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A simple valence-bond-type force field has been used to fit the observed Raman and infrared-
active zone-center phonons of tetragonal La,_ M, CuO, (M =Sr, Ba). The phonon frequencies and
assignments used in the fitting procedure were culled from a judicious comparison of existing litera-
ture data. An excellent fit to the four Raman-active K =0 phonons and two (observed) of the seven
(expected) infrared-active phonons was obtained using three adjustable parameters (one for each of
the discrete near-neighbor bond types, Cu-O, La-O, and Cu-La) and a bond-scaling relationship
which correlates the strength of a particular bond type, K’z with the length of the bond r;, i.e.,
Kz =C 5 /rf, where C 45 is a constant. Optimization of the fitting parameters in this approximate
force field produced an interestingly large Cu-La interaction, which is taken as evidence for a size-
able attractive force between each lanthanum atom and its nearest copper-oxygen plane. Also, the
potential energy distribution indicates that the modes above 250 cm ™! are a mixture of Cu-O and
La-O stretch, while those below 250 cm ™! contain large contributions from the Cu-La interactions.

INTRODUCTION

In a previous paper,! we reported the results of a pho-
non frequency calculation for La, gsSr, ;sCuO, performed
using a simple mechanical model involving near-neighbor
interactions. The Raman spectral data employed in that
calculation were based on preliminary results from our
laboratory and are now known to have included one
misassigned frequency. This paper reports the results of
further Raman study and vibrational analysis of the
tetragonal lanthanum-(strontium or barium)-copper oxide
phase (LCO) as well as an assessment of other published
Raman and infrared spectra for La, 45Sr; ;sCuO, and for
a related oxide phase (Sr,TiO,) having the Ni,CuF,
structure.

RESULTS AND DISCUSSION

In the LCO series of high-T, materials, the optimum
superconducting properties are achieved at a composition
near La, ,M,CuO, with M=Sr or Ba and 0.1=x <0.2.
At this stoichiometry the structural phase is a tetragonal
perovskite having the space group I4/mmm (D}]) with
one formula unit (seven atoms) per unit cell.? The repre-
sentation of the zone-center phonons for this structure is
given in Table I. La,CuO, and numerous other related
phases® have the orthorhombic structure Cmca (D13)

with fourteen atoms per Bravais unit cell. For purposes
of comparison and because it is germane to subsequent
discussions, the representation of the zone-center pho-
nons for this structure is also given in Table I.

Raman scattering and infrared (absorption and
reflectance) frequencies reported"*™ ! for tetragonal
La, 4581y ;sCuO, and related phases over the past two
years since the discovery of high-temperature supercon-
ductivity in this ceramic oxide are summarized in Table
II. In order to consolidate the observations made by the
various teams of investigators, values that fall within a
frequency range of 10 cm ™! are grouped together for
simplicity. This is a reasonable way to present such data
since one is dealing with solid-state spectroscopic mea-
surements wherein effects due to oxygen stoichiometry
variations, crystalline disorder, mixed phases, attainable
signal-to-noise, instrument calibration errors, and varia-
tions in technique can easily lead to =10-cm ! variability
in individual peak frequency determinations.

What emerges from this assessment in the case of both
the Raman and infrared data is that there is reasonable
agreement with regard to the observation and assignment
of at least three of the Raman-active vibrational phonons
and two of the infrared-active phonons for LCO. Raman
bands at 422410, 218+8, and 145+7 cm ™! are seen with
good accord by several teams of investigators. "> Re-
sults of polarization studies* give evidence that the
“422”- and “145”-cm”! bands are c-axis phonons attri-

TABLE 1. Vibrational representations of La,CuQ, and La,_, M, CuO,.

La,CuO, (Cmca =D1})

La, ,M,CuO, (I4/mmm =D}})

To= 5A4,+4B,,+3B,,+6B;,
44,+8B,,+7B,,+5B;,

FacouzBlu+B2u+B3u

Tr= 54,+4B,,+3B,,+6B,,

I',= 7B,,+6B,,+4B;,

I'aw=24,,+2E;,+44,,+B,,+5E,
I“acou= A2u +Eu
IM'r=24,,+2E,
I';,=34,,+4E,
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TABLE II.
La, 4581 15Cu0O,.

MARONI, BRUN, GRIMSDITCH, AND LOONG 39

Summary of literature data on observed Raman and infrared phonons for

Raman Number of Infrared Number of

frequencies reportings/ frequencies reportings/
(ecm™1) seven papers® Assignment (cm™1) twelve papers® Assignment
422+10 s A, 675+£5 = c
37317 1 b 560 =
218+8 3 E, 50010 0 Ay,
180 L b 445 = c
145+7 3 Ay, 346+10 % [

97+3 z E, 248+8 < E,
117 &= c

*Some Raman and infrared studies included here do not cover the entire frequency range of the listed

bands.
bSee text.

