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Optical properties of highly reduced SrTiO32x
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The reflectance of highly reduced SrTiO32x has been studied in samples where the carrier concentration—or
oxygen-vacancy density — varies from about 1018 to 1021 cm23. Several phonon modes are strongly influ-
enced by oxygen-vacancy density. Oxygen reduction induces a mid-infrared band whose oscillator strength
scales with carrier density. In highly reduced samples, a weakly localized plasmon mode develops.
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I. INTRODUCTION

There is a substantial body of literature on the me
insulator transition produced by chemically doping insul
ing metal oxides.1–6 This problem has been of general inte
est ever since the discovery of the high-temperat
superconductors which are produced by chemically dop
antiferromagnetic insulators. This work is a study of the d
pendence of the far- and mid-infrared optical reflectance
the SrTiO32x system on the density of oxygen vacancie
The work complements earlier optical studies of reduc
SrTiO32x ~Refs. 7–9! and of Nb-doped SrTiO3 ~Ref. 10!.
Four samples were prepared to span a four decade vari
in dc conductivity which, to a first approximation, is propo
tional to the oxygen-vacancy density. In highly disorder
samples, the vacancy density is greater than the conduct
measurements predict, since some of the donated elec
are localized due to disorder. Disorder has a marked in
ence on the optical properties of the SrTiO32x system both
on the phonon modes and on the plasmon mode that de
ops in highly reduced samples.

II. SAMPLES

Three of the samples were polished~100! SrTiO3 sub-
strates purchased from Atomergic Chemicals~AC!. The sub-
strates were subjected to different reducing treatments, li
in Table I, to achieve different oxygen-vacancy densiti
The sample with the largest number of oxygen vacancies
hence the most disorder was a polished, unoriented SrTiO2.72
crystal prepared by radio-frequency induction as explaine
a previous publication.11 Throughout this paper, the sample
will be referred to by the carrier concentration rather than
oxygen-vacancy density since the former can be estim
using dc resistivity measurements. Measured using the
der Pauw technique using silver paint contacts, the dc re
PRB 590163-1829/99/59~20!/12842~5!/$15.00
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tivities of the samples are summarized in Table I. The car
concentrations listed in Table I are based on the direct c
relation between the room-temperature resistivity and
carrier concentration which is illustrated in Fig. 1. The ca
bration data in this figure include several different dopi
methods: reduction, Nb substitution for Ti, and La substi
tion for Sr. The SrTiO32x system exhibits a metal-insulato
transition7 for carrier densities greater than abo
1018 cm23. Hence, all four samples are on the metallic si
of the metal-insulator transition and exhibit positive tempe
ture coefficients of resistivity.

III. RESULTS AND DISCUSSION

A. Reflectance data

The reflectance was measured at several temperature
ing an in situ evaporation technique.16 Figure 2 shows the
oxygen vacancy and temperature dependence of the
infrared reflectance spectra for three of the samples. One
make several observations. The first is that the shapes o
three high-reflectance bands change as the number of
carriers~oxygen vacancies! increases. Secondly, temperatu
has a more pronounced effect on the two highest-freque
modes when the carrier density is large. The third obser
tion is that the reflectance at around 900 cm21 increases
systematically with increasing carrier density. Figure 3 p
sents the temperature dependence of the reflectanc
SrTiO2.72. In this sample, the oxygen-vacancy density
large enough that a plasmon mode is well developed, lead
to screening of the phonon modes.

B. Vibrational modes

The G-point transverse optical modes are all affected
oxygen reduction as seen in Fig. 4, which illustrates the
pendence of the room-temperature real optical conducti
12 842 ©1999 The American Physical Society
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TABLE I. Preparation and characterization of the Atomergic Chemicals polished~100! SrTiO3 substrates
~AC! as well as the SrTiO2.72 crystal. Carrier density is estimated using the room-temperature resistivitierdc

~300 K! and Fig. 1.

Sample rdc (300 K)(mV cm) n(cm23) Reducing treatment

AC-1 500 2.031018 H2-1050 °C-3 h
AC-2 70 1.431019 H2-1050 °C-16 h
AC-3 6.4 1.631020 Ti metal-1000 °C-75 h
SrTiO2.72 0.6 2.431021
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on carrier density. The data for the oxygen-reduced sam
were obtained by Kramers-Kronig analysis of the reflectan
with appropriate high- and low-frequency extrapolation
The data for stoichiometric SrTiO3 were generated from th
dielectric function given in Ref. 10. The two main features
Fig. 4 that must be explained are the hardening and bro
ening of the transverse modes with increased free-ca
density. In an attempt to distinguish between the effects
disorder and carrier density, data for Nb-doped SrTiO3 ~Ref.
10! are also included in the figure. The carrier concentrat
for SrTiO3(Nb) was estimated by using the calibration
Fig. 1, taking the zero-frequency limit of 1/s(v)
51.4 mV cm as the dc resistivity.10 The width of the trans-
verse modes in the oxygen-reduced samples systemati
increases with decreasing resistivity. However, the width
the peaks in the Nb-doped sample wheren57.0
31020 cm23 is less than the width of the peaks of th
oxygen-reduced sample wheren51.631020 cm23. This
must be due to the greater disorder associated with oxy
vacancies compared with substitutional impurities.

