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Optical properties of highly reduced SrTiO5_,
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The reflectance of highly reduced SrTiQ has been studied in samples where the carrier concentration—or
oxygen-vacancy density — varies from about®® 1?* cm 3. 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.
[S0163-182699)10919-9

[. INTRODUCTION tivities of the samples are summarized in Table I. The carrier
concentrations listed in Table | are based on the direct cor-
There is a substantial body of literature on the metal+elation between the room-temperature resistivity and the
insulator transition produced by chemically doping insulat-carrier concentration which is illustrated in Fig. 1. The cali-
ing metal oxide$® This problem has been of general inter- bration data in this figure include several different doping
est ever since the discovery of the high-temperaturenethods: reduction, Nb substitution for Ti, and La substitu-
superconductors which are produced by chemically dopindion for Sr. The SrTiQ_, system exhibits a metal-insulator
antiferromagnetic insulators. This work is a study of the detransitiod for carrier densities greater than about
pendence of the far- and mid-infrared optical reflectance ofl0*® cm™3. Hence, all four samples are on the metallic side
the SrTiQ_, system on the density of oxygen vacancies.of the metal-insulator transition and exhibit positive tempera-
The work complements earlier optical studies of reducedure coefficients of resistivity.
SrTiO;_, (Refs. 7-9 and of Nb-doped SrTi@ (Ref. 10.
Four samples were prepared to span a four decade variation
in dc conductivity which, to a first approximation, is propor-
tional to the oxygen-vacancy density. In highly disordered A. Reflectance data

samples, the vacancy density is greater than the conductivity g reflectance was measured at several temperatures us-

measurements predict, since some of the donated electro% anin situ evaporation techniqu. Figure 2 shows the
are localized due to disorder. Disorder has a marked influ-

_ : ¢ 0xygen vacancy and temperature dependence of the far-
ence on the optical properties of the SrfiQ system both  infrared reflectance spectra for three of the samples. One can

on the phonon modes and on the plasmon mode that develake several observations. The first is that the shapes of the
ops in highly reduced samples. three high-reflectance bands change as the number of free
carriers(oxygen vacancigsncreases. Secondly, temperature
Il. SAMPLES has a more pronounced effect on the two highest-frequency
modes when the carrier density is large. The third observa-
Three of the samples were polishetD0) SrTiO; sub-  tion is that the reflectance at around 900 ¢mincreases
strates purchased from Atomergic Chemid@€). The sub-  systematically with increasing carrier density. Figure 3 pre-
strates were subjected to different reducing treatments, listegents the temperature dependence of the reflectance of
in Table I, to achieve different oxygen-vacancy densities.SrTioz_72_ In this Samp|e' the oxygen-vacancy density is

The sample with the largest number of oxygen vacancies ang@rge enough that a plasmon mode is well developed, leading
hence the most disorder was a polished, unoriented $rbiO to screening of the phonon modes.

crystal prepared by radio-frequency induction as explained in
a previous publicatioh® Throughout this paper, the samples

will be referred to by the carrier concentration rather than the
oxygen-vacancy density since the former can be estimated The I'-point transverse optical modes are all affected by
using dc resistivity measurements. Measured using the Vaoxygen reduction as seen in Fig. 4, which illustrates the de-
der Pauw technique using silver paint contacts, the dc resigpendence of the room-temperature real optical conductivity

Ill. RESULTS AND DISCUSSION

B. Vibrational modes
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TABLE I. Preparation and characterization of the Atomergic Chemicals poli€t@®) SrTiO; substrates
(AC) as well as the SrTigy,, crystal. Carrier density is estimated using the room-temperature resistpyjties
(300 K) and Fig. 1.