“Not assigned j band may be due to orthorombic phase or impurity.

butable to the two 4,, modes. The polarization charac-
teristics of the “218”-cm™! band are consistent with its
assignment as one of the two expected E, phonons. *
There has been at least one observation® of a fourth Ra-
man band near 100 cm ™! (9743 cm™!); however, it must
be noted that the other observed Raman bands in that
particular study are not at assigned Raman frequencies
listed in Table II. Instead, the highest-frequency mode is
at 380 cm !, another weak feature is seen near 180 cm ™},
and the band observed at 100 cm ™! is the most intense of
the three. If the spectrum of Blummenroeder ez al.® is
indeed due to LCO, it may be that they produced an oxy-
gen deficient phase which shows the same type of behav-
ior discussed recently”® for YBa,Cu;0,_; as & goes from
0—1, ie., a decrease in the highest-frequency totally
symmetric phonon. (The possibility that their sample is
oxygen deficient is actually mentioned by Blummen-
roeder et al.) Unfortunately, no detailed studies have
been found that probe the effect of oxygen stoichiometry
on the vibrational modes of LCO; hence, a definitive ex-
planation of the results of Blummenroeder et al. cannot
be made at this time.

The most revealing Raman study of LCO appears to be
the one by Copi¢ et al.,* which indicated that the 422-
and 145-cm™! features have A,, symmetry, while the
218-cm ™! band has E, symmetry. Guided by these re-
sults and the information reported by Burns et al.” for
the isomorphic oxide Sr,TiO,, it can readily be concluded
that the second E, phonon lies below 145 cm ™~ ! and may
in fact be the 100-cm™! band reported by Blummen-
roeder et al.® To provide some further evidence for this
assignment, we show in Fig. 1 the Raman spectrum of a
pellet of single phase La, 35Sty ;sCuO, which has been
polished in a slurry of 0.5-um Al,O;-kerosene, rinsed
with toluene, and kept in a dry environment prior to
study. This spectrum contains evidence of all four
features discussed above that have been assigned to the
four Raman-active phonons of LCO in Table II. It is im-
portant to note here that carefully prepared samples of
LCO, i.e., samples showing high tetragonal phase purity

by x-ray diffraction, whose surfaces are polished and kept
free of moisture, do not show evidence of the previously
reported! Raman feature at 367 cm ™~ !. Consequently, we
no longer feel that this feature is a zone-center phonon of
LCO; it may be associated with either the orthorhombic
phase or some other impurity species that forms on the
surface of LCO samples following exposure to moist at-
mospheres.

Some additional information that supports the low-
frequency Raman observations comes from inelastic neu-
tron scattering (INS) studies of LCO. Both Boni et al.?!
and Balakrishnan et al.?? report INS peaks for LCO at
around 90 and 150 cm™!. Boni et al. connect their
findings to the two lowest-frequency Raman-active pho-
nons in the same manner depicted in Table II in terms of
both frequency and symmetry assignment.

To add further confirmation to the proposed assign-
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FIG. 1. Backscattered Raman spectrum of a polished sin-
tered pellet of La; gsSr, 5CuQO, obtained using 100 mW of 514.5
nm radiation.
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ments of 422 and 145 cm™! to the A, phonons and of
“218” and “97” cm ™! to the E, phonons of LCO, the
correlation chart given in Fig. 2 was prepared. In this
chart, the frequency of each observed phonon is ratioed
to the highest-frequency 4,, phonon, and a plot is made
of this relative frequency for both LCO and its isostruc-
tural analog Sr,TiO, for which phonon frequencies and
assignments are known.” A similar correlation diagram
based on data for ten rutile compounds?® (oxides and
fluorides) is also presented in Fig. 2. Such diagrams for
these tetragonal crystal systems can be expected to pro-
vide a representative correlation of gerade phonons
(which include the Raman-active ones) based on the as-
sumption that the kinetic-energy terms of each phonon
are exclusively determined by the mass of the light atom
(e.g., oxygen atoms in the oxide compounds). This as-
sumption is strictly correct for the gerade phonons of the
rutile structure, but only approximately so for the two
A,BO, compounds (LCO and Sr,TiO,) because there is
some motion of the “A4” atoms (La or Sr) in the gerade
modes for this structure. However, the net effect of this
motion on the results in Fig. 2 for the LCO and Sr,TiO,
comparison should be relatively small (because of the
sizeable mass difference between O atoms and La or Sr
atoms) and should measurably influence only the lowest-
frequency gerade modes. The other assumption inherent
to these diagrams is that the character of the force field
and the proportioning of the corresponding potential
constants should be about the same from one isostructur-
al compound to the next. As can be seen in Fig. 2, the
correlation of LCO and Sr,TiO, frequencies is impres-
sive.

