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Abstract. The vibrational properties of polycrystalline Ln,NiO,+, (Ln La, Pr and Nd) 
have beeninvestigated bymeansofRamanscatteringinsampleswithseveraloxygencontents 
(6  = 0 and 0.15) at different temperatures (74 K < T C  250 K), and Over a spectral range 
5&5500cm-'. The factor group analysis predicts 18 Raman-active modes for the room- 
temperature phase of stoichiometric samples (6 = 0, orthorhombic DAf (&")). Nearly 
all the observed peaks have been identified with particular atomic displacements even if no 
selection rules can be applied in powder samples. Two large double-phonon peaks are 
observed and the dependence of the phonon frequencies on the Ln ion is studied. Two out 
of the four allowed modes lor the oxidized compounds are identified together with some 
spurious pedkscorresponding to defects in the lattice, probablv due to randomly distributed 
interstitial oxygen atoms. 

1. Introduction 

The interest in the behaviour of Ln2M04,6 (Ln = rare earth, M = Cu, Ni or CO) is very 
strong owing to the great variety of properties such as structural instabilities, magnetic 
ordering and superconductingstates in the different compoundsof the family. There are 
some properties which are shared by almost all compounds, e.g. the antiferromagnetic 
ordering of the 3d metal, the strong anisotropy in the magnetic and transport properties, 
and a dramatic dependence on the oxygen stoichiometry. The Ln2Cu04+6-type com- 
pounds have beenstudiedin detail, because ofthe superconductingstate present insome 
elements of the family at rather high temperatures. Information about the nickelates is 
much less complete, as is the case for the cobalt systems. The LnzNi04+, systems have 
been studied for a long time, but most of the published information lacks proper 
characterization of the oxygen stoichiometry. This is mainly the reason why some 
properties are very difficult to understand. In well characterized LnzNi0,+6 (Ln = La, 
Pr and Nd) samples, the structural and magnetic properties are highly related. 

The Ln2Ni04 compounds present an orthorhombic structure at room temperature 
(RT) (space group, Bmab). At high temperatures there is a structural phase transition 
to the well known tetragonal K2NiF4-type structural space group f4/mmm. This phase 
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transformation has only been measured in La,Ni04 (T, = 770 K); in other cases the 
expected transition temperature is higher than the melting point. At low temperatures 
(T < RT) there is a second structural transformation to another tetragonal phase (space 
group, P4Jncm). This transformation is of first-order type and is accompanied by the 
creation of local microstrains oriented along some specific directions. These microstrains 
make the local symmetry much closer to orthorhombic symmetry (space group Pccn). 
A detailed neutron diffraction study has been discussed in [1-4]. The main conclusion is 
that the average symmetry for neutrons is tetragonal but locally is closer toorthorhombic. 

From the magnetic point of view, the Ln,Ni02 systems present a very rich phenom- 
enology. The Ni ions order 3D antiferromagnetically at temperatures TN (around 
325 f 5 K) independently of the rare-earth ion (La, Pr and Nd). The magnetic moments 
are along the a axis [ 1 4  and a strong two-dimensional character is expected. The low- 
temperature structural phase transition allows canting in the magnetic moments, which 
gives rise to  a net ferromagnetic component. At lower temperatures, there is also the 
magnetic ordering of the rare-earth sublattice in a coupled magnetic structure for 
Ln = Nd and Pr [l, 21. At intermediate temperatures, there is a complex in-plane spin 
reorientation of the Ni sublattice. 

The lattice dynamics of the Ln2M04 systems have only recently been initiated. One 
interesting result [SI is the soft mode associated with the tetragonal-to-orthorhombic 
transition in La,CuO,. The main phonon branches have also been measured by neutron 
scattering in La2Cu04 and in non-stoichiometric La,,yNi03,m [6]. All the frequencies of 
the phonon modes fit wrell in a simple shell model which reproduces the soft-mode 
behaviour 171. Some workers [S, 91 have obsewed in the Raman spectra of tetragonal 
Ln,Cu04 (Ln I La, Nd, Sm) the spin-pair excitations corresponding to a planar quan- 
tum antiferromagnet and obtained the exchange parameter J ,  which depends on the 
Cu-0 distance. 

