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Infrared absorption in oxides in the presence of both large and small polarons
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Infrared conductivity in oxides when two types of polaron are present is discussed, and experiments
on Pr2Ni04 22 in the ab plane are analyzed in detail. Infrared reflectivity spectra on a crystal of this ma-
terial between 30 and 20000 cm ' have been obtained from 77 K up to room temperature. The low-

energy region (up to 1000 cm ') can be interpreted as phonon spectra screened by a plasmon. Thermal
evolution of the screening of phonons shows the semiconducting behavior of this material. Conductivity
data obtained from Kramers-Kronig transformations for frequencies between 1000 and 16000 cm ' are
fitted by a theory involving the simultaneous presence of large and small polarons. Due to expectations
of relatively large effects of disorder and of Coulomb interactions on properties of large polarons, one
contribution to the absorption, that for which the initial and fina1 state is in the wide (large-polaron)
band, is approximated as a gaussian with adjustable center position and width. The other three contri-
butions, involving at least one of the initial or final states in the narrow (small-polaron) band are treated
by modifications of previously published theories for small concentrations of polarons. In all there are
seven parameters in the theory. After preliminary fits in which each parameter is treated as adjustable at
each temperature, the phonon energy was fixed at 0.064 eV, with the other parameters determined by
fitting. The fits are approximately as good as the estimated accuracy of the conductivity data, and the
fitted values occur in ranges expected from the theory. Values of parameters associated with small pola-
rons imply a large contribution to binding energies from short-range forces. Combining results for pa-
rameters with the conductivity data of Allangon et al. enables estimates to be made of the approximate
position of the mobility edge in the wide band and of orders of magnitude of concentrations of mobile
carriers. Plasma frequencies are inferred to be very low below room temperature, and highly tempera-
ture dependent.

I. INTRODUCTION

There is considerable controversy about interpretation
of infrared absorption data in both superconducting and
nonsuperconducting oxides. ' In the cuprates models
used have included: (i) A Drude term with a frequency-
dependent effective mass and a frequency-dependent
damping constant, (ii) a Drude term plus a midinfrared
band due to (a) large polarons, (b) small polarons, (c) bi-
polarons, or (d) to transitions involving localized states,
and (iii) theories based on models such as the t Jmodel -in
which efFects of strong correlations are dominant. For
other oxides there have not been quite so many types of
theories put forward, but there are still difFering interpre-
tations. In some oxides the main question is what type of
polaron theory is required, e.g., SrTi03, ' whereas in
other oxides besides the cuprates it is not generally
agreed upon whether polaron theory is applicable, e.g.,
(La,Sr)2Ni04. ' ' We think that in some cases the
disagreement about the type of polaron theory to use in a
particular material may arise because of the simultaneous
presence of two types of polaron, either as almost in-
dependent species or with significant mixing of the states
associated with each type.

It was shown previously' that it is possible that in
some materials the conditions of validity for large-
polaron theory and for what we call nearly-small-polaron
theory can both be satisfied at the same time. Since the
two types of polaron wave functions are not orthogonal,

and have nonzero matrix elements of the Hamiltonian be-
tween them, the lowest state of the system is composed of
a mixture of large and nearly small polarons, with
ground- and excited-state mixtures at any given wave vec-
tor 14—16

While the conditions for a superposition of the two
types of polaron to be a good approximation to the true
state of the system were not examined in Refs. 14-16, the
work of Lepine and Frongillo' sheds some light on this
problem. These authors perform calculations for a tight-
binding model on a simple-cubic lattice with a Frohlich
type of electron-phonon interaction, ' for various values
of the ratio to the phonon energy co of the modulus J of
the matrix element of the one-electron Hamiltonian be-
tween local states on near-neighbor atoms; J can be re-
ferred to briefly as an electronic transfer integral. For
6J =co the variational method of Ref. 17 gives quite gra-
dual changes of pqlaron properties as a function of the
coupling constant a, for 6J=2co the changes are sharp
near a=3, and for 6J=Sco they find two types of solu-
tions for a range of a between about 2.7 and 4.7, one
resembling a small polaron and the other a large polaron,
with a crossover of the stable state at a-3.7. Presum-
ably a more general variational method allowing mixtures
of the two types would prevent the transition from being
discontinuous, and so, for values of J which are not too
small, there appears to be a range of coupling constants
for which the type of wave function which was used in
Refs. 9 and 14—16 is a reasonable approximation.
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A theory for optical absorption by mixed polarons was
developed in Ref. 15. There are four types of contribu-
tion to the absorption in this theory, according to wheth-
er the wide- or narrow-band components of the initial
and final states are involved. Three of the components
were treated by methods similar to those published over
30 years ago, ' but with expressions put in terms of elec-
tronic transfer integrals as in the formulation of Reik for
small polarons rather than in terms of matrix elements of
the gradient operator as in Ref. 19. The fourth contribu-
tion was treated by a weak-coupling formalism analogous
to that used by Devreese, Huybrechts, and Lemmens
for large polarons in the weak-coupling limit.

Alexandrov, Kabanov, and Ray ' have used numerical
methods on small clusters to study optical absorption in
intermediate- and strong-coupling regimes for a model
with short-range interactions, and find departures from
predictions of small-polaron theory for intermediate cou-
pling. However we do not see much obvious similarity to
what we expect in our model. Possibly the use of small
clusters results in a gradual transition between polaron
types even for overlap integrals larger than phonon fre-
quencies in contrast to what can be expected in the bulk
for large transfer integrals. We conjecture that this is the
cause of differences between predictions of Ref. 21 and of
our model. The theory of Ref. 15 was applied to SrTi03
in Ref. 9.

