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Dielectric Relaxation of Hopping Electrons in Reduced Rutile, Ti02$
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A sharp dielectric relaxation in rutile is observed at liquid-He temperatures in the audio-frequency range
in reduced specimens. A relatively narrow distribution of relaxation times is involved, distributed about
~"= 70*e /~, with Q= 1.0+0.5X10 ' eV and v.0*=10 ' sec. It is proposed that the relaxation is due to the
hopping of an electron between normal cation sites around a complex ionic core. The change in dielectric
behavior of specimens with increased trivalent impurity content suggest that the complex ionic core is an
oxygen vacancy associated with an extrinsic trivalent substitional impurity.

'N the compound semiconductor reduced rutile
(Tios) a large dielectric relaxation with a narrow

distribution of relaxation times has been observed under

impurity conduction conditions, i.e., low temperatures
and low impurity concentrations, and is the subject of
this communication. This is the first time that a di-

electric relaxation has been observed in rutile at low

temperatures'; the relaxation does not occur in nomin-

ally "stoichiometric, " unreduced rutile. Unlike other
transition metal oxides, ' this relaxation may be un-

equivocably ascribed to the electronic behavior of
defect centers in the bulk material. The observed value

of the activation energy rules out the possibility that
ionic motion is involved. The active center proposed is

that of an electron hopping between two otherwise

equivalent normal Ti+4 lattice sites, the sites involved

being nearest neighbor sites to a complex ion "core."
This hopping is formally equivalent to dipolar reorienta-

tion. Although not the main concern of this letter, the

complex ion core involved in this case is most likely to
be an oxygen vacancy associated with a substitutional
trivalent impurity.

The experimental results were obtained with a
General Radio 1615 A capacitance bridge using a guard

ring. The single-crystal disk-shaped specimens approx-

imately 0.5 cm' and 0.1 cm thick were sectioned from

an oriented Verneuil-grown boule obtained from the

I.inde Division of the Union Carbide Company.
The trivalent-impurity content is indicated to lie

between 10" and 10" cm '. Measurements were per-

formed with the specimens in liquid helium and in the

dark. Since ESR spectra are sensitive to the method of

reduction, 4 ' details of the reduction technique are
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given: An enclosing Vycor capsule of 47 cm' was
partially evacuated at room temperature to a desired
oxygen pressure of 25 p Hg, heated for 114 h at 900'C,
and then furnace cooled at a rate of 300'C/h.

The resulting degree of reduction was independently,
and more reliably, determined from room-temperature
conductivity measurements obtained by the van der
Pauw method. ' Carrier concentrations (electrons) of
about 10"cm ' were found.

The bulk origin of the relaxation depicted in Fig. 1 is
asserted since it was found to be independent of speci-
men dimensions, electrode material (gold, silver, or
nickel), measuring 6eld (in c direction) and dc bias up
to a field of 670 V cm '. At higher temperatures, above
30'K, the specimen shows the expected field depen-
dence' of the electrode capacitance. The decrease of the
electrode capacitance with increasing temperature will

be reported elsewhere. The relaxation was also found to
be independent of magnetic field up to 21 kOe.

The experimental results were fitted to a Debye
expression' for the complex dielectric constant E+iX'
appropriate to a homogeneous distribution of relaxation
times r in the range

7.p&7&71——7 pe "«'~,

tanb=A(tan '(pco/cc )—tan '(co/pco )l/j(p), (1)

where p=(rt/ro)'", f(p)=tan '(p) —tan '(1/p), co is

the angular frequency, and co is that value at which tan6
is a maximum. The best agreement between Kq. (1) and
the experimental dispersion is obtained with p=5
at 2.3'K.

Although the dispersion is described by an homoge-
neous distribution of relaxation times, a single electron-

hopping process is believed to be involved. Correlation
between a center and other centers" will lead to a
distribution of relaxation times.

