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Optical phonons in R 2BaMOs oxides with M =Co, Ni, Cu, and R =a rare earth
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Compounds with the formula R ~BaM05 where R = rare earth and M =Co, Ni, or Cu, have been stud-
ied with Raman spectroscopy. The lattice dynamics of the three different crystallographic phases adopt-
ed by these systems (space groups Immm, Pnma, and P4/mbm) is discussed in relation to the transition-
metal —oxygen coordination, and to the binding M-0 and R-0 distances. An almost complete
identification of the normal modes has been performed for the compounds with the P4/mbm structure
and an estimation of the parameters of the M-0 and R-0 stretching force constants has been obtained
for the Immm and P4/mbm structures.

I. INTRODUCTION

Oxides with the formula RzBaMO5, where R = rare
earth, and M= Co, Ni, or Cu, present three different crys-
tallographic structures depending on the transition metal
and the size of the R ion. Nickel oxides, with R = Nd to
Yb, have been recently structurally described as belong-
ing to the Immm space group, ' this structure is also
adopted by some Co oxides. By contrast, most of the cu-
prates show a much more complicated structure with the
Pnma space group and contains four formulas in the
primitive cell. Nickelates with the smallest rare-earth
ions (Tm, Yb, and Lu) can also be synthetized in this
later orthorhombic structure. Some of the compounds,
actually cupr ates with La and Nd, which are the
lanthanide ions with larger ionic radii, present a tetrago-
nal P4/mbm (Ref. 5) structure, which contains two for-
mulas in the primitive cell. The transition-metal environ-
ments and their stacking are different from one structure
to the other giving rise to different magnetic and trans-
port properties.

The Immm structure consists of one-dimensional (1D)
chains of M-0 octahedra (Fig. 1) connected by the apical
oxygens [called O(2)] along the a axis. The octahedra are
flattened with M-O(2) distances surprisingly short
(around 1.88 A) which are very unusual bond distances
for Cu and Ni oxides. The peculiarities of this structure,
together with the distortion of the octahedra give rise to
Y2BaNi05 to 1D antiferromagnetic (AF) fluctuations
along the Ni-O(2) chains. When the diamagnetic Y is
substituted by a different paramagnetic rare earth (Nd-
Tm), both sublattices become 3D-AF ordered at tempera-
tures as high as 40 K. The optical Raman phonons have
been studied in nickelates with this structure and an eval-
uation of the force constants was obtained. These com-
pounds present Raman spectra which agree with the
group theory predictions but a weak forbidden Raman
peak; the infrared (IR) active stretching mode of the api-

cal oxygen, is observed in the Raman spectra because of
the presence of some defects, for example, small quanti-
ties of other rare earth.

In the Pnma structure the M ions are surrounded by
five oxygens forming isolated square pyramids (Fig. 1)
[the apical oxygens are called O(3)]. This phase, in the
case of the cuprates, is very often found as an impurity in
the superconductor YBa2Cu306+ synthesis and is now
being used as a pinning center inside the superconducting
matrix in order to increase the critical current. An in-
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FICs. 1. Metal environments in the three studied structures:
Immm with oxygen octahedra (C-6) around the 3d metal, Pnma
with pyramids (C-S), and P4/mbm with square planes (C-4) for
compounds with R2BaMO5 formula.
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teresting property is the dimorphism of the Lu, Yb, and
Tm nickelates which can be obtained in both structures
(Immm or Pnma). In this later compound, there is not
3D-AF until 1.5 K for the Pnma structure, while 3D-AF
ordering of the Ni and R sublattices is observed for the
Immm phase (T&=40 K). The comparison of the optic
phonons and magnetic properties of the TmzBaNiO~
compound in both structures is given in Ref. 9. From a
structural point of view, the difference between cuprates
and nickelates consists only in the more irregular oxygen
pyramids in the Cu compounds. Recently, a careful Ra-
man study of cuprates with this structure and an assign-
ment of the normal modes has been reported. '

The oxygen coordination of the transition metal in the
P4!mbm structure is four, forming planar squares
around the metal (Fig. 1), which are not connected to
each other and are present in two perpendicular planes
parallel to the c axis. To our knowledge no study of the
optical phonons has been performed in these compounds.

