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Table I. Comparison of the observed exciton split-

ting and the energy of the longitudinal optical phonon at

k=0 for MgO and BeO.

AEobs ﬁwL.O.

(eV) (eV)
MgO 0.07 0.089%
BeO 0.13 0.136P

a3, R. Jasperse et al., Phys. Rev. 146, 526 (1966).
bE, Loh, Phys. Rev. 166, 673 (1968).

since its large value is difficult to understand
in terms of a second-order phonon process.
Detailed calculations of the strength expected
for both phonon emission and EPC would be
very useful. Indeed, it may be that a simple
phonon-sideband picture works well in BeO,
where the splitting is exactly equal to the pho-

non energy, while the EPC mechanism is re-
quired to account for the relatively larger dis-
crepancies in the progression from MgO to
ZnO.

Measurements on MgS, MgSe, and MgTe in
which both spin-orbit and exciton-phonon effects
should be seen are now in progress.
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OSCILLATORY ELECTROREFLECTANCE OF SrTiO,
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The electroreflectance spectrum of semiconducting SrTiO; exhibits an oscillatory be-
havior which is mainly due to interference between light reflected from the surface and
light reflected from the back of the space-charge region. The experiment provides a
simple method of measuring both the high-frequency free-carrier effective mass and

the electro-optic effect.

Recent electroreflectance measurements
using the electrolyte technique' have provid-
ed a large amount of information on direct in-
terband energy gaps in a variety of semicon-
ductor materials.!”® In group-IV elements,
and in III-V and II-VI compounds, the electro-

reflectance spectra appear as fairly sharp peaks

assumed to be due to Franz-Keldysh-type pho-
toassisted tunneling.! In contrast,?® the spec-
tra in KTaO,, BaTiO,;, KTa, ,Nb, 405, and
TiO, have rather broad peaks which may shift
appreciably with applied electric field, and
the signal is large even below the fundamen-
tal absorption band edge (~3.4 eV in all four
materials). SrTiO,, which belongs to the lat-
ter class of materials, has an electroreflec-
tance spectrum which is quite similar to the
latter spectra, except that below the band edge
an oscillatory behavior occurs. The purpose
of this Letter is to present measurements and
a quantitative interpretation of this effect.

The experimental method of the electrolyte
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technique has been adequately described in the
literature.'™® In these experiments the semi-
conductor is immersed in an electrolyte which
forms a blocking contact resulting in a space-
charge region next to the surface. The elec-
tric field in the space-charge region can be
varied by biasing the sample with respect to

a platinum electrode. An ac voltage is super-
imposed on the biasing voltage, and the vary-
ing surface field causes a modulation in the
intensity of light reflected from the surface.
The ratio of the field-modulated reflectance

to the total reflectance is then directly record-
ed as a function of wavelength. In the present
experiments, the samples of SrTiO, were pre-
pared by cleaving oriented slices cut from com-
mercially available boules. The samples were
wedge shaped so that reflections from the back
surfaces could not reach the photomultiplier
(in addition, the samples were thick enough

to be nearly opaque due to free-carrier absorp-
tion?).
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Figure 1 shows spectra obtained on a cleaved
(100) surface of a Nb-doped sample. Very sim-
ilar results were obtained on a reduced sam-
ple having nearly the same concentration. Above
the absorption band edge (~3.3 eV) the spectrum
closely resembles the results of Frova and
Boddy? for BaTiO, with small bias voltages.
The spectrum below the band edge consists
of a smoothly varying part and an oscillatory
part which has not been reported in other ma-
terials. The oscillatory part is nearly period-
ic in 1/x, and the maxima and minima shift
to longer wavelengths as the bias is increased.
Such behavior strongly suggests that the oscil-
lations are the result of the interference be-
tween light reflected from the surface and light
reflected from the boundary between the space-
charge region and the free-carrier region.
Actually, as we see below, light is also reflect-
ed from the space-charge region itself because
of spatial variations in the index of refraction
due to the inhomogeneous electric field.

It is convenient to describe reflections from
both the space-charge region and the back of
the space-charge region by the complex am-
plitude reflection coefficient »,. The total re-
flection coefficient is then® » =7, +#.t,’»,, where
¥o=(mo=n,)/(n, +n,) is the constant term due
to the refractive index mismatch between the
electrolyte (with index® n,) and the semiconduc-
tor (with index’ n,), and ¢, and ¢,’ are the cor-
responding amplitude transmission coefficients
(¢sty"=1-7,3). Then v, is due to An,, the differ-
ence between the index of the space-charge
region and that of the bulk:

Ne?z 1 nl'“’
any(x) =g——s 5 =5 B b ), Osx<t, (1)
1

where x =0 at the surface, x =¢ at the back of
the space-charge region, and N, is the free-
carrier density. The first term is due to the
free carriers®?® in the bulk; the second term
describes the electro-optic effect’®® where
&1, is the appropriate phenomenological elec-
tro-optic coefficient when the polarization P
is along a [100] axis and the light is polarized
in the (100) plane.*

