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Polarized Raman spectra of stoichiometric Pr2Ni04 single crystals have been obtained for tempera-
tures between 74 and 300 K in a spectral range of 6000 cm '. The lattice dynamics of the
orthorhombic-to-tetragonal low-temperature phase transition has been characterized. The intensity as-

sociated with the in-plane Ni-O(1) modes is much lower than the corresponding modes related to
motions along the c axis. Five Ag modes have been identi6ed with the corresponding atomic vibrations.
The frequencies and widths of some particular modes show a discontinuous behavior at the transition

temperature (T, =117 K). Below this temperature, additional modes appear with very low intensities.
Polarized two-magnon scattering is observed as wide bands whose intensity increases with decreasing
temperature as does the magnetization. The characteristics of the observed two-magnon spectra do not
correspond to classical two-spin scattering; their selection rules indicate that the Ni interlayer coupling

plays an important role in the process.

I. INTRODUCTION

The lattice dynamics of superconducting rare-earth cu-
prates has been widely studied by Raman' and infrared
(ir) spectroscopies ' and by neutron scattering. ' Nickel
oxides with similar crystal structure have revealed many
important similarities and some di6'erences in relation
with their electronic properties and the detailed structure
of these materials. Rare-earth nickelates present striking
complex behavior, depending on the oxygen
stoichiometry, and so it then becomes necessary to have
precise control over this parameter, which determines the
crystal structure of the sample and many of the magnetic
and transport properties.

The study of the lattice dynamics of structurally well
characterized nickelates has only recently been initiated;
among these, the La2Ni04+& compound has been the
most widely studied. The ir and Raman spectros-
copies, together with the neutron scattering and
normal-mode dispersion curve calculations, ' ' " have
clarified the dynamics of the phase transitions in this sys-
tern. Recently, similar studies have been conducted on
R2Ni04+s (R =La, Pr, and Nd) ceramic samples with
controlled stoichiometry and structure by use of Raman
(Refs. 12 and 13) and ir (Ref. 14) spectroscopies. The
availability of single crystals allows a deeper study in this
field. Another interesting subject is the observation in
these compounds, by Raman techniques, of the collective
spin modes in their antiferromagnetic phases. Two-
magnon light scattering has been detected in some cu-
prates RzCu04 [R =La, Nd, Pr, and Sm (Refs. 15—17)]

and in La2Ni04 (Ref. 16).
Pr2Ni04, in the stoichiometric composition (5=0), is

orthorhombic at room temperature (commonly called
low-temperature orthorhornbic, LTO) with space group
Bmab. It undergoes a structural phase transition (at 117
K) to the tetragonal P42 Incm structure' ' (low-
temperature tetragonal, LTT). Another phase transition
is expected, at high temperatures, to the usual K2NiF4
tetragonal structure (high-temperature tetragonal, HTT)
of the superconductor La2Cu04 compounds.

The magnetic structure of this compound also presents
a complex behavior. The Ni ions order antiferromagneti-
cally at Tz =325 K with a propagation vector

1

k=(1,0,0) and the magnetic moments along the a axis.
This system shows, as the related cuprates, a square pla-
nar lattice of nickel spins coupled by superexchange
through the oxygen ions. The net staggered magnetiza-
tion increases on decreasing the temperature, reaching its
maximum value around 150 K, where the saturation mo-
ment of Ni is achieved (1.6ps). At the structural phase
transition the Ni spin reorientates in the a-b plane and
the coexistence of the LTO and LTT phases occurs asso-
ciated with the strong first-order character of the
structural transformation. ' At T& =90 K a magnetic

2

phase transition takes place to a different magnetic order
for the Ni sublattice. This phase is mainly characterized
by a strong out-of-plane spin component ordered antifer-
romagnetically along the c axis.

The aim of this research is to compare the nickelates
with related high-T, superconductor cuprates through
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the information obtained by light-scattering techniques.
It is also interesting by itself because of the strong corre-
lation of the static structure and lattice dynamics with
the transport and magnetic properties.

