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Reflectance studies on single crystals of a series of rare-earth (R =Pr, Nd, Sm, Gd) copper oxides
have been made to determine phonon frequencies as a function of rare-earth mass. The increase in
interatomic force constants with increasing rare-earth mass, which leads to a reduction in the lattice

parameters, increases the vibrational frequencies.

In addition, the change from the T-phase

La,CuO, to the T'-phase R,CuQ, crystal structure causes changes in the phonon frequencies that
are due both to the changing lattice parameters and to the relocation of the apical oxygen atoms.

I. INTRODUCTION

The recent discovery of n-type superconductors in
lanthanide copper oxides’? has brought renewed interest
to the optical characterization of these materials.> There
is a structural phase change in the lanthanide cuprates
when La is replaced by Pr, Nd, Sm, or Gd.*> These
structural changes have a direct effect upon the phonon
frequencies in the ir spectrum and, knowing the phonon
assignments for the La compound,® ! the assignments
for the substituted compounds can be made by a direct
comparison.!! This paper will discuss the effects of the
different rare earths on the crystal structure and how
these changes affect the phonon frequencies. Infrared ab
plane reflectance will be analyzed for the frequency shifts
due to the relocation of the apical oxygen atoms. An esti-
mate of the zero-frequency dielectric constant will be
made from two separate calculations. Our results are in
good agreement with recent studies of Nd,CuO, (Refs. 6
and 12) and Pr,Cu0,. !>

These materials form in a tetragonal crystal structure,
when R is one of the rare earths Pr through Gd, with
CuO, planes in which the oxygen atoms are square-
planar coordinated about copper ions.*>!* Unlike the or-
thorhombic (quasitetragonal) La,CuO,, where the CuO,
are octahedral coordinated with two apical oxygens, the
apical oxygen atoms have relocated to form an R-O,-R
plane between the CuQO, planes. This allows for a more
compact structure and the unit-cell volume decreases
monotonically with increased R mass (i.e., decreased R
ionic size),* as shown in Fig. 1(a).

Phonon assignments can be made by using a simple
harmonic-oscillator model incorporating the changing
structural parameters. The phonon center frequency is
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wo=(x/u)""?, where « is an effective force constant be-

tween the atoms and u is the reduced mass of the partici-
pating atoms. Both force constant and mass change with
rare earth. In Fig. 1(b) nearest-neighbor distances, Dyy,
for the pure lanthanide compounds'$ are plotted versus R
mass and show decreasing interatomic distances with in-
creasing mass. This implies that the force constant will
grow larger with increasing mass. At the same time, the
apical oxygen atoms are pushed from their octahedral
coordination above the copper atoms to positions on the
unit-cell faces and are sandwiched in between the rare-
earth atoms to form an R,0, plane (T to T’ phase). !
The consequence of this structural change [Figs. 1(c) and
1(d)] is that the ¢ axis becomes shorter and the a axis
broadens out, going from a long and thin unit cell to a
short and wide unit cell.®

Four in-plane infrared-active (E,) modes have been
identified in the La,CuO, compound.®™ ! It would be ex-
pected that three of these modes (the CuO, stretch, the
CuO, bending, and the R-lattice modes) would change in
accordance with the lattice parameters, while the mode
associated with the apical oxygen bending should disap-
pear and be replaced by a higher-frequency mode of the
R,0, in-plane vibration.

II. EXPERIMENT

Single crystals and polycrystalline ceramic pellets were
made at the University of Florida and at Los Alamos Na-
tional Laboratories using techniques which have been de-
scribed elsewhere.!” The optical measurements reported
in this paper were performed on flakelike crystals and
ceramic pellets without after-synthesis polish. We at-
tempted to dope one Nd,CuO, ceramic sample and the
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FIG. 1. Lattice parameters for lanthanide compounds, (a) the unit-cell volume (Ref. 5), for R,CuQy, (b) the nearest-neighbor dis-
tance for the pure lanthanide materials (Ref. 16), (c) and (d) the a- and b-lattice constants for the R,CuO, compounds (Ref. 5) respec-

tively, as a function of R mass.

