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Explanation for the temperature dependence of plasma frequencies
in SrTiO 5 using mixed-polaron theory
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A theory of mixed polarons is used to interpret the published experimental results of Genaison
temperature-dependent plasma frequencies in Nb-doped $Srif@D given polaron masses before mixing, the
appropriate average mixed-polaron mass at any temperatdepends on two quantities,andb, which are
measures of the separation between the bottoms of large and nearly small polaron bands before mixing and of
a mixing matrix element$ andb are assumed to have arbitrary linear dependencds gmobably related to
a T dependence of the bare mass, and a term quadratic i included in §, determined from ther
dependence of large-polaron binding energies. Including a constraint on thé/iaiat low T from known
masses from specific-heat data, satisfactory agreement is obtained with masses determined from plasma fre-
quencies. This gives further support for the theory of mixed polarons in grifi@ddition to that already
published [S0163-18206)01125-3

[. INTRODUCTION tions, and hence large changes in carrier maSseghe third
property, the temperature dependence of the density-of-states
There are many reasons for thinking that polarons inmass, arises because the proportion of nearly small polaron
SITiO; are of an unusual type. The first is that, whereass_tatefo'” carrier wave functions increases as the temperature
optical properties are similar to those of small polarbns, 1S€S:" The fourth property, the decrease of plasma frequen-
experimentally determined effective magseare closer to cies as the temperature rises, has a qualitatively similar ex-

: . . lanation to the third. However, several new factors have to
those of large polarons. The next is that there is ewdencge taken into account to interpret the daa:the relevant

from data on magnetic-field penetration depths and fromyyerage mass for determining plasma frequencies is different
Zr-doped SITiQ,” that effective masses increase very rap-is at sufficiently high temperatures that partial occupation of
idly with Zr concentration, by amounts of the order of 20% the upper mixed-polaron band should not be ignored, and
for each atomic percent Zr substitution for °TA third rea- (iii) modifications of the theory by use of Fermi-Dirac statis-
son is the temperature dependence of effective masses det8¢s is required for some of the specimens at the lowest tem-
mined by thermoelectric-power measureméntiensity-of-  Peratures studied. This last factor should strictly have been
states masses increasing from abounSto 16 m, between allowed for in the low-temperature calculations reported in

77 and 300 K. A fourth unusual property is that plasma fre-Ref. 10. However, since the Fermi levels in the specimens on
luch the measurements were performed correspond to tem-

. ; w
gutenmes 4dec;egsbe tas the7t7ezmpderlaélér6e_kgse§, ?i/ha facftor r? ratures at which the calculated masses do not differ much
etween 4 an etween 77 an € Nirstinree ot~ om those calculated at low temperatures in our theory, in

these four unusual properties have a'fegqyobeeﬂ explained {hich departures from Boltzmann statistics were ignored, we
some detail by a theory of mixed polarohs?in which the  think that errors due to this omission were small.

lowest energy state of current carriers is a superposition of The observed temperature-dependent plasma frequencies
comparable amounts of larfeand nearly small polarord.  are explained quantitatively by the mixed-polaron model in
The first property arises because the transport mass of mixdtie present paper. A brief description of the calculations re-
polarons is to a first approximation determined by a weightedjuired to determine plasma frequencies in mixed-polaron
average of the reciproca| masses of the two types of po|ar0ﬁh€0l’y is given in Sec. I, and results from fitting the data are
and so is dominated by the |ighter Component’ whereas, fdpresented .and discussed in .Secs. 11 and V. Readgrs WIShIng
photon energies above a feW tenths Of an eV, the Opticd]nore deta"s Of the Ca|CU|atI0nS descr!bed br|eﬂy n SeC..”
properties are dominated by transitions involving the heavief@y request a copy of a longer version of the manuscript
(small-polaron9 likg¢ component of either the initial or final oM the authors.
e L e 1L CALCULATION OF PLASHIA FREQUENCIES

. . . IN MIXED-POLARON THEORY
Zr can be explained in terms of small changes in the bare
mass bringing about significant changes in the proportions of We shall be concerned with the samples studied in Ref. 6
the two types of polaron in the mixed-polaron wave func-for which the conduction bands have less than 1% occupa-
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tion by current carriers, and so we make the approximatiom =0. There is a temperature dependencengfwhich arises
that the energiek,,, andE, of pure large and nearly small because of nonparabolicity of the bands in large-polaron
polarons of wave vectdt depend quadratically on the mag- theory* We neglect this temperature dependence, as in Ref.
nitude ofk measured from the nearest band minimum. Thisl0, because it would be inconsistent with the rest of our
will be a good approximation at low temperatures. At highassumptions to include it.

