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Optical reAectivity spectra of Nd&Cu04 & and Ndl 8Ceo &Cu04 z single crystals for the polariza-
tion Elc have been investigated over an energy range from 0.005 to 6 eV. Four E„ intralayer pho-
nons are observed for Nd2Cu04 z at 121, 301, 347, and 507 cm ', in good agreement with prelimi-
nary shell-model-calculation results. The oscillator strength of a broad mid-ir band is found to de-

pend on both oxygen deficiency and cerium doping. The far-ir optical conductivity is fit to both the
recently proposed marginal-Fermi-liquid model {MFL) and the modified Drude-Lorentz model
(MDL). A notch in the far-ir conductivity is observed at 24 meV, in good agreement with the MFL
model. Values for the plasma frequency obtained are quite low and suggest that very large mass
enhancement exists for the free carriers in these materials. A clear downshift of oscillator strength
from (1—2.3)-eV charge-transfer excitation to the mid-ir band is also observed.

I. INTRODUCTION

The discovery of high-temperature superconductivity
in the n-type cuprates Rz Ce„CuO~ s (R =Nd, Pr, or
Sm) by Tokura, Takagi, and Uchida has significant im-
plications for understanding the nature of the pairing
mechanism in cuprate superconductors because it casts
doubt on proposals which are tied uniquely to hole con-
duction. In this paper we present an optical study on
single-crystal samples of Ndz Ce Cu04 s (x=0,0.2)
which show the effect of Ce doping. Our optical
reAectance studies were carried out at room temperature
over a wide energy range (0.005—6 eV) on the as-grown c
face (Elc). Similar to observations on the isostructural
compounds La2 „Sr„CuO4 (Ref. 2) and La~ Sr„Ni04,
we observe the presence of an unusually broad and strong
midinfrared (mid-ir) absorption band in the Ce-doped
compound with a band maximum at 0.13 eV. A very
weak mid-ir band was detected in the spectrum of the as-
grown, insulating crystal. We find the band can be "ac-
tivated" either by annealing in He or by Ce doping. We
have also studied the in-plane, infrared-active TO and as-
sociated LO-phonon modes in NdzCu04 &. Results of a
preliminary shell-model calculation for the zone-center
TO-mode frequencies based on the same force constants
as used for LazCu04 (Ref. 4) are found to be in fairly
good agreement with the data, suggesting that there are
probably no unusual differences between the optical-
phonon modes in n- and p-type cuprates.

Nd2Cu04 & exhibits the tetragonal T'-phase structure.
At room temperature the intralayer Cu04 square in this
T' phase is expanded slightly, and the c axis shrinks
slightly, relative to the dimensions of the tetragonal T
phase of LazCu04. ' ' Nd2 Ce Cu04 & is supercon-
ducting for x -0.14—0.18 with a maximum transition
temperature T, -24 K at x-0.14, and T, tends to de-

crease with increasing x. '" Transport ' and magnet-
ic"' properties of Ndz, Ce„CuO4 s (0(x(0.2) have
been studied as a function of composition (x) and tem-
perature (T). Previous optical work on the n-type Nd cu-
prates have been carried out on polycrystalline pellets' '
and polycrystalline thin films. ' The large optical anisot-
ropy in the cuprates makes it quite difficult in polycrys-
talline samples to separate quantitatively the c- and a-axis
contributions to the spectra. Optical studies on pellet
samples" ' of Nd2 „Ce Cu04 & have noted the in-
teresting coexistence of superconductivity and the
strength of the normal-state, mid-ir absorption band.
However, a strong mid-ir band has also been observed re-
cently in La2 „Sr NiO4, even though it has not yet been
possible to prepare nickelate samples which exhibit a
Meissner effect of —1%.'

II. EXPERIMENTAL DETAILS

Single crystals of both Nd2Cu04 & and
Nd& 8CeozCuO& & were grown using a CuO Aux from a
high-purity mixture of Nd203, CeOz, and CuO in a
yttrium-stabilized zirconium crucible. The reAectance
spectra were obtained from the natural, smooth a-b faces
of the crystals without cutting or polishing. The orienta-
tion of the crystals was confirmed by x-ray diffraction,
and the cerium concentration was measured by energy
dispersive x-ray (EDX) analysis using a ceramic standard.

