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We present a detailed temperature dependence of the far-infrared reflectance for Nd& 8&Ceo»Cu04+q
films grown by pulsed-laser deposition. The reflectance spectra clearly show the presence of a ledge at
420 cm ' o6'ering further evidence that this feature is common to all the cuprate superconductors. The
optical conductivity obtained from Kramers-Kronig analysis can be divided into two components. The
first component, which is strongly temperature dependent, is fit to a Drude model. This fit indicates that
Nd& 8&Ceo»Cu04+q has a constant plasma frequency and a temperature-dependent scattering rate that
closely follows the temperature dependence exhibited by the dc resistivity. The second component
shows little temperature dependence and is described by a model that couples phonons to a midinfrared
band. Comparisons between the optical conductivity and the structures seen by tunneling and inelastic-
neutron-scattering measurements are made.

I. INTRODUCTION

Among the cuprate superconductors
Nd2 Ce Cu04+& is unique. It is a high-temperature su-
perconductor that allows the CuOz planes to be doped
with electrons rather than holes. ' The dc resistivity ex-
hibits a T -like temperature dependence rather than the
more common linear behavior. The superconducting
transition temperature, which never exceeds 23 K and is
strongly dependent upon both the cerium and oxygen
concentrations, is low compared to the other cuprates.
Its crystal structure lacks the apical oxygen atoms which
makes its Cu02 planes structurally more two dimensional
than any other high-temperature superconductor. These
unique transport and structural properties make
Nd2 Ce Cu04+& an attractive candidate for detailed in-
vestigations of its optical properties. These investigations
will allow direct comparisons to the more well-
established cuprate superconductors to determine if the
unique properties displayed by Nd2 Ce Cu04+& mani-
fest themselves in the optical spectra.

Most of the optical investigations performed on
Ndz „Ce„Cu04+& single crystals have focused upon the
effects of adding electrons to the Cu02 planes through
the substitution of Ce + on the Nd + site. These
measurements clearly show the development of the
midinfrared band as carriers are added to the CuOz
planes. This is accompanied by a decrease in the oscilla-
tor strength for the energies above 1.5 eV which are asso-
ciated with a charge-transfer band. This behavior is very
reminiscent of that obtained for the La2 Sr Cu04 com-
pound as the number of holes is varied by adjusting the
value of x. For cerium concentrations in excess of the
optimum for superconductivity, typically x =0.2, the
spectra become more Drude-like and the refiectance be-
comes more metallic.

The optical work presented here will focus on the tem-
perature dependence of the ab plane optical conductivity
at low frequency. Samples with oxygen and cerium con-
centrations that give the optimum T, were used. They
will be used in a detailed investigation of the temperature
dependence of the far-infrared reAectance to gain insight
into the normal-state excitation spectrum.

II. EXPERIMENT

The reflectance measurements were performed on
Nd, 85Ceo, 5Cu04+& thin films deposited by laser deposi-
tion. Pulses from an excimer laser (A, =308gm,
Auence=2 J/cm ) were focused onto a stoichiometric
polycrystalline pellet. The substrate used was (100)
SrTi03 as it has a close lattice match to
Nd, s5Ceo»Cu04+z (mismatch =1.03%) and is suitable
for epitaxial growth with the c axis of the film perpendic-
ular to the substrate. During the deposition the substrate
was held at a temperature of 780 C in oxygen at a pres-
sure of 300 mtorr. Superconducting films can only be
made by carefully controlling the oxygen stoichiometry
through high-temperature vacuum anneals as a small ex-
cess of oxygen can render the sample nonsuperconduct-
ing. A 4-h anneal at a temperature of 600 C was
sufficient to obtain a superconductor with a transition
temperature onset at 21 K and a width of 1.5 K (Fig. 1).
Annealing temperatures which are this low are only vi-
able for films as their large surface area to volume ratio
provides optimal conditions for the reduction process.
Vacuum anneals at higher temperatures result in films
with copper-deficient surfaces. The details of the film
growth will be published elsewhere. '