The discovery of superconductivity in copper-
lanthanum oxides by Bednorz and Miiller has attracted
great interest in the nickel-based family L2Ni04+&, I. be-
ing a rare earth (La, Pr, Nd). Praseodimium compounds,
particularly, have several phase transitions (magnetic,
structural, and electronic ) either as a function of
temperature or of oxygen stoichiometry. Even if high-T,
superconductivity is not present in these nickel-based
compounds, the possibility of obtaining large single crys-
tals makes these materials very attractive for spectro-
scopic measurements. Comparing nickelates and cu-
prates is also interesting for understanding normal-state
conductivity. The properties of these materials are
strongly influenced by the layered structure, with many
properties depending only on properties of the Ni-0
planes. In our theory the layered structure comes in only
via the number of non-negligible electronic transfer in-
tegrals and by an assumption we make of a rectangular
density of states for the wider of two bands appearing in
our theory.

An extremely powerful tool to analyze these materials
is infrared spectroscopy. Infrared reAection on conduct-
ing materials allows us to obtain information basically on
four different responses to the dielectric function: pho-
nons, plasmon, an eventual superconducting gap, and
midinfrared excitations. Some infrared experiments and
discussion of results for two different compositions of
Pr2Ni04+& have been published previously.

Bi, Eklund, and Honig' '" have analyzed a midin-
frared absorption band in La2 Sr Ni04+& with the
theory of optical absorption by small polarons, ' using
the form of expressions for this given by Reik, which can
be shown to be equivalent to expressions given earlier in
Ref. 19. They obtain a good fit to data for photon ener-

gies between 0.1 and 0.4 or 0.5 eV using plausible values
of parameters, except perhaps for a rather small value for
the electronic transfer integral, J=0.08 eV. However, at
higher photon energies there is not even a qualitative
similarity with experiment.

Crandles et al. ' have given three possible further ob-
jections related to (i) the disagreement with observed ac-
tivation energies for dc conductivity with those deduced
from optical data, (ii) the low phonon frequencies needed
to fit the observed temperature dependence, and (iii) the
lack of an observed shift of oscillator strength from low
to higher frequencies as the temperature is decreased.

We think that, in principle, objection (i) could be over-
come by supposing that the activation energy for dc con-
ductivity when J is large compared with the photon ener-

gy is reduced by J, and that this reduction becomes less
as J approaches the phonon energy from above. The po-
tential energy at the saddle point in an adiabatic theory
of small polarons has such a reduction by J. ' Howev-
er we think, for reasons which will be explained later,
that, at least in Pr2Ni0422, the activation energy for dc
conduction is dominated by activation of current carriers
other than small polarons to a mobility edge. Objection
(ii) may be connected with the inadequacy of a model
with a single phonon energy to describe all features of the
absorption. Because of Bose factors, the temperature
dependence at low frequencies will be dominated by low-
energy phonons even if the coupling to these is relatively
weak, as expected for long-range forces when there are
several longitudinal polar modes, whereas the overall
shape will be determined by an average frequency weight-
ed by coupling strengths. However, objection (iii) and the
lack of agreement with experiment at photon energies
greater than about 0.5 eV point to the necessity of a more
complex model. In this paper we use a model involving
the simultaneous presence of two types of polaron to in-
terpret data on Pr2Ni04 22.

We have measured the thermal dependence (from 77 K
to room temperature) of infrared reAection of the ab
plane of PrzNi0422 in a spectral range of 30 to 20000
cm '. Measurements along the c axis have already been
done and show insulating behavior. The spectra ob-
tained clearly show contributions of three different exci-
tations: phonons, almost temperature independent
midinfrared bands, and a thermally activated response of
free charges. Phonon behavior can be understood in the
framework of the commonly used oscillatorlike model.
Higher energy (midinfrared) conductivity data (obtained
by Kramers-Kronig transformation of reAectivity spec-
tra) can be explained by a model involving the simultane-
ous presence of two types of polaron.

Experimental results are presented in Sec. II, and fitted
in Secs. III and IV with conventional models in the low-
frequency range and with a model involving both small
and large polarons at frequencies between 1000 and
16000 cm . A discussion of the fits is given in Sec. V.

II. EXPERIMENTAL RESULTS

A Pr2Ni04 2z single crystal was obtained by annealing
at 450'C from a PrzNi04+& crystal grown by K. Dembin-
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ski by a zone-melting technique with a CO2 laser in am-
bient atmosphere. This method assures that the ratio
[Pr]/[Ni] is very close to 2. It has been described else-
where. Oxygen stoichiometry is obtained via thermo-
gravimetric analysis. Infrared spectra have been obtained
with a new Bruker IFS 307 Fourier spectrometer com-
posed of two complementary interferometers covering
spectral ranges of 8 to 15000 cm ' and 3000 to 40000
cm '. The cryostat has been equipped with po-
lyethylene, thallium bromoiodine, and Suprasil 300 win-
dows in order to cover, respectively, far-infrared, midin-
frared and near-infrared-visible regions. Temperature ac-
curacy of 0.5 K has been attained by means of a CTLS
probe. Optical conductivity data have been determined
by Kramers-Kronig (KK) transforms. Slightly different
extrapolations to zero and high frequencies yield different
behavior in KK-transform-obtained properties. In order
to avoid this kind of problem, we kept out attention to
data between 1000 and 16000 cm ' as this region
showed no dependence on the kind of extrapolation used.
(Actually the low-frequency limit is about 50 cm ' but
the region between 50 and 1000 cm ' is not interesting
for our conductivity analysis. )

III. FITS TO DATA BELOW 1000 cm

The low-frequency region of the infrared spectra can
be fitted by a phonon model. From Maxwell's equations
we know that transverse (TO) and longitudinal (LO) opti-
cal modes are, respectively, poles and zeros of the dielec-
tric function. We can, thus, factorize the phonon contri-
bution to the dielectric function in terms of the frequen-
cies (co) and dampings (y) of these modes, ' giving

Q~Lo CO +ECOQ~Io
Eph

gTo u +&coygTo

where e is the high-frequency dielectric constant. In or-
der to take into account screening of phonons, a modified
Drude-like contribution for the dielectric function has
been used. In this model one can allow different values
for damping (y) at zero and plasma frequencies. This
contribution for the dielectric function is written as

(2)

In our low-frequency fits, we took plasma frequencies
which satisfied two conditions: (i) screening of the pho-
nons should appear properly in fits and (ii) theoretically
obtained conductivity just above the phonon region
should match fits obtained with the microscopic model
presented in this paper. However, we must emphasize
that this plasma frequency is just an ad hoc parameter
used to represent observed screening of phonons at low
frequencies within the ab plane.