The study of lattice dynamics of this type of oxides is
important by itself and by their relation with similar high
T, superconductor oxides. These materials usually have
nonsuperconductor parent compounds which share most
of the structural and dynamical properties. The bond
strength between ion pairs are comparable and sometimes
transferable quantities between these compounds and the
related but little known high-T, compounds.

Several studies on the lattice dynamics in related sys-
tems reflect the high complexity caused by the huge
variety of new compounds that can be obtained with
different stoichiometry and structure, and as a conse-
quence with different physical properties (magnetic order,
electronic structure, superconducting states, etc.)."

tra have been corrected by the spectral response of the
experimental setup.

III. RESULTS AND DISCUSSION

A. Normal mode analysis

Both space groups, Immm and Pnma, are orthorhom-
bic with the Dz& point group, but with a different number
of formulas in the primitive cell (Z = 1 and 4, respective-
ly). For that reason, the number of active normal modes
is very different for the two structures. The factor group
analysis of the Immm structure shows that, out of the 27
normal modes, 9 even modes are Raman active and 14
odd modes are infrared active. The irreducible represen-
tations of the active optical modes k=0 are

3 &g + 1&]g+2&pg +3&3g +5+]g +5+/ +4+3„
In this highly symmetric structure the M, O(2), and Ba
ions are located at inversion centers, so they do not con-
tribute to any Raman mode. Three of the Raman active
modes correspond to R ion motions and the remaining
six correspond to the oxygens O(1), which form the basal
planes of the Ni-0 octahedra. The apical oxygens O(2)
catenate the successive octahedra and contribute only to
infrared modes. The atomic displacements of the Raman
active oxygen normal modes together with one IR mode
are shown in Fig. 2.

The phase with the Pnma space group has a large
primitive cell with 36 ions and 108 norma) modes of vi-
bration. The number of Raman active modes is 52 and
that of IR modes is 35. In this case all the ions can con-
tribute to the Raman modes. Abrashev and Iliev' have

II. EXPERIMENTAL DETAILS I tTlrArA

The different RzBaMO5 oxides were prepared as poli-
crystalline samples mixing the stoichiometric amounts of
the high-purity oxides, Rz03 (99.999%%uo), NiO (99.99%),
CuO (99.999%), and BaCO3 (99.999%). The homogen-
ized mixture was heated in air at 950 C for 12 h, then it
was regrounded and reheated at 1050 'C for another 12 h.
In the case of the nickelates, a third thermal treatment at
1200 'C was necessary to obtain these oxides as pure
phases.

The cobalt samples were obtained following the same
treatment described before, but they were obtained in an
argon How due to the high instability of Co+ in air at the
high temperatures necessary to prepare these compounds.
The x-ray-diffraction data shown that all the samples are
single phases and present the Immm, Pnma, or P4/mbm
structures.

Raman-scattering experiments have been performed
with an X-F Dilor multichannel spectrometer using a
spectra physics Ar+ laser as excitation source. The spec-
tra were recorded at temperatures between 300 and 4.2 K
in the backscattering geometry using a continuous Aux
Oxford Instrument cryostat. The beam power on the
sample was less than 20 mW in order to avoid possible
surface damage due to the sample heating. All the spec-
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FICz. 2. Description of the Raman active modes of the in-
plane oxygen ions in the Immm structure, and one IR mode of
the apical oxygen.



14 900 A. de ANDRES et al. 47

done a careful assignation of the observed Raman peaks
which will be commented on later.

The tetragonal phase P4/Ibm has the D4I, point
group and, as in the Immm structure, only R ions and
one type of oxygen [called O(l)j, which are those forming
the squares around the metal M, are not at inversion
centers and so participate in the Raman active phonons.
This structure contains planes with M, O(1), and R ions,
which are (110) and (110) planes parallel to the z axis,
nearly identical to the (001) xy planes in the Immm struc-
ture. In fact, the vibrational modes are very similar in
the two structures. The number of Raman active normal
modes given by the factor group analysis is 11, and 17
odd modes are infrared active. The irreducible represen-
tations of the active modes at k =0 is

A1g, 1

A1g, 2

P4/mbm

A1g, 3

&g &g+ &g+ g 2u+11Eu .