The rest of this paper is organized as follows: We
briefly describe the experimental setup and crystal
growth procedure; then the different crystal structures
and phase transitions for this compound together with
the corresponding normal-mode analysis are commented
upon. In the fourth part, a description of the magnetic
structures and recent theories for two-magnon light
scattering, in this kind of system is given. The fifth sec-
tion, which contains the results and discussion, is subdi-
vided into two parts: The first part deals with the lattice
vibration modes and the structural phase transitions and
the second part, with two-magnon light scattering
through the different magnetic order.

II. EXPERIMENTAL

The Pr2Ni04+& samples were grown with the floating-
zone method with a CO2 laser. The nickel to praseodimi-
um ratio is very close to 2; however, there is an oxygen
excess, which stays as a defect in the structure. A reduc-
tion process at 470 K in an Ar flow during 10 h is enough
to force the sample to attain the stoichiometric value of
6=0, demonstrated by a structural comparison. The
crystals used in these experiments are small cubes of size
around 1 mm taken from a batch of size about 260 mm .

Raman-scattering experiments have been performed
with an X-Y Dilor multichannel spectrometer, the excita-
tion source being a Spectra Physics Ar+ laser. The sam-
ples were located inside an Oxford Instruments cryostat
chamber with helium exchange gas, the temperature was
varied from 300 to 74 K, and a spectral range of around
6000 cm ' has been scanned. We have used the 5145-
and 4880-A lines of the laser and the beam power on the
sample was 20 mW or less. The low intensity avoids pos-
sible sample overheating.

The spectra were recorded in the backscattering
geometry and the polarizations of the incident and scat-
tered beams were analyzed. The notation used here, (ab),
indicates the polarizations of the incident (a) and the
scattered beam (b) in the axes of the crystal. The ob-
tained spectra were normalized by the spectral response
of the spectrometer for the two different polarizations:
parallel and perpendicular to the slits. This normaliza-
tion is important, especially when a very wide frequency
range is recorded and when polarized spectra are com-
pared. The strong variation of the spectrometer sensibili-
ty with the scattered-light wavelength and with its polar-
ization produces strong differences in the signal-to-noise
ratio that can be observed in the presented results.

III. CRYSTAL STRUCTURES AND NORMAL MODES

TABLE I. Cell parameters and relevant interatomic dis-
0

tances (in A) of the two low-temperature phases (LTO and
LTT).

Pr2Ni04

a (A)
b (A)
c (A)

330 K
Bmab

5.4104
5.5824

12.2347

67 K
P42/ncm

5.4920

12.157

magnetization measurements. '

The room-temperature structure is the orthorhombic
Bmab space group with Z =2 (LTO) (the lattice parame-
ters are given in Table I). The measurement of the ortho-
rhombic strain parameter [2(b —a )/(a +b) j versus tem-
perature gives, by extrapolation, an estimation of the
LTO-to-HTT phase-transition temperature of 1500 K. '

Nevertheless this phase transition has not yet been ob-
served because its temperature is quite high. Note the
enormous difference in the HTT-to-LTO transition tem-
perature between the La oxides (770 K for the nickelate
and 530 K for the cuprate') and the unfilled 4f rare-earth
oxides (the estimation for the Nd2NiO& is 1900 K). The
reason for this rests in the smaller size of the rare-earth
ions (from La to Nd), which implies a mismatch between
the NiOz and R202 layers. In order to accommodate
each other, the system rotates the oxygen octahedron
around the Ni ion and undergoes a phase transition from
the ideal tetragonal structure to the orthorhombic one.
The mechanism of this phase transition has been ob-
served and described in different isostructural systems
such as LazCu04 and LazNi04. It is quite clear that it is
a second-order transition driven by a soft mode as ob-
served by neutron scattering. '

A second-phase transition is present in Pr2Ni04 at 117
K to another tetragonal structure (LTT) (P4z/ncm)
This transition has been found to be first order. This
could be expected because the LTT group is not a sub-
group of the LTO group, and the transition cannot be
carried out by softening a normal mode. In powder sam-
ples, it has been found that the two phases (LTO and
LTT) coexist in the interval of temperatures between 100
and 125 K. ' Figure 1 shows, on the left-hand side, the
structure of the HTT phase and, on the right-hand side,
the ionic displacements needed to reach the two "low"-
temperature phases (HHT ~ LTO and HHT ~ LTT).
The Ni-O(1) and Pr-O(2) layers are distorted in a similar
way in both low-temperature phases with respect to the
perfect I4/mmm structure. The differences arise from
the axis of rotation of the oxygen octahedra: While in the
LTO structure it is the a axis; in the LTT it is the a +&

axis. This change will have important effects in the mag-
netic structure.