In the case of the infrared spectroscopy of LCO!0~ 13
matters are considerably less clear at this time. There is
consistent appearance (see Table II) of a sharp infrared
transition at 500410 cm~! and a broader band at
248+10 cm~!. While several other bands are reported in
the 330 to 360-cm ! region and at frequencies from 550
to 570 cm ™!, there is little firm evidence that these are
zone-center phonons of LCO, and the most carefully
prepared samples do not as a rule give much indication of
such bands.

One revealing observation that has been made in the
infrared spectra of tetragonal La, , M, CuO, and ortho-
rhombic La,CuO, is the appearance of a strong infrared
absorption near 680 cm ™! in the orthorhombic phase
which does not appear in the tetragonal phase (both
phases show the “500”-cm ™! infrared band). This effect,
actually first seen by Singh er al.3 for LCO-type
perovskites, has been reproduced in several laboratories
for La,CuO, and the tetragonal analog produced by dop-
ing with barium, strontium, or calcium. %3715 The most
logical deduction to be made here is that the 680-cm ™!
band is a zone-center phonon of the orthorhombic struc-
ture that becomes a zone-boundary phonon when the
symmetry is raised to tetragonal. The possibility that this
mode becomes the inactive B,, phonon of the tetragonal
phase seems unlikely, as Prade et al.?* have calculated a
value near 200 cm ™! for B,, of LCO. Alternatively, the
680-cm ™! mode may be an a-b—plane phonon of the or-
thorhombic (O) structure that is also infrared active in
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FIG. 2. Frequency correlation diagram for the Raman-active
phonons of two tetragonal oxides with the A4,B0, (I4/mmm)
structure and a series of rutile compounds.

the tetragonal (7) phase, but is not seen because of
enhanced metal-like character in the Cu-O planes follow-
ing transformation from O —T. It would follow from
this argument that the 500-cm ™! band is a c-axis phonon
since it is seen for both O and T forms. Normal mode
calculations for LCO, discussed further on, point to the
existence of a high-frequency mode of E, symmetry that
is mainly due to Cu-O stretch in the a-b plane.

An effect similar to the one described above has been
observed® in the Raman spectra of orthorhombic
La,CuO, and tetragonal LCO. The O form has Raman
bands at 526 and 422 cm™!, while only the latter is
present in the T form. Polarization studies place the
eigenvector for the 526-cm ™! band in the a-b plane (i.e., a
symmetric stretching mode involving the short Cu-O
bonds). Such a mode is a zone-center phonon on the O
form, but a zone-boundary phonon of the 7-form, thus, it
appears in the Raman spectrum of the O form but not the
T form. Batlogg et al.® have studied the effect of isotopic
substitution (130 for !°0) in tetragonal LCO. They find a
14.5-cm ! downward shift of the 422-cm™~! band upon
52% '%0 replacement by 30 and an 18-cm™! shift for
73% '%0 replacement. The predicted shift at 422 cm™!

~ for 100% 80 substitution should approach ~24 cm™ !,

ie., 422 cm™! x[l—(}-g)l/z]z24 cm™ !. They also see a
corresponding distinct lowering of T that is proportional
to the amount of '®0 substitution. These observations
provide an important piece of information with regard to
the assignment of the LCO Raman bands; they show that
the 422-cm ™! band originates from an eigenvector that
involves mainly oxygen motion. Since polarization stud-
ies* mark the 422-cm™! band as an A4, mode of LCO,
the corresponding oxygen motion must be along the ¢
axis. This body of evidence together with the correlation
in Fig. 2 firmly sets the origins of the Raman-active pho-
nons and establishes a basis for detailed lattice mode cal-
culations.