Nd,CuO, crystal with Sr?*; however, as Sr** doping has
no effect on the electrical or optical properties, it is evi-
dent that Sr?* does not enter the crystal structure.
Hence, these samples are equivalent to the undoped insu-
lating compound and we will refer to them as undoped.
Reflectance measurements were taken on a Bruker
113V FTIR interferometer for the ir region from
50-5000 cm ™! (0.0062-0.62 V) and with a homebuilt
grating spectrophotometer based on a Perkin-Elmer
monochromator over 1000-32000 cm ™! (0.12—4 eV). In
order to correct for scattering losses due to surface
features and/or roughness, the samples were coated with
a thin layer (2000 A) of aluminum. The aluminum-
coated spectra, along with the known reflectance of
aluminum, were used to correct the sample spectra.

III. RESULTS AND DISCUSSION

A. Reflectance and optical constants

Figure 2 shows the reflectance data for three single
crystals and two pellet samples for a series of rare-earth
substitutions with the curves offset for ease of viewing.
(Note: The Nd,CuO, crystal was the sample which we
unsuccessfully attempted to dope with Sr?*.) The plots
are limited to data below 1000 cm ™! in order to show the
phonon region more clearly. Figure 3 shows the entire
frequency range up to 32000 cm ™2 (4 eV) for two crys-
tals. These compare well to features that have been re-
ported by Cooper et al.'* and Tokura et al.,'® with insu-
lating behavior in the mid-ir and a charge-transfer peak
at 12000 cm ™! (1.5 eV).

Returning to the low-frequency spectra, we note that

the double peak in the Gd,CuO, spectra near 100 cm ™! is

associated with a signal-to-noise problem due to small
sample size and is actually a single peak. This noise re-
sults in large error bars in the exact position of this peak
(£7 ecm™!). Secondly, there are additional features in the
pellet sample spectra (shoulders near 140, 280, and 550
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FIG. 2. Infrared reflectance for three single crystals and two
pellet samples for a series of rare-earth substitutions (the curves
have been offset by a constant for ease of viewing).
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FIG. 3. Reflectance in the infrared and visible for crystals of
Sm,CuO, and Nd,CuO,.

cm™!) which are most likely due to c-axis phonons in
these randomly oriented samples.!>!3 The origin of the
feature at 404 cm ™! in the Nd,CuO, pellet spectra is un-
known.

The phonon frequencies can be seen much more clearly
by performing a Kramers-Kronig analysis and examining
the real part of the frequency-dependent conductivity,
o(w), as shown in Fig. 4. As the rare-earth mass in-
creases, phonons above 300 cm ™! shift to higher frequen-
cies while the one below 300 cm™! shifts to lower fre-
quencies (indicated by arrows). Comparison of o,(w) for
the pure Nd and doped NdSr pellet compounds (not
shown here) finds no differences in the in-plane phonon
frequencies, which indicates that no doping took place,
i.e., x=0.00 for all Nd samples.

B. Phonon frequencies

The phonon frequencies can be determined from the
maxima in o,(w), but we have also used a fit to a model
dielectric function consisting of four Lorentz oscillators
plus a core dielectric constant €, due to higher-frequency
contributions
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which is then used to calculate o(w),

Frequency (cm-l)
FIG. 4. Frequency-dependent conductivity for crystal sam-
ples as obtained from Kramers-Kronig analyses. Arrows indi-
cate shift direction with increasing R mass.

This is then fit to the data using a nonlinear-least-
squares-fitting routine. Fit parameters are listed in Table
I for the single-crystal samples.

Figure 5 has four panels plotting the center frequency
as a function of rare-earth mass for each of the in-plane ir
active modes. Data for Pr by Crawford et al.'® and for
La by Collins et al.® is also shown. In Figs. 5(b), and
5(d), the CuO, stretching and bending modes show a
sharp decrease in photon frequency from the 7 to the 7"
phase, followed by a frequency increase with increasing R
mass. This behavior is just the inverse of the a lattice pa-
rameter [Fig. 1(c)] and shows that the Cu-O force con-
stant is increased by the a-axis contraction. A new high-
frequency mode in Fig. 5(c) near 350 cm ™! appears that
is due to the R,0, mode in the T’ structure and replaces
the 168 cm™! apical bending mode in the T structure.
This mode has similar behavior to the CuO, bending and
stretching modes in the 7' phase. The final mode near
125 cm™ !, which is associated with the R-lattice vibra-
tion in the T phase, is shown in Fig. 5(a). Here we see
that the relationship with the changing a-lattice parame-
ter is very weak. However, the gradual shift allows us to
retain the mode assignment. There is a shift down in fre-
quency when La is changed to Pr (T to T’ phase), which
is due to the relocation of the apical oxygens into a
tighter formation around the rare-earth ions. Further

TABLE I. Parameters for Lorentz oscillator fits to the frequency-dependent conductivity.