It is now well known that both the structure and prop-
erties of these oxides depend strongly on the deviation
from stoichiometry, present as an excess in oxygen con-
tent. The samples studied here have been previously
carefully structurally and magnetically characterized by
means of high-resolution neutron-diffraction and bulk

Ni-O(1)
Ni-O(1)'
Ni-O(2)
Pr-O(1)
Pr-O(1)'
Pr-O(2)

1.954

2.22
2.50

2.30

1.945
1.974
2.21
2.44
2.57
2.28



45 DYNAMICAL STUDY OF THE STRUCTURAL AND MAGNETIC. . . 12 823

c)fl) Ni

CN
/

Ag (a) A~ (4)
jL

Ag (c)

FIG. 1. On the left, the HTT structure with Z=4 is drawn.
On the right, the atomic displacements needed to reach the two
low-temperature phases (LTO and LTT) are shown. The primi-
tive cell of the orthorhombic phase (Bmab) has Z =2 and con-
tains only the ions printed in the right part.

B (ci) Ag (e) A+ (f)

FIG. 2. The five Ag eigenmodes and the highest-frequency
mode of B3g symmetry of the Bmab phase.

A factor-group analysis of the low-temperature tetrag-
onal and orthorhombic structures, together with the
atomic movements of the Raman active modes, is given
in Ref. 12. The high-temperature tetragonal phase (HTT)
with the 14/mmm space group and Z=1 has only 2

Ag +2 Bg Raman-active modes corresponding only to
motions of the O(2) and Pr ions. The point group of the
LTO structure at room temperature is D2&, and its primi-
tive cell contains 14 ions and 42 normal modes. The Ni
ions are surrounded by distorted oxygen octahedra, and
their site symmetry is C2&, which has inversion symmetry
so that the Ni ions are not involved in any Raman mode.
The O(1) ions are no longer located at inversion centers,
and so they contribute to some of the Raman modes.
The irreducible representations of the 18 even Rarnan-
active modes at k=0 are 5 Ag+ 3 B]g+4 B2g+6 B3g.

The low-temperature tetragonal structure (LTT) has a
more symmetric point group (D4„), but its primitive cell
is doubled so that it contains 4 formula units and thus 28
ions and 84 normal modes. The 23 Raman active modes
at the I point of the tetragonal group D4& (Ref. 16) are 5

A
&g

+3 B
&g

+ 5 B2g + 10 Eg, the even A 2g modes being
silent. The site symmetry of the Ni ions remains to be
C2&, but the four oxygens O(1) in the Ni plane are no
longer equivalent; they have been called O(1) and O(1)'.

The eigenmodes of a crystal are linear combinations of
the normal modes of the same symmetry, and the only re-
liable way to obtain them is through a dynamical-matrix
reduction. We have used the force constants obtained in
a previous work' on similar compounds to estimate the
actual vibration modes. Figure 2 shows six of the atomic

displacements of the LTO phase eigenmodes (the ions
shown are those of the primitive cell).

IV. MAGNETIC STRUCTURE AND MAGNONS

The magnetic structure is, as stated before, quite com-
plex. The interesting and differentiating point of Pr2Ni04
is the canting of the nickel magnetic moments at low
temperatures. The magnetic moment of these ions has an
out-of-plane component parallel to the z axis, which is
very strong and is antiferromagnetically ordered in this
direction as well as in the Ni02 planes.