Two Nd2 „Ce„CuO4 s crystals (see Table I) were
studied in detail. Samples S1 and S2 are actually the
same undoped crystal (x=0) before (S1) and after (S2) a
900'C annealing in He gas at —1 atm for 19 h. Sample
S3 is Ce doped (x=0.2), and not He annealed. The sam-
ples were studied optically at room temperature using
two spectrometers in which the single surface reAectance
R was determined by careful replacement of the sample
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TABLE I. Nd2 Ce Cu04 q sample parameters. I.O-

Sample

Sl
S2

S3 0.2

Area
(a —b plane)

2X3 mm
2X3 mm

1X1 mm

Post-crystal-growth
treatment

none
annealed at 900'C,

19 h, He Aow
none

0.8-

0.6-

0.4-

0.2-

QIQ i r r s

Q.QI O. I

with a standard mirror at the focus of a f /4 beam whose
central ray was incident upon the sample face at (8
with respect to its a-b surface normal. First, for the
40—4000-cm ' range, a modified model FTS-80 (Digilab,
Inc. ) rapid-scan Fourier transform infrared (FTIR) spec-
trometer was used, employing a Si bolometer (Infrared
Laboratories, Inc. ) and a pyroelectric detector for the far-
and mid-ir regions, respectively. Second, for the 0.3—6-
eV range, a home-built spectrometer using a model 88
prism monochromator (Perkin-Elmer, Inc. ) was em-
ployed. CaF2 and SiO2 prisms, various sources, and
detectors were used to cover the spectral range.

The a-b plane dimensions of the samples were 2X3
mm for S, (S~) and only —1 X 1 mm for S3. The
reAectance results obtained for the 1X1 mm sample us-
ing the FTIR spectrometer were not reproducible when
the sample was overfilled by the optical beam or by
underfilling a mosaic of several such small crystals. We
believe that this is due to the spectral inhomogeneity
present in the beam leaving the interferometer. That is,
the spectral content of the beam is a function of position
within the cross section of the beam. Significant
modifications to the optics following the interferometer
were therefore made so that small crystals with diameters
as small as 1 mm could be studied at normal incidence. '

III. RESULTS

The a-b plane reAectance data of Ndz Ce CuO4
crystals for the spectral rangle 0.005—6 eV are shown in
Fig. 1. The solid lines in the figure represent the results
of model calculations to be discussed below. The spec-
trum of the as-grown NdzCuO& s crystal (Sl) is shown
in the bottom panel of Fig. 1 and is typical of the iso-
structural and insulating cuprates and nickelates. Con-
sistent with the tetragonal symmetry of this crystal,
peaks identified with four ir-active, intralayer phonons
are evident below 0.1 eV in the spectrum. The spectrum
for post-annealed NdzCuO& z (S2) is shown in the mid-
dle panel. The changes in phonon peak positions due to
annealing are quite small (i.e., less than 1%). However,
post-annealing in He increases the overall reAectance of
the undoped sample by -20% in the lower-energy range.
For energy co) 1 eV, the difference between the S1 and
S2 spectra is less than 3%%uo. The top panel in Fig. 1 shows
the reflectance of Nd& sCez zCu04 s (S3). The phonon
features so evident in the spectrum of undoped samples
are totally screened in the spectrum of S3 by the contri-
bution from free carriers. Broad mid-ir absorption is not
apparent to the untrained eye in the reAectance data.

0.8-

0.6—

0.4-

Annealed NdqCuO& ~

{sz)

0,2-

OsO

0.0l

0.8-

0.6-

0,4—

OI

NdpCu04 p

{st)

0.2-

QfQ I I I I

O,OI O. I

Energy {eV)

FIG. 1. Room-temperature a-b-plane reflectance R vs energy
(eV) for Nd, Ce Cu04 q crystals. Bottom panel (Sl): as-
grown Nd2Cu04. q crystal; middle panel (S2): crystals Sl after
a 900'C anneal in He for 19 h, top panel (S3): as-grown
Nd& 8Ce~,Cu04 q. The solid and dotted lines represent calcu-
lated and experimental results, respectively.