temperatures occupation of states with large wave vectors We have to consider what to assume for the temperature
will be non-negligible. However we shall give argumentsdependence of the other parameters in the problem,d.e.,
later stating why we think that the quadratic approximationb, andm,,. The particular assumptions we shall make are not
will not cause large errors in our estimates of masses igenerally valid, but may be appropriate for Sri@s we

SrTiOs. shall discuss below.
With these approximations, expressions for the energies
Egk andEg of the ground and excited mixed-polaron bands lll. APPLICATION TO SITIO 4

at wave vectok can be found in Ref. 10. They were used in

that reference to calculate the temperature dependence of the Form of temperature dependence of parameters assumed
average mass appropriate for thermoelectric-power measureasons were given in Ref. 9 for thinking that there may be
ments. Here we use expressions fig andE to calculate @ slight linear temperature dependence of the bare mass in
a different average mass appearing in an expression for tHerTiOs. This is related to thermal expansion, but, for indirect
plasma frequency. From a derivation of an expression for thelectronic transfer integrals via oxygen, as discussed in Sec.
plasma frequency given in Ref. 13 we can deduce that, fo8.2 of Ref. 9, it is not obvious whether masses will increase
bands with variable mass, or decrease as temperature rises. We shall assume that

wp=(4mne’im* e,)"?, 1) Mp=Myo(1— yt), ©)

wheren is the carrier concentratiow, is the high-frequency where
dielectric constant, and
t=kgT/h o, 4)
m* = 1/Av(1/m). (2
and y may be positive or negative. This temperature depen-
Here Av(1Mm) is an average of the reciprocal mass, propor-dence ofm, will cause a linear temperature dependence of
tional to the magnitude of the second derivative of the en-s, and may give rise to a linear temperature dependence of
ergy with respect to the component of the wave vector in . There is also a quadratic temperature dependencé of
particular direction, weighted by the Boltzmann distribution hecause of the temperature dependence of the large-polaron
function or the Fermi-Dirac function according to whether hinding energy, for which we use an expression correct to
we are above or below the degeneracy temperature. To cafirst order in the polaron-coupling constant,'* For the
culate the mass at a given wave vector we find the average @kual type of nearly small polarons with a high saddle point
the radial component oF°E;, (i=g,e) in spherical-polar on the adiabatic potential surface between adjacent minima
coordinates, and convert to an average of the second derivgy |attice-vibrational coordinate space, there will also be
tive in a particular direction by multiplying by1/3), the  temperature-dependent terms due to factors of the form exp
average of co% over polar angles. [ —(1/2)S(2n+1)] appearing in polaron bandwidths, where
We calculate thermal averages using both Boltzmann ang s the phonon occupation number and (523 an expo-
Fermi-Dirac statistics. For Fermi-Dirac statistics we need tohent for the bandwidth reduction &= 0.”*2 Similar expres-
calculate the Fermi energy for a given carrier concentratiosjons with different exponents should occur borHowever,
by integrating the density of states over energy with Fermius noted in Ref. 10, the saddle point in SrTi® not much
Dirac occupation probabilities. In order to find the limits of higher than the minima, and it is probable that the tempera-
integration we use expressions fj, atk=0 andk=Kkn,  ture dependence of the bandwidths for the narrow band will
wherek, is the maximum magnitude of the wave vector, pe much smaller than given by the high-saddle-point case,
approximated by use of a spherical Brillouin zone of theand we shall assume that the same is true for any contribu-
correct volume. tions tob depending exponentially on. Thus we shall as-

Parameters in the theory, which may be temperature desyme simple temperature dependences afidb of the form
pendent, arem, and m,, the masses in the widdarge-

polaror) and narrow(nearly small-polaron bands before 5= 8o+ 81t — (9a/32)t2, (5)
mixing, 8, a measure of the difference in energy between the
bottoms of the nearly small-polaron and large-polaron bands b=bg+byt ©6)

in units of the phonon energyw, andb=2U/Aw, where
U is the matrix element of the Hamiltonian between orthogo-and ignore any temperature dependencengf The coeffi-

nalized large and nearly small-polaron states. cient 8; in Eq. (5) will be related toy in Eq. (3) by
Up until this point our theory would be applicable to mix-
tures of any two bands with different masses, whether po- 51=(zdhw)y, (7)

laronic or not. However, from now on we will start to intro-

duce formulas specific to polaron theory. Foj, we make wherez is the number of near neighbors, ahds the elec-
use of expressions for the ratio of,, to the bare masm,,  tronic energy-transfer integral. A linear temperature depen-
valid to second order in the coupling constantRef. 14 at  dence ofm, may also give rise to a linear temperature de-
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TABLE I. Masses deduced from plasma frequen
doping from Fig. 12 of Ref. 6.