Among the Raman modes, seven are associated with
oxygen vibrations (2 A + 1B, +2B& +2Es ) and four
are associated with R motions (12 +1B, +1B2
+1E ). Because the primitive cell contains two formulas
(Z =2), there are two equivalent sets of metal M sur-
rounded by four oxygens; the structure therefore presents
phonons which differ only in the phase of the vibration of
one set with respect to the other. Actually, 3, and Bz
modes are in-phase and out-of-phase phonons of the same
vibration. These two squares of oxygen ions around the
M ions are practically independent because they do not
share any ion so it is expected that the frequencies of
these phonons (in and out of phase) will be very similar or
even indistinguishable experimentally. In that way, only
five 0 peaks and three R peaks are expected. In Fig. 3,

]g B]g and Eg modes of one of the two "squares" are
shown; the B2 modes are not shown. The similarities
between these and the Immm phase modes can be easily
seen.

B. Lattice vibrations

Figure 4 shows characteristic Raman spectra for com-
pounds belonging to the three different structures. The
upper part corresponds to compounds with the Immm
structure, the sharpest peaks at low frequencies are due
to (R) rare-earth ion motions and the others to the in-
plane oxygens. In the spectra of Fig. 4(iii), the phonons
of the less symmetric phase (Pnma) are shown. The
highest-energy phonons can probably be assigned to
stretching oxygen modes while, in the lower-frequency
region, more than one kind of ion participates in the nor-
mal modes. A remarkable feature is the big difference in
the intensity of some oxygen modes (marked with an as-
terisk in the figure) in the spectra of the two compounds.
This change can only be caused by the change in the tran-
sition metal (Ni to Cu) because the structure is the same
and the interatomic distances are very similar. Finally,
Fig. 4(ii) shows the Raman phonons of the Nd and La cu-
prates (the intensity has been corrected by the incident
power). Note that these spectra are similar to the Immm
phase in number and frequency of the peaks but not in
their relative intensities.

(001)
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81g,2

Eg, 2 81g, 1

0 O(i)

l. Immm phase: Sixfold metal coordination (C-6)

In the Immm compounds, the very different atomic
masses of the yttrium and the rare-earth ions gave us the
possibility to observe a very clear frequency shift of the
first two peaks, and only in these two modes, which
demonstrates that they effectively correspond to phonons
which actually involve only R ion movements. The
remaining modes are then only related with oxygen
motions. The highest allowed Raman mode corresponds
to the stretching of the in-plane oxygen ions and appears
in all these compounds between 500 and 540 cm '. The
peak observed around 730 cm ' as a weak shoulder in all
the studied nickelates is the most important peak in the
spectrum of Eu28aCo05 [marked with an arrow in Fig.
4(a)]. We assign this peak to the B3„ infrared M-O(2)
stretching mode (forbidden in Raman scattering and
shown in Fig. 2), which appears with a very strong oscil-
lator force in the IR spectrum at 786 cm ' in the
TmzBaNiO~ compound. The M-O(2) distance is very

0
short (around 1.88 A), so the frequency is expected to be
the highest of the normal modes.

The very large intensity of the Raman forbidden 706
cm ' peak in the Eu compound can probably be pro-
duced by some kind of disorder in the structure. The
presence of difFerent rare-earth ions as an impurity would
break the inversion symmetry of the apical oxygens and

FIG. 3. Description of the Raman active modes of the
P4/mbm structure. The B2g modes are not shown: they are the
same as A, s ones but the two equivalent units [in planes parallel
to the (110) and (1,1,0) directions] vibrating in opposition of
phase.
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transform this mode in a Raman allowed one. The other
possibility is that the structure is not actually correctly
described by the Immm group but by some less sym-
metric group or that some kind of local distortion is
present. We are more inclined to favor the first explana-
tion because of the x-ray-diffraction analysis and also be-
cause the number and frequencies of the Raman peaks
correspond to the expected ones for the Immm phase.
Another possibility, which is not exclusive with the previ-