Sample pge (300 K)(mQ) cm) n(cm3) Reducing treatment
AC-1 500 2.0 108 H,-1050°C-3 h
AC-2 70 1.4x10'° H,-1050°C-16 h
AC-3 6.4 1.6x10%° Ti metal-1000°C-75 h
SITiO, 7, 0.6 2.4 107

on carrier density. The data for the oxygen-reduced samplefgr a sample where the Hall carrier density was 1.6
were obtained by Kramers-Kronig analysis of the reflectancex 10?* cm™3. Note that in the Nb-doped sample, the fre-

with appropriate high- and low-frequency extrapolations.quency shift of the low-frequency mode is smaller than the
The data for stoichiometric SrTiQvere generated from the shift of an oxygen-reduced sample whera=1.6
dielectric function given in Ref. 10. The two main features in x 10?° em™3. This is evidence that some other mechanism
Fig. 4 that must be explained are the hardening and broadesides free-carrier screening is the primary cause of the fre-
ening of the transverse modes with increased free-carriejuency shift. Baerle et al. suggested that oxygen-vacancy-
density. In an attempt to distinguish between the effects ofnduced changes in both long-range dipole-dipole and short-
disorder and carrier density, data for Nb-doped SgTiRef. range forces produce the frequency sfiifin the low-

10) are also included in the figure. The carrier concentratioffrequency mode. This is a likely explanation for the shift in
for SrTiO;(Nb) was estimated by using the calibration of 3| the TO modes.

Fig. 1, taking the zero-frequency Ilimit of d(w) Structural considerations should also be addressed. The
=1.4 m() cmasthedc resistivitif? The width of the trans-  sample wheren=2.4x 107t cm~3 exhibits a small tetrago-
verse modes in the oxygen-reduced samples systematicalal structural distortiod! Figure 4 indicates that the distor-
increases with decreasing resistivity. However, the width otjon is too small to induce mode splitting, which could have
the peaks in the Nb-doped sample where=7.0 been observed since measurements were made on a low-
x10?%° cm2 is less than the width of the peaks of the symmetry crystal face.

oxygen-reduced sample where=1.6x10?° cm 3. This The effect of carrier density on the LO modes can be
must be due to the greater disorder associated with oxygesxplored using the dielectric loss function, shown in Fig. 5.
vacancies compared with substitutional impurities. Note that the peaks in the loss function shift to higher fre-

Consider the hardening of the lowest-frequency modejuency as the carrier density increases. In their study of Nb-
with increasing carrier density. This has been previously obdoped SrTiQ, Gervaiset al. proposed a model in which the
served by both neutron scattering and temperature-derivativéhift is due to increased plasma frequency; as the carrier
Raman spectroscopy. The frequency shift of the low- density increases, the free-carrier plasma frequency also
frequency mode with carrier density is remarkable. Whereagcreases? which causes the peaks in the dielectric loss
the mode appears at 89 chin undpped materi& it ap- function In{ — 1/e(w)], wheree(w) = e1(w) +i ex(w) is the
pears at 156 cm' for the most highly reduced sample complex dielectric function, to move to higher frequency.
shown in Fig. 4. In comparison, the maximum pea_kl fre-while it is true that adding a free-carrier term to any simple
quency observed by Barle et al. was roughly 145 cm™  nodel dielectric function causes both the peaks in the dielec-
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FIG. 1. A calibration curve for room-temperature dc resistivity  FIG. 2. Temperature and doping dependence of far-infrared re-
versus Hall carrier concentration. A single band model is assumedlectance spectrum of reduced SrEi@mples. The reflectance is
Squares, Ref. 12; circles, Ref. 13; open triangles, Ref. 8; filledshown for three temperatures: 295(%0lid curve, 200 K (dotted,
triangle, Ref. 14; cross Ref. 15; and diamonds, Ref. 11. and 80 K(dashed, and for the three different carrier concentrations.
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FIG. 3. Reflectance spectrum of SrTig) at three different tem-
peratures: 295 Ksolid curve, 200 K (dotted, and 80 K(dashedl FIG. 5. Variation of the room-temperature dielectric loss func-
tion with carrier concentration. The curves for the oxygen-reduced
tric loss function to shift to higher frequency and the samples were determined by Kramers-Kronig analysis. The figure

phonon-related reflectance bands to widen, there are proﬁpmpares the loss function of three oxygen-reduced samples as well
lems with the simple model. For example, it was also pro-as a Nb'dOped Samp(e"t.))' (See .the caption to Fig. 4 for an ex-
posed that this mechanism is responsible for the temperatuf’)(!.ﬂ""n‘"‘t'On of how the carrier density was estimated for the Nb-doped
dependence of the high-frequency reflectance bands olsemple) This latter spectr_um was generated from the dielectric
N . - unction and parameters discussed in Ref. 10.
served in Fig. 2. In order to account for the increased widths
of the bands at low temperature within this simple model, it
is necessary for the plasma frequency to increase by up to
factor of 2 as the temperature decreases from 300 to 78
(Ref. 10. However, a study of the temperature dependenc
of the optical conductivity of SrTiQ,, where ny=2.4
x 107t cm™2 does not support this hypothesis. A Kramers-
Kronig analysis was performed on the reflectance data of