The low-temperature phase transition has been reported in (LaBa),CuO, at SOK 
[lo]. Nd2Ni0, at 125 K [l], La2Ni04 at 80 K [3.4], Pr,Ni04 at 115 K [Z] and La,CoO, 
at 117 K [ l l ] .  The lattice dynamics associated with this transition have not been yet 
performed because of the lack of sizable single crystals for neutron scattering. Very 
recently some infrared (IR) absorption data on Ln2Ni04 with Ln = La, Pr and Nd have 
been published [U]. The IR spectra showed, in relation to the phase transition. a mode 
splitting in the band associated with the Ni-O stretching in the equatorial plane of the 
Nioctahedra. Some Raman andmspectroscopydata have beenpublishedforLa2Ni04+ 
[13] but the stoichiometry of this sample was not specified (it was very probably, well 
oxidized) and the Raman spectra presented are difficult to understand. Recently, Burns 
and Dacol[14] advise the possibility of in sim burning of the sample by the laser beam 
during the measurement procedure, producing the original oxides (Ln,03). Recently, 
the Raman spectra of La2Cu04 have indicated a local symmetry breaking [15], because 
the high-temperature tetragonal phase showed phonon modes only allowed in an ortho- 
rhombic phase. It was argued that it  is possible that antiferromagnetic fluctuations give 
rise to this local decrease in the symmetry. However, it may be possible that the high- 
temperature phase is averaged tetragonal but locally slightly orthorhombic, as is the 
case for the low-temperature tetragonal phase in the nickelates. 

Our aim, in the present work. is to characterize the lattice dynamics for structurally 
well known Ln,Ni04+6 samples, and to discuss the effect of the oxygen doping as well 
as the low-temperature structure phase transition. 

2. Experimental details 

The samples were prepared using the standard ceramic method. The final result was the 
oxidized Ln2Ni04+6 compounds. The samples were subsequently pressed into pellets 
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Figure 1. Primitivecelloftheorthorhombicphase 
(Bmab) of the stoichiometric LniNiO, 
compounds. 

and sintered at a high temperature in air. In order to reach the ideal stoichiometry, each 
pellet was introduced, for a few hours, at 510 K into a dry hydrogen flow. In that way, 
two types of sample for each rare-earth ion-fully oxidized (black) and stoichiometric 
(yellowish-brownewere obtained. 

The Raman spectra were performed in the back-scattering geometry with an x-y 
Dilor spectrometer in the multichannel option. The excitation sources were the 488 and 
514.5 nm lines of an Ar+ Spectra Physics laser. The beam power on the samples was 
always less than 20mW. The spectra of the stoichiometric samples were recorded at 
several temperatures between 230 and 74 K. The low temperature and low beam power 
prevent oxidation or damage of the samples which were in an Oxford Instruments flux 
cryostat with helium exchange gas. The spectra of the oxidized samples were also 
recorded at a low temperature (around 170 K), even if they do not present any phase 
transition, in order toprevent their heating. Surface darkening has been observed in the 
stoichiometric samples at the incident beam position when performing tests at room 
temperature and in a helium-deficient atmosphere. 

3. Factor group analysis 

While the most studied systems are the oxidized LnzNi04.,b which have been described 
as tetragonal with theI4/mmmspacegroup, thestoichiometricsampIes(6 = 0) present, 
at room temperature, the Bmab space group with four formulae per unit cell and 
antiferromagnetic ordering of the Ni sublattice. The three compounds LazNiO,, 
PrzNiO, and NdZNiO4 undergo a structural phase transition, at 80 K, 115 K and 125 K, 
respectively, to another locally orthorhombic structure (Pccn), which is seen as a tetra- 
gonal averaged structure in neutron diffraction with the presence of microstrains fol- 
lowing a particular hkl-dependence [3]. 