4BBnrn Im. rnm
a Eu&BaCoo&
b Ho&Ba Night;

488 nrn P4 rnbrn

488nm Pnrna
a Trn ~BaNios
b Tm~ BaCuo~

ous one, is that the incident or scattered energies can be
in resonance with some electronic transition which in-
duces, through electron-phonon Frohlich interaction, the
Raman activity for the LO odd phonons. More experi-
mental work is now in progress in order to shed some
light on the different possibilities.

2. P4/mbm p$ase: Fottrfold metal coordination (C-4)

Seven peaks are clearly seen in the Nd2BaCu05 spectra
compared to the eight expected ones. Following the pre-
vious discussion on the frequency degeneracy of the 3

&

and 82 phonons, only 8 different peaks are expected in-

stead of 15. By comparison to the Immm spectra, where
it has been settled that the lowest-energy peaks corre-
spond to the R ion motions, it can be said that the rare-
earth modes in this structure are those numbered in Fig.
4(b) as "5, 6, and 7." The low intensity of these modes in
La compounds must be related to the characteristics of
this particular ion. The peaks at higher energy are oxy-
gen modes. The assignation of the observed peaks to the
normal modes is summarized in Table I, together with
the Immm modes of the cobalt compound and some
nick elates.

Because the stretching modes of the Immm ( A and

B3s ) and P4/mbm ( 3 &s and E ) structures consist of
the same pattern of atomic displacements, they can be
directly compared. In these compounds, the rare-earth
ions play an important role in the determination of the
frequency of the phonons, especially for the symmetric
and antisymmetric stretching modes which are the
highest-energy ones, because the M-O(l) and R-O(1) dis-
tances are very similar and the three ions are collinear (in
the Immm phase) or nearly collinear (in the P4/mbm
phase). That is the reason why both distances must be
considered in order to compare the frequencies in
different compounds or structures, even in a first approxi-
mation. In fact, fixing a 3d metal, the M-0 distance is
nearly invariant and the R-0 distance has the largest
variation, which is responsible for the changes in the fre-
quency.

A useful phenomenological expression for the stretch-
ing force constants between ions i and j (Ref. 14) is

F, =K,E;E /d, +K2, .

where E; and E. are the electronegativities of the ions i
and j, d,-~ is the interatomic distance, and K& and K2 are
constants. The frequencies of the oxygen stretching pho-
nons, which are the simplest normal modes because they
have nonimportant contributions from angle-bending
force constants, are well described with this model. For
example, the A (of the Immm structure) and 2, (of the
P4/mbm structure) phonons have frequencies equal to

50 150 250 360 450 550 650 '750
Frequency shif t (crn —1)

FIG. 4. Raman spectra at 300 K of several compounds in the
three structures: (i) Immm, (ii) P4/mbm, and (iii) Pnma. In
each part, the spectra have been shifted vertically for an easier
sight. Symbols are explained in the text.

0,„=[(Fo~ +Fo ~ +2f„„+f,'„)/Mo j
'

where f„„and f„'„are related to the interaction between
two perpendicular and collinear bonds, respectively, and
Mo is the oxygen mass. The frequency of the antisym-
metric stretching mode (B3s for Immm and E for
P4/mbm) is described by
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TABLE I. Observed frequencies (in cm ') and mode assignment for the Immm and P4/mbm struc-
tures; the lower part summarizes the relevant interatomic distances.