Consider the hardening of the lowest-frequency mo
with increasing carrier density. This has been previously
served by both neutron scattering and temperature-deriva
Raman spectroscopy.17 The frequency shift of the low-
frequency mode with carrier density is remarkable. Wher
the mode appears at 89 cm21 in undoped material10 it ap-
pears at 156 cm21 for the most highly reduced samp
shown in Fig. 4. In comparison, the maximum peak f
quency observed by Ba¨uerle et al. was roughly 145 cm21

FIG. 1. A calibration curve for room-temperature dc resistiv
versus Hall carrier concentration. A single band model is assum
Squares, Ref. 12; circles, Ref. 13; open triangles, Ref. 8; fi
triangle, Ref. 14; cross Ref. 15; and diamonds, Ref. 11.
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for a sample where the Hall carrier density was 1
31021 cm23. Note that in the Nb-doped sample, the fr
quency shift of the low-frequency mode is smaller than
shift of an oxygen-reduced sample wheren51.6
31020 cm23. This is evidence that some other mechani
besides free-carrier screening is the primary cause of the
quency shift. Ba¨uerle et al. suggested that oxygen-vacanc
induced changes in both long-range dipole-dipole and sh
range forces produce the frequency shift17 in the low-
frequency mode. This is a likely explanation for the shift
all the TO modes.

Structural considerations should also be addressed.
sample wheren52.431021 cm23 exhibits a small tetrago-
nal structural distortion.11 Figure 4 indicates that the distor
tion is too small to induce mode splitting, which could ha
been observed since measurements were made on a
symmetry crystal face.

The effect of carrier density on the LO modes can
explored using the dielectric loss function, shown in Fig.
Note that the peaks in the loss function shift to higher f
quency as the carrier density increases. In their study of
doped SrTiO3, Gervaiset al. proposed a model in which th
shift is due to increased plasma frequency; as the ca
density increases, the free-carrier plasma frequency
increases,10 which causes the peaks in the dielectric lo
function Im@21/ẽ(v)#, whereẽ(v)5e1(v)1 i e2(v) is the
complex dielectric function, to move to higher frequenc
While it is true that adding a free-carrier term to any simp
model dielectric function causes both the peaks in the die

d.
d

FIG. 2. Temperature and doping dependence of far-infrared
flectance spectrum of reduced SrTiO3 samples. The reflectance i
shown for three temperatures: 295 K~solid curve!, 200 K ~dotted!,
and 80 K~dashed!, and for the three different carrier concentration
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12 844 PRB 59D. A. CRANDLES et al.
tric loss function to shift to higher frequency and th
phonon-related reflectance bands to widen, there are p
lems with the simple model. For example, it was also p
posed that this mechanism is responsible for the tempera
dependence of the high-frequency reflectance bands
served in Fig. 2. In order to account for the increased wid
of the bands at low temperature within this simple model
is necessary for the plasma frequency to increase by up
factor of 2 as the temperature decreases from 300 to 7
~Ref. 10!. However, a study of the temperature depende
of the optical conductivity of SrTiO2.72 where nH52.4
31021 cm23 does not support this hypothesis. A Krame
Kronig analysis was performed on the reflectance data
Fig. 3, which yields the real part of the optical conductiv
shown in Fig. 6. According to the conductivity sum rule22

the plasma frequency is related to the integrated optical c
ductivity according tovp

25 1
8 *01

` s(v)dv. In practical terms,
the upper limit of this integral is the lower-frequency limit o
the interband transitions. An examination of Fig. 6 reve
that the plasma frequency does not change significantly

FIG. 3. Reflectance spectrum of SrTiO2.72 at three different tem-
peratures: 295 K~solid curve!, 200 K ~dotted!, and 80 K~dashed!.