3.1. Stoichiometric samples 

The RT point group is the centrosymmetric D, and the primitive cell (figure 1) contains 
14 ions and 42 normal modes. The Ni ions are surrounded by distorted oxygen octahedra 
but the structure can also be seen as a stacking of alternatingplanes of nickel and oxygen 
ions of type 1 (O(1)) and planes of lanthanide ions (Ln) and oxygen ions of type 2 
(O(2)) .  The site symmetry of the Ni i s  Gh and has inversion symmetry so that the Ni 
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ions will not be involved in any Raman mode. The 0(1) are on Cz sites while the 0(2)  
and the Ln ions are on equivalent sites ( f )  with C,symmetry. 

A de Andres et a1 

The irreducible representations of the 42 normal modes at k = 0 are 

5A, + 3B,, + 4BZg + 6B% + 4A, + 7B1, + 8B2, + 5B3,. 

Among them, all the 18 even (g) modes are Raman active, the acoustic modes are 
lB,.  + lB,, + lB,, and the 4A, are silent; so 17 IR modes (6B,, + 7B2, + 4B,J are 
expected. 

The low-temperature structure can be described in the tetragonal P4,/ncm (DJ?) 
space group, as seen by neutron diffraction, but strained in such a way that locally the 
lattice parameters a and b are slightly different, leading to the Pccn (Dif) group. The 
values of II and b fluctuates, along the sample, around the mean Q of the tetragonal group 
[3]. The primitive cells of the two space groups contain 28 ions (Z = 4), which means 
that the cell is doubled below the phase transition, but the number of Raman-active 
modes predicted by the group theory is quite different in each group. 

The irreducible representations at k = 0. for the orthorhombic group are 

8A, + 8BI8 + 10Bza + lOB$ + 11A. + IIBlu + 13B;, + 13B3.. 

The point group is the same as before (D2h) so that it has the same characteristics: 
the 36 even modes are Raman active (the A, modes have the diagonal components of 
the polarizability tensor while the B, modes have the non-diagonal components), the 
11A, are silent and the 34 odd modes are IR active. 

The irreducible representations at the rpoint of the tetragonal group D:; are 

5A,, + 3A2, + 3B,, + 5B2, + 10E, + 3A,, +SA>, + 8B,, + 3B2. + 13E,. 
In this case. the A:,, A,., B,, and B,, are silent modes and the acoustic modes are 

1A2. + E,, so that there are 23 Raman-active modes and 21 IR-active modes, 
The site symmetry of the Ni ions is C, in the orthorhombic group and only keeps the 

inversion symmetry. while it remains Gh in the tetragonal symmetry. In fact the structure 
is only slightly distorted in comparison with the RT structure and the two descriptions 
for the low-temperature structure are quite similar. The most remarkable feature is that 
the four 0(1) in the Ni plane are no longer equivalent (they have been called 0(1) and 
O(l')), and now there are two different distances to the Ni ion. The only difference 
between the tetragonal and orthorhombic groups is, taking into account that the z 
coordinate of the 0(1) is nearly zero in the Pccn symmetry, that the cell parameters a 
and b are equal or slightly different, respectively. When a # b the E,," modes are split 
into 1Bzg,2u + lB3g,3u modes. Nevertheless, the difference between the parametersa and 
6 may be too small to induce an observable frequency splitting. 

3.2. Oxidizedsamples 

The oxidized La2NiO4,* has the tetragonal f4/mmm (D::) space group with two for- 
mulaeintheunit cellandonein the primitivecell. GrouptheorypredictsonlyZA,, + 2E, 
Raman-active modes at the r point [13]. The symmetry is much higher than in the 
previous cases and only the 0(2) and Ln ions can be involved in even normal modes. 
The other ions (O(1) and Ni) are in centrosymmetric sites. 

The symmetry of the other two oxidized compounds is close to tetragonal but is not 
so clear with the data available [ l ,  21. The problem arises because the smaller size of the 
rare-earth ionsinduces a more distorted structure with more room for interstitialoxygen 
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ions. The final effect will be a tetragonal phase with many defects such as interstitial 
oxygen ions, or perhaps an orthorhombic (Fmmm) or even lower-symmetry phase with 
extra oxygen ions as well. 