Towards the end of the 1960s, important experimental
and theoretical work on rnagnons in antiferromagnetic
(AFM) materials with the perovskite structure was done.
Parkinson's theory ' predicted the correct shape for two-
magnon Raman scattering in two-dimensional AFM sys-
tems with the K2NiF& structure (the same as we have
called HTT here). The magnetic Hamiltonian contains
exchange interactions and anisotropy terms. Only one
exchange J parameter was used, which describes the in-
teraction between Ni ions in nearest-neighbor positions in
the Ni02 layers. The exchange between layers was con-
sidered to be an order of magnitude smaller: The ratio
between the interlayer and intralayer Ni nearest-neighbor
distances is about 1.9 for K2NiF4. The anisotropy part of
the Hamiltonian contains crystal-field terms and dipole-
dipole terms, which, in these Ni compounds, are small
compared with the exchange terms. The magnetic Ham-
iltonian then reduces to

H ' =J.X.S .S-j I J
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and the magnon energies are given by

Ek=(JSZ) —(JSZy„), y„=—,'[cos(ak„)—cos(ak )j,
where Z (=4) is the number of nearest neighbors; k„and
k are the in-plane components of the magnon momen-
tum (for the IC2NiF~ structure).

The magnon density of states is limited to an energy in-
terval and presents a maximum at the high-energy limit,
which corresponds to the zone boundary (short wave-
length) spin waves. The Raman Hamiltonian, which in-
volves the creation of two magnons, when the interaction
between these magnons is introduced and once it is
simplified by symmetry considerations, is given by

H ' '"= A;X (E,cr; ) (Ezo;, )S; S~,

where o.; are unit vectors connecting the i and j Ni ions
in nearest-neighbor positions with opposite spins (S; and
S ), and E„Ez are the electric field vectors of the incom-
ing and outgoing light.

The attractive interaction between the magnons de-
creases the energy of the processes, and so the shape of
the observed band in light scattering differs from the joint
density of states shifting the band rnaximurn to lower
values. For spin —,', Parkinson's theory predicts a max-

imum at 2.7J and a cutoff (upper limit) at 4J. For spin 1,
the values are 6.8J and 8J, respectively. The width of the
band is around 11% of the energy at the band max-
imum. ' To date this theory fits the spectra observed in
several nickelates as K2NiF~ (Ref. 22) or La2NiO~ (Ref.
16) well.

Recent works on cuprates' ' (R2CuO~,
R =La, Nd, Pr, Sm) have revealed quite different features
of the two-magnon bands compared with the nickelates:
The width is much larger, the intensity is important over
the cutoff limit, and two-magnon bands of forbidden A

&g

and B2 symmetry are observed. There is then a
difference because of the change from copper to nickel,
which lies on the different spin values ( —, to 1). Singh and

co-workers ' have included, for the cuprates,
quantum-spin fluctuations in the Heisenberg AFM
ground state in order to explain the width of the observed
two-magnon scattering from the spin flip of two Cu
nearest neighbors in the xy plane. Moreover, these Auc-

tuations allow different kinds of two-magnon processes in
which the involved Cu moments are next-nearest neigh-
bors. These processes would otherwise be forbidden be-
cause they do not conserve spin (the spins of these two
Cu atoms are parallel). These authors have calculated
the spectral moments (or cumulants), and so it is possible
to compare them to the extracted one from the experi-
rnental curves using

M, =(f ooI(co)de)/IT, where Iz.= f I(co)d~

and, for n ) 1,

(M„)"=(f (co —M, }"I(co)des)/IT .

In this case the predictions for S=—,
' are M, /J=3. 6,

M2/MI =0.23 (instead of 0.11), and M3/M, =0.27 (in-

stead of 0.06).

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. Structural phase transitions

Even if the HTT phase cannot be observed, it is very
useful to take it into account in order to understand the
dynamical properties of those compounds. All the
different structures are slight distortions of this high-
symmetry tetragonal one. The two transitions are ac-
complished by doubling the primitive cell (from Z = 1 to
2 and to 4) by successive foldings of the Brillouin zone.

The correspondence between the modes of the two
low-temperature phases (LTO to LTT) is as follows: A

to A, , B, to Az (inactive), 1 A +1 B, to 1 B, +1
B2g, and 1 B2g + 1 B3g to 1 Eg.

