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The temperature dependence of infrared reflection spectra of single crystals of n-type strontium ti-

tanate doped with 0.3 to 1.5 at. % niobium are reported from 10 to 5000 cm™

'in the temperature range

80-900 K. Results are analyzed by means of various factorized forms of the dielectric function. A
decoupling scheme allows the temperature dependence of the plasmon to be deduced. The plasma fre-
quency of the carriers is found to increase upon cooling, a very unusual phenomenon which, together
with Hall-effect measurements, may imply that the effective mass of the carriers decreases upon cooling.
The dependence of the soft ferroelectric mode on temperature and Nb doping is also reported and dis-

cussed.

I. INTRODUCTION

The discovery of high-temperature superconductivity
in lanthanum barium copper oxide by Bednorz and
Miiller! raises an important problem of understanding
which is not yet solved even after 6 years of extensive in-
vestigations. A large part of the difficulties comes from
our poor understanding of conducting properties of ox-
ides in the normal state above T,. Optical properties are
very unusual, in particular in the infrared with a response
of charge carriers which seems to deviate from a simple
Drude profile (see, e.g., the review paper by Timusk and
Tanner?). Strontium titanate doped with niobium, or re-
duced under hydrogen at high temperature, becomes an
n-type conductor with an electronic concentration rang-
ing from 10" to 3X10%° cm™3. It has been known for
nearly 30 years to become superconducting below a tem-
perature which, however, does not exceed 0.7 K.»*
There is no bidimensionality in this case which is a
simple-cubic perovskite structure, and no itinerant Jahn-
Teller phenomena, as in copper compounds. The only
other examples of superconducting oxides with the
perovskite structure and no magnetic ion are bismuth
compounds Ba(Pb,Bi)O; and (}3a,K)BiO3.5’6 This last
family is particularly interesting in that superconductivi-
ty has also been recently discovered in the two-
dimensional (2D) parent (Ba,K),(Pb,Bi)O, which crystal-
lizes in the tetragonal K,NiF,-type structure, as
(La,Sr),Cu0,.” T, is found higher than in the 3D case
with the same bismuth rate, although the electronic con-
centration does not exceed 2X 10 cm ™3 whereas it is
much higher in the 3D compounds.® This is the only ex-
ample that we are aware of with superconductivity in
both 2D and 3D structures built with the same ions.

The chemical bonding in transition-metal oxides is par-
ticularly interesting in that it is partially ionic, partially
covalent, and also possibly metallic in those cases where
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the polarizability is enhanced, giving rise to complete
delocalization of the electrons of the outer shell. As a re-
sult, they may exhibit very different properties depending
on small changes of bonding with temperature, pressure,
or doping. Certain oxides with the rutile structure like
NbO, or VO, thus undergo an insulator-metal phase
transition, whereas compounds like SnO, or GeO,, that
are very similar crystallographically, remain insulating at
any temperature or pressure.” The hybridization of oxy-
gen p states with the transition-metal d states has been
shown to be at the origin of ferroelectricity in
oxide perovskites like barium titanate or potassium
niobate. !0 14

Within this framework, strontium titanate is a good
candidate for further investigations. (i) First because, un-
der ceramic form, this is a material for technological ap-
plications as a capacitor. (ii) In addition, upon reduc-
tion!>!¢ or doping,!” strontium titanate becomes an n-
type conductor as mentioned above, thus also being in-
teresting in the field of electronic ceramics. A plasmon
mode is expected at sufficiently high carrier concentra-
tion. However, the observation of the plasmon by in-
frared reflectivity is not straightforward in highly polar
crystals like TiO, rutile'® or oxidic perovskites because
contributions from most polar phonons which are present
in those compounds, in relation with their ferroelectric
(FE) or incipient FE properties, can mask that of the
plasmon when its frequency lies within the same spectral
domain. Plasma waves are longitudinal excitations which
couple to longitudinal-optical (LO) phonons. A large
shift of the highest-frequency LO mode with temperature
or defect concentration is a conspicuous experimental sig-
nature of a coupled LO phonon-plasmon system. (iii) The
study of the electron-phonon coupling mechanisms in n-
type SrTiO; is especially interesting because such semi-
conductors become superconducting below 0.7 K for a
carrier concentration which does not exceed 10%° cm 3.
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II. INFRARED REFLECTIVITY

A. Experiment

Strontium titanate single crystals doped with 0.6, 0.9,
and 1.5 at. % of niobium have been investigated by in-
frared reflectivity spectroscopy in the temperature range
from 80 to 900 K. The Fourier spectrometer BRUKER
IFS 113 we have used covers the wave-number range
from 10 to 5000 cm~!. The spectrometer and the device
for measurements up to high temperature have been de-
scribed elsewhere. !