BRIEF REPORTS

cies obtained from Dr. F. Gervais onfaké&rb% Nb

0.3% Nb, 4% Ca 0.6% Nb 0.9% Nb 1.5% Nb
TK) w, m*/m, TK) w, m*/m,g T(K) w, m*/mg T(K) w, m*/mg
(cm™1) (cm™1) (cm™1) (cm™ b
90 515 6.6 90 980 2.7 81 944 4.9
300 235 15.9 300 305 18.8 300 515 9.9 161 756 7.7
630 125 56.2 398 255 26.9 450 350 21.4 241 700 8.9
820 110 72.6 500 185 51.0 600 250 41.9 299 633 10.9
1020 90 108.4 599 165 64.1 796 185 76.5 425 500 175
744 157 70.8 1005 150 116.4 563 400 27.3
888 140 89.1 793 300 48.5

pendence ofb, but the coefficient could be difficult to
calculate. The value ofn, is taken from Ref. 10 to be
m,=116m,.

Masses inferred from plasma frequencigsing e,=5.2
(Ref. 15 anda=3.90 A 1° from numerical values for some
data points on plasma frequencies in Nb-doped SgT&ee

We use the most probable value of 0.61 as our constraint,
and we then have three independent parameters to vary,
which we choose to bé;, by, andb,. Since the masses

deduced from plasma frequencies differ appreciably for the
different specimens, we cannot hope to fit all the data accu-
rately with one set of parameters. However, the masses for

Fig. 12 of Ref. 6 provided by Gervais, and for some addi- the 0.6 and 0.9% Nb specimens are not drastically different,
tional points obtained from Fig. 12 of Ref. 6, we deduce theand we concentrate on a combined fit to 11 data points at 300
masses at various temperatures and Nb concentrations sholrand above for these two specimens. Gervais infornf8 us
in Table I. Masses typically increase by factors between 10hat experimental uncertainties for plasma frequencies can be
and 28 between 90 and 800 K, a phenomenon unique tas high as 10-20%, with uncertainties increasing as the
SrTiO; as far as we know at this time. damping increases. However, we do not have sufficiently
Determination of parameters by data fitting and use of adetailed information to be able to take into account variations
constraint from known densities-of-states masses at low Tn fractional uncertainties in our weighting function property.
Analysis of infrared-absorption data in reduced Srfi@s- We weight assuming a constant fractional experimental error
ing mixed-polaron theofyand a many-valley model for the in plasma frequencies or masses. The parameters for the best
conduction bant led to a bare masm,=1.21m, in each fit to the combined 0.6 and 0.9% data are
valley, and earlier work gave a weighted longitudinal
optical-phonon energy of 0.09 eV, and a polaron coupling

— 1/2 : H
constanta=2.34(m,/me)**. The analysis of infrared ab- \\ith an average percentage error for masses for these points
sorption also gave values of the parame@mndb at two ot 2705 We note tha® becomes negative at the highest
temperatures. However, if we use values deduced from thit%mperatures at which measurements were made. ie.. the
analysis to infer, 61, by, andb, in Egs.(5) and(6), we  4t10m of the nearly small polaron band falls below that of

find.t.hat the average mass defined in .IEZ). does not rise the large-polaron band. From the value &f obtained by
sufficiently rapidly with temperature to fit the data of Ref. 6. fitting the combined data for 0.6 and 0.9% Nb, we deduce

Since more assumptions go into the theory of infrared aby,, Eq. (7) that y=—0.16, i.e., about a 1.6% increase in
sorption by mixed polarofighan into the theory used here bare mass per 100 K, which is consistent with a-@1)%
for mixed-polaron masses, and also there may be a differen r 100 K inferred in R,ef 9. The values 6fandb deduced
between reduced and Nb-doped samples, we think it reas m the fitting parameters plus use of E8) are 0.814 and

0 -

. > fro
able to treat some parameters as adjustable. To have varlag‘eel3 at 200 K, and 0.5 and 2.17 at 330 K. These are not very
parameters and to use Fermi-Dirac statistics t0o would 9V&|ose to the values deduced from infrared absorption on re-

rather an involved data-fitting problem. However, if we usey,ced SITiQ, viz., 0.323 and 1.06 at 200 K, and 0.446 and