Fig. 3, which yields the real part of the optical conductivity C. Plasmon mode

shown in Fig. 6. Acco_rdlng to the con_ductlwty sum _rﬁ?e, An interesting aspect of Fig. 6 is the non-Drude-like de-
the plasma frequency ;S rela;[ed to the integrated optical CorBressed low-frequency conductivity, seen most clearly in the
ductivity according tav,= g [ o+ o(w)dw. In practical terms, jnset This can be attributed to disorder-induced localization
the upper limit of this integral is the lower-frequency limit of \hich has also been observed in radiation-damaged
the interband transitions. An examination of Fig. 6 revealsygs,Ccu,04 45 (Ref. 18 and in the conducting polymer
that the plasma frequency does not change significantly bgsolyaniline protonated with camphor sulfonic a&ld_ocal-
ization effects are expected in SrTig} due to the huge
number of oxygen vacancies, and the fact that there is some
0O(2p) character to states near the Fermi level. Figure 6 also

tween 80 and 295 K. It certainly does not change by a factor
2 to 4. One can conclude that a satisfactory explanation of
e temperature dependence of the reflectancen-tyfpe
rTiO;—which will probably involve electron-phonon
coupling—is yet to be found.
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FIG. 4. Variation of the room-temperature real optical conduc-
tivity with carrier concentration. The figure compares the optical 205K
conductivity of stoichiometric SrTiQ with three oxygen-reduced 0 = 1 I I
samples and one Nb-doped samfib). The curve for the Nb- 0 1000 2000 3000 4000

doped sample is generated from the dielectric function and param- Frequency (em™)

eters discussed in Ref. 10. The carrier concentration for the Nb-

doped sample was estimated by using the calibration of Fig. 1 with FIG. 6. Real part of the optical conductivity of SrTj¢) (solid
zero-frequency W(w—0)=1.4 m} cm as the dc conductivity. curves. Each successive curve has been offset by
For clarity, the second curvenE7x10%°° cm™3) is offset by 1000 Q! cm™! for clarity. The open circles are predictions of
2000 O~ cm™%, while the other curves are offset successively by Eq. (1) using the parameters listed in Table Il. The inset shows the
1000 O tem™L. optical conductivity at low frequency at 295 K.
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TABLE Il. Parameters for fits of Eq.1) to the real part of the 0.20
optical con_duc_tivit)_/ of Sr_Tinz. Table entries are in cit, except n=16X 10% cm?
for kel, which is dimensionless. |
015"} /
T (K) Wy r kel Wom I'n Wpm g | e
|
80 7300 230 22 2240 6600 14300 g0 sk
200 7300 350 1.8 2340 5600 13500 & --- 200K
300 7300 450 1.6 2550 5200 12600 005 - - 80K
shows that a mid-infrared absorption exists in addition to the 000 —— o000 6000 500010000
plasmon mode. One model for the real electronic conductiv- 4
Frequency (cm™)