Approximately 6 X 11 mm? [001] crystal faces were op-
tically polished and exhibited a reflectivity in the near in-
frared, around 2 um, quite comparable to those found in
undoped strontium titanate. However, the spectra are
significantly modified in the regions showing minimum
negative slope, roughly corresponding to LO frequencies.
The penetration depth of infrared radiation in doped
samples is relatively small since the absorption coefficient
ranges from 5000 cm ™! in the near infrared (penetration
depth 2 um) to 28000 cm ! (penetration depth 0.35 pm)
near the ferroelectric soft-mode frequency in the sample
doped with 0.9% Nb, for example. Samples, therefore,
must be annealed at high temperatures to regenerate the
surface partially altered by polishing, in order to reflect
bulk properties. Figure 1 shows the effect of an annealing
temperature on the room-temperature spectrum of the
sample doped with 0.6% Nb. No such effect is observed
in undoped crystals. If we anticipate on the analysis of
the spectra, annealing at 900 K decreases the plasmon
damping parameter by a factor of 3 while the plasma fre-
quency remains unaffected. Annealing also has little
effect on phonon frequencies but reduces phonon
linewidths as well. The decrease of linewidths is the sig-
nature of reordering. It is known indeed that the spectra
of disordered systems such as glasses show broad bands.
Since the plasmon dominates the reflectivity, the varia-
tion of plasmon damping related to reordering is the
cause of major modification of the spectral profiles. The
spectra analyzed in the next section were recorded after
annealing at 1000 K for 2 h in air, followed by slow cool-
ing. This thermal treatment is thus found to relax the lo-
cal constraints due to crystal growth and reorder the sys-
tem.

B. Data analysis

Typical infrared reflection spectra obtained at various
temperatures and in two different samples are displayed
in Figs. 2 and 3. As indicated already by Spitzer et al.,?
no choice of damping rate yg of the soft FE mode in
compounds like rutile or oxidic perovskites yields a satis-
factory fit to reflectivity data in the infrared if the classi-
cal dispersion formula

8:8w+2 AEjQ%To/(Q}TO—'COZ_"i'}’jTO(U) (1)
j

is used. This is because, in those compounds, the soft
mode dominates the reflectivity in the spectral range
10-1000 cm™! owing to its unusually high oscillator
strength Ae. For that reason, Barker and Hopfield intro-
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FIG. 1. Dependence of an infrared reflection spectrum of a
polished sample on temperature of annealing in air. In this
figure and the subsequent ones, percentages are atoms percent.

duced a mode-coupling formalism?! to fit the reflectivity
spectra of such crystals. Later, Ledsham, Chambers, and
Parker?? pointed out that the resulting damping for the
decoupled high-frequency mode is always negative, just
as in their own analysis of potassium dihydrogen phos-
phate (KDP) where the same mode-coupling formalism
was used. They concluded, therefore, that this model is a
curve-fitting procedure without much physical content.
Gervais and Baumard?® subsequently proposed an alter-
native model to solve the problem not only in pure, but
also in reduced rutile. The model was shown to yield
better fitting in oxidic perovskites t00.!%!>!° This model
introduces a fourth adjustable parameter for each TO-LO
pair, viz., the damping parameter y; o of the jth LO
mode, which may be different from that, y 1, of the as-
sociated TO mode. Note that Eq. (1) implicitly assumes
YTo=7YLo in the case of a single mode.!” The resulting
improvement is particularly significant when the TO-LO
splitting is large, as in the materials in question, because
the TO and LO modes then have quite different phonon
decay channels and, therefore, very different damping
rates. In the model in question, the dielectric function is
simply written as a product over pairs of complex poles
and zeros believed to be relevant in the frequency range
covered by the measurements,

e=¢g, [] (Q?LO—‘wz+i7’jLOw)/(‘Q§TO—w2+i7/jT0w) .
j
()