4. Lattice vibrational modes 

4.1. Stoichiometric compounds 

The atomic displacements of the Raman-active modes of the Bmab structure are shown 
in figure 2. The modes corresponding to vibrations of the NiOz layers 
(lAg(l) + lB,&l) + 2Bz,(1, 2) + 2B3,(1, 2 ) )  (figure Z(a)) consist basically of two 
Ni--O(l) stretchings, two Ni-O(2) bendings and two tilts of the oxygen squares. It is 
expected that the stretching modes will have the highest energy and the tilt modes the 
lowest. The A,(1) mode corresponds to the deformation from tetragonal (I-llmmm) to 
orthorhombic (Bmab) and therefore will have the lowest energy. 

Figure2(b)shows the modescorrespondingto the O(2) andLn motions. Infact each 
of the drawings must be duplicated: one will correspond to the O(2) motion and the 
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Figure 3. Raman spectra of the stoichiometric 
Ln2Ni0,compounds at temperatures above their 
low-temperature structural phase transition. 
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Figure 4. Raman spectra of the stoichiometric 
Ln2Ni0,compounds at temperatures below their 
low-temperature structural phase transition. 

other to the Ln motion (thisisindicatedinparenthesesafter themodesymmetry). while, 
in the figure, only one has been drawn. These modes consist in stretchings and bendings 
of the Ln-O(2)-Ni bonds in phase and out of phase of the ions of the two formulac in 
the primitivecell. Again, the A,(5) (Ln) andA,(4) (O(2))  correspond to thedeformation 
suffered in the tetragonal-to-orthorhombic distortion. 

Pintchovius er al[6] have observed. at 53 cm-' by neutron scattering in tetragonal 
La1.9Ni03.H7r the mode at the X point that will correspond to the 'soft mode' of a 
tetragonal-to-orthorhombic structural phase transition. This soft mode is the com- 
binationoftheA,(1),Ag(5)andA,(4) modeswhich arenow,intheorthorhombicphase, 
at the r point because the primitive cell is doubled at this phase transition and are, 
therefore, Raman active. While no tetragonal-to-orthorhombic transition occurs in the 
oxidized samples, it has been clearly observed at approximately 770 K in the stoi- 
chiometric La2Ni0,. 

The Raman spectra of the three compounds at a temperature higher than, but near 
to. the low-temperature structural phase transition are shown in figure 3. Our samples 
are ceramics and so no selection rules can be observed; nevertheless it is possible to 
assign with some reliability the observed peaks to the general ionic motions described 
before. The way to do this i s  to  compare with previous phonon frequency calculations 
for tetragonal samples [6,16] and to observe the systematic phonon behaviour in the 
three compounds. The orthorhombic distortion is not strong and so it is expected that 
the most intense peaks will correspond to those observed for the tetragonal related 
materials. 

The allowed vibrations in the high symmetric 14/mmm phase are some O(2) and Ln 
motions while the 0(1) vibrations are only allowed in the orthorhombicstructure; then, 
a lower intensity will correspond to these as can be observed in figure 3. In table 1 we 
collect together the observed phonon frequencies above and below the phase transition 
and the mode assignment for the three stoichiometric samples. The normal-mode 
frequency calculationsfor tetragonal LazNi04+6 from [16] are shown in the first column 
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Table 1. Observed phonon frequencies of the stoichiometric compounds and the mode 
assignments. 

[ W ,  
La2Ni0, Pr,Ni04 Nd2NiOn 

300K BOK 74K 150K 74K 150K 74K 

E* 
83 

E" 
124 

*I# 
150 

E.. E, 
220 
252 

B m  E. 
275,359 

A, 
450 

E. 
652 

63 
87 

109 

151 
169 

235 
263 

335 

387 
443 

685 

946 

1400 

61 65 
88 94 

100 112 
111 127 

160 160 
178 191 

235 213 
275 240 

338 320 

389 401 
445 457 

691 679 

732 720 

874 931 
927 

1432 1400 
1455 

63 
88 

114 
128 

164 
198 

229 
254 
274 

312 
326 

400 
456 

641 
682 

923 

1400 
1456 

65 
93 

115 
129 

170 
199 

228 
254 

317 
333 

412 
470 

686 

725 

1418 

69 
94 

116 
130 

171 
200 

228 
254 

320 
333 

414 
47 1 

690 
731 
772 

1423 
1520 

of table 1 for comparison. Odd vibrations are also included because they may be 
indicative of the frequencies of the corresponding even allowed modes in the ortho- 
rhombic phase. 