However, the mid-ir bands in S1, S2, and S3 can be seen
clearly in the optical conductivity (o. , ) obtained from a
Kramers-Kronig (KK) transformation of the reflectance
data as discussed below.

IV. DISCUSSION

The near-normal-incidence reflectance R is related to
the dielectric function e(co) by

2
1 —&e8 =
1+v'e

A KK analysis was carried out on the reAectance spec-
tra of Fig. 1 to obtain the real and imaginary parts of the
dielectric function e=e&+i@2. In the far-infrared region,
the reAectivity data were extended either as a Drude met-
al (metallic sample) or a constant (nonmetallic samples).
Tajima et al. ' found that the reAectance spectrum of the
La cuprates above 7 eV is not sensitive to doping. With
this result in mind, we used the data of Tajima et al. for
NdzCu04 as the high-energy-data extension (6 ( co & 40
eV) for all three Nd-cuprate spectra. Finally,
R —a /( I+ace ) was used as the extension for co )40 eV,
where a is a constant, consistent with the usual high-
energy free-electron response.

A. Phonons
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To determine the TO-phonon parameters from the
rellectance data of undoped Nd2Cu04, we write e(co) as

~(~+il' ) =~ co —co iso—y

where e is the core dielectric constant used to approxi-
mate the higher-frequency electronic polarizability. The
second term is a free-carrier (Drude) term, where co is
the plasma frequency and y =1/~ is the inverse carrier
lifetime. The third term is a sum of Lorentz oscillators
used to describe the respective ir-active, zone-center TO
phonons, where copj 67j and y are the strength, frequen-
cy, and damping for the jth mode, respectively.

In Fig. 1 the solid curves in the lower two panels (S1

and S2) represent the best fit to the R data using Eq. (2);
the corresponding values for the TO-mode parameters
appear in Table II. More generally, the TO- and LO-
mode frequencies ~T and coL are defined, respectively,
as the poles and zeros of the dielectric function e(co).
Strictly speaking, when damping is involved, mT and mL

are complex, and the imaginary part of the frequency
stems from the mode damping. It is a matter of practical
convenience to obtain the "real" TO- and LO-mode fre-
quencies ATj and AL, which correspond, approximately,
to the maxim, a and the minima, respectively, of the
modulus of the dielectric function, i.e., ~e~ =(e, +ez)'~ . '

In Figs. 2(a) and 2(b) we show various functions of e(co)
used to identify the LO- and TO-phonon parameters.
The peaks in e2 or

~
e

~
were used to obtain the TO-mode

frequencies, whereas the peaks in Im( —I/e) and (I/~e~ )

were used to obtain values for BL . Finally, the TO-
mode damping can be obtained either by fitting R or ez
with Eq. (2). All the phonon parameters are collected in

Table II, where it can be seen that the changes in the
TO-mode frequencies induced by the He anneal of the
undoped material are negligible, typically less than 2
cm ', although other significant changes in the optical
spectrum have occurred. On the other hand, the LO-
mode frequencies are found to exhibit a larger change,
—5—20 cm, which may be significant, since these
modes couple most strongly to free carriers created in the
annealing process. The most significant change in the
spectrum which is induced by the He anneal is in the
free-carrier plasma frequency co, where we find
co (S2)=3. Ice (S1 ). It is most reasonable to assume that
the increase in co is due to an increase in the n-type car-

2
P

rier density (co~ nl-m*, where n is the carrier density
and m * is the eff'ective mass of the carrier).

