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Far-infrared composite-medium study of sintered La2Ni04 and Lal 85Sr015cuO4
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The infrared and far-infrared properties of sintered La2Ni04 and La& 85Sro &5Cu04 —y are
modeled accurately within the eff'ective-medium approximation. The electrodynamic properties of
Lai 85Sro i5Cu04 —y grains are highly anisotropic with the strong 0.5-eV electronic transition polar-
ized along the low-conductivity crystal direction. The apparent superconducting gap frequency
for the sintered material depends crucially on the grain geometry. Our experimental data are fit
with needlelike crystallites and 2A/kttT, =2.6.

With the observation ' in the far-infrared (FIR)
reAectivity of anisotropy in the optical conductivity of
single-crystal La2Ni04, a compound structurally iso-
morphic to La~ 85Sro ~5Cu04 —y a realistic effective-
medium modeling of the optical data for both the super-
conducting and normal state of the sintered material be-
comes practical for the first time. Here it is shown that
the effective-medium approximation (EMA) applied to
nonspherical grains with Lorentz oscillator contributions
for the phonons and a two-dimensional (2D) Drude free-
carrier conductivity provides a good description of the
reffectivity of La2Ni04 and also the optical conductivity of
La ~ 85Sro ~ 5Cu04 —y obtained from a Kramers-Kronig
analysis of the reflectivity measured on sintered samples.
By modeling the effective conductivity in the supercon-
ducting state with the Mattis-Bardeen equations in the
EMA, we find a strong dependence on the grain geometry
of both the apparent gap frequency and the magnitude of
the excess absorptivity in the superconducting state above
the gap.

Figure 1(a) shows a fit of the room-temperature data of
Bassat et al. ' in the FIR to the standard dielectric func-
tion model,
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dition the crystallites are allowed to be spheroids with the
same symmetry as the conductivity tensor, then a single
parameter, the depolarization factor L„along the c direc-
tion of the crystallite specifies this EMA. The effective
conductivity is obtained by solving the following equation:
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where a indicates the crystal axis, and with the parame-
ters recorded in Table I. The dotted curve is for light po-
larized with Elle and the dashed curve is for E&c. The
crystal exhibits conductivity in the a-1 plane and insulat-
ing behavior along the c direction.

The reflectivity of a polycrystalline composite of
La2Ni04 is shown by the open circles in Fig. 1(b). Know-
ing the complete conductivity spectrum produced by free
carriers and phonons in the single crystal, we can proceed
with the EMA in an attempt to reproduce the polycrystal-
line data.

The EMA has been applied to a single-component poly-
crystalline material with an anisotropic conductivity ten-
sor, with the crystal symmetry axes randomly oriented for
each spherical grain. Since, for La2Ni04, the a and b
axes are equivalent, the EMA equation has a relatively
simple form, with a fixed fill fraction off= —', for the me-
tallic (i.e., in the a and 1 directions) component. If in ad-
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FIG. 1. Normal incidence reAectivity of La2Ni04 vs frequen-
cy. (a) Fits to single-crystal reflectivity of Bassat, Odier, and
Gervais (Ref. 1) for light polarized with Elle (dotted curve) and
EJ c (dashed curve). (b) Curves calculated with parameters in
Table I from fits in (a) in EMA with L, —, (dotted line) and
L, 0.7 (solid line). Data (open circles) for polycrystalline
La2Ni04 of Gervais, Odier, and Nigara (Ref. 5).
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TABLE I. Classical oscillator parameters used to fit La2Ni04
(Ni) and La& 85Sro &5Cu04 —~ (Cu) reflectivity data.
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For the case of spherical crystallites, L, = —,

' and Eq. (2)
reduces to the standard result for an anisotropic polycrys-
talline material. For needlelike crystallites L, =0 along
the c axis, while for platelike crysta11ites L, =1.

The two curves shown in Fig. 1(b) result from the
EMA by varying the depolarization factor L, . The dotted
curve is calculated with the assumption of spherical crys-
tallites (L, = —,

' ). The solid curve, which gives a slightly
better fit to the data, corresponds to platelike crystallites
(L, =0.7). The success of the fit is encouraging and lends
credence to our next assumption.

Since La2Ni04 is isostructural to the superconducting
compound La~ 85Sro ~5Cu04 ~, we hypothesize the same
extreme anisotropy of the conductivity and so again the
observed reflectivity spectrum for the sintered sample
should be described by an EMA which takes into account
the anisotropy of the conductivity tensor. We have ob-
tained the real and imaginary parts of the composite opti-
cal conductivity for the normal state from a Kramers-
Kronig analysis of our reflectivity data which extends
from 0.5 meV to 5 eV. The solid curves in Figs. 2(a) and
2(b) represent the experimental data in the far-infrared
region. By taking basically the same phonon frequencies
and strengths as for La2Ni04 and slightly changing the
damping and the magnitude of the 2D conductivity (see
Table I), we have been able to reproduce the qualitative
features of the measured optical parameters for the sin-
tered material down to about 150 cm ', as shown by the
dashed curves in Figs. 2(a) and 2(b). We have used
L, =0.056 to produce these curves, which corresponds to
needlelike crystallites with an aspect ratio of 5.

Inspection of Table I shows that there is only one im-
portant difference between the normal-state parameters of
the two materials and that is in the values of the dc dielec-
tric contributions, e, from the electronic degrees of free-
dom along the different axes. In particular, t. , =35 im-
plies the existence of a low-lying interband transition in
the c direction with a strength about twice that of Ge. Al-
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FIG. 2. Effective optical parameters vs frequency for sintered
La~ 8&Sro»Cu04 —~. (a) Real part of the conductivity. (b) Real
part of the dielectric function. Results obtained from a
Kramers-Kronig analysis of the reflectivity (solid curve) com-
pared with the EMA calculations (dashed curve) and also to a
related model with a frequency dependent scattering rate for
conduction electrons (dotted curve).

though not shown in Fig. 2, we do observe such an absorp-
tion band at 0.5 eV, and because of the large contribution
to e, we assign the strong band exclusively to the c
direction.