A zero wave-vector lattice-dynamics analysis of the hy-
pothetical phase La,CuO, with I4/mmm symmetry
(Ni,CuF, structure) was carried out using the frequencies
and assignments in Table II as constraining parameters
for iterative derivation of a suitable potential-energy
function. The secular equations were set up according to
the GF-matrix method described by Shimanouchi et al.?
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and by Decius and Hexter, 26 using the lattice parameters
for La, 4sStq ;sCuO, given by Cava et al.> The internal
coordinate sets chosen were (referring to Fig. 2 of Ref. 1)
the Cu-O bonds in the ab plane (Cu-Oy), the Cu-O bonds
along the ¢ axis (Cu-Oy;), the three shortest La-O bonds
(La-Oy, La®-0%;, and La‘-Of;, where ¢ and ¢’ represent ad-
jacent c axes, e.g., through 0, 0, 0 and %, 1, 0, respective-
ly), and the shortest Cu®-La‘ interactions, i.e., those be-
tween a lanthanum atom and the copper atoms in the
nearest copper-oxygen plane. (Note that the designations
used here and in Ref. 1 for oxygen atoms O;j and Oy, are
the reverse of those used by Cava et al.?)

The potential-energy function applied in this calcula-
tion consisted of a simple diagonal matrix (F matrix)
formed from the force constants for the six types of in-
teractions described above. In the case of the Cu-O and
La-O bonds, a bond-length scaling relationship of the

type '

rmo

) 1)

’
mo

K;IIO :Kmo ‘

where K, and K, are force constants for bonds be-
tween the same types of atoms having bond lengths r
and r,, respectively. This type of bond scaling relation-
ship has been used with success by others in the treat-
ment of condensed phase structures.?»?’ 3% It tends to
be least accurate when the bond lengths span a wide
range of values. Typically, the optimum value of # lies in
the range from 5 to 7; n=6 was used here since it falls in
the middle of the range, but tests at n=35 and n=7 have
indicated that the final results are not overly sensitive to

~ this choice.

Refinement of the force constants and solution of the
secular equations was performed with the computer pro-
gram FPERT.3! The results of this zero wave-vector
refinement based on the approximate force field described
above are presented in Table III. With the three adjust-
able parameters and the scaling relationship, an excellent
fit is obtained for the four Raman-active phonons and the
two well-confirmed infrared-active phonons (500 and 248
cm™!). The potential energy distribution (PED) over the
normal coordinates shows that phonons above 200 cm ™!
are dominated by metal-oxygen stretching while those
below 200 cm ™! contain large contributions from the
Cu-La coordinate. This result does not strictly confirm
that there is a large Cu-La interaction, but it does imply
that there are strong forces tying each lanthanum atom
to the nearest copper-oxygen plane. Also, the potential
energy distribution reveals that it is not correct to refer
to any of the observed phonons as being purely Cu-O,
La-O, or Cu-La in nature. Similar results have been ob-
tained for YBa,Cu;0; by Bates and Eldridge. *?

From the calculations summarized in Table III it is not
possible to accurately pin down the value of the highest-
frequency E, phonon (Eu1 ). This mode is obviously dom-
inated by Cu-Oj stretching in the a-b plane. Since the
Cu—O; bond is considerably shorter than Cu—Oy;, one
would expect it to have a much larger force constant than
Cu—Oy;. Using the bond length scaling relationship [Eq.
(1)] with n=6, we predict a value for E} near 1200 cm !
(probably much too high because of the inaccuracies as-
sociated with extending the 1/r® dependence over too
wide a range of 7). Toning the scaling down by applying

TABLE III. Calculated frequencies [lattice parameters (Ref. 2) used in the calculation were as fol-
lows: a=3.779 11, c=13.226 ;A., z(La)=0.360, z(O;)=0.182, where z is the fractional coordinate along
the ¢ axis] and potential energy distributions for tetragonal “La,Cu0O,.” Bond lengths (in parentheses)
and iteratively determined force constants were as follows: Cu—O; (1.89 A) (see footnote a below),
Cu—Oy, (2.41 A)=1.21 mdyn/A, La*—Of; (2.37 A)=0.49 mdyn/A, La—O; (2.64 A)=0.24 mdyn/A,
La°—0; (2.73 A)=0.20 mdyn/A, Cu’—La® (3.25 A)=0.55 mdyn/A.