Figure 3 shows the spectra of a Pr2Ni04 stoichiometric
single crystal at (a) 230 K and (b) 75 K (above and below
the LTO to LTT phase transition temperature). The ex-
citing wavelength was 4888 A. In this configuration we
obtain the (zz} components of the polarizability tensor
derivatives of the different modes and, in this case, only
the A modes must be observed. Notice that the number
of expected modes is five A for the two phases. The
upper part of Fig. 4 gives the (xy), (xx), and (yy) com-
ponents for the same two temperatures as in Fig. 3. Here
the observable modes are, in the orthorhombic phase, 5
A +3 B, modes and, in the tetragonal (LTT) phase, the
5 A + 3 B, + 5 B2 ones (five more}. The lower part of
the figure should give the (zx) and (zy) components of the
polarizability derivative tensor. 4 B2g+6 B3g modes are
expected for the higher temperature, while ten Eg modes
should appear at 75 K, and so the total number of modes
is invariant. The collected spectra at the three different
configurations are directly comparable after correcting

Pr&Ni04

a 230 K
b 75 K

50 150 250 350 450 550 l650 750
Frequency shift (cm )

FIG. 3. Raman spectra of stoichiometric Pr2Ni04 single

crystals at temperatures above and below the low-temperature
structural phase transition ( T, = 117 K). The notation (zz) indi-

cates the polarization of the incident and scattered electric
fields. The a spectrum has been shifted upwards for clarity. In-
cident wavelength: 4880 A.
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r&Ni04

230 K
75 K

(
Ilgwu(

[ I]

50 150 250 350 450 550-1650 750
Frequency shift (cm )

(zz)
230 K 75 K

A A)

(xx,yy, xy) (zx, zy)
230 K 75 K 230 K 75 K

Ag +B]g A ]g +B]g+B~g B~g +B3g Eg

80
(102) (103)
122 124

(155)
194
249
321

451 450

191
223

451
665

102

192
243
358
406
448
665

108
125

406
447

80
109
125
159
196

367
394
451

TABLE II. Observed phonon frequencies (in cm ') at three
different configurations for the LTO and LTT phases measured
at 230 and 75 K, respectively.

FIG. 4. Raman spectra of stoichiometric Pr&Ni04 single
crystals at temperatures below and above the low-temperature
structural phase transition. The intensity axis is expanded 1.6
times in comparison with that of Fig. 3. The upper part shows
the (x+y, x+y) configuration and the lower part the (z,x+y)
one. The stars indicates the new small peaks that appears below

a

the phase transition. Incident wavelength: 4880 A.

for the spectral response of the spectrometer. In order to
compare the spectra at different temperatures, we have
normalized them to the 450-cm ' peak intensity.

The first striking feature is the difference in the peak
intensities between the (zz) configuration and the other
two. Strong intensities are expected for O(1) modes in
the Ni-O(1) planes, which are of B&s and Bzs symmetries
and should appear in the lower part of Fig. 4. Neverthe-
less, in this geometry the measured scattered intensities
are very low through the frequency range under study.

The high- and low-temperature spectra in Fig. 3 show
the five A expected peaks. The weak peak labeled with
an asterisk at 392 cm ' at 75 K is not always observed,
and so we will not take it into account. The low-
frequency region (below 70 cm ') depends strongly on
the focusing; so, even if some structure could be seen
when it is observed in detail, we would not consider it.
Basically, then, the two spectra are identical except for
the shape and positions of some peaks, this will be com-
mented upon below in some detail.

In the 230 K (x+y, x+y) spectrum only three peaks
are observed. In this configuration the (xx) and (yy) com-
ponents of the five A modes together with the three B

&g

modes are expected. On lowering the temperature five
additional modes are predicted by group theory, and
some additional weak peaks actually appear (marked
with asterisks). Notice that the highest-frequency mode
at 665 cm ' is observed only in this configuration.