The most intense peak at around 450 cm-l is related to the O(2) stretching modes 
(A,(2) and Bj,(3)) in a similar way as for other materials: 430 cm-' for Lal.,Sro,l,CuO, 
[17]or450 cm-I for tetragonalLazNi0,[6]. Itsfrequencydependence on thecompound 
(La, 443 cm-'; Pr, 457 cm-' ; Nd, 470 cm-') is not due, as could be expected, to a change 
in the Ni-O(2) distance which is nearly constant (table 2), but to the effect of the 
shortening of the Ln-O(2) distance induced by decreasing the lanthanide ionic radius 
as reflected by the increase in the parameter c .  The same phonon, but associated with 
the Ln motions, will be shifted in a similar way but at a lower frequency at around 
wLn = W ~ ( ~ ) V ~ ; ; .  The square root mass ratio is about 3 for the three materials; 
so the frequency will lie at around 150-160 cm-l, We have assigned the peaks in the 
150-200 cm-I region to Ln stretching modes. 

The bending modes of the O(2) and Ln ions can be separated into motions along the 
x and y directions. Those parallel to the y axis will correspond to the tetragonal-to- 
orthorhombic deformation and will have a lower energy than the others. Moreover, the 
stretching and bending motions of the same ions in a molecule are frequently related by 
theempiricrelationw, = 2wb.Then,wehaveassignedthetwopeaksinthe220-275 cm-' 
region to the Ba(3) and B1,(2) O(2) bending modes. The equivalent Ln bendings are 
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Table 2. Bond distances and cell parameters above and below the phase transition. 

La2Ni04 Pr,Ni04 N d N i 0 + 

Emab P4,lncm Bmab P4Sncn Emab P4,lncm 
. .. . . ... ..._ " .. . , . .. 

n [A) 5.350 5.500 5.404 5.492 5.381 5.480 
b (A\ 5.528 5.578 5.585 
C(A) 12.512 12.505 12,220 12.157 12.114 12.057 

Ni-O(l)(A) 1.914 1.947 1.950 1.945 1.95 1.952 
Ni-O(l') (A) 1.952 1.974 1.967 

Ln-Ofl ) fAl  2.540 2.526 2.50 2.44 2.57 2.45 

Ni-O(Z)(A) 2.235 2.228 2.23 2.21 2.25 2.21 

L"-o(l;)'(A) 2.517 2.57 2.56 
Ln-O(Z)(A) 2.338 2.355 2.30 2.28 2.262 2.25 

attributed to the 100-130 cm-'zone by comparison with the similar Enmode at 124 cm-I 
in tetragonal La2Ni04. However, we have no further arguments to support this assign- 
ment. 

The highest-energy one-phonon peaks are at around 680 cm-* and must be due to the 
N i - O ( l )  stretchings (breathing mode B3Jl) and quadrupole motion Ba(l)) because it 
is the smallest bond length in the lattice and corresponds to the lightest ions. The 
frequencies are nearly identical in the three compounds as these compounds have very 
slight differences in the Ni-O(1) distances (see tahle 2). In the tetragonal compounds. 
odd O(1) stretching modes have been reported at these frequencies in the IR spectra 
[18, 191. The corresponding bending modes which satisfy the relation w, = 2wb quite 
wellarein thercgion310-355 cm'landcan be theB,,(2)andB2,(2)modes. Theobserved 
frequencies are in good agreement with the near-invariance of the Ni-0 distances in the 
octahedra. 