This model represents a powerful alternative to the

1.0

SrTi0g (09%Nb)

0.8
-
- 9
S 0.6F g
= o
8 o
204 o300k &
& 600 K £

0.2 ¢ ¥

. 1 . o | . s i |
0 200 400 600 800 1000 3000
FREQUENCY (cm™)

FIG. 2. Infrared reflection spectrum of preannealed sample
at two temperatures. Symbols represent experimental data and
solid curves are the best fit of the factorized form of the dielec-
tric function equation (2) to the data.
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FIG. 3. Same as Fig. 2 for another sample.

Kramers-Kronig (KK) analysis which is commonly used,
and is unbiased in principle, but in practice requires as-
sumptions about the dependence of the dielectric
response outside the range of measurement. The disper-
sion of the plasmon extends down to zero frequency,
which just raises a specific problem with KK analysis.
Note that the (;’s are the moduli of the complex poles
(or zeros) of the dielectric function and not their real
part. Equation (2) is also valid for a plasmon-phonon-
coupled system'®!° provided one of the TO frequencies is
set equal to zero. With this constraint, a fit of Eq. (2) to
experimental reflectivity for the sample doped with 0.9%
Nb is shown in Fig. 2 at two temperatures and found to
closely reproduce the spectra in the whole range 20— 5000
cm™ . This is especially significant since spectra of n-
type SrTiO; reported in the literature were incomplete in
the far infrared (no data below 350 cm ™! in Ref. 15 and
below 400 cm ™! in Ref. 17). The parameters which yield
the best fit to reflectivity data at room temperature and
600 K are listed in Table I. The results indicate that TO
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phonons are little affected by doping compared with pa-
rameters found in undoped SrTiO; with the same
method!'? which are also listed in Table I. There is one
exception, however, the TO soft FE mode which will be
discussed in a specific paragraph. The high-frequency
dielectric constant €, is not significantly modified by
doping either. This is true for all samples and at all tem-
peratures investigated. On the other hand, a new nearly
overdamped LO mode appears below the TO soft FE
mode. The highest-frequency LO mode exhibits a shift
from 924 cm™! at 300 K down to 817 cm ™! at 600 K,
and an unusually strong damping increase, up to several
hundred cm~!. Both effects are large and clearly unrelat-
ed to the physics of LO phonons in undoped SrTiO;
which has already been investigated in this temperature
range.!? This point deserves emphasis because (i) these
phenomena can be safely assigned to plasmon-phonon
coupling signature, and (ii) the shift of the highest LO
mode observed upon heating indicates an unexpectedly
large decrease of the plasma frequency which is quite
unusual in doped semiconductors. Note that a similar
behavior has also been reported by Barker!> and
confirmed later?* for oxygen-deficient strontium titanate.
Kozyreva!” attempted to decouple the plasmon from
the phonons but neglected damping. Our results show
that coupling of the highest-frequency LO phonon with
the plasmon increases the damping of the coupled mode
by a factor as high as 12 at room temperature (Table I).
A decoupling scheme which neglects damping introduces
serious inaccuracies, especially in the frequency of the
heavily damped plasmon. A simple way to decouple the
system while including damping terms is to postulate a
dielectric function which consists of two additive terms:
a pure-phonon contribution of the form of Eq. (2) which

TABLE 1. Frequency and damping coefficients (in cm ™! units) which yield the best fit to reflection spectra of a doped sample as

shown in Fig. 2, compared with undoped strontium titanate.