Finally, in the (z, x +y ) spectra, out of the ten expected
modes only four can be detected as very weak peaks. At
low temperature the intensities are slightly higher and
two additional modes are observed. The observed peak
frequencies for each geometry and temperature are listed
in Table II.
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30000 150 200 250
Temperature ( K )

FIG. 5. Dependence of the four Ag mode frequencies with
temperature. The vertical line shows the transition temperature
and the dashed lines the temperature range of the LTO and

O

LTT phase coexistence. Incident wavelength: 5145 A.

The assignment of the detected modes in the ortho-
rhombic phase has been done in the following way: The
highest-frequency mode (665 cm ') must correspond to
the shortest bond of the lightest atom, the O(1) stretching
mode [Fig. 2(I)], which is of 8& symmetry. Because of
its symmetry, it must be observable only in the (z,x+y)
spectrum instead of the (x +y, x+y) spectrum, but, even
though the selection rules do not correspond to the ex-
pected ones for the scattering perpendicular to the c axis,
the observed peaks are strongly polarized.

In the (zz) spectrum, we can separate the five A

modes in two groups according to their behavior with
temperature. Figure 5 plots the frequency versus temper-
ature of four As modes. While the peaks at 125, 322 (not
shown), and 450 cm ' have frequencies nearly indepen-
dent of temperature (as the 83s mode at 665 cm '), the
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modes at 190 and 245 cm ' show a quite strong increase
of their frequencies when the temperature is decreased to-
wards the LTO-LTT phase transition one. The normal
modes depicted in Fig. 2 can also be grouped in two
blocks. One is related to the vibrations of the oxygen oc-
tahedra around the Ni ions: Figure 2(a) is a rigid rota-
tion, Fig. 2(b) is a deformation of the octahedron, and
Figs. 2(c) and (2d) are the stretching modes of the two
kinds of oxygens. The second group is formed by the vi-
brations of the Pr, O(2) layers, Figs. 2(e) and 2(fl.

The rigid rotation of the octahedra has the lowest ener-

gy, and so it can be assigned to the 125-cm ' peak. The
Ag(b) involves Ni-0 bond bendings and appears at 322
cm and the A (c), which is the Ni-O(2) stretching
mode, is seen at 450 cm ' as in other related compounds.

On the other hand, the Pr202-layer A modes are as-
signed to the 190- and 245-cm ' peaks. The behavior of
the 190-cm ' mode, when the temperature is varied from
300 to 40 K, is quite similar to that described by Burns
et al. in La2Ni04 for a mode at 125 cm '. Neverthe-
less, we do not think that it should be ascribed to the
same process. They observe, in the La compound at 80
K, a mode at 125 cm ' whose frequency decreases until
it reaches the value of 110 cm ' at room temperature,
and they assign this peak to the LTO-to-HTT soft mode.
Since the transition temperature is around 770 K, it is
possible to observe, in the La compound, some depen-
dence of the frequency even in this temperature range
(below 300 K). On the other hand, since the LTO-to-
HTT phase transition in the Pr compound is around 1500
K, it is then not very probable to observe any softening of
a mode associated with this transition when the experi-
ments are done below room temperature. Nevertheless,
after the HTT-LTO transition occurs, a continuous de-
formation has been observed in the 300—117-K range by
use of neutron diffraction. The rotation angle of the oxy-
gen octahedra increases when the temperature decreases
until the low-temperature phase transition occurs, which
implies a different rotation axis. This rotation is rigid
during all the process: the Ni-O(1) and Ni-O(2) distances
are practically unaffected by changes in the temperature.
This explains why the frequencies associated with the oc-
tahedra [Figs. 2(a) —2(d)] vary by less than 2 cm ' in 200
K. As a result of this rotation, the Pr-O(2) layers are de-
formed and the O(2) ions are pushed towards the Pr ions,
including an increase in the frequencies of the Pr-O-(2)
layer mode&.

We cannot determine the correspondence between the
two modes and the two observed peaks, but, because of
their relative intensity, we would assign the more intense
(190 cm ') to the mode that involves basically move-
ments along the c axis [Fig. 2(e)). As can be seen in Fig.
5, the frequency of the 245-cm ' peak increases up to a
saturation value after the low-temperature phase transi-
tion, while that of the other peak drops from 200 cm ' at
115 K to 195 cm ' at 100 K. The decrease of this mode
frequency points out that the transition is energetically
favorable to the deformation associated to this vibration.