Boltzmann statistics and confine ourselves to temperatures 41 o 330 K. Whether the difference is due to the extra
for which this is a fair approximation, then we can determine_ i

ters f data fitting. We h ‘ i approximations made in analyzing the infrared absorption
SOME parameters from data htling. Vve have four parame eraiving unreliable values of parameters, to the differences be-
8y, 01, bg, andb,, but the number of adjustable parameter:

Stween reduced and Nb-doped SrEj@r due to other causes,

is reduced to three by use of a constraint from densmes—ofl—S not clear.

states masses at low temperatures deduced from specific—heat-l-he masses obtained by the fits and the percentage differ-
data interpreted by mixed-polaron thedfyUsing the ex- ences of these from the experimentally determined masses
pression for densities-of-states mme}t low temp_eratgres are shown in Table Il. We also compared theoretical and

for a three-valley model of the cor_1duct|on band given in FQ(Ef'experimental masses for 0.9% Nb doping at lower tempera-
10, andmg=(5.3+0.3)m, determined from specific-heat ;e than used in the fit, with theoretical values obtained by

data; we deduce that use of the same parameters as in Table I, but with inclusion

of Fermi-Dirac statistics too. The difference between theory

and experiment below 300 K is small with both types of

8,=—2.15, by=2.05, b,=0.38, (9)

8o/|bg|=0.61=0.2. (8)
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TABLE Il. Theoretical and experimental masses obtained bymuch nonparabolicity for this band except very close to the
fitting combined data for 0.6 and 0.9% Nb doping at 300 K andedge of the Brillouin zone. The fact that we obtain fair agree-

above. ment with experiment assuming parabolic dispersion rela-
n . tions for the bands before mixing when we treat three param-
% TK) 6 b m,/me my m*/me % difference  eters as adjustable lends some support to this viewpoint.
Nb
300 0.575 216 204 116 188 —38 V. CONCLUSIONS
398 0.327 220 207 263 26.9 -2 ) )
0.6 500 0053 224 211 439 510 -—14 A satisfactory fit to the temperature-dependent masses de-
599 0227 227 214 579 641  —10 termined f_rom plasma frequencies in Nb-dopeq SIALES
744  —0664 233 220 709 708 0 beeg obtalnleo! b)é the sczjime typfe of theory ofzmlxed polaro_ns
888 -1129 238 225 778 891  —13 used to explain dependence of masses on Zr concentration,
infrared absorption, and temperature-dependent masses de-
300 0.575 216 204 116 99 17 . . S
termined from thermoelectric-power data. This gives further
450 0.189 222 209 354 214 66 o~ . .
09 600 -0230 297 214 580 419 39 support for the validity of this type o_f theory_ for SrTiO
' ' ' ' ' ' However, values of parameters required to fit the data are
796 —-0.828 235 222 739 765 -3

somewhat different than those obtained by fitting infrared
data at two temperatures.

Whether average masses increase or decrease as a func-
tion of temperature can depend on how much mixing there is
between the two types of polaron and also on the concentra-
jon of polarons. In PiNiO, ,, it has recently been inferred
rom fitting infrared data with a theory involving two types
of polarons but negligible mixing that plasma frequencies
increase as temperature ri¢8&Ve find it surprising that, as
far as we know, no other material has yet been found with a

Since, at some of the temperatures considered, occupati¢ésma frequency which decreases as the temperature rises,
of states with large wave vectors is appreciable, it might beds ranges of coupling constant for which two types of po-
thought that the approximation of assuming a parabolic dislaron state can exist are not particularly smialand if two
persion relation may produce serious errors. However, wéypes of state are possible we would have thought that to
have some reasons for thinking that the errors may be smaffiave an appreciable mixing between them would not be that
First we note that the appreciable nonparabolicity of the widdincommon. Studies of alloys of SrTiQvith other similar
band occurring in, e.g., a tight-binding band-structure calcumaterials might shed some light on this problem.
lation, does not occur until wide-band energies are reached at
which the mixing into the lower mixed-polaron band is
small. Second, we note that in Ref. 10 we gave reasons for
thinking that a “nearly free-polaron” approach was appro- We wish to thank Dr. F. Gervais for some information
priate for calculating the mass and band structure of thebout plasma frequencies supplementing that included in
nearly small polarons in SrTiQHence we should not expect Ref. 6.

1005 -—-1.532 242 229 810 1164 -—-30

statistics(rms discrepancy 6% with Boltzmann statistics and
9% with Fermi-Dirac statistics between 276 and 92 K
Fermi-Dirac statistics increases the theoretical masses by b
tween 3 and 5% in this temperature range.

IV. APPROXIMATION OF USING PARABOLIC BANDS
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