SrTiO; SrTiO; (0.9% Nb)
Transverse modes
300 K 600 K 300 K 600 K
Q jTO Yjto Qjr0 Yjto Q jTO Y jTo Q jTO Y jTo
89 27 128 34 100 48 132 45
175 5.5 179 16 175 10 181 18
544 18 538 35 550 19 540 34
Longitudinal modes
Decoupled modes Coupled modes
300 K 600 K 300 K 600 K 300 K 600 K
Q/LO Y jLo QjLo YjLo ‘Q;‘LO Y;Lo Q}Lo T}Lo Qijo Y jLo -le.o Y jLo
172.5 3 173 9 171 5 176 10 171 5 176 10
475 5 472 9 471 11 469 12 505 38 479 32
796 26 790 46 796 27 789 45 924 340 817 190
Plasmon
300 K 600 K
Q, 515 250
Yp 390 210
Yo (40) (40)
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provides an excellent fit to the reflectivity of undoped
SrTiO;,!? plus a plasmon contribution. The simplest ex- -

ression for the plasmon contribution would be a Drude
f’erm P 1000+ SrTi03 (06%Nb)

En="£,Q}/[0(0—iv,)], 3)

but such a dielectric function model does not satisfactori-
ly fit the present infrared data. Similar difficulties were 800

. 1 ! WLO
encountered in reduced rutile'® and more recently in

copper-based high-T, oxide superconductors.? As al- "E | —o— COUPLED LO
ready discussed in Refs. 18, 19, and 23, Eq. (2) can pro- - —e— T0 or DECOUPLED LO
vide a better fit to a plasmon mode alone under the form — —+— DECOUPLED PLASMON
[&]
£=¢,(Q)—o’+iy,0)/(—0’+iyw) . ) z \ e _Jo
Equation (4) may be rewritten § I ?‘\%_b_.___.w
e=e,tey, (5) & 400 \\ 4
s
. \ v,
where g, is now i \‘;%1/
en=—€,[Q2+ily, —yool/[olo—iy)] . (6) NG ‘o
~N
Note that Eq. (6) reduces to the Drude form, Eq. (3), 200~ LO
when Yp = 7o We thus rewrite the complete dielectric O FE
function in the form i o
e/e, =[[(Q20— 0’ +iy' ow)/(Qho—w?+iy row) o S
I,-I jLO jLO jTO JTO 5 500 1000

TEMPERATURE  (K)
FIG. 4. Temperature dependence of coupled and decoupled
excitations which yield a best fit to infrared reflection spectra.

—[Q; +ily, —yolwl/[ol@—iy,)] . 7

The Q1 0’s in the first term of the right-hand side of Eq.
(7) are no longer the zeros of the dielectric function, but
are now decoupled LO-phonon frequencies. Equation (7)

is also found to yield an excellent fit to reflectivity data, L
essentially indistinguishable from that with Eq. (2). Pa- SrTiOg (15%Nb)
rameters for decoupled phonons and plasmon which pro- 1000 -
vide the best fit to the data of Fig. 2 are also listed in +
Table I. After such a double fitting procedure (i) with Eq. L
(2) for the coupled modes and (ii) with Eq. (7) for decou-
pled LO excitations, the very instructive picture summa-
rized in Figs. 4—6 emerges. Note that both fitting pro- — 800 _/f'ﬁﬁ\' Lo
cedures yield the same TO phonon parameters. Further- § \
more, the decoupled LO phonon frequencies turn out to — - +
be little affected by doping. This indicates that our . \ +
decoupling procedure seems to be physically sound. S 600k \
Note that lowest-frequency mode 1 is little affected by y o._:\._:\\,__‘_%. 10
coupling whereas modes 2 and 3 are much more (com- o I N
pare coupled and uncoupled mode dampings in Table I). & (,-——'—ﬁ-?—ﬁh——o Lo
A plasmon can be treated phenomenologically like a « \

phonon with a TO frequency which is set to zero (because 4001 RN
there is no restoring force constant for the plasma-type —o— COUPLED 1O \\
motion). This is the origin of the divergence of the imagi- - —e— TOor DECOUPLED LO *+
nary part of the dielectric response when the frequency -+- DECOUPLED PLASMON

. . . T0
tends towards zero as is shown in Fig. 7. In the same 200 Lo
figure, the next FE soft mode is well visible nearby. But % ce
one cannot have two consecutive maximum without a L
minimum in between. A LO mode necessarily corre- o o LO
sponds to this minimum. This LO mode is highly ) L
damped because its damping is large (compared to its low 0 500 1000
frequency) since it is blocked between two semibroad TO TEMPERATURE (K)
modes.