R z BaMO&

Ion involved/
Normal mode

Co
Eu

Immm

Ho
Ni

Er Tm La

P4/mbm
Normal

mode

R /B3g
R/Ag

0/Big,
B,g or B3g,2
0/Ag, 2

0/B3g, 1

0/Ag, 1

0/B3„

115
165

302
342
410
507

709

115
163
230

267
331
374
440
535

118
171

375
444
539

740

118
171

228
309
387
450
539

740

115
170

327
389
458
550

740

157
170

376
412
550
624

152
170

231
380
431
572
635

B&g, 1 or Eg 2
A (g,3+Bqg,3

B&g, 1 or
Eg,2
A (g,2+Bqg, 2

Eg, 1

A lg 1 +Bgg 1

Distances (A)
M-0 in plane
M-0 apical
R-0 in plane

2.222
1.888
2.313

2.182
1.881
2.250

2.185
1 ~ 882
2.248

2.183
1.874
2.229

2.176
1.876
2.221

1.93 1.931

2.325 2.384

Using the previous expression for the force constants we
have

Q,y~
=C, [IC,EoE~ (EM /E„d M o + 1 /d~ o ) +C~ ]

and the same expression is valid for Q„with a different
value of the constant Cz. Representing the square of the
frequency versus the function of the distances in
parenthesis, a linear behavior is expected with the same
slope for the symmetric and antisymmetric stretching
modes if the interaction constants f„„and f„'„are similar
for all these compounds. This condition is quite satisfied
at least for the nickelates.

Figure 5 summarizes the square of the observed fre-
quencies for the oxygen modes in all measured com-
pounds with these two structures versus the previously
defined function of the transition metal M to in-plane ox-
ygen and the oxygen to rare-earth distances. A linear
dependence, of the two stretching and two bending oxy-
gen modes, is observed on the defined variable. The
slopes for the stretching modes are nearly equal, as ex-
pected, but different to those of the bending modes which
are related to angle bending force constants of lower
value. The goodness of the fit for the four modes indi-
cates that the frequencies have no large dependence on
the overall structure. This would mean that, in a first ap-
proximation, the M in-plane oxygen force constants are
not affected by the presence of 1 or 2 apical oxygens or by
changing the transition-metal ion. Such a simple ap-
proach, which summarizes the electronic characteristics
of the atoms by their polarizability constant, seems to
correctly explain the dependence of the phonon frequen-
cies. From the slopes it is possible to obtain the value of
E

&
and from the difference in the ordinates, between the

lines representing the symmetric and antisymmetric
stretching modes, we obtain the value of f„„.In that way
these constants (IC& =4.66 mdyne A and f„„=0.306

0

mdyne/A) are some kind of averaged values for all the
compounds in the plot.

3. Pnma phase: Fivefold metal coordination (C-5)

Looking at the complicate Pnma spectra, note that the
upper limit for phonons is around 616 cm '. The
differences in the maximum frequencies in the three
structures are related to differences in the M-0 distances:
around 2.2 A in the Immm phases and 1.93 A in the
P4/mbm one. In nickelates, the Pnma structure presents
three very similar Ni-0 distances around 2 A [Ni-O(3):
1.996, Ni-O(1); 2.016 and Ni-O(2); 2.066 A for the Tm
compound ], while in cuprates there are two groups of
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1.5/dM o + 1/dR —0 (~ )

FICx. 5. Square of the oxygen mode frequencies vs a function
of metal-oxygen and rare-earth —oxygen distances for Co, Ni,
and Cu oxides with the Immm or P4/mbm structures. The
lines are the least-square fits of the experimental points.
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distances; one around 2.2 A [Cu-O(3): 2.206 A in the Tm
compound] and the other around 2 A [Cu-O(1): 1.975 A;
Cu-O(2): 2.015 A in the Tm compound] related to the
differences in the bonds formed by the Ni and Cu ions.

We have approached this problem differently than
Abrashev and Iliev. These authors have performed a
very careful analysis of their spectra considering the dis-
placements in the three directions of the crystallographic
axis of all different type of atoms. The main problem is
that they need to consider that each normal mode is due
to only one type of atom and do not take into account
that some bonds are tighter than others and require a
more molecular viewpoint, at least for the M-0 units
(squares, pyramids, and octahedra).

