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The long-lived component was nevertheless
clearly resolved from the shorter ones. For a
discussion of the magnetic field effect on the posi-
tron lifetime spectra, we resort to the procedure
employed previously in magnetic-quenching ex-
periments. One calculates the ratio B of the
number of annihilations with field on and field off
in a given interval of delayed-coincidence times
chosen such that in this range the contribution of
the short-lived components can be neglected.

The points in Fig. 3 show the results for the
C = 400 ppm crystal pair. The intensity of the
long-lived component so probed is clearly reduced
by the static magnetic field. This suggests that
the wave function of positrons trapped in Ca '-
induced defects overlaps with an unpaired-spin
component in the wave function of the crystal elec-
trons near the trap.

The extent of the positron and unpaired-electron
overlap can be deduced from the magnetic-quench-
ing data as follows. A theoretical value of A can
be calcula, ted, according Pef. '~, with the over-

lap, expressed by the unpaired-electron density
at the positron, I ((0) i

3, as the only adjustable
parameter. With a least-squares-fitting procedure
to our data one finds lg(0)i'= (0. 10+0.Ol)igx„(0)i',
where lg~, (0) i' is the overlap in the ground state
of positronium in vacuo. The resulting B is drawn
in Fig. 3 (solid line). The quenching ratio 8 for
positronium in vacuo is shown for comparison
(dashed line).

The overlap with an unpaired electron is much
more pronounced when positrons annihilate at the
I' centers in additively colored KCI crystals. Al-
though the long lifetimes are nearly the same, one
finds here a distinctly different quenching curve
corresponding to ig(0)i = (0. 29+0. 04) Igv, (0) i . '
The significance of these differences as regards
the electronic structure of the positron annihila-
tion centers is under study. It is apparent that
magnetic quenching offers an effective method for
differentiating in solids between long-lived posi-
tron states of different origins but of otherwise
very similar annihilation characteristics.
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The large selection of electroreflectance data available in the literature enables surface
field effects on optical and first-derivative modulation spectra to be estimated for most
materials. A method for doing this is presented.

Since the first experimental investigations of the
electroreflectance effect, it has been recognized
that surface electric fields in a semiconductor or
insulator could inQuence the values of optical

"constants, "determined either directly by means
of normal- or non-normal-incidence techniques
or indirectly by means of first-derivative tech-
niques. ' Yet in most such experimental measure-
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ments, electric field effects either have been ig-
nored altogether, or else their neglect has been
justified by extrapolating null results obtained in
a limited spectral range on one material to a ser-
ies of spectra on different materials. 3 While field
effects are negligible in many optical measure-
ments, this is by no means always the case. In
this comment, we wish to emphasize that the known
systematics and voluminous amount of published
experimental electroreQectance data can prove
extremely useful either in justifying this neglect
in specific situations, or in providing criteria
which show when field effects must be taken into
account. Thus, electroreflectance spectra them-
selves can often be used directly to justify field
independence within a given accuracy, and there-
fore substantiate (or disprove) in a simple way the
independence which otherwise must be assumed.

We consider first experiments in which the com-
plex index of refraction or the complex bnear di-
electric function is determined directly. Here
electric field effects are qualitatively similar to
those caused by surface roughness and contaminat-
ing films. The latter effects are well known in
these measurements, and considerable effort has
gone into compensating or eliminating them. 3

Since by optical constants we mean those param-
eters describing the intrinsic optical properties
of a material in its unperturbed state, the effect
of a surface electric field clearly has implications
for these measurements. For example, in a re-
flectivity measurement, the reQectivity can be
represented as

R=R +~(8)=R [1+aR(g)/R ], (1)

where Ro is the intrinsic ref lectivity and ~(g ) is
the error term. We take the error term to be ex-
plicitly a function of the surface field 8, although
other perturbations such as strain or photoreflec-
tance effects could be included as well, with the
appropriate generalization of the subsequent dis-
cussion. The error term AR(8)/Ro is that quan-
tity measured directly in electroreflectance ex-
periments; thus its general limits, magnitude, and
characteristics can be inferred from electroreQec-
tance data. These data show typically that bR(S)/
Bo ranges from less than 10 6 in regions away
from critical points in the joint density of states
to of the order of 0.001-0.005 in the vicinity of
critical points for semiconducting crystals with no
strong exciton binding, to of the order of 0.005-
0.02 in the vicinity of the fundamental absorption
edge or exciton resonances in crystals with strong
or readily observable exciton line spectra, to
upwards of 0. 10 in ferroelectric or nearly ferro-
electric materials. For example, in electrore-
flectance spectra for Ge or Si, AR/R does not
exceed 0.004 in magnitude even for the strong Eo