FIG. 4. Variation of the room-temperature real optical cond
tivity with carrier concentration. The figure compares the opti
conductivity of stoichiometric SrTiO3 with three oxygen-reduced
samples and one Nb-doped sample~Nb!. The curve for the Nb-
doped sample is generated from the dielectric function and par
eters discussed in Ref. 10. The carrier concentration for the
doped sample was estimated by using the calibration of Fig. 1 w
zero-frequency 1/s(v→0)51.4 mV cm as the dc conductivity
For clarity, the second curve (n5731020 cm23) is offset by
2000 V21 cm21, while the other curves are offset successively
1000 V21cm21.
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tween 80 and 295 K. It certainly does not change by a fac
of 2 to 4. One can conclude that a satisfactory explanation
the temperature dependence of the reflectance ofn-type
SrTiO3—which will probably involve electron-phonon
coupling—is yet to be found.

C. Plasmon mode

An interesting aspect of Fig. 6 is the non-Drude-like d
pressed low-frequency conductivity, seen most clearly in
inset. This can be attributed to disorder-induced localizat
which has also been observed in radiation-dama
YBa2Cu3O6.95 ~Ref. 18! and in the conducting polyme
polyaniline protonated with camphor sulfonic acid.19 Local-
ization effects are expected in SrTiO2.72 due to the huge
number of oxygen vacancies, and the fact that there is s
O(2p) character to states near the Fermi level. Figure 6 a

-
l

-
b-
th

FIG. 5. Variation of the room-temperature dielectric loss fun
tion with carrier concentration. The curves for the oxygen-redu
samples were determined by Kramers-Kronig analysis. The fig
compares the loss function of three oxygen-reduced samples as
as a Nb-doped sample~Nb!. ~See the caption to Fig. 4 for an ex
planation of how the carrier density was estimated for the Nb-do
sample.! This latter spectrum was generated from the dielec
function and parameters discussed in Ref. 10.

FIG. 6. Real part of the optical conductivity of SrTiO2.72 ~solid
curves!. Each successive curve has been offset
1000 V21 cm21 for clarity. The open circles are predictions o
Eq. ~1! using the parameters listed in Table II. The inset shows
optical conductivity at low frequency at 295 K.
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shows that a mid-infrared absorption exists in addition to
plasmon mode. One model for the real electronic conduc
ity of SrTiO2.72 is given in Eq.~1! below, and consists of the
sum of a localization-modified Drude contribution20 and a
mid-infrared Lorentzian. The weakly localized plasm
mode parameters are the strength (vp), scattering rate (G),
and a localization parameter (kFl'1 when the electrons be
come localized!. The Fermi wave vector iskF , the mean free
path is l, while C is a constant of order 1. The center fr
quency, width, and strength of the mid-infrared Lorentz
arevom , Gm , andvpm , respectively.

s1~v!5
vp

2G

60~G21v2!H 12
C

~kFl !2F12S 3v

G D 1/2G J
1

vpm
2 Gmv2

60@Gm
2 v21~v22vom

2 !2#
. ~1!

Because of the presence of the mid-infrared band, i
impossible to use the conductivity sum rule to obtain
plasma frequency. The fitting procedure was first to findvp ,
G, andkFl for the 295 K spectrum. For the other temper
tures,vp was fixed while the other parameters were allow
to vary in a way which is consistent with the temperatu
independence of the Hall coefficient.11

The fitting parameters are listed in Table II, while com
parisons of the experimental optical conductivity and
model can be seen in Fig. 6. There is reasonable agree
between the zero-frequency limit of the model conductiv
and the measured dc conductivity at all temperatures.
suming thatkF5p/2a wherea is 5.5 Å, then the mean-fre
path is of the order of 10 Å at 80 K, which is comparable
the average interimpurity spacing of 6 Å in SrTiO2.72. The
temperature dependence ofkFl is interesting since it sugges
that electron-phonon coupling as well as disorder is cont
uting to the localization of the carriers. If static disorder w
the only localizing effect, thenkFl would be a constant. The
shift of the peak in the localized plasmon mode towards z
frequency is curiously similar to that observed in the b
metal SrRuO3 ~Ref. 21!. The real part of the optical conduc
tivity of high-quality, low residual-resistivity, thin films o
SrRuO3 exhibits a finite frequency peak. It was sugges
that dynamic localization rather than static disorder was
origin of this feature.

D. Mid-infrared absorption

If the carrier density is large enough, the mid-infrar
reflectance ofn-type SrTiO3 begins to exhibit structure, as i
shown in Fig. 7. Structure in the mid-infrared transmiss
spectrum in reduced SrTiO32x has been observe

TABLE II. Parameters for fits of Eq.~1! to the real part of the
optical conductivity of SrTiO2.72. Table entries are in cm21, except
for kFl , which is dimensionless.