We present in Fig. 1 the reAectivity on the ab plane in
the low-frequency region (up to 1000 cm '). Experimen-
tal data are represented by points and best fits using Eqs.
(1) and (2) are solid lines. Comparing the data between
300 and 77 K we can clearly see the effect of thermally
activated charge carriers in nickelates which had already
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FIG. 1. ab plane re6ectivity data (points) up to 1000 cm ' at
temperatures from 77 K up to 300 K and fit (solid lines) with
Eqs. {1)and (2).

been observed for lanthanum compounds. ' Basically no
difference is observed in phonons of praseodimium- or
lanthanum-based nickelates. ab plane and c axis infrared
phonon behavior in these materials have already been the
subject of some works.

IV. FITS TO DATA FROM 1000 TO 16000 cm
USING THEORY INVOLVING

LARGE AND SMALL POLARONS

In this section we make use of a theory of optical ab-
sorption by mixed polarons developed in Ref. 15 to ana-
lyze the data of Sec. II. However we make the assump-
tion (justified after parameters are determined) that the
mixing is negligible, and hence the theory reduces to that
for optical absorption when large and nearly small pola-
rons lie close in energy, without mixing. As for the case
when mixing occurs, if both types of polaron state are
partially occupied, there are four types of contribution to
the optical absorption, (i) N~N, (ii) W~N, (iii) N~ W,
and (iv) W~ W, where N and W refer to narrow- and
wide-band components of initial- and final-state wave
functions. For the case of no mixing N and 8'just refer
to states in the narrow band (small polarons) and the
wide band (large polarons).

Since there will be a frequency dependence to the re-
fractive index, n, and we do not have a theory for n for
the model we are using, we analyze the real part of the
conductivity rather than the absorption coef5cient, which
has a dependence on n. We denote the four contributions
to the conductivity associated with the processes men-
tioned above by o,(N ~N ), o 2( W~N), o 3(N ~ W), and
o~( W~ W). For the first three contributions we make
use of the theory of Ref. 15, specialized to the case of no
mixing, and modified for non-negligible band filling.
However, since preliminary analysis of data using the
model indicated that the fourth contribution was much
broader than expected according to the theory of absorp-
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tion by small concentrations of large polarons, we treat
o.4 in a simpler manner by assuming it has a Gaussian
form with an adjustable center frequency and width, with
a strength such that the integrated absorption is approxi-
mately the same as calculated by Devreese, de Sitter, and
Goovaerts for a large-polaron coupling constant a=3.
There are reports in the literature of effects of disorder
and of Coulomb repulsion on optical absorption by small
polarons, but we are not aware of similar calculations
for large polarons. However, it seems safe to say that
both disorder and interactions will tend to broaden the
absorption and shift its maximum to higher frequencies.

Our reason for assuIning small mixing at the outset for
Pr2Ni0422 is that a plasma frequency which increases
with increasing temperature has been reported in the re-
lated compound LazNi04+s (and is confirmed here as
shown by the fit in Fig. 1) whereas if the mixing energy is
larger than a quantity of the order of k~T, the opposite
temperature dependence can be expected. This occurs in
SrTi03, consistent with analysis' of observed tempera-
ture dependences of masses in this material determined
by other methods.

Although in the nickelates the current carriers are
holes in the valence band, for our theoretical develop-
ment we shall use terminology appropriate for electrons
in a conduction band. When applying the theory to the
nickelates we have to remember that changes of terminol-
ogy are required, e.g., "above the bottom of the band"
should be replaced by "below the top of the band. "

Making the approximations that mixing of types of po-
larons and the width of the narrow band can be neglect-
ed, the contribution o.

&
to the conductivity due to N —+N

transitions can be found from Eqs. (12) to (17) of Ref. 15
with the following differences: (a) 1/2(1 —5/A. )n in Eq.
(12) is replaced by n&, the concentration of narrow-band
polarons; (b) Io in Eq. (12) is put equal to zero because we
are assuming negligible mixing; (c) a quantity e in Eq. (17)
of Ref. 15, giving the average separation between the bot-
tom of the mixed polaron band and the average energy of
the narrow band is replaced by zero here, since the transi-
tions are from the narrow band to other states of the
same band, and its band width is assumed to be negligi-
ble; (d) we introduce a factor (1 —0.5n&g 'V, ), where V,
is the volume per relevant atom (Ni here), and g is a pos-
sible degeneracy factor because of several types of d or-
bitals. We also multiply by an appropriate factor to con-
vert from absorption coefBcients to conductivity.

The expressions for absorption used in Ref. 15 involve
a simple method of smoothing the set of 5-function peaks
which would occur with no phonon or polaron dispersion
into continuous curves which occur when dispersion is
included. It was argued in Ref. 15 that the particular
type of smoothing used was not important and errors due
to the type used were estimated to be small. However the
method used does have the drawback of giving discon-
tinuous slopes of the conductivity at some photon ener-
gies, as opposed to the method of Reik for small pola-
rons which does not have this problem, but gives slight1y
more complicated expressions to evaluate at intermediate
temperatures.

In the same approximation of negligible mixing of po-
laron types, but with inclusion of effects of unavailability
of some fina1 states in a simplified way, calculations simi-
lar to that giving Eq. (19) of Ref. 15 can be used to find
the contributions o.

2 and o.
3 to the conductivity due to

8'~N and N —+ W transitions for a rectangular density
of states of width for the wide band assumed to be ap-
proximately equal to the bare bandwidth 8'b, with occu-
pation up to an energy E~ above the bottom of the band.
Since the differences from expressions used in Ref. 15 are
not so trivial for these contributions, especially for o.2, we
write the expression used in more detail. We And

and

cr2=C(2V, ' —n&g ')(co/W&)R(p, T,5),

o 3=Cn, (co/W b)Q(p, T, 5) .