and E& transitions. ' For ZnO, a semiconductor
with a strong exciton-absorption line nea.r the
fundamental absorption edge, electroreflectance
spectra are much larger, which is consistent with

the field-induced chan~e of 5/0 in the ref lectivity
observed by Hoffman. Thus, in an accurate mea-
surement of the dielectric function of a. material,
the first step should be to estimate from its ex-
perimental electroreflectance spectrum whether
field effects are large enough in the spectral re-
gion of interest to affect the desired accuracy of
the measurement. If large enough, then either
the field will have to be measured and the reflec-
tivity data corrected by the appropriate electro-
reflectance li,ne shape, or eLse the field will have
to be eliminated at the experimental level by any

of a number of techniques now available.
Field effects in first-derivative measurements

can also be estimated from experimental electro-
reflectance data. In terms of the previous nota-
tion the line shape obtained in a wavelength-modu-
lation measurement will be

1 dR 1 d
R dE RQ+ ER dE

1 dR~ bRd~B 1 d

Ro dE Ro dE Ro dE

where the first term is the unperturbed spectrum
and the remaining two terms describe field-in-
duced errors. The first error term is usually
much less than the second, as can be shown by
the noting that

(3)

where I' is the broadening parameter. Equation
(3) follows because electrorefiectance structure
widths tend to be of the order of the broadening
energy of the transition. ' This effective amplifi-
cation factor E/1 means that field effects will
generally be much more important in derivative
rather than direct spectroscopy. For example,
Welkowsky and Braunstein (WB) observe a re-
sponse (1/R)dR/dE-0. 60 eV ' for the E, transi-
tion of Ge in wavelength-derivative spectroscopy.
Using the maximum signal b,R/R- 0.002 and the
observed broadening I'- 60 meV for these transi-
tions, ' we calculate the correction term [Eq. (3)]
to be - 0.03 eV ' in the worst case or about 5% of
the amplitude of the wavelength-modulation spec-
trum. It is unlikely that WB were able to main-
tain a significant difference in fieM over an ex-
tended period of time using a KCl-electrolyte solu-
tion, which is probably why no field effect was re-
ported. However, it is evident that the calculated
field effect in this situation is large enough to be
detected, even though typical accuracy require-
ments may not warrant a detailed correction. We
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note that the E& transition probably represents a
practical dividing line below which excitonic effects
are strong and field corrections are mandatory,
and above which ER signals are weak and such cor-
rections can probably be ignored.

These effects should be investigated experimen-
tally. Optical and first-derivative modulation
spectra ideally should be run on semiconductor
samples in which the surface field is zero. If this

is not possible, then the surface field should be
determined by some independent measurement such
as field-effect conductance, photovoltaic response,
or surface capacitance. The results of such a
carefully surface-controlled experiment may very
well assist in interpretations of dielectric func-
tion and first-derivative modulation spectra to the
extent that these spectra are even more informa-
tive than they are at present.
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It is shown in the present work that the transverse phonons make a major contribution to-
wards thermal transport in pure and doped AgCI crystals. Experimental dispersion curves as
obtained by Vijayaraghavan et al. are used in obtaining the limits and phonon velocities of
the different conductivity integrals. A theoretical estimate of dislocation densities is also ob-
tained from the phonon scattering strengths due to dislocations.

Recently Chau and Klein' proposed a two-group
velocity model for the theoretical calculation of
the thermal conductivity of silver chloride. With
this model they explained the experimental results
from samples of doped and undoped silver chloride
quite successfully up to 4Q 'K. For higher tem-
peratures this model predicted lower values than
those obtained from the experimental results. In
this model there is no distinction between longitu-
dinal phonons and transverse phonons. This dis-
tinction is, however, desirable in view of the dif-
ference in the dispersive nature and the different
relaxation times for the two types of phonons, Such
a provision exists in the Holland model or the
model of Sharma et al. (referred to as SDV)s'4 of
phonon conductivity. In the present note we have
used the Holland model to explain the phonon con-

ductivity results' on pure as well as on doped AgCl
for three different concentrations of NaC1, which
is used as the doping material, The values of the
velocities and the limits of the conductivity inte-
grals for the different polarization branches are
calculated from the experimental dispersion
curves, measured by Vijayaraghavan et al. 5 in the
appropriate direction and are given in Table I.

For pure crystals, the total. relaxation rate is
taken to be v' =7'~'+v', '+7', ', . Here v'~ and v, are
the rel.axation rates due to the scattering of phonons
by boundary and isotopes, respectively, and are
given by"

v '=v/1. 12', v",'=A(u4, A=(Q /4m')S

where v is the average group velocity of phonons
and the rest of the quantities are defined else-