In order to study the highest-energy phonons, which
are very probably oxygen modes, we will start from the
normal modes of a tetragonal pyramidal ZXY4 mole-
cule' (the correspondence is I=transition metal, Y= in-
plane oxygen, and Z=apical oxygen). This molecule
presents nine normal modes: v& is the stretching of the
X-Z bond, v2 is the symmetric stretching of the four X-Y
bonds, v4 is the antisymmetric stretching mode, and the
other modes are bending and tilting vibrations. In mole-
cules, the v& mode is usually the highest-frequency one
but, in this case, we think that the vibration v2 [which is
the in-phase stretching mode of the in-plane O(1) and
O(2) ions] corresponds to the 616 cm ' peak, which is
the highest-energy one. In the cuprates, the apical oxy-
gen O(3) is at considerably larger distance (around 2.2 A)
than the in-plane oxygens [O(1) and O(2)] which are
around 2 A. Looking at the environments of the three
difFerent oxygen ions we can observe that O(1) and O(2)
are identical except for small variations in the distances,
the first neighbors (at distances below 3 A) are 1 Cu, 1 R
nearly collinear [Cu-O(2, 3)-R], 2 R, 2 O(2,3), and 2 Ba.
The O(3) ion has no collinear bonds or other near oxygen
ions. The distances and kind of bonds of the oxygen ions
indicate that O(3) is less tightly bound than the O(1) and
O(2). It is then more probable that the 616 cm ' peak
corresponds to the O(1,2) oxygens. Plotting the frequen-
cies of the highest mode for all studied compounds versus
the relevant M-0 distance (see Fig. 6), we again obtain a
correct behavior when the chosen distance for the Pnma
structure is the M-O(1,2) one. The expected frequency
for a 2.2 A distance will be around 540 cm ', note that a
peak at 555 cm ' is observed, nevertheless, the number
of possible modes is too high (30 oxygen modes are ex-
pected) to make any reliable assignation.

Comparing the spectra from Cu and Ni isomorphic
compounds, a clear difference in the intensity of two
peaks is observed. The Raman efficiency, at a given tem-
perature, is related to the amplitude of the modulation of
the dielectric function, i.e., to the optical absorption, at
the laser frequency. ' Looking at all the spectra of the
studied compounds (some of them are plotted in Fig. 4)
we observe that the cuprates always present a higher in-

630-
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Q
4 530
0'

!t.le
I

r v e e v r r r v v v v ~ v r g v v ~ ~ r V V e e 1 V V V V

s,bo s.io
M-0 Distance (A

FIG. 6. Oxygen stretching mode frequency vs 3d metal to ox-

ygen distance for the three structures: region I corresponds to
P4/mbm Cu oxydes, region II to Pnma Cu and Ni oxides and
region III to Immm Ni and Co oxydes. The solid line is a fit of
the experimental frequencies with a form: y= Ax with
A =1700 cm

tensity of the in plane oxygen modes, relative to the other
modes, than nickelates. ' This may indicate that in cu-
prates there is an electronic transition in the Cu in-plane
oxygen at energies around 2.5 eV which is not present in
nickelates. Studies of the dependence of the intensity
with the incident wavelength are planed in order to check
if these modes are resonant at different wavelengths for
nickelates and cuprates.

IV. CONCLUSIONS
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Raman active phonons of RzBaM05 compounds in

three of their structures have been observed and
identified. In nickelates with the Immm structure, a
weak peak corresponding to an IR active and Raman for-
bidden mode is seen because of the presence of lattice de-
fects. In the EuzBaCo05 compound this IR mode is

enhanced probably because of some electronic resonance
with the incident wavelength. The parameters for
stretching force constants of M-0 and R-0 bonds have
been obtained for the compounds with Immm and
P4lmbm structures. The frequencies of the in-plane oxy-
gen stretching mode are correctly explained with the
same force constants for the three structures, which
means that they are not affected by the presence of one or
two apical oxygens nor are they directly affected by the
metal M but only through the distances. The intensity of
the oxygen peaks is clearly related to the 3d metal, which
is the important ion relative to the differences in the elec-
tronic structures and, therefore, in the resonant condi-
tions of the experiments.
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