
al of surface damage was accomplished by etch-
ing in H, PO, or H, SO, for several hours. The dc
current through the electroreflectance cell was
maintained below 20 pA. The ratio AR/R was
recorded directly by using electronic feedback to
the photomultiplier power supply.

Spectra were obtained only when the P-type
sample was negatively biased or positively biased
to less than 1 V. This dependence on bias polar-
ity and the previously mentioned independence of
electrolyte are evidence that the AR/R signals
originate in the NiO surface space-charge layer.

Figure 1 shows a typical ~/R recorder trace
for NiO taken at room temperature with 9 V dc
bias and 25 V peak-to-peak ac modulation at 500
Hz. The peak widths are greater than those en-
countered in higher-mobility semiconductors.
This broadening is probably caused by a combi-
nation of the effects of stray fields due to impuri-
ties and defects introduced in the flame fusion
technique of crystal growth, and the effects of
strong electron-phonon coupling on the excited-
state lifetime.

From the position of the first negative oscilla-
tion, the position of the "absorption edge" in NiO
can be fixed as 3.7 +0.1 eV. Photoconductivity
measurements show a steep rise at 3.7 eV which
has been assigned to the absorption edge. ' Ab-
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sorption measurements can only estimate the lo-
cation of this edge as approximately 4 eV be-
cause of the proximity of higher-energy crystal-
field transitions and the presence of a long ab-
sorption tail below the edge which seems to be
proportional to the degree of sample nonstoichi-
ometry. ' (This absorption tail may be modifying
the shape of the electroreflectance curves below
the absorption edge. )

In Fig. 1 other oscillations are centered at 4.0
and 4.8 eV. These probably correspond to the
strong reflectance peak at 4.0 eV and a small
shoulder at 4.8 eV observed in recent absolute
ref lectivity measurements. ' Therefore, the op-
tical and photoconductivity data impose several
boundary conditions which a model of NiO elec-
tronic structure must satisfy: (1) The absorption
above 3.7 eV must produce free carriers, and

(2) there must be at least three critical points in
the density of states between 3.7 and 4.8 eV.

Several models of NiO structure have been pro-
posed which deal specifically with the 4-eV ab-
sorption edge. Sketches of the densities of states
for these models are shown in Fig. 2, and the
models are outlined below:

(a) An optical density of states for NiO has re-
cently been derived from photoemission and re-
flectivity data, assuming that nondirect optical
transitions dominate the spectra and that most of
the structure in the ~, curves below 9 eV is due
to the formation of several P'd localized excitons.
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FIG. 1. ElectroreQectance spectra for NiO with 9-V
dc bias and 25-V peak-to-peak ac modulation.
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FIG, 2. Several current models for NiO absorption-
edge optical structure.
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The density of one-electron states, as well as
the collective excitations, is shown on the left of
Fig. 2(a). Transitions from Sd' levels to the 4s
conduction band begin at about 5.2 eV while the
threshold for transitions from the 2P band to the
4s band appears to be near 8 eV.

(b) Another model, proposed by Feinlieb and
Adler, ' ascribes NiO magnetic properties and
crystal-field spectra (1-3.7 eV) to localized 3d
electrons, and the electrical properties to holes
in the oxygen 2p valence bands. The 4-eV ab-
sorption edge is assigned to transitions from the
2P valence bands to the nickel 4s conduction band.
This scheme for presenting one-electron and
many-electron states on a single energy-level
diagram is reproduced in Fig. 2(b). The Sd levels
are treated essentially as high-lying core elec-
trons in this model.

(c) Augmented-plane-wave band- structure cal-
culations have recently been undertaken by %il-
son. ' In this model the 3d electrons are described
as moving in narrow bands and some correlation
effects are taken into account through use of a
spin-polarized potential. Initial results show a
gap of about 1 eV between the highest filled d
band and the lowest unfilled band (also a d band).
However, optical transitions between these bands
are parity forbidden. The onset of strong optical
absorption is predicted at 3.78 eV in the form of
transitions from a, narrow mixed P-d band to the
lowest unfilled d band. Transitions to the s band
are expected at 6.5 eV ~ See Fig. 2(c).

The first model described above [Model (a)]
proposed that the optical transitions around 4 eV
are the first of a series of charge-transfer exci-
tons. The observation of photoconductivity in high
quality vapor-grown crystals4 in this spectral re-
gion makes this interpretation doubtful.

Model (b) fails to account for the optical struc-
ture above the absorption edge and requires an
unusually small 2P-4s band gap. An estimate of
the NiO 2P and 4s energy-band structure for Mod-
el (b) can be constructed from a nonmagnetic aug-
mented-plane-wave energy-band calculation. '
This calculation shows that the 4s conduction
band rises from a minimum at I' to maxima at
zone boundaries which lie 6 eV above the F mini-
mum. The maxima of the 2P bands lie at I' where
all three bands are degenerate and the total band-
width is 3 to 4 eV.' In Fig. 2{b) the 4s-2P gap has
been adjusted from the calculated value of 6.8 eV
to the 4-eV value specified in Model (b). In theo-
ry, a localized set of basis states could be con-
structed from the 3d bands obtained in Ref. 8.