(3)

(4)

where Q is the photon energy,

1)

R =p '. g [H2(s, n }]+r,H2(i, + l, n )
$=10

+ roH2(io —1,n )
' (EF & co), (7)

R =p '(E~/co)[(r, H2(i, + l, n )

+roHz(&0 —l, n )] (E~ &co),
and

J)
Q =p ' g [H2(s, n )]+q,H2(j, + l, n )

$ =Jo

+qoH2(jo 1,n)—(9)

In these equations, Hz is de6ned in Ref. 15, and depends
on a parameter S2, the preferred number of photons to be
emitted for 8'~N and N ~ 8'processes, n is the phonon
thermal occupation number, 5co is the energy position of
the narrow band measured from the bottom of the wide
band, i

&
is the largest (positive, negative or zero) integer

smaller than [(p —5—0.5 +max(Ez /co, 1)], j &

is the largest (positive, negative or zero) integer smaller
than (p+5 —0.5 E„/co), —

r, =p —5 —0.5+max(Ez/co, 1)—i&, (10)

Here, using electrostatic units for the conductivity,

C=n.zria e J /3fico

where z is the number of nearest neighbors, g is the possi-
ble degeneracy factor mentioned before, a is the lattice
constant, J is an electronic transfer integral between
near-neighbor Ni atoms (for oxides this is indirect, via
oxygens ), and co here denotes the phonon energy rather
than the angular frequency as in Ref. 15; the other quan-
tities in Eqs. (3}and (4) are
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and

ro =io —p+5 —0.5, (12)

qo =jo —p —5—0.5+ 8'b /co . (13)

The expressions used here for o.
2 are different from

those used in Ref. 15 since we are assuming a non-
negligible width of the occupied part of the wide band,
and so o.

2 has to be treated in a similar manner to o-3.

Note also that the signs in front of 6 appearing in Eqs.
(11) and (13) and the related expressions for j, and jo are
opposite to those in front of a quantity A, appearing in ex-
pressions after Eq. (21) of Ref. 15, because there we were
considering transitions from the bottom of the lower
mixed-polaron band to the upper mixed-polaron band,
whereas here we are considering transitions from a state
with energy Ro above the bottom of the wide band to the
wide band. If EF &2' it is possible for io to be greater
than i„ in which case the sum in Eq. (7) is taken to be
zero.

The method of smoothing sharp jumps in absorption
used in Ref. 15 when a process in which a net number n

of phonons are emitted starts or stops because
(0+5' neo) pas—ses through the band edges (or Fermi
level here), involved replacing the step functions in the
densities of states by linearly rising or falling densities of
states spread over an energy co to simulate the smoothing
of absorption coefficients by dispersion of phonon fre-
quencies. However, when EF &co, this method is not ap-
plicable, and instead we have used an expression similar
to that for EF =co, but scaled down by a factor EF /co to
account for the smaller carrier concentrations in the wide
band for smaller EF. Thus for EF &co we have expres-
sions of a similar type to those for the N ~X contribu-
tion to the conductivity.

The above expressions assume that EF is positive and
neglect temperature smearing of the Fermi distribution.
The temperature smearing will give only a small broaden-
ing on the scale of the total widths of the two contribu-
tions to the conductivity. For EF &0, o.

2 can be treated
by methods similar to those used for o-, as in Ref. 15, and
in the same case of negative EF an approximation for o.

3

would be to replace EF by zero in the expressions for j,
and q„but instead multiply the right-hand side of Eq. (4)
by a factor (1—0.5n2il 'V, ), where n2 is the concentra-
tion of wide-band carriers, in analogy to the factor
(1 —0. 5n, rj

' V, ) which we used when calculating o, .
For a simple cubic or square lattice the bare bandwidth

is related to the electronic transfer integral Jby 8'b =2zJ,
where z is the number of near neighbors of a given atom.
For PrzNi04 22 we shall approximate the Ni arrangement
within a plane as square and ignore interplanar overlaps,
giving z =4.

Preliminary fits to the data for photon frequencies

q& =p+5 —0.5 —EF/m —j&,
io is the smallest (positive, negative or zero) integer
greater than (p —5+0.5), jo is the smallest (positive,
negative or zero) integer greater than
(P +5+0.5 —W'b /co ),

greater than 5000 cm ' using just the first three contri-
butions to the conductivity indicated that the fourth con-
tribution, due to 8'—+ 8' transitions, must be much
broader and Qatter than that given by the theory of opti-
cal absorption by large polarons, and so for this contri-
bution we decided to use a very simple Gaussian form
with an adjustable peak position and width, but with an
integrated strength approximately that calculated by De-
vreese, de Sitter, and Goovaerts for a coupling constant
ca=3. The units used in Ref. 32 appears to be rather
unusual, but we converted results from the figures there
to more usual units by comparison with weak-coupling
results. The differences from the calculated results are
assumed to come from disorder and Coulomb interac-
tions, both of which can increase the position of max-
imum absorption and width in the case of small pola-
rons. The relative importance of these effects can be ex-
pected to be larger for a given concentration of large po-
larons than for the same concentration of small polarons
since the initial position of the peak conductivity and
width for a small concentration of large polarons is much
smaller than for small polarons, at least until one gets to
very strong large-polaron coupling constants when a
simplified theory such as that of Emin might become a
fair approximation. Also large polarons will come closer
to overlapping than small polarons for a given concentra-
tion, and so this give another reason for the probable
greater effects of interactions for large polarons.

Thus we suppose that

o4=0.7(gn2e fi/mbI m'~ )exp[ (0 Eo)/—I ) ]—
X ( 1 —0.5n z rI

' V, ) . (14)

Here mb is the bare (band-structure) electron mass, Eo
and I are the center and halfwidth (for a fall by a factor
e ') of a Gaussian to be determined by data fitting, g is a
degeneracy factor for this type of transition which may
be equal q or to 1 depending on details of the band struc-
ture, ' and the approximate numerical factor of 0.7 was
obtained by making the integrated conductivity approxi-
mately the same as inferred from Fig. 2 of Ref. 32. The
last factor takes into account the reduction in final states
available because of the partial occupation of the wide
band. The bare mass may be put in terms of parameters
already used by use of

mb=4 /2Ja (15)

where J and a are the electronic transfer integral and lat-
tice constant.