The room-temperature midinfrared (1000—5000 cm ')
optical properties of all the films produced were exam-
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FIG. 1. Resistivity vs temperature for a Nd&»Ceo»Cu04+z
film deposited on (100) SrTi03 by pulsed-laser deposition. The
inset shows the superconducting transition which onsets at a
temperature of 21 K and has a width of 1.5 K.

ined using a Spectra-Tech infrared microscope. Only
those samples which displayed a reflectance which was
both high and homogeneous over the entire film surface
were used for detailed optical investigations. Single
bounce far-infrared refiectance measurements were per-
formed using a rapid scan interferometer. Focused optics
directed the light onto the sample located in a continuous
fiow cold finger cryostat. Temperatures as low as 15 K
could be reached. The absolute value of the refIectanee
was determined by an in situ evaporation of gold onto the
sample. By remeasuring the reAectance of the coated
sample, geometrical difIerences between the sample and
reference mirror were taken into account.

III. RESULTS

The optical properties of five superconducting
Nd& 8~Ceo &5Cu04+& thin films have been examined. All
of the samples show similar behavior. Thus, in this re-
port we will concentrate on the optical properties of a
single sample where an extensive temperature-dependent
study was undertaken. Figure 2 shows the normal-state
refiectance as a function of temperature. The sample ex-
hibits a systematic increase in the reflectance as the tem-
perature is lowered where, on average, the extent of the
change becomes smaller at low temperatures. The mag-
nitude of the reAectance at low frequencies is quite high
and is comparable to that of YBazCu307 &. Three dis-
tinct features appear in the spectrum; a

reflectance

minimum at 230 cm ' and the reflectance ledges at 420
and 540 cm '. The first 420 cm ' ledge has been
demonstrated to be a common feature for the euprate su-
perconductors. It is very prominent in the reflectance
spectrum of the BizSrzCaCuzO~, "TlzBazCaCuz08, ' and
PbzSrz(Y/Ca)Cu30„(Ref. 13) superconductors. The
ledge is also present in YBazCu307 &,

' but it is often ob-
scured by the high reflectance associated with the free
electrons and only becomes evident as the sample be-
comes superconducting. The appearance of this ledge in
Nd& 85Ceo»Cu04+& with a T, of 21 K and in
T12Ba2CaCu20~ with a T, of 100 K (Ref. 12) clearly indi-

FIG. 2. Reflectance vs frequency for a Nd& 85Ce0»Cu04+z
sample. The spectra taken at 30 and 300 K are labeled on the
graph. The intermediate spectra are for temperatures at 100,
125, 150, 200, and 250, whereby there exists a systematic in-
crease in the reflectance as the temperature is lowered. Mea-
surements were also made at 60, 175, 225, and 275 K, but they
have been excluded for the sake of clarity. The inset shows that
the room-temperature reflectance has a linear dependence at
midinfrared frequencies.
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FIG. 3. The conductivity vs frequency for a selected group of
temperatures. There is clearly a shift in the spectral weight to
lower frequencies as the temperature is lowered. This shift is
caused by the narrowing of the Drude peak associated with the
reduced scattering rate at lower temperatures.

cates that it is associated with the normal-state excitation
spectrum and is independent of superconducting transi-
tion temperature. As in all the other cuprates, the midin-
frared reflectance shows a non-Drude behavior. The in-
set of Fig. 2 shows the room-temperature reflectance
which is linear up to 5000 cm '. This linear dependence
is a feature common to many of the oxide superconduc-
tors. '