ity of SrTiO, 7, is given in Eq.(1) below, and consists of the
sum of a localization-modified Drude contrlbut%mnd a FIG. 7. Temperature dependence of the mid-infrared reflectance
mid-infrared Lorentzian. The weakly Ioca!|zed plasmon ¢ sample AC-3 for which=1.6x 162° cm™?.
mode parameters are the strengdh,), scattering ratel(),
and a localization parametekd] ~1 when the electrons be- previously® but the origin of the different components com-
come localizeyl The Fermi wave vector isc , the mean free  prising the mid-infrared band is still controversial. The mid-
path isl, while C is a constant of order 1. The center fre- jnfrared absorption is the reason for the systematic increase
quency, width, and strength of the mid-infrared Lorentzianjn reflectance near 900 ¢ that one can observe in Fig. 2.
arewom, I'm, andwyp,, respectively. The doping-induced mid-infrared band and electrical trans-
W2 [ c [ 30| 2 port are Iinked. Many years ago it was suggested that the
oy(w)= p 1— 1_(_) char_ge carriers in S_rTlpare small polarons qnd that the
! 602+ w?) |~ (keh? r mid-infrared absorption was due to absorption by small
5 5 polarons?® However, the relative temperature independence
n wpml mw ) of_the mid-inf_rared band seen in Fig. 6 does not agree With_
6([F§1w2+(w2—w§m)2] : this hypothesis. Others have suggested that the charge carri-
ers in SrTiQ are large polarons. Large polarons have a
Because of the presence of the mid-infrared band, it i$¢mperature-independent optical signatuteat is, however,
impossible to use the conductivity sum rule to obtain themuch narrower than the rather broad feature shown in Fig. 6.
plasma frequency. The fitting procedure was first to fingd It is interesting to compare the mid-infrared absorption in
I', andkgl for the 295 K spectrum. For the other tempera-SrTiO, 7, with a previous study of the mid-infrared band in
tures,w, was fixed while the other parameters were allowedSrTiO;_x (Ref. 7). In that study, an absorption at roughly the
to vary in a way which is consistent with the temperaturesame frequency as that listed in Table Il was observed to
independence of the Hall coefficietit. scale with the dc conductivity for samples with carrier den-
The fitting parameters are listed in Table II, while com- sities ranging from 18 to 10" cm™3 (Ref.7. Remarkably,
parisons of the experimental optical conductivity and thethe strength of the mid-infrared band in SrTiQ wheren
model can be seen in Fig. 6. There is reasonable agreemet2.4X 10?* cm 2 is roughly what would have been pre-
between the zero-frequency limit of the model conductivitydicted by this scaling relation which now may be assumed to
and the measured dc conductivity at all temperatures. Asold over seven orders of magnitude in free-carrier density.
suming thakg= 7/2a wherea is 5.5 A, then the mean-free Calvaniet al. suggested that the mid-infrared absorption was
path is of the order of 10 A at 80 K, which is comparable todue to intervalley carrier scatteriﬁgThis assumes a rigid-
the average interimpurity spacing of 6 A in Srgi@. The  band model of doping which is probably not applicable. Re-
temperature dependencel@d is interesting since it suggests cent calculations by Shanthi and Sarma have demonstrated
that electron-phonon coupling as well as disorder is contribthat oxygen clustering in heavily oxygen-reduced Sgli®
uting to the localization of the carriers. If static disorder wasproduces midgap staté$Thus, the mid-infrared Lorentzian
the only localizing effect, thekg| would be a constant. The used in the model conductivity of E¢L) could account for
shift of the peak in the localized plasmon mode towards zerdransitions between the midgap states and the conduction
frequency is curiously similar to that observed in the badband. The overlap in frequency of the plasmon mode and the
metal SrRuQ (Ref. 21). The real part of the optical conduc- Mid-infrared mode precludes attaching too much importance
tivity of high-quality, low residual-resistivity, thin fiilms of to the small and systematic temperature dependence in the
SrRuQ; exhibits a finite frequency peak. It was suggestedmid-infrared parameters listed in Table I.
that dynamic localization rather than static disorder was the
origin of this feature. IV. CONCLUSIONS

The reflectance of highly reduced SrTiQ has been
studied in samples where the oxygen-vacancy or free-carrier

If the carrier density is large enough, the mid-infraredconcentration varies from ®to 10?* cm 3. As well as the
reflectance of-type SrTiQ; begins to exhibit structure, as is three perovskite infrared active phonons, free-carrier and
shown in Fig. 7. Structure in the mid-infrared transmissionmid-infrared contributions must be considered to success-
spectrum in reduced SrT¥, has been observed fully model the reflectance and optical conductivity in

D. Mid-infrared absorption
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samples with large carrier concentrations. It has been showtemperature dependent. This may be an indication that

that the presence of oxygen vacancies affects the reflectanplionons as well as static disorder play a role in the weak

of SrTiG; in several ways: The TO modes all harden andlocalization of the carriers in highly oxygen-deficient

broaden with doping. It was argued that these effects are dugrTio,_, .

primarily to oxygen-vacancy-related disorder which changes

both the short-range and long-range Coulomb forces. The

LO modes are affected as well. The temperature ;hift ACKNOWLEDGMENTS
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