For given values of the degeneracy factor g, the width
Wb of the wide band, the height 5co of the narrow band
above the bottom of the wide band, and a rectangular
density of states for the wide band, use of Fermi-Dirac
statistics gives two relations between the carrier concen-
trations per Ni atom X& and N2 in the narrow and wide
bands and the Fermi energy EF. For a given total carrier
concentration per atom N=%, +%2, we can thus deter-
mine N&, N2 and EF numerically. We use an iterative
method for this.

Thus, for a given degeneracy factor g and given lattice
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constant, we have seven parameters appearing in the ex-
pressions given above for the four contributions to the to-
tal conductivity

could be reduced by compensating hole traps. For the
lattice constant we use

a=2 ' (a+b )
CT =CT ) +0 2 +0 3 +0 4 (16)

N, =0.44 (17)

in our sample. This value is probably an upper limit, and

These parameters are the electronic transfer integral, J,
the phonon energy, co, the height 5 of the narrow band
above the bottom of the wide band in units of co, the pre-
ferred numbers of phonons S& and Sz to be emitted in
X—+N and S'~X transitions, and the position Eo and
width I of the assumed Gaussian form to represent o.4.

Ranges of possible values for most of the parameters
are known. Estimates for J may be made from band-
widths given by band-structure calculations, e is prob-
ably bounded above by the largest phonon energy, al-
though one cannot be completely confident of this be-
cause of possible contributions to polaron binding ener-
gies from electron-plasmon interactions or from magnetic
interactions. Approximate bounds to the ratio Sz/S,
have been obtained previously for a cubic lattice in Ref.
15. We know little about Eo and I, except that they are
probably bounded below by the peak position and
equivalent halfwidth parameter for isolated large pola-
rons (which, e.g., for a=3 are about 2' and 1.4') and,
at a guess, not more than a few tenths of an eV greater
than these values due to effects of disorder and Coulomb
interactions. Even less is known about the parameter 5,
since Lo is the difference between two larger quantities,
i.e., the binding energies of the two types of polarons.

We assume that each excess oxygen atom produces two
holes per Ni atom, and hence that

where a0=5.393 A and b0=5.446 A are orthorhombic
lattice constants at room temperature reported by
Allanqon et al. , giving a =3.83 A. For data fitting we
used a FORTRAN program which included use of a slight-
ly modified version of a program MRQMIN from Ref. 39.
We first performed fits to the data for frequencies be-
tween 1000 and 16000 cm ' at six different temperatures
treating all seven parameters as adjustable at each tem-
perature, using g = 1 for the degeneracy parameter; g = 1

is probably the most appropriate, since there is a crystal
field to separate d 2 2, and d & orbitals, although in

X JP Z

LazCu04 this splitting is only 0.4 eV. ' Our fits were
made to 31 data points spaced in photon frequency by ap-
proximately 500 cm '. Possibly because of our use of
theoretical expressions with discontinuous derivatives
with respect to 0 at some points, which could give
discontinuous derivatives with respect to some of the pa-
rameters, we found difficulty in obtaining convergence for
the seven-parameter fits. However, whether or not we
quite reached the minimum of our sum of squares, good
fits to the data were obtained with only fairly small
changes in the phonon energy, co, between difFerent tem-
peratures. We continued our fitting with the value of co

fixed at 0.064 eV, the mean value from our best fits at all
six temperatures from 77 to 300 K. Details of adjustable
parameters and derived parameters obtained from the fits
with 31 data points for g=1 are shown in Table I. The
rms accuracy of the fits vary between 2.8%%uo of the mean
conductivity in the range at 300 K to 1.5% for 250 K.
Uncertainties in the table would be 68% confidence levels

TABLE I. Fitting parameters to 31 points at each temperature with co fixed at 0.064 eV, and derived quantities.

Quantity

T (K)
Sum of squares (Q cm )

RMS error (% of means o)

77
1584

2.7

100 150
1264 714

2.6 1.9
Fitted parameters

200
593

1.8

250
583

1.5

300
2737

2.8

Z (eV)
5
Si
S2
Eo (eV)
r (eV)

0.287+0.055
2.81+0.16
32. 1+0.8
20.2+0.7

0.753+0.011
0.354+0.012

0.243+0.002
2. 10+0.07
27.8+0.2
15.8+0.4

0.687+0.006
0.348+0.006

0.225+0.001
2. 15+0.05
26. 1+0.2
14.2+0.3

0.635+0.004
0.332+0.006

0.222+0.001
2.35+0.04
26.0+0.2
14.2+0.2

0.575+0.006
0.396+0.007

0.237+0.001
2.71+0.03
26. 1+0.1

12.66+0.01
0.454+0.004
0.356+0.004

0.277+0.002
2.86+0.05
27.9+0.2
12.5+0.2

0.365+0.007
0.297+0.005

Derived quantities

Ni
N2
E, (eV)
5a) (eV)
S,~ (eV)
S2/Si

(co 61/2)(~ y~ )1/2 (eV)a

0.29
0.15
0.168
0.180
2.05
0.63

4X10-'
8X10-'

0.32
0.12
0.120
0.134
1.78
0.57

4X 10-'
2X 10

0.31
0.13
0.115
0.138
1.67
0.54

1.0X 10-'
4X10-'

0.30
0.14
0.121
0.150
1.66
0.55

3X 10-'
0.02

0.30
0.14
0.136
0.173
1.67
0.49

4X10-'
0.08

0.31
0.13
0.140
0.183
1.79
0.45

1.3 X10-'
0.14

'Values for N and co~ are obtained as described towards the end of Sec. V. They are at best order-of-magnitude estimates because of
extra assumptions and expansion of effects of uncertainties in parameters because the parameters appear in exponents in expressions
forN .
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FIG. 3. Positions of energy levels for the case when current
carriers are holes. Average values from fits to the data at six
temperatures for 8'&, 5co, and EF for Pr2Ni04» are, respective-
ly, 2.0, 0.16, and 0.13 eV. In Sec. V the distance E, of the mo-
bility edge from the top of the wide band is estimated to be ap-
proximately 0.26 eV.