The low-frequency region is not so clear to interpret because it corresponds to a 
large number of modes. As we haw established before. the lowest-energy modes will 
correspond to the tilts of the 0 (1 )  squares, to the O(2) bendings (A,(4) and B&)) and 
to the Ln bendings (A,(5) and B3&6)). 

Above the one-phonon region (0-750 cm-I), several features appear in the spectra 
at around 930 cm-l and in the 1350-1750 cm-I region (figure 4). In La,NiO, an intense 
and broad double peak appears at the same position (946cm-') as in the oxidized 
La,Ni04+6 tetragonal sample (see figure 6) but with a lower relative intensity. In the 
two compounds (6 = 0 and 0.15) the intensity of this band, relative to that of the 
one-phonon peaks, decreases with increasing temperature, suggesting a two-phonon 
character. This band is probably due to odd double phonons allowed by the presence of 
defects and enhanced by the strong electron-phonon interaction. The defects can be 
interstitial oxygen ions as reported in these compounds [3.20]. The corresponding one- 
phonon frequency (473 cm-') is very close to the observed O(2) stretching at 443 cm-' 
and it  can be its IR Davydov partner. For Pr2Ni04 there is also a weak peak at 931 cm-I 
that could have the same origin while for NdZNi04 no peak appears. 

On examination of the orthorhombic La,Ni04 sample surface, some small black 
points can be seen. These points should correspond to oxidized tetragonal material with 
a high number of interstitial oxygen ions that could be the origin of this wide band. 

A peak at around 1400 cm-' is present in the three compounds and double phonons 
of the even O( 1) stretching mode can also be seen as has been observed for the cuprates 
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Figure 5. Raman spectra of Pr,NiO, at three dif- Figure 6. F.aman spectra of the oxidized 
ferent temperatures. The structural phase tran- LniNiO,+ ,compounds. Theasterisksindicate the 
sition temperature isat 115 K. Ni-O(2) modes, the arrows the positions of the 

Ln,O,phononsand the lullcirclesthe peaksprob- 
ably due to modes induced by interstitial oxygen 
ions. 

191; however, in this case the intensity does not clearly decrease with increasing tem- 
perature. The observed energy shifts of all the described features of the spectra are 
independent of the exciting beam energy; this rules out the possible luminescence origin 
of some of these peaks. 

The effect of the phase transition on the Raman spectra of the three compounds is 
very slight, as can be seen by comparing figures 3 and 4. In fact, the high- and low- 
temperature structures are very similar. The number of Raman modes is doubled 
principally because the number of ions in the primitive cell is doubled, but this leads 
basically to 'in-phase' and 'out-of-phase' combinations of the high-temperature modes 
so that the corresponding frequencies will not be verydifferent and, in manycases, even 
degenerate. The most affected modes must be those associated with 0(1) motions 
because in the low-temperature phase there are two Ni-O(1) distances. 

Figure 5 shows the dependence of the PI compound Raman spectrum on the tem- 
perature. The transition temperature is at 115 K and some new modes and slight peak 
splittings can be observed (arrows in the figure). Nevertheless, we cannot make any 
conclusive analysis on the low-temperature phase. There is, undoubtedly, local heating 
of the sample by the laser beam so that the actual temperature is not known. If we take 
into account that the lowest temperature at which the spectra have been obtained is 
around74 K, it iseven possible that the sample local temperature is not very much below 
the phase transition temperature. 

4.2. Oxidized compounds 

The lattice vibrational modes for the tetragonal I4/mmm structure have already been 
described [6,16]; however, there are only a few Raman studies on the La compound 
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and none, to our knowledge, on the Pr and Nd nickelates. Recently, Burns and Dacol 
[14] have shown that some previously reported Raman results for tetragonal 
La,-,Sr,CuO, and La2Ni04 are due to locally decomposed material and in particular to 
La203. These spectra present peaks at frequencies always lower than those of the 
corresponding Ln oxides and, for the same lanthanum ion, they depend not only on the 
other cation (Ni or Cu) but also on the particular sample measured. This would mean 
that the Ln203 formed is expanded and, in any case, strongly affected by the matrix. 
This can be understood only if the Ln oxide precipitates have a very small size (some 
tenths of an Angstrom) but is less probable if thcir dimension is of the order of the spot 
of the incident beam (some microns). 