Coupled and decoupled phonon and plasmon contribu- FIG. 5. Same legend as Fig. 4.



47 TEMPERATURE DEPENDENCE OF PLASMONS IN Nb-DOPED SrTiO,

TEMPERATURE (K)

1000 400 200
SrTi O3
(09% Nb)
800 e - —-emm
e
T &
¥/
§ 600 - &
> o-0-~@—=O— = =" '7——
2 ey A
= )/
3 400 - /~ COUPLED LO
& /" . _UNCOUPLED TO
4 DECOUPLED LO
200 gl . )
}.~~.\\.‘~--.—-
M—""d—
L 1
0 25 5
103/T (K™)

FIG. 6. Same legend as Fig. 4 (note inverted temperature
scale).

tions to the imaginary part of the dielectric function and
to the imaginary part of the inverse dielectric function
are illustrated in Fig. 7. The frequency shift and in-
creased damping of the longitudinal modes caused by
coupling to the plasmon are visualized in Fig. 7.

III. RESULTS AND DISCUSSION

A. Soft ferroelectric mode

The TO soft FE mode would reach zero frequency at
absolute zero temperature if quantum effects are ignored

Zz
[ 2
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90 K 5 boo
[v4
O
1 w
z : 0 g
2100— | a
Q — w
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<
P4
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in undoped strontium titanate. Quantum effects stabilize
the FE soft-mode frequency to a finite value at low tem-
peratures, preventing the crystal from undergoing a tran-
sition to the ferroelectric state. The soft-mode frequency
increases upon heating in such a sharp way that it would
“cross” the next TO mode near 175 cm ™! above 1000 K
if the coupling was ignored.!? Actually, an energy level
repulsion phenomenon occurs and causes a saturation of
the low-frequency TO component and an upshift of the
high-frequency TO mode. The same is found in doped
samples as shown in Fig. 8. The upshift of the high-
frequency TO coupled mode in the sample doped with
0.6% Nb is even more marked than in undoped SrTiO;.
A decoupling of the system with the aid of?’

j:= 1 /2(w175+m50ﬂ)i1/2[(w175_wsoft)2i4w2]l/2 (8)

allows one to fit experimental TO data fairly well as
shown in Fig. 8. The uncoupled TO nonsoft-mode fre-
quency was assumed to be temperature independent at
175 cm™!, and the coupling parameter is found to
amount to w =16 cm~!. A transfer of oscillator strength
and damping rate between both TO excitations occurs at
the highest investigated temperature. Results in doped
and undoped samples are compared in Table II. TO os-
cillator strengths listed in this table are deduced from the
TO-LO splittings via the relationship'®

FIG. 7. Decoupling pattern of both lowest TO modes.
Dashed straight lines represent decoupled TO modes. Dots are
experimental data and solid heavy curves are the best fit of Eq.
(8) to the data. Light solid lines represent uncoupled TO modes
in undoped strontium titanate for comparison.
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FIG. 8. Temperature and concentration dependence of the
soft ferroelectric mode. Present data are compared with similar
results obtained by neutron spectroscopy in reduced strontium
titanate.
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TABLE II. Low-frequency coupled TO mode parameters at
890 K in undoped strontium titanate compared with a sample
doped with 0.6% Nb. Mode anticrossing which is achieved at
this temperature manifests itself by a transfer of damping and
oscillator strength.

Q, Y
(cm™1) (cm™) Ag;
TO™ 149 43 85
Undoped
TO* 182 27 14
TO™ 165 28 26
Doped
TO* 201 80 38

Such a decoupling procedure has been performed in the
three samples and the results for the temperature depen-
dence of the decoupled soft FE mode frequency squared
are summarized in Fig. 9. Soft-mode frequencies are
found to shift up with doping. Solid and dashed lines
represent our data. Symbols in Fig. 9 reproduce data ob-
tained by inelastic-neutron-scattering experiments in re-
duced strontium titanate by Baiierle et al.'® Behaviors
observed in niobium-doped and oxygen-deficient samples

]
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are found to be very similar. Both treatments tend to sta-
bilize the soft FE mode and to minimize the tendency of
the crystal to reach a ferroelectric state as discussed in
detail in Ref. 11.