V. DISCUSSION

A. Temperature dependence of erat'ective charges

4000 8000

Frequency (cm )

12000 16000

FIG. 2. Experimental and theoretical conductivity data be-
tween 1000 and 16000 cm ' at two temperatures, and separa-
tion of the theoretical curves into their four components: (a)
100 K, (b) 250 K. Parameters for the theoretical curves are
given in Table I.

if the theory were accurate and if experimental errors
were random. If we assume that the confidence intervals
should be expanded by about a factor of 5 in most cases
to take into account that neither of these assumptions is
likely to be correct, then the results for most tempera-
tures are consistent with the parameters S&, S2, and I be-
ing independent of temperature, and with J being con-
stant between 100 and 250 K. Comparison between
theory and experiment for the temperatures 100 and 250
K together with the decomposition of the theoretical
curves into their four components are shown in Figs. 2(a)
and 2(b). In the model, since there are four contributions
to the conductivity which peak at different energies, the
observed first peak is due to combinations of contribu-
tions from o.

2 and o.4, with the initial states in the wide
band, and the second peak or shoulder is due mainly to
o.

&, with both the initial and final states in the narrow
band. Typical positions of various energy levels are
shown in Fig. 3.

A very useful property of a model for the dielectric
function of the type described by Eq. (1) is that TO and
LO frequencies can be obtained directly. Knowledge of
TO-LO splitting allows us to calculate the effective
charge of ions in the material by '

(19)

o. being a direction of polarization, mj, the mass of the
kth ion, e, the vacuum permittivity and Zek the efFective
charge of the kth ion. Equation (19) together with charge
neutrality gk(Ze)k =0 for each direction gives exact re-
sults for diatomic materials. For three or more different
atoms, an estimate of the effective charge of one or more
atoms must be given. Anyway, as the right-hand side of
Eq. (19) depends on the inverse of each ion mass, effective
charges of lighter ions can be determined with great ac-
curacy.

From phonon frequencies determined by fits to
Pr2Ni04z2 reAectivity data in the low-frequency region
shown in Fig. 1, we can obtain interesting results from
effective charge calculations based on Eq. (19). Although
we have three unknowns (the effective charge of each
kind of atom in this material) and only two equations
[Eq. (19) and charge neutrality], we can have very good
estimates of the oxygen effective charge as the mass of
this ion is quite smaller than the masses of the other two
atoms (Pr and Ni). A completely ionic bond would yield
an effective charge for a specific ion equal to its formal
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valence. A covalent character of the chemical bond in
the crystal diminishes this value of the efFective charge.
In conducting oxides, the overlap between orbitals is
quite strong and thus we can expect effective charges
rather smaller than formal valences. Solving the equa-
tions shows that the Pr effective charge lies between 1.0
and 1.3 (formal valence for this atom is 3). The Ni
effective charge, for all temperatures, remained between
0.5 and 1 (a physically reasonable range). Error bars for
the oxygen effective charge are almost negligible in corn-
parison to the thermal variation of its value. Calculated
values are shown in Fig. 4.

A clear thermally activated process is present in this
material as shown by the thermal dependence of the low-
frequency infrared spectra. Assuming that Pr com-
pounds are not very different from La compounds we can
expect an activation energy JF for Pr2Ni04 of the same
magnitude of La2Ni04. In lanthanum compounds we
have 8'= 130 meV. Assuming that the electrons in ox-
ygen which have the same activation energy are the two
electrons needed to complete the 2p level we can say that
the effective charge of oxygen at high temperatures is
zero if all the effective charge variation is due to this ac-
tivation process. Within this frame we can write the con-
tribution of thermally activated electrons for oxygen
effective charge variation as

(20)

-0.68—

&D

-0.70—

o -0.72—

-0.74—

0
-0.76—

Total effective charge

Thermally activated charge

100 200
Temperature (K)

I

300

FIG. 4. Temperature dependence of ab plane oxygen effective
charge (points) determined from Eq. (19) and the thermally ac-
tivated contribution to it (solid line) obtained from Eq. (20).

where Z is the effective charge for ab plane bond, the
fitting parameter Zo is its value at 0 K, 8'is the activa-
tion energy, and kz is Boltzmann's constant.

The thermally activated contribution to the variation
of Zpzygzz is shown as the continuous line in Fig. 4. First
of all, we see that there is a variation of 10 electrons
per oxygen atom between 77 K and room temperature.
This variation is compatible with estimated values
presented in Table I. However, we can see that the actual
oxygen effective charge variation is much more important

than that predicted only by means of thermally activated
processes. This difference can be explained in terms of a
renormalization of the hybridization of the Ni-0 bond.
If at room temperature the overlapping between 0 and
Ni orbitals is more important than at liquid-nitrogen
temperature, the difference observed between the oxygen
effective charge and the thermally activated contribution
to this effective charge can be attributed to these changes
in the Ni-0 bond.

B. Polaron parameters

We next discuss the values of parameters determined
by the fits to the data in the frequency range 1000 to
16000 cm '. In this connection we first remark that our
method of calculating X2 described in Sec. IV implies
neglect of (a) increases in densities of states near the bot-
tom of the band because polaron masses are larger than
bare masses, and (b) decreases in densities of states be-
cause of formation of band tails due to disorder. The
neglect of these complications gives one reason for cau-
tion about the accuracy of the values of parameters
found. Nevertheless, we shall find that parameter values
generally lie within ranges which we expect from theoret-
ical considerations.