Nd2Cu04 & has been observed to have a tetragonal
structure at room temperature with the space group
I4/mmm. ' Group theory predicts seven allowed (q=0)
ir-active phonons: four polarized in the a bplane -(E„
modes) and three polarized along the c axis ( A„modes).
This structure is similar to the tetragonal phase of
La2CuO& (Refs. 20—22) (A„modes). This structure is
similar to the tetragonal phase of La2CuO4, the only
difference between the two structures being that the out-
of-plane oxygens are located on the faces at ( —,', 0, —,') and
equivalent positions in Nd2Cu04 &, whereas in La2Cu04
they lie directly above and below the copper atoms along
the c axis at (0,0,+v). We have calculated the zone-
center ir-active phonon frequencies of NdzCu04 & by
means of the simple shell model used previously for
La2Cu04. The Nd atoms are located at the same (frac-
tional) positions along the c axis as the La atoms in
La2Cu04. The lattice constants a=3.95 A and c=12.07
0
A are taken from Ref. 23. The potential parameters in
the current model are the same as we used in model 2 of

TABLE II. Phonon frequencies, phonon linewidths, and Drude parameters for Nd2Cu04 z (all frequencies are in cm ').

Phonon
mode Parameter

This work
Measured

S1 52 Calculated

Crawford
et al. (Ref. 23)'

(expt. )

Degiorgi, Rusiecki,
and Wachter (Ref. 13)

(expt. )

Wang et al.
(Ref. 14)'

(expt. )

E„4

&T1
+L1
VT1

T~
OL2

TT2
OT3
QL3

yT3
AT4
+L4

T4

121
138

16
301
335

8
347
426

12
507
608
44

121
153
20

298
331

11
347
436

8
505
629
40

137
139

301
311

340
504

542
546

300

350

509

121

320

139

320

594

670

co, (cm ')
Sp7

7
1291

0.64

7
4033

0.91

'Nd2Cu04 z single crystal.
Polycrystalline Nd, 8,Ceo»Cu04 & thin film.

'Ndl 85Ceo»Cu04 z ceramic sample.
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Ref. 18 for La2Cu04, except for a 5% increase in the Cu-
O(l) Born-Mayer potential to remove negative eigenvalue
along X-P-63. In Fig. 3 the displacements and symmetry
of the four a-b-plane E„modes allowed by group theory
are illustrated using the eigenvectors calculated from the
above shell model. The calculated TO E„2 frequency aloo

most exactly matches the data; the other calculated TO
frequencies differ by —10—35 cm ' from the measured
values (Table II). Considering that the only changes in
our model calculation developed for La2CuO4 are the
changes in structure and substitution of the Nd mass for

the La mass, the agreement between experiment and
theory for the TO modes is quite good. However, for the
LO-mode frequencies that are more dificult to obtain op-
tically, the agreement is substantially worse.

For comparison to the present results, we also list in
Table II the TO-mode frequencies obtained by Crawford
et al. , Degiorgi, Rusiecki, and Wachter, ' and Wang
et al. ' from other optical experiments. Crawford et al.
also measured an undoped Nd2CuO4+& single crystal, and
their TO-mode results are in good agreement with ours.
Degiorgi, Rusiecki, and Wachter's E„& frequency on
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FICx. 2. (a) I/~E~, Im( —I/e), and e, vs energy for Nd2CuO„(S1, Elc). (b) ~e~ and ez vs energy for Nd2CuO4 (SI,Elc).
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cu = I 37CITl ~= 30icm-'
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b
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FICx. 4. Optical conductivity o. , (co) for Nd& Ce Cu04
crystal: The solid line is for as-grown Nd2Cu04 z (S1), the
dot-dashed line is for post-annealed Nd2Cu04 z (S2), and the
dotted line is for Nd, ,Ceo,Cu04 z (S3).

~ Cu 0Nd

FIG. 3. Calculated zone-center displacements (E„) for
Nd2Cu04.