The frequency at which the loss is a maximum shifts,
as expected, to lower values with decreasing tempera-
ture. Assuming that ~ follows the expression up= r*e@~~,
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FIG. 1. Low-temperature di-
electric-loss tangent of reduced
rutile versus log (frequency).
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and neglecting the relatively slow temperature variation
of the dielectric constants, Q is found from the change
with temperature of a& to be (1.6&0.5))&10 ' eV. The
error introduced by using the values of cv at which tan5
is a maximum rather than those at which E' is a
maximum is negligible in view of the relatively large
inherent experimental error.

The height of the dispersion maximum A is given' by

Ko' —K„' f(p)A=
2K0K„ lnp'

where Ko and E„are, respectively, the dielectric
constants at frequencies small and large compared to
co„/27r. The Clausius-Mossotti expression with K0,

'

E„))1,gives

(K0 K)/Ko = (4m ne'd'/9—k T)K„,
where e is the number of active electric dipoles per unit

volume of moment p,.g= 2ed, and hence

2x's8 d
(K +K.)f(P)/»(P) .

9kT

This expression for the dispersion maximum predicts
that

T(tan5), „ln (P)/ f(P)

should be a constant. The experimentally determined
values of this quantity: 1.43, 1.05, and 0.86 at T= 2.90,
2.033, and 1.72'K, respectively, show a systematic
decrease in contradiction to the theoretical expectation.
The experimental behavior may be explained by assum-
ing that the number of active dipoles is thermally
activated from some lower-lying state, i.e.,

e= eo expL —AE/kT j
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(see Ref. 11).In this case ments. ') The ox~gcn vacancy associated with one
substitutional impurity (with a net single positive

charge and capable of trapping one electron on a
nearest neighbor Ti+4 cation site to form a Ti+' ion) is

the most likely ion core in this case.
Haul and Dumbgen" have shown, from oxygen self-

di6usion cocKcient measurements, that the oxygen-
vacancy concentration in their specimens was constant
and independent of the oxygen partial pressure at
temperatures =1000'C, i.e., independent of the state of
reduction, which occurred, presumably, by the forma-

tion of Ti+' interstitials. Assuming that the oxygen
vacancy concentration iQ the specimens here is also
independent of the reduction state, the decrease in peak
height with increasing impurity concentration may be
explained. As the concentration of trivalent impurity
ls lncl'cased. , thc (fixed collcclltlatloll of) oxygcll
vacancies will become progressively more and more
associated with two trivalent impurities. An oxygen
vacancy with two trivalent impurities has a net charge
of zero, cannot trap an electron, and no longer con-
tributes to the low-temperature relaxation. The ob-
served quenching of the relaxation by increasing the
substitutional impurity concentration cannot be ex-

plained if the ion core involved Ti+' interstitials, since
their concentration varies with reduction.

There is no difhculty in justifying the localization of
electrons on normal cation sites at low temperatures.

should be a linear function of inverse temperature. This
behavior is verihed by the data plotted in Fig. 2, the
best 6t being obtained with

DE=195&IO 4CV and e =1 5&10"cm '

All specimens from the same boule were found to have
the same value of (tan5) at the same temperature,
even though their respective reduction states cor-
responded to a sevcnfoM variation in room-temperature
resistivity from 1.6 to 11.5 0 cm. Thus the peak height
is independent of E~, the degree of reduction. The peak
height was however consldcI'ably lcduccd by dlfIuslng
Fe into the specimen (effected by dusting high-purity
iron powder onto the specimen surface before reduc-
tion). This behavior indicates that the ion core involved
herc cannot be simple, and probably consists of an
lntI'lnslc lcductloQ defect, l.c., an oxygen vacancy ol
titanium interstitial, associated with a trivalent im-
purity. (The association of Ti+ interstitials into pairs
has been established by internal friction measure-

"R.Haul and G. Diimbgen, J.Phys. Chem. Solids 26, 1 (1965).