Nd,CuO, Sm,CuO, Gd,Cu0O,
; Wp; Yi w; Wp; Yi ; @p; Yi
(cm™") (cm™") (cm™")
127 308 51 123 210 9 121 170 20
301 732 23 304 790 12 318 615 17
346 392 26 351 406 16 368 468 20
510 524 42 534 539 35 545 499 31
€,=5.0 €,=6.5 €,=6.0
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FIG. 5. Center frequency as a function of rare-earth mass for each of the in-plane ir active modes at room temperature. Data for
Pr (T=10 K) by Crawford et al. (Ref. 13) (X)) and for La (T=300 K) by Collins et al. (Ref. 8) (*) is also shown.

softening of the mode with Nd, Sm, and Gd substitutions
is probably due to the increased mass of the ions. The
dashed line in Fig. 5(a) represents the calculated shift in
frequency due to simple mass substitution with no change
in the force constant (using Sm as the reference for Pr,
Nd, and Gd). The agreement between Pr, Nd, and Sm is
quite good and the calculated value for Gd falls within
the experimental error bars, which is consistent with this
picture.

C. Dielectric constant

In addition to the phonon frequencies, we are interest-
ed in their intensities or oscillator strengths, because the
oscillator strengths govern the zero-frequency dielectric
constant €,=¢;(w=0). Two estimates of these quantities
were utilized: (1) the real part of the frequency-
dependent dielectric function as calculated from the
Kramers-Kronig analyses, and (2) fits to the real part of
the frequency-dependent conductivity using a model
dielectric function. The real part of the dielectric func-
tion €,(w) is plotted in Fig. 6 with the zeros offset for
comparison. Linear extrapolations to zero frequency re-
sult in the values listed in Table II as €,(0)¢y,. From the
oscillator-fit parameters, the contributions of the indivi-
dual phonons are calculated as the square of the oscilla-
tor strength over the center frequency Ae;=(w,/w; )2.
The dielectric constant is the sum of these contributions
plus €, or

4
€= A¢€;te€, .

i=1

Table II lists the results of this calculation showing the

phonon contributions, the core dielectric constant, and
the sum of these contributions. The phonon-oscillator
strengths contribute a large portion of the overall zero-
frequency dielectric constant as compared to the core
dielectric contribution. The results of both the extrapola-
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FIG. 6. The real part of the dielectric function €,(w) for
single-crystal samples plotted with the zeros offset for ease of
comparison.
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TABLE II. Phonon and core dielectric contributions to the zero-frequency dielectric constant as
determined by fits to the frequency-dependent conductivity. The sums of these are compared to the ex-
perimental values obtained by extrapolation of the real part of the dielectric function to zero frequency.

Ae;=(wp/w;)

i=1 2 4 €. > Ae;t+e, €1(0)expt
Nd,CuO, 6.0 5.9 1.3 1.1 5.0 19.3 19.3
Sm,CuO, 2.9 6.8 1.3 1.0 6.5 18.5 19.5
Gd,Cu0O, 2.0 3.7 1.6 0.8 5.9 14.0 13.5

tion and the fit estimates are consistent with dielectric
constants that are rather high for ionic crystals but not
excessively so [compare Al,O; at €,(0)=10]. These
values compare well with similar estimates in the 7’ com-
pounds.'>!® Note that the ab plane €,(0) is about a factor
of 2 smaller than the result of Collins et al.? for La,CuO,
but quite close to what Mostoller et al.® found in single
crystal La,CuQO,.

IV. CONCLUSIONS

In summary, the apical bending mode of the T-phase
structure (168 cm ') is absent in the 7’-phase structure
and is replaced by a higher-frequency mode at ~350
cm™! due to the R,0, plane vibrations. This is due to
the relocation of the oxygen atoms between the R atoms
in the T’ structure. This mode, along with the CuO,

stretching, ~550 cm ™!, and bending, ~310 cm ™!, modes
behave as predicted, having an inverse relationship with
the a-lattice parameter. The lowest-frequency mode,
~125 cm ™!, due to the R-lattice vibration softens only
slightly upon rare-earth substitution. The continued
softening of this mode results directly from the increased
masses in Sm and Gd. Finally, the measured dielectric
constant is larger than many ionic materials; however, it
is not as large as ferroelectric materials, indicating that
these materials are not ferroelectrics. '°
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