B. Plasma response

The dielectric function of a crystal can be evaluated
from the infrared reflectivity via a KK analysis when
data are available over a frequency range wide enough. If
we assume that this criterion is obeyed here and since we
have already evaluated the parameters which describe the
pure-phonon reflectivity with a fairly good accuracy, the
plasma contribution to the dielectric function can be de-
duced from the experiment. We have restricted this addi-
tional analysis to those spectra where the plasmon contri-
bution to the reflectivity is large enough. This has been
achieved in the following way. We start from the repre-
sentation

€ (a))=—ewﬂi(w)/{w[w—iy(w)]} . (10)

pl
Here the plasma damping function is
v(w)=wey /ey, - (11)

We determine the functions (,(w) and y(®) from the
equality

ep(@)=egg(w)—e, [[ (o=’ +iv100)/(Qfo— o +iy 100) , (12)

J

SrTiog (Nb)

4105 |

— present data
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N
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FIG. 9. Spectral response of coupled modes compared to
decoupled phonons and plasmon.

f

where egg(w) is deduced from a KK analysis of the ex-
perimental spectrum. Figure 10 shows the results of such
a calculation for the sample with 0.9% Nb at the lowest
temperature investigated, i.e., when the plasma frequency
is the highest. The function is plotted only in the regions
where the contribution of phonons is not too large. This
calculation is just made to give an idea of the deviation

SrTiO3 (0.9%Nb) plasmon
— 500 78 K LO phonon l coupled mode
'
3400— — T T T T ) TN\ —J
© Drude
b4
<
= 300
o
8
3 2001
)
< o
o0 0°
006 o 0°
1 1
0 500 1000 1500
FREQUENCY (cm™)
FIG. 10. Plasmon damping function deduced from a

Kramers-Kronig analysis, compared with the model memory
function equation (15) used to improve the fit to the infrared
reflection spectrum shown in Fig. 11.
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from the experimental data with respect to the
oversimplified Drude profile in the extreme cases. It is
clear from our result why a Drude term with a constant
damping cannot fit such data satisfactorily. The fact that
Barker!® fitted his data with a Drude term is not
significant (i) because the agreement with experiment was
generally poorer than in Figs. 2 and 3, and (ii) because no
data were available below 350 cm ™!, thus making it im-
possible to check the validity of the model in the whole
relevant spectral range.

Coming back to the factorized form of the dielectric
function used in Sec. II, and comparing Egs. (6) and (10),
one gets

Q2 /{olo—iv(@) ]} =[Q}+i(y,—vow]/[w(@—iyy)]
(13)
and, neglecting terms of order 72,
r()=yo+ (v, — v’/ . (14)

Consequently, our previous ansatz equation (6) makes a
specific assumption about the form of the plasmon damp-
ing function which varies monotonically according to (14)
from y, at ©=0 up to v, at ©=1,. The model equation
(6) thus roughly approximates the actual damping func-
tion but its tendency to increase with frequency is proper-
ly taken into account. This is the reason why a fairly
good fit can be achieved with this model. A similar dis-
cussion referring to the assumptions of the model equa-
tion (2) about the phonon self-energy was developed in
Ref. 19.

Barker!® reported an additional feature in the
reflectivity near 2000 cm ™ !. This feature is also visible in
Ref. 17. He assigned this feature to a polaron absorption
and indicated that an additional Gaussian mode yields
the best fit to this feature. An unusual dispersion is also
observed in the range 1000—3000 cm ™! in our spectra of
the unannealed samples. However, this feature practical-
ly ceases to be observable after annealing above 900 K.
Notice, however, that Eq. (7) fits the reflectivity of the
room-temperature spectrum of the sample with 0.9% Nb
unsatisfactorily just between 1000 and 3000 cm ™! as seen
in Fig. 2. This may indicate that an additional contribu-
tion may be present, although weak. Since its “intensity”
seems to vary as the plasma damping level (the parameter
that annealing controls mainly), it could be a structure in
the damping function rather than an additional mode
with a finite oscillator strength. There is an additional
and more natural reason for testing a plasmon damping
function. Infrared reflectivity spectra obtained at low
temperatures in the case of both most heavily doped sam-
ples cannot be fitted perfectly with the model equation
(7). Figure 10 indicates a broad peak roughly centered at
the frequency of the highest LO phonon-plasmon-
coupled mode plus another weaker one at zero frequency.
To account for this situation phenomenologically, we
have simply used a memory function?®