Observed Calculated Calculated potential energy
frequency frequency distribution (%)
Symmetry (ecm™1) (ecm™) Cu-O La-O Cu-La

Ay, 422 431 69° 31 0
145 140 6° 49 45
E, 218 218 0 97 3
97 103 0 29 71
Ay, 500 493 79° 16 5
259 1 65 34
218 0 72 28
E, a 99¢ 0 1
248 245 0 86 14
216 0 87 ’ 13
189 0 27 73

aThe calculated Cu-O; force constant is closely correlated with the value of the highest-frequency E,
phonon, E.! (not observed), and is not constrained by any of the observed frequencies. Frequencies
> 600 cm ™! can be used as input for E} with very little effect on the other force constants, frequencies,

or eigenvectors.
YAll from Cu-Oy;.
°All from Cu-O;.
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bond-length—-bond-strength proportions in line with those
reported by Siegel,* gives Kc,.0, ~2.0 K¢yo, and pro-

duces a value for E! that is around 800 cm~!. This gets
closer to the band seen by Singh et al.? and others'®!*~15
at 680 cm™! in orthorhombic La,CuO, which could
come from an eigenvector of the O phase that is analo-
gous to the E! mode of the T phase. Failure to observe
this mode in infrared spectra of the T phase (even above
the critical temperature) may be due to a persistent me-
tallic character in the Cu-O; plane of the T phase that
greatly weakens its capacity to exhibit normal infrared
absorption. In fact, in the collected body of Raman and
infrared data for LCO and other copper-oxide-containing
high-T, materials there is little concrete evidence that
any of the observed bands can be attributed to modes
having their eigenvectors in the Cu-O planes.

Although the assignments of the infrared bands at 500
and 248 cm” ! were made on a somewhat arbitrary basis,
they are supported by the calculations. Note that the
248-cm ™! band could just as well be assigned to the
second A,, phonon and may, in fact, derive most of its
intensity from that mode based on the argument set forth
above that the c-axis phonons are much more detectable
by Raman and infrared spectroscopies than the a-b plane
phonons. The fact that the 422-cm™' Raman band
(which has a large contribution from Cu-Oy symmetric
stretching) and the 500-cm ™! infrared band (which is
dominated by Cu-Oy; antisymmetric stretching) are fit so
well by the simplified force field is encouraging evidence
that the assignment of the 500-cm™! band to 4,, is
correct.

Our previously reported lattice dynamics analysis of
LCO was based on a similar type of valence-bond force
field, but several of the observed Raman bands applied in
that analysis! were not assigned according to the recom-
mended manner in Table II. The force field reported in
the earlier paper is considerably different from the one in
Table III. Specifically, the one in Table III is dominated
by Cu-O interactions, whereas the previous one' was
dominated by La-O interactions. This difference is large-
ly due to our attempt in the earlier work to fit the band at
367 cm ! into the set of k=0 assignments.

Several other groups have carried out lattice dynamics

analyses at zero wave-vector and/or phonon density of
states calculations for LCO. Prade et al.?* calculated
phonon dispersion curves for LCO, but they too did not
use all of the recommended assignments as a basis. Mase
et al.®* derived phonon dispersion curves for LCO based
on force constants deduced from acoustic measurements.

Because of certain restrictions due to the nature of their
sound velocity data, they conclude that there are no pho-
nons for LCO above ~360 cm™!. This is not in agree-
ment with infrared and Raman studies as can be seen in
Table II. Although they did not make specific calcula-
tions, Burns et al.” give a discussion of the eigenvectors
for Sr,TiO, and LCO based on a prior normal mode
analysis of the isostructural K,ZnF, crystal. They con-
clude that the eigenvectors for LCO should be consider-
ably different from those for Sr,TiO, and isostructural
fluorides of the 4,BX, type. In particular, they suggest
that the highest frequency 4,, mode (422 cm~!) is dom-
inated by La-Oj stretching. This is contrary to the results
in Table III, which imply that the Cu-O bond force con-
stants and their contributions to the PED for the higher-
frequency modes are larger than those for the La-O
bonds. Prade et al.?* also find that the Cu-O force con-
stants are at least twice the value of the La-O force con-
stants. Weber®® too has suggested that the Cu-O forces
are major contributors to the high-frequency modes. In
fact, his calculated vibrational density of states for LCO
shows a surprisingly good correlation with the calculated
frequencies in Table III.

There have been several attempts to predict the value
of the highest-frequency E, phonon for LCO at k=0.
Using a correlation approach, Burns et al.” place it at
672 cm ™!, Cohen et al.>® give a value of 964 cm ™! based
on the potential induced breathing model. Prade et al.**
calculate that this mode is near 547 cm ™! by application
of a shell model. Fu and Freeman®’ performed a frozen
phonon calculation which gave a value of ~880 cm ™! for
the Cu-O breathing mode in the ab plane. To our
knowledge no conclusive infrared observations of E.
have been made to date. Recent neutron inelastic scatter-
ing studies in our laboratory®® suggest that E} must lie at
a frequency that is less than 750 cm ™!, as there is no evi-
dence of phonon-induced scattering from LCO above this
energy.
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