Since the index of refraction is a function
of x, », must be calculated starting from Max-
well’s equations for inhomogeneous media.!»®
The wave equation for light polarized in the
(x,z) plane in the present case is

PEJdx? +[ky2 + 2k Ak (x) E =0, )
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FIG. 1. The electroreflectance signal (~1/R)(dR/dV)
as a function of the frequency w of the light for a Nb-
doped sample of SrTiO;. The scale for w is nonlinear
because of the dispersion of the prism in the mono-
chromator. Each curve represents a different bias
voltage on the electrolytic cell; e.g., +10 V means 10
volts of reverse bias (sample positive). The oscilla-
tions described in the text occur below the absorption-
band edge (w<3.3 eV). The negative signal is plotted
for ease of comparison with Ref. 2.

where k,=wn,/c, and Ak =wAn,/c <k,. This can
be converted to an integral equation which gives
the reflection coefficient directly.’® Because
Ak, < k,, the Born approximation is quite ac-
curate, and

ri=i o dx Ak, (x) exp(2ik x). 3)

The reflectivity (or reflectance) is given by
R=r*r, and is a function of the applied voltage
V via the dependence of P(x) and # on V.

In the general case of an arbitrary distribu-
tion Ng.(x) of ionized donors in the space-charge
region, the following relations can be shown
to hold:

dat _ R(t)eq and dP(x):_TE(th
dv ethc(t)’ dx t

independent of x. Here %(¢) is the reciprocal
average static dielectric constant!’:

1 _1(fdx_
®(®) t) klx)
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Using these relationships and N Sc(t) =N, we arrive at an expression for the electroreflectance:

—eKe n

1dR_ 8nn, [ ek sinrt
0 l°12t

RAV nl-nllm*? 1

f tdx N (x) sink lx:l (4)

where T =2k,t=4mn,t/x is the optical path thickness of the space-charge region. In the case when

Ngc is constant (4) becomes

1dR_ 8npn, [ek sint

1
-1 1-
R AV nl-ny |m*® 7 2eRe 1g12 <

To test the applicability of the above theory
to the experiment, a smooth curve is drawn
through the curves such as those in Fig. 1 for
each bias voltage, and maxima and minima
are taken to occur where the slope is parallel
to that of the smooth curve. The positions of
maxima and minima are plotted as a function
of voltage as shown in Fig. 2, and are assigned
integers m corresponding to the maxima and
minima of sint/r and therefore to the roots
of tanT=7."® The values of Ng, calculated from
the slopes of the lines in Fig. 2 were found to
have a small spread (+10%) with the mean val-
ue given in Table I. We therefore conclude
that the oscillatory effects are indeed interfer-
ence phenomena, and that the donor density
near the surface of these samples is quite uni-
form. The experiment thus gives a measure-
ment of the space-charge width as a function
of voltage, from which the surface polariza-
tion P(0) can be obtained. The peaks and ze-
ros of the electroreflectance spectrum above
the band edge are found to shift quadratically
with P(0). As an example, the shift of the first
zero is given in Table I.

From the value of the maxima and minima
compared with the smooth curve we can then

deduce the magnitude of the first term in Eq.
(5) which yields a value of the effective mass.
Thus, from each maximum and minimum in
Fig. 1 a value of m* can be deduced once the
integer m has been assigned. The total spread
in values was about +25 % which is reasonable
in view of the uncertainty in assigning the smooth
curve. The value of x was taken to be!® 307
for the low-voltage curves, and is clearly de-
creased for the higher voltage curves. The
smooth curves themselves are a measure of
g1,(w) for SrTiO, and this is summarized in
Table I along with m *.

The present determination of m* can be com-
pared with the results of other measurements?°~2?
and with the results of a band-structure calcu-
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FIG. 2. The squares of the wavelengths of the max-
ima and minima shown in Fig. 1 as a function of ap-
plied bias. Each maximum or minimum represents a
fixed value of T=4mn /A so that the wavelength of a
given maximum or minimum is proportional to £.
Thus, this plot is analogous to the usual plot of 1/C?
versus voltage, but here the slope of each line is in-
versely proportional to x,,% where x,, is the mth root
of the equation tanx =x. The nearly horizontal lines
correspond to the maximum and minimum that occur
just above the absorption band edge, and are associat-
ed with band-to-band transitions rather than interfer-
ence phenomena.
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Table I. Summary of results.

Parameter Value Comments
N2 3.2x10% ¢cm™3 Hall measurement at 77°K
4.1x 108 cm ™3 Capacitance at 15 kHz
4.2x 1018 cm™3 From Fig. 2P
dwy/dPt®  +2.3 eV m?/C? wy=3.85 eV
g1 ° 0.042 m*/C? w=2.0 eV
0.046 m%/C? w=2.5 eV
0.062 m*/c? w=3.0 eV
m*© (0.73£0.1)m,

2For sample shown in Fig. 1.

by can best be obtained from electroreflectance data
by plotting (,,/n 1)2 versus voltage.