B. Mid-ir absorption band

In Fig. 4 we plot the KK results for o.
&

on a logarith-
mic frequency scale, o (co) =i (col4vr) [e(co)—1]=o i
+io.z, where the real part of the optical conductivity o,
is identified with optical absorption. The sharp peaks
below -0.1 eV in the conductivity data for samples S1
and S2 are associated with the in-plane TO modes. Be-
cause of screening from the free carriers, a similar pho-
non structure cannot be detected in the Ce-doped sample
(S3). Broad absorption is observed in all three o, curves
from the far-ir to 1 eV, which, consistent with the termi-
nology in the literature, we term the "rnid-ir" band.
The strength of the band is correlated with doping, i.e.,
via oxygen defects (5%0) or Ce substitution (x%0). Sam-
ple S1 exhibits a very weak mid-ir band. However, after
a post-anneal in He at 900'C for 19 h (i.e., a reducing en-
vironment), the strength of this band grows noticeably as

polycrystalline Nd, ~5Ceo»CuO4 thin films is identical
with ours, their E„2 and E„4 values are -20 cm higher
than the present results, and they did not detect the E„3
mode in their spectrum. Two TO frequencies obtained
by Wang et al. ' are quite difFerent from the present re-
sults. This discrepancy may be attributed to the ceramic
samples used in their study. As is well known from opti-
cal experiments on other high-T, materials, it is difficult
to extract quantitative information from polycrystalline
samples.

shown in the spectrum for S2. Ce doping at 10% (S3),
enhances even further the strength of the mid-ir absorp-
tion, and the oscillator strength shifts to lower frequency.
Similar to a report by Hirochi et al. ,

' it is evident from
Fig. 4 that the growth of the mid-ir absorption proceeds
at the expense of the oscillator strength of the peak at 1.6
eV. Hirochi et al. ' identified the mid-ir absorption in
the 2.5—1.0-pm region of their spectra of Ce-doped
NdCu04 films with free-carrier absorption, fitting their
data to a Drude-like, free-carrier term. However, a
Drude-like free-carrier conductivity would continue to
rise with decreasing co in the far-ir, saturating at zero fre-
quency to cr, (0)=co~r/4m, where r is the free-carrier re-
laxation time. Clearly, this type of far-ir behavior is not
observed for S3 (x =0.2), as a noticeable notch appears in
the data at -20 meV (see Fig. 4). This notch is not an
artifact of the KK analysis, as we discuss below.

In Fig. 5 we show how the optical conductivity in the
far-ir is affected by the data extension below 40 cm ' (5
meV). The o i(co) results for S3 are plotted on a linear
frequency scale for the following far-ir data extensions:
(a) R=0, (b) R =1 K, ru, —(c) R =K2, and (d)
R = 1 —(K3co)', where the K are constants. The exten-
sion (d) is consistent with the Drude model. As can be
seen in the figure, the notch in the o.

&
data is present in

every case, and is therefore not an artifact of the far-ir ex-
tension. We next discuss models with which we have at-
tempted to fit the optical data for the Ce-doped sample,
i.e., the marginal-Fermi-liquid model (MFL) and the
modified Drude-Lorenz model (MDL).

Varrna, Littlewood, and Schmitt-Rink proposed the
phenomenological, marginal-Fermi-liquid model to ex-
plain universal anomalies in the normal state of cuprate
superconductors. In their model the mid-ir band is asso-
ciated with excitations of a marginal Fermi liquid. The
conductivity o.

&
derived from their MFL model can be

written, for ~( T,
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FIG. 6. Conductivity data for Nd& 8Cep 2CUO4 g (S3) in the
energy range 0—0.5 eV. The dotted, dot-dashed, and solid lines
refer, respectively, to the data, the MFL model, and the MDL
model. See the text for the details of the model calculation.