First we consider values of the electronic transfer in-
tegral J. Guo and Temmerman have presented results of
band-structure calculations for both paramagnetic and
antiferromagnetic La2Ni04. From their Figs. 1 and 2
we see that two bands cross the Fermi level in both cases,
and that in the paramagnetic case their widths are about
3.2 and 1.0 eV, while in the antiferromagnetic case they
are about 1.9 and 1.6 eV. The average bandwidth over
the six temperatures from the values of J given in Table I
is about 2.0 eV, which is near the mean of the above four
values. We do not know to what extent correlation
afFects the band-structure results in doped samples, but in
the undoped case correlation has the drastic effect of
making the material an insulator instead of having
overlapping bands as in the band-structure calculations.
Since J in the oxides is indirect via oxygen, then the in-
creases in J shown in Table I at 77 and 300 K, if real,
could be related to changes in energy differences between
Ni and 0 levels. At 77 K this could be because of effects
of magnetism at this temperature.

The fact that two bands cross the Fermi level in the
band-structure calculations may make it appear that a
degeneracy factor q =2 might be more appropriate than
q= 1, but we have to bear in mind that, in a multiband
model with on-site Coulomb repulsion, often referred to
as a Hubbard model but introduced earlier by des
Cloiseaux and Gutzwiller, ' there is a tendence for or-
bitals which have larger occupation to have this in-
creased further relative to the other orbitals because of
effects of the intrasite repulsion. We did not perform fits
with g=2 with the equations given here. However, in
earlier fits in which we used expressions similar to those
of Ref. 15 for o.2, we found that the fits with g=2 were
slightly but not significantly poorer than those with g= 1.
Five of the parameters for the g=2 fits had values close
to those for g= 1, while J was decreased by a factor of
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about 2 '; values for 5 were also reduced, as were the
deduced values of EI;.

The largest phonon energy in Pr2Ni04 is 0.079 eV.
The average value which we obtained from our prelimi-
nary seven-parameter fits is 0.064 eV. An energy of
about 0.064 eV is slightly higher than we would expect
for a weighted average energy of various phonons. In
SrTiO& a weighted average for long-range forces was
found in Ref. 9 by methods developed earlier to be only
0.01 eV below the maxirnurn phonon energy. For the
doped nickelates we have complications due to the pres-
ence of plasmons, and for calculations of weightings of c
axis and ab plane phonons for large-polaron coupling
constants, we also have the problem of an unknown mass
ratio between the two directions. However, making what
we hope are plausible assumptions about how to deal
with the electron-plasmon interaction, one of us (D.M.E.)
finds that an appropriate average energy for long-range
forces for the sample of La2Ni04 studied in Ref. 31 seems
to be closer to 0.05 eV in this sample. The slightly larger
energies found from our data fitting in this paper may in-
dicate that polaron binding energies are in part due to in-
teraction with magnetic excitations. A similar problem
was found when better fits to photoinduced absorption in
semiconducting Y-Ba-Cu-0 using a model involving tran-
sitions from a bound state below a small-polaron band to
a small-polaron band were found for phonon energies
larger than the maximum phonon energy than for the en-
ergy of the localized phonons near the photoinduced car-
riers. In (La,Sr)zCuO4 several authors think that the
midinfrared absorption data might be explained without
invoking electron-phonon interactions at all. Probably
both correlation-induced effects and electron-phonon in-
teractions should be included in a complete theory, but
the development of such a theory in sufhcient detail for
accurate fitting of experimental data would be very
diScult.

The product S,co is related to a similar quantity which
would occur if Jwere zero, which has been called F previ-
ously, ' ' by

S,co=F (2zJ /F)(1 —e—), (21)

where e is a small quantity which can be estimated from
numbers given in Ref. 14 to be about 0.14 in SrTiO~. The
average values of J and of S&co from numbers in Table I
are about 0.25 and 1.8 eV, and so, putting a=0. 14 in the
above equation, we find F=2.0 eV. Further, F is related
to the small-polaron binding energy which would occur
in the limit J=0. To connect with previous work, '

we call this limiting small-polaron binding energy Dco.
For short-range forces F is twice the J=0 binding ener-
gy, whereas for long-range forces it is of the order of
the binding energy. ' Inclusion of effects of finite J to
first and second order will change the binding energy Eb
t013, 15

Eh =Dc@—zJ+zJ /F . (22)
Hence, with the above figures, we deduce that Eb lies in a
range between about 0.1 and 1.1 eV, the first figure being
for short-range forces and the second for long-range
forces. Since large-polaron binding energies are probably
not greater than about 0.4 eV (e.g. , for a=5 they are

5.44co), ' and the values of 5co in Table I imply that
large-polaron binding energies are at least 0.13 eV higher
than binding energies of nearly small polarons at low
temperatures, our values of parameters seem to imply
that short-range forces are dominant. This is also im-
plied by our larger value of F=2.0 eV than the value of
about 1.3 eV found in what was thought to be the most
physical of two variants of the mixed-polaron model used
in Ref. 9 to fit data in SrTi03.

The average value of the ratio S2/S& from Table I is
0.54. Taking, e.g. , a=4 and S, =28 in Eq. (36) of Ref.
15, the inequalities become 0.42(S2/S, (0.78+0(0.1),
and so the empirical value of S2/S& lies well within this
range, but nearer to the lower limit which is expected for
dominant short-range forces.

The magnitude of 5co, the energy of the narrow band
above the bottom of the wide band has been discussed
above. Since this quantity depends on the difference of
two polaron binding energies, neither of which are known
accurately, all we can say at present is that the values are
plausible.