Figure 3(a) presents our FIR data on the reflectivity of
La~ ssSrc ~sCu04 ~ in the normal state (T =40 K, dashed
curve) and in the superconducting state (T =10 K, solid
curve). The dashed line fit shown in Fig. 3(b) demon-
strates that the Drude term does not provide enough
reflectivity at low frequencies. The calculated reflectivity
for the superconducting state represented by the solid line
in Fig. 3(b) makes use of the Mattis-Bardeen equations3
to model the 2D superconductivity in the a, b plane. This
too reproduces some of the qualitative features observed
in Fig. 3(a), for example, although 2h is chosen as 68
cm ', the onset of absorption occurs at about 35 crn
Also, the reflectivities cross at 73.7 cm ' and the normal
state becomes more reflecting than the superconducting
state above this frequency.

To demonstrate the key role of grain geometry, Fig.
3(c) shows the refiectivity in the superconducting and nor-
mal states as calculated with the EMA using identical pa-
rameters as Fig. 3(b), except that L, =0.7, corresponding
to oblate spheroids. Immediately obvious is the dramatic
loss of the enhanced absorptivity in the superconducting
state above the gap and the shift in position of the equal
reflectivity frequency, which in the past has been associat-
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and the corresponding mass enhancement is
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FIG. 3. Normal incidence reAectivity of sintered
La~ 85Sr0.~5Cu04 —y in the far infrared, in the superconducting
(solid curves), and normal (dashed) states. (a) Measured
reflectivity. (b) As modeled by the EMA with Mattis-Bardeen
theory using 2h/k&T, =2.6, the parameters in Table I, and a
depolarization factor L, =0.056 (grains are prolate spheroids).
(c) Same as (b), but with L, =0.7 (oblate spheroids).

0r(ro) =I d, +
(1 +~2 2) 1/2 (3)

ed with the frequency of the energy gap 2h, .
The large excess absorptivity in the superconducting

state and the apparent gap frequency observed in Fig.
3(a) are then due in part to the composite nature of the
samples, which effectively couples the extremely large
value of the dielectric function in the c direction to the a-
1 plane through the EMA. By analogy, we propose that
the absence of enhanced absorptivity in the superconduct-
ing state above the apparent gap' ' in sintered
YBa2Cuq07 —y may be a straightforward consequence of a
different grain geometry.

The large difference between the low-frequency experi-
mental data (solid lines) for o~ and e~ and the prediction
of the classical oscillator model (dashed lines) shown in
Fig. 2 has been accounted for by allowing the 2D carriers
to respond with a frequency-dependent relaxation time. '

Our particular phenomenological equations have been
chosen to give a relaxation rate, which varies linearly with
frequency at low frequencies, so that the effective carrier
mass shows a logarithmic singularity at zero frequency,
forms which are compatible with the recent proposal of
Lee and Read. ' The relaxation rate is

where I d, is the magnitude of the frequency-independent
scattering component and ko and a ' characterize the
strength and the roll off', respectively, of the frequency
dependent contribution. The dotted line fit to the data in
Fig. 2 is obtained with I d, =400 cm (a value consistent
with the dc resistivity), ko=340, a '=70 cm

,b =3, and all other parameters in Table I unchanged.
As yet, the analogs of the Mattis-Bardeen equations for

frequency-dependent scattering in 2D have not been
developed and so a detailed comparison for the supercon-
ducting state cannot be made; however, qualitatively the
frequency-dependent scattering contribution is expected
to compress the frequency range of the excess absorption
in the superconducting state above the gap over that
shown in Fig. 3(b). Calculations by Strassler and Fulde's
have shown that the BCS results predict frequency
compression of the optical conductivity above the gap for
the Drude model in the coz»1 limit. Although the zero-
frequency spike in the conductivity shown in Fig. 2(a) is
not exactly of the Drude form, it is close enough so that
the same qualitative behavior can be anticipated.

The enhanced absorptivity in the superconducting state
just above the gap exhibited in La~ 85Sro &5Cu04 —y is ex-
plained by a combination of the grain geometry dependent
coupling of a large dielectric contribution from the insu-
lating c direction to the orthogonal 2D conducting planes
via the composite nature of the samples, plus frequency-
dependent scattering in the 2D planes. While the former
will not appear in single crystals or oriented films, the
latter effect will persist, providing an additional demon-
stration of frequency-dependent scattering. Thus the
reflectivity of single crystals or oriented films of high-T,
oxides will be needed to obtain the electron-boson cou-
pling function, a F(co), unambiguously.

In conclusion, we have found that (1) both LazNi04
and La~ 85Sro ~5Cu04 y show the same kind of electronic
anisotropy, (2) the EMA with nonspherical grains pro-
vides a reasonable description of the ir and optical proper-
ties of these sintered materials, (3) the phonon modes of
these structurally isomorphic systems are similar in
strength and position, (4) the large value of e, for
La~ 85Sr0~5Cu04 —y indicates that the electronic absorp-
tion at 0.5 eV is polarized along the c axis, (5) the
enhanced absorption above the gap in the superconducting
state is a consequence of the composite nature of the sam-
ples, along with a frequency-dependent scattering rate for
the free carriers, and (6) the apparent electromagnetic
gap of the sintered material depends on the grain
geometry.
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