0 0,02
I

0,04 0.06

Energy (eV)

0.08

FICx. 5. Effect of various low-energy R data extensions on the
low-frequency optical conductivity of Nd& 8Cep 2Cu04 z (S3).
The data have been smoothed by fitting to a polynomial; the raw
data is shown in Fig. 6. Note that the notch in the conductivity
is not affected by the form of the far-ir data extension.

o = —C(co)1 T

CO

4~ 1+[ A co —(2co /vr T)ln( T /co, ) ]

and, for m) T,
2

COp

o, =acoC(co)+
4~ 1+[ AT —(2/n)ln(co/co, )]

(3b)

where a and co, are constants, A =1/(g~N ~T/2), N is
the unrenormalized one-particle density of states, T is
temperature, and g is a coupling constant. The form of
the spectral cutoff factor C(co)=[1+(co/co, ) ]

' is arbi-
trary, yet it directly affects the shape of the high-energy
tail of the mid-ir band. co is the plasma frequency of the
strongly interacting free carriers in the MFL. The first
term in Eq. (3) gives rise to the mid-ir band, and the
second term is the renormalized free-carrier conductivity.

For single-crystal La, ~Sro 2NiO4, we also found a
broad mid-ir absorption band similar to that of S3 in Fig.
4, but with a band maximum at higher energy, i.e., -0.6
eV. The MDL, rather than the MFL model, was found
to best fit the La, 8Sro 2NiO4 data. However, it can be ar-
gued, of course, that LazNi04 is not a bona fide member

The first term is the free-carrier contribution in the
Drude approximation, and the second term is a Lorentz
oscillator identified with the mid-ir band.

In Fig. 6 we show the T=300 K optical conductivity
data of Nd»Ceo zCu04 z single crystals on a linear fre-
quency scale up to 0.5 eV. The results of calculations ac-
cording to the MFL (dot-dashed line) and MDL (solid
line) model are shown for comparison, and the values for
the fitting parameters can be found in Table III. The
dashed lines in the figure represent the individual contri-
butions in the MDL model from the free carrier and
mid-ir absorption band. It should be noted that the fre-
quency dependence of the high-energy tail of the mid-ir
band is similar to that of Drude free-carrier conductivity,
i.e., o. , -co, and a fit of a Drude model to this tail pro-
duces a value for the plasma frequency of S3 of ~ -2
eV, much higher than the values we obtain from fitting
the MDL model (co =0.28 eV) or the MFL model
(co =0.13 eV) to the data (see Table IV). Hirochi
et al. ,

' in filrn studies on Ce-doped NdzCuG4, obtained
values ~ —1 eV from a Drude fit to the high-energy tail
of the mid-ir band. Since the carrier effective mass
m*-co, a Drude fit to the high-energy tail of the mid-
ir band, rather than to the far-ir data, results in a factor
of 10—20 lower effective mass. Thus literature values for

TABLE III. Marginal Fermi liquid (MFL} model parameters
for Nd, 8Cep, Cu04

ge(0)
0.13 5.8 0.2

of the high-T, oxide superconducting family, although
diamagnetism equivalent to a l%%uo Meissner effect has
been observed. ' The conductivity o.

, (co) for the MDL
model is calculated according to

co 7 /4'TT' 6) co~ Pe /4'TT
oi= +

2 2
(

2 2)2+ 2 2
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TABLE IV. Drude-Lorentz parameters for Nd& 8Ceo 2CUO4

3.5

(eV)

0.28 20

0, (eV)

1.91
0.91

0.136
1.80

y, (eV)

0.65
0.62

the effective mass determined optically should be viewed
with caution.

It should be noted that the MDL and MFL models are
both capable of generating a notch in o.

&
at -24 meV, in

good agreement with the S3 data. However, the MFL
model cannot fit the high-energy tail of the mid-ir band:
This region is dominated by the arbitrary cutoff factor
C(co) in Eq. (3). On the basis of the fits (Fig. 6) below 0.1

eV, it is really not possible to say where the MFL or
MDL model fits the data best. A good optical test of the
MFL model would come from a temperature study of the
far-ir notch in the cr& data. According to Eq. (3) of the
MFL model, this notch frequency co„should be approxi-
mately equal to k T. The present experimental value
co, =0.024 eV is indeed quite close to kT=0.026 eV.