Our best guess at the polaron coupling constant comes
from the work of Ref. 17 where the range of a for which
two types of polaron solution exist is shown to be be-
tween about 2.7 and 4.7 for 6J=5co for a simple cubic
lattice. From a crossover point a=3 for a smaller value
of J shown in Fig. 3 of Ref. 17, we infer that, for higher
values of J as obtained here, the range of a for which two
solutions exist may shift to slightly higher values of a. If,
e.g. , a=5 still permits two solutions we could have a
large-polaron binding energy of 5.44co=0. 35 eV. Since
the value of the peak in large-polaron absorption given in
Ref. 32 is about 0.7aco, if a=3 or a=5, we deduce from
the value of Eo inferred from the data at the two lowest

temperatures that disorder and Coulomb interactions in-
crease the energy at the peak by at least 0.4 eV. Values of
the halfwidth parameter are increased from that shown in
Ref. 32 for a=3 by an average of about 0.26 eV, and
from that for a=5 by 0.27 eV, values comparable to the
low-temperature shift of the peak position. The decrease
of peak position as temperature rises is probably due to
the increased importance of processes in which phonons
are absorbed as temperature rises, in analogy to similar
effects for small-polaron theory. '

C. Mobility edge

Since an activated conductivity is observed between
300 and 600 K for a ceramic sample of the same composi-
tion, and our theory gives an appreciable concentration
of wide-band carriers, we have to assume that the states
near the bottom of this band are localized, and the activa-
tion energy involves a mobility edge. Accurate calcula-
tions of the temperature dependence of the concentration
of carriers above the mobility edge in the wide band is
not easy because of uncertainties in fitting parameters.
However, for a first approximation, if we neglect (a) the
temperature dependence of E~ between 300 and 600 K,
(b) suppose that the carrier concentration above the mo-
bility edge E, is proportional to T exp[ (E,—E~)/—
k& T], and (c) assume that the mobility is proportional to
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[exp( co/k&T) 1—], with co=0.064 eV, we deduce from
the conductivity data that (E, E—F)=0.12 eV. Hence,
using a value of E+=0.140 eV from Table I at 300 K, we
find that E, =0.26 eV. These numbers may be compared
with a value of about 0.2 eV from the Fermi energy in-
ferred by Yu et a/. from photoconductivity data on
YBa2Cu306 3. While there could, in principle, be an ap-
preciable contribution from the narrow-band (small-
polaron) carriers to be conductivity, the activation energy
(0.25S&co—J) for (adiabatic) small-polaron hopping in-
ferred from our analysis is about 0.20 eV, and so we think
that the conductivity is dominated by the large polarons
which are excited above the mobility edge.

Assuming that the value of E, found above is indepen-
dent of T and using Wb =2.0 eV, we calculate from the
Ez values in Table I that the concentrations X of
mobile carriers per Ni atom are as shown in the second-
to-last line of the table; values of the plasmon energies co

are shown on the last line in terms of the large-polaron
mass, m&, and the dielectric constant, E'p appropriate for
screening the plasmons. For a bare mass mb=1. 1m,
deducible from J=0.25 eV and a =3.83 A, and an as-
sumed a of between 3 and 5, we deduce from results in
Ref. 51 that m& /m, lies between 2. 1 and 4.3. Also, since
plasma frequencies are lower than phonon energies in
most cases, e is probably closer to the static than to the
high-frequency dielectric constant. Uncertainties in Ez
become magnified for calculations of carrier concentra-
tions above E, because of exponential factors, and so the
plasma frequencies shown are probably only useful for
order-of-magnitude purposes. However, it seems safe to
say that the model implies very low values of plasma fre-
quencies at temperatures below 300 K. These may be
dificult to isolate directly from the experimental data.

The value of the resistivity for the polycrystalline
specimen used in Ref. 38 is 0.16 Q cm at room tempera-
ture. This value, combined with the carrier concentra-
tion given in Table I for 300 K, and the volume V, per Ni
atom of 91.2 A, gives a mobility p=2. 7 cm V 's
From the work of Schultz, ' the mobility of large pola-
rons near the bottom of the band for a=3 and co=0.064
eV can be calculated to be 105 cm V ' s '. The
difference by a factor of about 40 (which is only an order
of magnitude estimate because of large uncertainties in

) can perhaps be attributed to a combination of four
causes (a) reduced conductivity in polycrystalline speci-
mens compared to that in the ab plane of single crystals
due to effects of averaging over directions and due to
effects of grain boundaries, (b) reduction of mobility be-
cause the mobile polarons are not near the bottom of the
band if one includes the region of localized states, (c)
larger weighting of low-energy phonons for scattering
processes because of phonon-occupation factors, and (d)
other scattering mechanisms than scattering by optical
phonons.

D. Lack of yolaron mixing

Finally we discuss the consistency of our neglect of
mixing of different polaron types. An expression for the
mixing matrix element is given by Eq. (36) of Ref. 14 and
its value for SrTi03 was discussed in both Refs. 9 and 14.
A prefactor in this matrix element is —exp[ Y —(P
+D)/2], where Dco is the small-polaron binding energy
which would occur for zero J, Y is of the order of the
large-polaron coupling constant, a, but rather smaller,
and P =0.5a. We mentioned above that the value of Dc@

is expected to be between about F and 2F, depending on
whether long- or short-range forces dominate, where F is
the value which S&co would take if overlap integrals were
zero. Further we estimated above that F=2.0 eV. Thus,
with co of 0.064 eV, we deduce a value for D between 16
and 32, with the high end of the range being more prob-
able because of our inference of the dominance of short-
range forces. Thus we expect that D )20. Hence, with
7&a, and P=0.5u, with o, &5, we deduce that the mag-
nitude exp[ Y —0.5(P +D) ] of the prefactor in the matrix
element between polaron states mentioned above is small-
er than e . Thus, since postfactors involve quantities of
differing signs of the order of 1 eV, ' we deduce that
matrix elements of the Hamiltonian between different
types of polarons in our sample are probably considerably
smaller than 0.01 eV, thus justifying the consistency with
our fitting parameters of our initial assumption of negligi-
ble mixing.

VI. CONCLUSIONS

Good fits to infrared conductivity in the frequency
range from 50 to 16000 cm ' have been obtained on the
assumptions that (i) large and small polarons coexist in
PrzNiO~ 22, and (ii) that phonons are screened by an over-
damped plasmon in the low-frequency range. Parameter
values obtained from the fits lie within ranges expected
from other considerations. Short-range forces appear to
give a large contribution to small-polaron binding ener-
gies. Combining values of parameters with results from
Ref. 38 for conductivity permits an approximate estimate
to be made of the position of the mobility edge in the
large-polaron band, and order of magnitude estimates of
concentrations of mobile carriers and plasma frequencies.
There are both highly temperature dependent and very
small below room temperature.
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