The optical conductivity overs a clearer picture of the
normal-state excitation spectrum. It is obtained through
the model-independent Kramers-Kronig transformations.
This calculation was performed using a Drude extrapola-
tion at low frequencies and high-frequency extrapolations
(co~5000 cm ') based on the work of Lupi et al. and
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Tajima et al. ' Figure 3 shows the result of this calcula-
tion. The curves clearly illustrate that the spectral
weight is shifting towards lower frequencies as the tem-
perature is lowered. This is consistent with a narrowing
of the free-carrier Drude peak associated with a reduced
scattering rate at low temperatures. At 300 K the Drude
peak is barely discernible while at 30 K a well-developed
peak centered at zero frequency appears. A fit to the
prominent Drude peak displayed by the 30-K data allows
its contribution to the total conductivity to be subtracted
out leaving behind the features associated with other ex-
citations (see Fig. 4). Apart from the peak centered at
490 cm ', the result is qualitatively similar to the
equivalent plot displayed by YBa2Cu307 &. This struc-
ture has been described by a model that couples phonons
to a midinfrared continuum' and it will be used here to
fit the data.

The model, which was first developed by Rice' for or-
ganic superconductors, describes the optical response of a
material using the dielectric function given by

The features associated with the electron-phonon in-
teraction in this model can be contrasted with an inter-
pretation of the optical data in terms of Holstein phonon
structure. In the Holstein process, ' ' a charge carrier
absorbs a photon and emits a phonon. Both the electron
and phonon are needed in the process if momentum and
energy are to be conserved. With a coupling constant of
the order of unity, large changes are predicted to occur in
the Holstein structure when the material becomes super-
conducting. In particular, the whole phonon structure
should become sharper and shift towards higher frequen-
cy by 26. In other high-temperature superconductors,
the structure in the phonon region changes very little at
T, and has therefore been interpreted not as a Holstein
process but in terms of an interference between the con-
tinuum electronic absorption and particular phonons giv-
ing rise to asymmetric Pano line shapes. ' ' We shall
demonstrate that the distinction between these processes
is important for any comparison of optical and tunneling
spectra and crucial for any comparison with a direct
measurement of the phonon density of states.

The fits of our model to the data indicate that most of
the temperature dependence can be accounted for by
variations in the Drude term of Eq. (1). Figure 5 shows
the values obtained for the scattering rate and the plasma
frequency. The plasma frequency is essentially constant,
while the temperature dependence of the scattering rate

1 0000 I I I I I I i I I I I I I I I I I I I I I I I I I I I t I

The first term describes the free-electron behavior in
terms of a simple Drude model which has the plasma fre-
quency (co~D) and scattering rate (I D) as the adjustable
parameters. The second term describes how the midin-
frared band with its position (co, ), strength (cop, ), and
width (I, ) is coupled to phonons described in a similar
manner by cok, conj„and I k. The final term gives the
high-frequency dielectric constant (e„).
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FIG. 4. Subtracting the Drude component (dashed) from the
total conductivity (solid) leaves behind structure (dots) which
can be described by phonons coupled to an electronic continu-
urn.

FIG. 5. The plasma frequency and scattering rate as a func-
tion of temperature. The plasma frequency is essentially con-
stant while the scattering rate follows a temperature dependence
similar to the dc resistivity.



988 R. A. HUGHES, Y. LU, T. TIMUSK, AND J. S. PRESTON 47

TABLE I. The fitted parameters describing the midinfrared
band and the phonons which are coupled to it. All values are in
units of cm

Mid-IR band 1870 26 300
r,

10 100

Phonon 1

Phonon 2
Phonon 3

523
415
118

729
786
564

46
14

5

2m V„))
+es(~)