T (K) vp G kFl vom Gm vpm

80 7300 230 2.2 2240 6600 14 300
200 7300 350 1.8 2340 5600 13 500
300 7300 450 1.6 2550 5200 12 600
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previously7,9 but the origin of the different components com
prising the mid-infrared band is still controversial. The mi
infrared absorption is the reason for the systematic incre
in reflectance near 900 cm21 that one can observe in Fig. 2
The doping-induced mid-infrared band and electrical tra
port are linked. Many years ago it was suggested that
charge carriers in SrTiO3 are small polarons and that th
mid-infrared absorption was due to absorption by sm
polarons.23 However, the relative temperature independen
of the mid-infrared band seen in Fig. 6 does not agree w
this hypothesis. Others have suggested that the charge c
ers in SrTiO3 are large polarons. Large polarons have
temperature-independent optical signature25 that is, however,
much narrower than the rather broad feature shown in Fig

It is interesting to compare the mid-infrared absorption
SrTiO2.72 with a previous study of the mid-infrared band
SrTiO32x ~Ref. 7!. In that study, an absorption at roughly th
same frequency as that listed in Table II was observed
scale with the dc conductivity for samples with carrier de
sities ranging from 1014 to 1018 cm23 ~Ref.7!. Remarkably,
the strength of the mid-infrared band in SrTiO2.72 wheren
52.431021 cm23 is roughly what would have been pre
dicted by this scaling relation which now may be assumed
hold over seven orders of magnitude in free-carrier dens
Calvaniet al.suggested that the mid-infrared absorption w
due to intervalley carrier scattering.7 This assumes a rigid
band model of doping which is probably not applicable. R
cent calculations by Shanthi and Sarma have demonstr
that oxygen clustering in heavily oxygen-reduced SrTiO32d
produces midgap states.24 Thus, the mid-infrared Lorentzian
used in the model conductivity of Eq.~1! could account for
transitions between the midgap states and the conduc
band. The overlap in frequency of the plasmon mode and
mid-infrared mode precludes attaching too much importa
to the small and systematic temperature dependence in
mid-infrared parameters listed in Table II.

IV. CONCLUSIONS

The reflectance of highly reduced SrTiO32x has been
studied in samples where the oxygen-vacancy or free-ca
concentration varies from 1018 to 1021 cm23. As well as the
three perovskite infrared active phonons, free-carrier a
mid-infrared contributions must be considered to succe
fully model the reflectance and optical conductivity

FIG. 7. Temperature dependence of the mid-infrared reflecta
of sample AC-3 for whichn51.631020 cm23.
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samples with large carrier concentrations. It has been sh
that the presence of oxygen vacancies affects the reflect
of SrTiO3 in several ways: The TO modes all harden a
broaden with doping. It was argued that these effects are
primarily to oxygen-vacancy-related disorder which chan
both the short-range and long-range Coulomb forces.
LO modes are affected as well. The temperature s
of the two high-frequency peaks in the loss functi
Im@21/ẽ(v)# which is associated with the changing wid
of the reflectance bands is not completely understood.
eventual explanation of the temperature dependence of
reflectance in n-type SrTiO3 will most likely involve
electron-phonon coupling, and may be of significance in e
cidating the transport properties ofn-type SrTiO3.

It has also been shown that the oxygen-vacancy den
contributes to weak localization of the plasmon mode
highly doped SrTiO2.72 and that the localization parameter
a,

. J

e
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temperature dependent. This may be an indication
phonons as well as static disorder play a role in the w
localization of the carriers in highly oxygen-deficie
SrTiO32x .
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17D. Bäuerle, D. Wagner, M. Wohlecke, B. Dorner, and H. Kra

enberger, Z. Phys. B38, 335 ~1980!.
18D. N. Basov, A. V. Puchkov, R. A. Hughes, T. Strach, J. Prest

and T. Timusk, Phys. Rev. B49, 12 165~1994!.
19Kwanghee Lee, A. J. Heeger, and Y. Cao, Phys. Rev. B48, 14

884 ~1993!.
20N. F. Mott, Metal-Insulator Transitions~Taylor & Francis, Lon-

don, 1990!, p. 41.
21P. Kostic, Y. Okada, N. C. Collins, Z. Schlesinger, J. W. Rein

L. Klein, A. Kapitulnik, T. H. Geballe, and M. R. Beasly, Phys
Rev. Lett.81, 2498~1998!.

22Frederick Wooten,Optical Properties of Solids~Academic, New
York, 1972!.

23H. G. Reik and D. Heese, J. Phys. Chem. Solids28, 581 ~1967!.
24N. Shanthi and D. D. Sarma, Phys. Rev. B57, 2153~1998!.
25David Emin, Phys. Rev. B48, 13 691~1993!.