Anyway, the Ni-0(2) and Ni-Ln distances of the oxidized and stoichiometric 
samples are very similar and, even if the symmetries arc different, the Raman modes 
active in the more symmetric phase. which are stretchings and hendings of the 
Ni-O(2)-Ln bonds, must have very similar valuesfor the two phases. For this reason, 
we expect to find the Ni-O(2) stretching peak at around450 cm-', its bendingmode at 
around 230cm-l and the Ln--O(2) stretching at around 180-200cm-'. The oxidized 
compounds, in opposition to the previously described stoichiometric compounds, 
present an intense tail towards the elastic line which prevents us from scanning at small 
frequcncyshifts. The intensityandqualityofthespectraarequite low, probably because 
of the screening effect of the free charges and because of strong coupling to the lattice 
vibrations. 

Probably some of the peaks of the oxidized sample spectra (figure 6 )  will correspond 
to some kinds of defect. obviously present in a high proportion in samples with 15% 
excess oxygen. These defects could possibly be microparticles of the reported Ln,O, or 
some other aggregates with different combinations of the elements. These aggregates 
could be induced by the local increase in the sample temperature and can give rise to 
their own Ramctn modes. The other option is point defects. such as interstitial oxygen 
ions. that can activate some forbidden modes of the lattice or can produce new oxygen 
vibrations. All these processes can happen and, depending on the history of the sample 
and on the expcrimental conditions under which the Raman measurements were carried 
out, the final results will be different. 

In this work the samples were immersed in helium exchange gas at 100 Torr and 
150 K and the beam power was always very low; in that way, the possibility of burning 
the sample was quite reduced. Figure 6 shows the Raman spectra obtained for the three 
compounds and the lanthanum oxide frequencies are indicated. The peaks assigned to 
the Ni-0(2) stretchings have frequencies always highcr than those for Ln20, reported 
in (141. The Ni-O(2) bending is only clearly seen for the La compound. The rather 
intense peak at around 330-380 cni" is most probably due to the activation of vibrations 
involving the 0(1), O(2) and the interstitial oxygen ions, which have been found in the 
( f .  d .  ?)position[3,20].Thehigh-frequencypeaksataround950 cm-'havealreadybeen 
discussed for the stoichiometric samples and have probably the same origin. 

A de Andres et a/ 

5. Conclusions 

The factor group analysis of the different phases of the stoichiometric Ln2Ni04 
(Ln = La, Pr, Nd) compounds agrees well with the observed phonons which have been 
identified with particular atomic movements. The Ni-0 distances are nearly equal for 
all the studied compounds; this explainswhy the energy of the modesinvolving 0(1) are 



Raman scattering of rare-earth nickelates 3823 

basically independent of the rare-earth ion while the Ni-0(2) stretching frequencies 
are dominated by the variation in the O(2)-Ln distance. The observed double phonons 
indicate the presence of some defects in the lattice and a strong electron-phonon 
couplingin these compounds. In the partially oxidizedcompounds, only two modes have 
been identified together with some features very probably associated with interstitial 
oxygen ions. 

The observed changes in the Raman spectra of the stoichiometric compounds by 
decreasing the temperature to 77 K are quite small. We explain this fact because, on the 
one hand, the expected effect would be the appearance of several peaks at frequencies 
very similar to the  p peaks and, on the other hand, the local temperature of the sample 
at the incident beam position can be several tenths of a kelvin higher than the measured 
temperature, preventing the structural phase transition. The study of the low-energy 
part of the spectra at lower temperatures with a higher resolution and with single crystals 
would allow us to observe the soft mode of the phase transition. More work on single 
crystalsjstherefore necessary to proceed further with respect to thedynamicalproperties 
of these compounds. One interesting question is to understand why the excess of oxygen 
stabilizes the more symmetric structure. 
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