C. Conductivity and the carrier density

By extrapolating the far-ir cr&(co) to co=0, we may
determine a value for the dc conductivity of the three
samples. For as-grown NdzCu04 &, we obtain an optical
value for the dc conductivity cr, (0)—2.2 (0 cm) '. After
helium annealing, cr, (0) increased to 9.7 (Sl cm) '. o &(0)
for the cerium-doped sample (S3) is much higher, i.e. ,
cr, (0)—120 (0 cm) '. These results are in reasonable
agreement with the transport values of Tokura, Takagi,
and Uchida, ' who reported for ceramic Nd2Cu04
crz, 5(Q —cm) '. They also reported that crz, increases
two orders of magnitude after annealing in air, followed
by a rapid quench. They indicate this process produces
an oxygen deficiency 6-0.04. Uji, Aoki, and Matsumo-
to reported o&,=0.6 and —500 (Acm) ' for x=0 and
0.2, respectively; neither sample was reduced. All these
conductivity data (and supporting Hall-effect data ) indi-
cate that both oxygen deficiences and/or cerium doping
introduce mobile electrons into the Nd cuprates.

The room-temperature effective mass m* of the Ce-
doped sample can be estimated from our results as fol-
lows. On the basis of x-ray measurements by Huang
et al. , the average valence of Nd and Ce in
Nd& 8Ceo zCuO4 & is 3 and 3.84, respectively, and so
every Ce atom substituted for Nd will contribute 0.84
electrons. Assuming that all charge carriers are intro-
duced via cerium doping, the carrier density n3 obtained
is n =0.2X0.84 per formula unit (f u. ) 3.57X10 '

cm, using 2 f.u. per unit cell of volume V=94. 1 A . '

Using the relation co =4~ne /m *, we find that the
effective mass m * is surprisingly large: m *=62m 0,
where mo is the free-electron mass. The above result can
be compared to the value m* —34mo obtained similarly
for p-type La, ~Sro 2Ni04 single crystals. The large
values obtained for the mass indicate that the Drude
model is probably not an appropriate description for the
itinerant electrons in these materials. The value of the
mass suggests that polaron formation may likely occur.

However, we emphasize again that value of the effective
mass determined optically should be regarded with cau-
tion.

D. Higher-energy interband structures

A sharp increase in the optical conductivity cr, (dot-
dashed line, Fig. 4) is observed at 1.3 eV in the as-grown
N12Cu04 & crystal (S1). We identify this increase with
the charge-transfer (CT) energy gap at 1.3 eV. The exci-
tations across this gap occur between O(2p) states
(valence band) and higher-energy Cu(3d) states or the
upper Hubbard band (conduction band). ' Tajima et al.
previously observed this broad absorption edge in
NdzCu04 & at 1.5 eV. ' As we have discussed above, an-
nealing at 900'C in He reduces the strength of these CT
transitions between 1 and 3 eV (solid line in Fig. 4).
Furthermore, when cerium ions are introduced (x=0.2,
dotted line in Fig. 4), the strength of these CT transitions
is even further reduced.

The oscillator strength f (E) in the energy interval
from zero to E is given by

f (E)=N, ft
m 2m EI 0 i ( co )d com* ~e'N, „

(5)

0.20

0,15-
Ndz ,Ce„CuO& e

0,05-

0.00
0,0 05 1.0

Energy (eV)

1.5 20

FICx. 7. Oscillator strength as a function of energy for the
three Nd~ Ce Cu04 q samples.

where m and e are the mass and charge of the free elec-
tron. N, ~ is the effective density of electrons, with
effective mass m * participating in the absorption at ener-
gies less than E, and is normalized to the density of Cu
atoms Nc, . The calculated oscillator strength f (E) for
S1, S2, and S3 are plotted against energy E in Fig. 7. It
is clear that all oscillator strengths reach about the same
value at E=2.3 eV, the same energy where all three con-
ductivity curves show a local minimum (see Fig. 4). Thus
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there appears to be a simple downshift of oscillator
strength from I—2.3-eV CT excitations to the mid-ir
band. The observed correlation between the oscillator
strength in the mid-ir band and CT excitation is interest-
ing, particularly in view of the previous noted correlation
of T, and the strength of the mid-ir band.
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