M, (0)=y,T, /(Q, —o+il, ), (15)

which is introduced in the general representation
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ep](w)=—saﬂﬁ/{w[w—M(a))]} . (16)

An example of the best fit achieved with this model is
shown in Fig. 11 and compared to a simple Drude term
where M (w) reduces to a constant —iy,. The frequency
dependence of the model damping function in that case is
also shown in Fig. 10. Of course, there could be other
ways to account for the discrepancies in the limiting case
discussed here, and one should not attach excessive
weight to the fact that this model works well.

C. Temperature dependence of plasma frequency

The dependence of the plasma frequency on tempera-
ture is plotted in Figs. 4—-6 to visualize the mode-
coupling pattern. Plasmon frequencies are reproduced in
a summary plot in Fig. 12. Figure 6 shows a linear
dependence upon the inverse temperature. Thus, in the
four compounds, the plasma frequency is found to de-
crease by a factor of 4-6 when the temperature is in-
creased from liquid nitrogen up to 1000 K. This behavior
is very unusual. It implies not only that the system is de-
generate but also, as found by Frederikse, Thurber, and
Hosler?” and discussed by Barker,!> that the effective
mass of charge carriers increases sharply upon heating.
In our samples, €, increases by 70, 90, and 50% upon
cooling from 300 K down to 78 K in the samples doped
with 0.6, 0.9, and 1.5 % of niobium, respectively. The
average ratio 1.7 agrees fairly well with the square root of
the experimental ratio 1.6 of electron effective masses de-
duced from the electronic specific heat and thermoelec-
tric power, viz., 6m, at 78 K and 16m, at room tempera-
ture.?® This is a straightforward application of the rela-
tion

Q; =4mne/mre,, . (17)

The m, values given above concern a sample with a car-
rier concentration n =1.4X10%° ¢cm™3. The agreement
means that the possible temperature dependence of n may
be ignored in a first approximation, but no definite con-
clusion can be drawn in the absence of similar transport
measurements in the samples we have studied. Eagles?®
proposed a model that attempts to explain the electronic
properties of strontium titanate by a mixture of small and
large polarons. In that case, since the proportion of the
type of polarons with the larger mass increases as the en-
ergy of the polaron increases, thus increasing the average
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FIG. 11. A comparison of a best fit with a simple Drude term
and with the plasmon damping function shown in Fig. 10.
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FIG. 12. Temperature and concentration dependence of the
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mass with temperature, Eagles calculated the increase of
the density-of-states mass. He found 6m,, 6.5m,, and
22m, at 0, 78, and 300 K, respectively. While the values
fit the experiment at low temperature, the discrepancy at
room temperature reaches 40% but the sign of variation
is correct. On the other hand, the assumptions of small
polarons in strontium titanate used by Eagles?® is con-
tradictory with the interpretation of transport measure-
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ments?’ which rather support a band, i.e., large polaron,
picture. Other reasons could account for a variation of
the effective mass. Fundamental absorption edge mea-
surements in undoped strontium titanate reported by
Goldschmit and Schuller?® were understood in terms of a
crossover from an indirect band gap below 500 K to
direct band gap above 700 K. And one may wonder
whether this specific situation would not contribute to
the very unusual behavior observed here.

In summary, we have reported a complete study of in-
frared reflection spectra of niobium-doped n-type stronti-
um titanate. From the point of view of the ferroelectric
soft-mode behavior and the very unusual temperature
dependence of the plasma frequency, our results confirm
previous observations reported for oxygen-deficient stron-
tium titanate in a narrower temperature range, and ex-
tend them. Results are consistent with transport mea-
surements indicating a temperature dependence of the
effective mass. It is not clear whether these results are re-
lated to the specific band scheme of strontium titanate or
if they open the way to a more general view, and have to
be kept in mind to analyze some surprising infrared prop-
erties of high-T, oxide superconductors in the normal
state. Further investigations are highly desirable.
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