From these states, the localized 3d' levels of
Model (b) could in turn be constructed. The 4s
and 2P bands predicted by Model (b) should be
similar to the Ss and 2P bands of MgO since the
d electrons in Model (b) are treated as core
states and since both NiO and MgO have the same
crystal structure and nearly identical lattice con-
stants. Comparison of the band structure of Fig.
2(b) with a recent pseudopotential calculation' for
MgO shows that the shapes of the bands for the
two systems are similar with the fundamental
absorption edge resulting from P-to-s transitions
at F in both cases.

In view of these considerations, only one criti-
cal point in the joint density of states for direct
optical transitions should appear between the ab-
sorption edge (3.7 eV) and 5.5 eV. Three sets of
electr oreflectance oscillations are experimental-
ly resolved in this range. Extra structure might
occur in connection with Model (b) if the require-
ment of conservation of crystal momentum were
relaxed due to the formation of a localized hole
in the 2P band. " However, the optical properties
of MgO appear to be adequately described using
only direct transitions. " In addition, the forma-
tion of a localized 2P hole in the fundamental-
edge absorption process would imply that irradi-
ation with photons of energies above 3.7 eV
should produce conductivity changes dominated
by the more mobile electrons in the wide 4s band
of Model (b). A photoionization study has re-
vealed that the holes created by photon absorption
actual1y have drift mobilities about a factor of
two greater than the electrons created by the
same process. '2 This result implies that local-
ized 2P holes are not formed in the 3.7-eV ab.-
sorption process.

Further doubt is cast on Model (b) by compar-
ing the suggested 2P-4s band gap of 4 eV with the
2$ to 4s band gaps obtained in recent band-struc-
ture calculations. One calculation, which used
conventional energy-band theory, obtained 6.8
eV.' Another, which used a spin-polarized po-
tential, obtained 6.5 eV.' Since this gap should
be relatively independent of the status of the 3d
electrons, the 2P-4s band gap can be conserva-
tively estimated to be 6.5+1.0 eV, well above the
4-eV value postulated in Model (b).

Model (c) seems to fit a number of independent
experimental observations. Several recent elec-
trical measurements performed on undoped NiO
yield activation energies of 1 eV between 300 and
500'K""" Model (c) explains these results as
due to thermal excitation of electrons across the
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1-eV gap separating the highest filled d band from
the lowest unfilled d band. In addition, Model (c)
assigns the optical absorption between 3.7 and
6.5 eV to transitions from 2P-3d valence bands to
an empty 3d band. These transitions should pro-
duce the free carriers necessary for photocon-
ductivity, and a number of critical points will oc-
cur in the energy region of interest as Fig. 2(c)
illustrates. No attempt to identify the three
structures of Fig. 1 can be made until a com-
plete band structure and density of states for NiO
is available. Nevertheless, it does appear that
the 3d electrons in NiO are formed into narrow
bands and make substantial contributions to the
interband density of states above the 3.7-eV ab-
sorption edge.
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Thin walls of mobile dislocations have been produced. When stimulated by a plane ul-
transonic wave, the cylindrical waves radiated from each dislocation are all in phase
and produce a plane radiated wave. As each dislocation contributes in the same way,
the detected macroscopic plane wave directly measures the microscopic motion of in-
dividual dislocations. Radiation-induced pinning-point changes and orientation effects
are evidence that the signal comes from moving and not from static dislocations.

Measurements of ult;rgsonic attenuation and
velocity have been very useful for the study of
dislocation motion and dislocation interactions
with other defects, particularly with point de-
fects and phonons, ' Nevertheless, such studies
have been indirect, requiring the interposition of
a detailed theory with suitable averages to obtain
quantitative results. A method for more directly
obtaining information about dislocation motion is
described here. This consists of putting thin
walls of mobile dislocations in crystals which
are subsequently driven coherently so that the
walls radiate a macroscopic plane ultrasonic
wave.

Lithium fluoride single crystals of dimensions

roughly 2~1~1 cm, and sodium chloride crys-
tals of dimensions roughly 2.5X1&1 em, having
two sets of (110}faces and one set of $001) faces
were used. With the long dimension of the crys-
tal in the [110]direction, a shear stress was ap-
plied on the (110) slip plane in the [110]slip di-
rection. The shear deformation was introduced
by mounting the specimen in a stainless stee1 jig,
the jaws of which were polished flat to 100 ppm.
The polished-jaw surfaces gripped the (110) fac-
es of the crystals in order to have the stress ap-
plied on the (110) slip planes in the [110]slip di-
rections. The stress to the shearing jig was sup-
plied by a Tinius Olsen testing machine. The de-
sign of the jig was such that ultrasonic measure-