& f cT(co )dco
~e

where V, is the volume of the unit cell, m, is the electron
mass, and e is the electron charge. Performing this calcu-
lation for energies below the charge-transfer band gives

ff
=0.33 electrons per formula unit. This value is in ex-

cellent agreement with the results obtained by Cooper

shows a striking resemblance to the dc resistivity. The
second term, which describes the coupling between pho-
nons and a broad midinfrared band, has little tempera-
ture dependence. There is some sharpening of the struc-
ture centered around 270 cm, but this is small in com-
parison to the changes associated with Drude term. The
fit requires three phonons that are coupled to the midin-
frared band. Table I lists the parameters which describe
the fit to the 30-K conductivity data. It is important to
note that the phonon frequencies correspond to minima
in the conductivity. The implication of these results is
that the dc resistivity is solely described by a
temperature-dependent free-carrier scattering rate
without the need for the dramatic changes to the carrier
concentration implied by Hall measurements. This is
consistent with the results of Kamaras et al. on
YBazCu307 & and Romero et al. on BizSr2CaCu208
which show a scattering rate which varies linearly with
temperature and intercepts the origin of the scattering
rate versus temperature plot.

The parameters obtained from the fits are reasonable.
The Drude plasma frequency, which is equal to 0.94 eV,
is comparable to the values obtained for all the other ox-
ide superconductors. The scattering rate of 440 cm ' at
room temperature is somewhat higher than the values
near 300 cm ' obtained for YBa2Cu307 &, but this is ex-
pected since Nd2 Ce Cu04+& has a built-in disorder
from the cerium dopant and films have considerably more
defects than single crystals. The dc resistivity obtained
from these fitted parameters using the simple Drude for-
mula p=4~I D/copD shows reasonable agreement with
the values obtained from the dc resistivity measurements.
At 30 K the agreement is excellent. The measured resis-
tivity is given by 0.21 modem, compared to a value of
0.19 mAcm derived from the optical conductivity. At
room temperature the two values difFer by 30%.

The partial sum rule for the optical conductivity can be
used to calculate the efFeetive number of carriers per for-
mula unit (X,z) contributing to the optical properties for
frequencies up to co. It is given by

et al. on Pr2 Ce Cu04+& single crystals. There is also
good agreement with the value extracted from the results
of Abel et al. on Ndz „Ce„Cu04+&, who find a Drude
plasma frequency of 1.5 eV significantly larger than the
one obtained for these films. It should be noted that
N, ff=0. 15 is the expected value if all of this spectral
weight is due to the carriers introduced by doping cerium
on the neodymium site. This is obviously not the case.

IV. COMPARISONS
TO OTHER EXPERIMENTAI. TECHNIQUES

Lynn et al. have used inelastic neutron scattering to
measure the phonon density of states in superconducting
Nd&»Ceo»Cu04+&. Their result is shown in Fig. 6.
There is a gap in the neutron data in the 180-250 cm
region due to the presence of a strong crystal-field level.
The solid curve indicates the phonon structures predicted
by our fits to the optical conductivity. The agreement is
excellent. The neutron spectrum gives peak positions at
105, 411, 524 cm ' compared with the optics results
which give peak positions at 118, 415, and 523 cm
The neutron peak at 766 cm ' does not appear to couple
to the electronic continuum, but this feature may also be
due to a crystal-field excitation.

It is also worthwhile to compare the infrared spectra
with the tunneling measurements of Huang et al. on
Nd, »Ceo»Cu04+&. These data show a strong resem-
blance to the I-V curves obtained from a traditional BCS
superconductor. A gaplike feature with 26/kb T, =3.9 is
seen and the tunneling conductance exhibits symmetric
structure. Superimposed on the smooth BCS-like tunnel-

ing conductance is a fine structure in the phonon region.
In their straightforward interpretation, the electron-
phonon interaction afFects the tunneling process and pro-
duces the familiar phonon structure proportional to the
derivative of the tunneling conductance. The same pro-
cess should give rise to Holstein phonon structure in the
optical conductivity which also resembles the derivative
of the phonon density of states. In both processes, rough-
ly, a phonon of frequency 0 gives rise to an onset of con-
ductivity at 26+AQ. Huang et al. have used this pro-
cess to interpret their tunneling data for
Nd, »Ceo»Cu04+ &. Applying the McMillan-Rowell
procedure they find an a F(Q) from which they calcu-
late a A. of the order of unity and a T, of 20 K in agree-
ment with the observed transition temperature.