"The previously mentioned rapid increase of the surface
capacitance vrith decreasing temperature helot 40'K indicates
that the Schottky exhaustion layer is decreasing in thickness.
This means that the Fermi level g is decreasing rapidly, and that
the Soltsman approximation N=N& exp( dE/ktg used here ls-
probably justified for states close to the conduction band,
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Experimentally, normal Ti+' ions have been observed
by para, magnetic resonance. ' The cation sites closest to
the positive ion "core" are in the region of lowest
electrostatic energy, and these nearest-neighbor sites
will be preferentially occupied at low temperatures. The
large dielectric constant in rutile (=150) does not favor
the alternate hydrogenic state since the energy is
reduced by the factor 1/E„and the radial extent of the
hydrogenic orbit, being longcI' than RB estimate of thc
inter-center distance, would give rise to metallic
impurity conduction, not observed in rutile. "

The observation of electrons hopping to and fro at
low temperatures indicates the nature of some of the

"R.R. Hasiguti, K. Minami, and H. Yonemitsu, J. Phys. Soc.
Japan 16, 2223 {1961).

localized states in reduced rutile, namely polarons
localized on cation sites, forming Ti+' ions, in a region
of low electrostatic potential adjacent to a positive ion
core. Also, the results indicate that consecutive inter-
cationic electron hopping in one direction will be in-
volved at higher temperatures during dc impurity
conduction in rutile, and in other similar transition-
metal oxides. Dielectric measurements of this type will
probably be fruitful in measuring the values of some of
the parameters involved in a general trea, tmcnt of the
problem.

cVote added irt proof Am. ore extensive experimental
and theoretical paper will be published [R. K. Mac-
Crone and i.. A. K. Dominik, Bull. Am. Phys. Soc.
12, 42 (1967)].
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Optical Properties of Gallium Arsenide-Phosphide*
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The index of refraction of Ga(As1 P ) is measured as a function of photon energy by the minimum-angle-
of-deviation prism method at 300 and 87'K. The dielectric constant in the optical region is found to vary
linearly as a function of mole fraction of GaP between the values for GaAs and GaP. Curve-6t data are
presented which allow calculation of index of refraction at 300 and 87'K for a given crystal composition x
and photon energy. Transmission data on Ga(As1, P ) are obtained at 300 and 77'K. The reactivity is
calculated from the index of refraction and is used to calculate the absorption constant, assuming multiple
internal reQections in the crystal. In the infrared, true free-carrier absorption is observed for degenerate
GaAs-rich mixed crystals, whereas absorption due to transitions from donor levels to the conduction band
is dominant in GaP-rich mixed crystals. The band-to-band absorption seen by Spitzer and Whelan in
GaAs is observed in GaAs-rich alloys, and is thought to be due to transitions from the (0,0,0) minimum
to minima in the (222) directions. Finally, the absorption edge is investigated, and the Burstein shift of the
absorption edge to higher energies with increased doping is observed, as well as shifts to lower energies due
to compensation. In all cases, the fundamental absorption edge is found to exhibit an exponential dependence
on photon energy.

INTRODUCTION

KRY little has been published previously on the
~~

~~

~~

optical properties of n;type Ga(Ast, P,). A few
papers' 4 have given the forbidden energy gap as a
function of mole percent GaP. Allen and Hodby' have

~ This work has been supported by the Advanced Research
Projects Agency, Contract No. SD-131, by the Electronics Re-
search Directorate, Air Force Cambridge Research Laboratories,
Contract No. AF-29(628)-4337, and by the U. S. Air Force Once
of Scientific Research, Grant No. 714-65.

f Present address: Semiconductor Research and Development
Laboratory, Texas Instruments, Incorporated, Dallas, Texas.' 0. G. Folberth, quoted by H. %'elker and H. %eiss, in Solid
State Physics, edited by F. Seitz and D. Turnbull (Academic
Press Inc. , New York, 1956), Vol. 3, p. 51.' F. A. Pizzarello, J. Electrochem. Soc. 109, 226 (1962).

s M. Rubenstein, J. Electrochem. Soc. 112, 426 {1965).
4 J. J. Tietjen and J. A. Amick, J. Klectrochem. Soc. 1D, 724

(1966}.' J. %'. Allen and J. %'. Hodby, Proc. Phys. Soc. (London) 82,
315 (1963).

discussed the absorption constant due to the transition
from the X3, to the X1, conduction-band minima.
Abagyan et al. ' and Chen~ have given far infrared
absorption data for supposedly pure Ga(AsP). Absorp-
tion data for GaAs are plentiful, ~" as well as for
GRP q
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