CFrom data on three samples.

a high-frequency value of m*=2.5m, at room
temperature. Transport measurements?!,?2

at low temperatures have been found to be con-
sistent with a many-valley band structure hav-
ing ms=1.5mp+15% and m;=6.0mg+309%.
These low-frequency values should be higher
than the high-frequency masses because of
polaron corrections to the effective mass.?
The energy-band calculation of Kahn and Ley-
endecker (KL)?® based on the approximation

of linear combination of atomic orbitals can

be compared with the bare (high-frequency)
masses. The calculation gives only a rough
estimate of the longitudinal mass [mj ~ (20~
50)mq], since this is related to Ti-Ti overlap
effects which are small and difficult to estimate.
The transverse mass, however, is related to
the Ti-O energy overlap integral (pdm) and,

in fact, a perturbation expansion gives

1 _ 8(pdm)?p?
2 ’

m, W (E€—Eﬂ)
where p is the Ti-O spacing (3.69 a.u.), E,
is the diagonal energy of the xy-like Ti*3 func-
tions, and E; is energy of an x-like O~2 func-
tion in a y site. Neglecting pp overlap terms,
this relationship holds all along the A line so
that m, does not depend (to this approximation)
on where the conduction-band minimum is lo-
cated along the A line. If we take the mass
anisotropy to be quite large, then my=3%m*
so that our measurements yield a value my
=0.5m(. With this value we obtain |(pdn)|=1.3
eV compared with 0.84 eV given by KL. The
agreement is quite reasonable in view of the
method used by KL in estimating (pdn). The
present value of m* is appreciably lower than
the previous experimental determinations, how-
ever, and it is important to inquire into sourc-

es of error in the present measurement. If
Ngclx) is not constant, then Eq. (5) cannot be
used. However, even a large change in Ng.(x)
does not appreciably affect the amplitude of
the oscillations and hence does not change the
deduced value of m*. Effects such as varia-
tions in the space-charge width, lack of flat-
ness of the sample surface, nonparallelism
of the incident light, and too large a modula-
tion voltage would decrease the amplitude os-
cillations resulting in too high a value for m*.
In conclusion, we believe that the observed
oscillations represent a new and simple meth-
od of measuring the effective masses of free
carriers in semiconductors in the high-frequen-
cy region. The effect is proportional to k/m*
so that it is most readily observable in the high-
dielectric-constant materials. The known sourc-
es of error act so as to decrease the amplitude
of the oscillations and therefore the measured
m* represents an upper limit to the true value.
The author gratefully acknowledges the help
of A. Mueller who carefully prepared the sam-
ples and obtained the data, and helpful discus-
sions with Dr. C. Lavine and Dr. O. Tufte.
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ANGULAR DEPENDENCE OF F¥ NUCLEAR RELAXATION TIMES IN DILUTE SrFZ:Eu++
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We have measured the F* gpin-lattice relax-
ation time T, in a SrF, single crystal doped
with 0.01 at.% of Eu*™*, as a function of the an-
gle 6 between the [100] axis and the applied
magnetic field as the crystal is rotated about
a [110] axis. At 4.2°K, 7, is a strong, highly
structured function of 4, varying more than
an order of magnitude in an angular range of
25° (Fig. 1). To our knowledge this is a pre-
viously unreported phenomenon which does not
seem to be immediately explicable in terms
of the usual theories of nuclear spin-lattice
relaxation.

The T, data were taken using a pulsed NMR
spectrometer of the type described by Clark.
A long series of equally spaced pulses was used
to saturate the nuclear spin system, after which
the recovery of the magnetization at time ¢ was
determined by the amplitude A(f) of the free-
induction decay following a single 90° pulse.
The thermal equilibrium value A, of this decay
amplitude is required at each angle. To min-
imize the time to establish equilibrium with
the lattice, the crystal was initially set at the
orientation of minimum T, for a time at least
5T,. The crystal was then rotated to the par-
ticular angle in question for the A, measure-
ment. The data plotted in Fig. 1 are the recipro-
cal slopes of the best straight line fits to plots
of In(4,~A) vs ¢. These data are the results
of several runs. During a given run the rel-
ative angular positions are known to +15 min
of arc. The sharpness of the T, maxima along
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the [100] and [111] directions was utilized to
realign the crystal at the start of each run to
within +1°. The accuracy of the individual T,
measurements is +5 9.

The crystal was purchased from the Harshaw
Chemical Co. Mass spectrographic analysis
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FIG. 1. Angular dependence of F T, in SI‘}E‘Z:Euj"Jr

0.01%) at 4.2°K with Larmor frequencies of 12 and 23
MHz. The axis of rotation is the [110] axis and 6 is
the angle between H, and the [100] axis.