In light of the analysis of Huang et al. and our
analysis of the optical conductivity we anticipated agree-
ment between the peaks in the a F(co) function found
from the analysis of the tunneling spectrum and minima
in the optical conductivity, since both correspond to
spectral regions of strong interaction. This agreement is
not found. Instead, it is found that the tunneling conduc-
tance shows a strong likeness to the optical conductivity.
Figure 7 shows such a comparison. The tunneling con-
ductance has been divided by the BCS conductance, shift-
ed vertically, and rescaled. The phonon structure in the
raw tunneling conductance is only of the order of 1% of
the total conductance whereas the structure in the optical
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conductance is of the order of 50%. Both energy scales
start at zero: zero frequency for the optical conductance
and zero bias for the tunneling.

The agreement between the tunneling conductance and
the optical conductivity is striking. Roughly equal am-
plitude minima appear in both curves at 150 and 400
cm . A third minimum, seen in the optical data at 580
cm ', does not appear clearly in the tunneling data. The
accuracy at low frequency in both sets of measurements
is poorer. In the optical conductivity the rising Drude
absorption hides the weak midinfrared band. In the tun-
neling spectrum the BCS correction becomes larger at
low energy.

At this point we do not have a clear understanding

why in Fig. 7 there is such excellent agreement between
the tunneling conductance and the optical conductance.
The optical results can be understood as arising from a
Fano interaction between the continuum electronic states
and selected phonon modes leading to a strong suppres-
sion of the optical transition probability. The similarity
of the tunneling results suggests that the electronic densi-
ty of states is suppressed at these phonon energies albeit
by a small amount. We recognize that to date no solid
theoretical basis exists for such a modification and that
such structures have not previously been observed in tun-
neling experiments. We note, however, that this interpre-
tation does account for the agreement between the opti-
cal and tunneling data and that it brings both sets of data
into excellent accord with the experimentally measured
phonon density of states.

There is a means of distinguishing our interpretation of
the electron-phonon interaction and a conventional Hol-
stein process if one interprets the tunneling data in terms
of a conventional s-wave superconducting gap. In tunnel-
ing spectroscopy, it is customary to subtract 6 from the
energy scale since a structure due to a phonon of frequen-
cy 0, in a strong coupled BCS superconductor appears at
energy 5+0. The agreement between the optical and
tunneling conductivity shown in Fig. 7 was obtained
without shifting the energy axis even though the tunnel-
ing data were obtained from the superconducting state
while the optical measurements were taken in the normal
state. Within the model that we have used, no shift is an-
ticipated. Such a shift would move the solid curve in Fig.
7 to lower frequencies by 3.7 meV (30 cm ') which would
slightly reduce the quality of the agreement. Clearly a
priority will be to measure the phonon features both in
the tunneling and optical measurements above and below
the transition temperature. Preliminary measurements of
the optical properties of Nd& 8~Ceo»Cu04+& in the su-
perconducting state show no shift in the phonon struc-
ture below T, . Likewise, if features are visible at temper-
atures above and below T, in tunneling data we would
expect them to appear at the same energies.
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V. CONCLUSIONS

Despite the unique properties exhibited by
Nd& 85Ceo»Cu04+&, its far-infrared optical spectra ap-
pear to exhibit many of the features common to the other
cuprate superconductors. These features include the
ledge in the reflectance at 420 cm ', the linear
reflectance in the midinfrared, and the development of
the midinfrared band as the doping level is increased.
Our analysis of the optical conductivity shows that it has
two components. The first component can be described
in terms of a Drude model with a temperature-dependent
scattering rate that closely follows the temperature
dependence of the dc resistivity. The second component
is relatively insensitive to temperature and has been
modeled in terms of phonons which are resonantly cou-
pled to a broad midinfrared band. The phonon structure
seen in tunneling experiments by Huang et al. is in re-
markable agreement in position and relative intensity
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with our optical conductivity, which is not expected for a
simple Holstein process.
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