Analyzing the shape of the 190-cm ' peak at different
temperatures and fitting them to Lorentzian functions,
we can unambiguously determine that the peak at 115 K

i00 140 i00 220
1

260
Frequency shift (cm )

FIG. 6. (zz) Raman spectra at five temperatures showing
three Ag modes. The spectra have been shifted vertically. The
normalization is done with the 450-cm peak (not shown) ~ In-
cident wavelength: 5145 A.

In this work we present some results that seem to be
better understood in the framework of a quantum spin-
fluctuation ground state described for the cuprates than
with the original theory developed for the nickelates.
'The characteristics of the Pr2Ni04 single-crystal light
scattering associated with magnons are closer to those re-
ported for the copper compounds than for the La2Ni04,
as we will describe later.

At room temperature, some weak features are observed
in the high-frequency range of the Pr2Ni04 spectra. The
double phonon peaks of the two kinds of oxygen stretch-
ing [in Fig. 7, the O(2) stretching mode is labeled as A

and the O(1) mode as 8) are seen in their respective
configurations. Also, a weak broad band can be observed
in the (zz) configuration in the 1500—3000-cm region.

When the temperature is stabilized at 75 K, a strong
and very broad band appears in the (zz) spectrum. The
other two configurations also show bands, though they
are much weaker. This strong dependence on the tem-
perature is, in principle, quite surprising, since the sam-
ple is already antiferromagnetically ordered at room tem-
perature ( T~, =325 K). '

contains two Lorentzians (their positions have been indi-
cated in Fig. 5), while at other temperatures one
Lorentzian function is enough. Unfortunately, the 245-
cm ' peaks are too weak for a similar analysis to be car-
ried out. Figure 6 shows three A modes at five tempera-
tures; the incident wavelength in this case was 5145 A
and the spectra were normalized to the 450-cm ' peak
intensity. The observation of a double peak in the 115-K
spectrum supports the coexistence of the two phases
(LTO and LTT) claimed in some structural studies. '

The range of temperatures, where the two phases coexist
is indicated in the Fig. 5 with dashed lines.

B. Magnetic dynamics
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Following the previously described analysis developed
by Lyons et al. , we have obtained the values of the first
three cumulants for the 75-K spectra. Even if the errors
are important because of the low intensities and back-
ground subtraction problems, we can state with
confidence that the obtained values (Table III) do not cor-
respond to the picture valid for the K2NiF4 compound.
The ratio Mz/M„where Mz is a measure of the width
and M, gives the center of gravity of the observed spec-
trum, is very close to the calculated value (0.23) and to
the experimental values found in the La, Nd and Sm cu-
prates (0.23 —0.28). ' Very recently a direct measure of
the exchange J parameter has been obtained by use of in-
elastic neutron scattering in La2Ni04, ' the value ob-
tained (248 cm ') is very close to the one extracted from
two-magnon light scattering (240 cm '). ' In PrzNiO&,
the value (around 400 cm ') is probably higher due to
the magnetic contribution of the Pr ions. Nevertheless,
the cuprates present much higher exchange parameters
around 1000-1200 cm

Similar characteristics, of width and shape of the
bands, found in Pr2Ni04 as in the cuprates seem to indi-

cate that in this case also (with S= I) quantum spin fiuc-
tuations in the ground state are important (see Fig. 8).
However, this theory cannot explain the strong scattering
intensity observed in the (zz) configuration. In this sys-

TABLE III. Values of the first three cumulants in the three
configurations at 75 K with an incident wavelength of 5145 A.
The ratios are given in order to compare them to the calculated
value (Ref. 23) (0.23) for the quantum spin-fluctuation ground
state.

Pr2Ni04
75 K

Ml (cm ')

Mp (cm ')

M3 (cm ')

Mq/M)
J (cm ')
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3050
950
750

0.31
455
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tern the structural low-temperature phase transition has
important effects on the magnetic structure, as pointed
out before. The LTT structure allows an out-of-plane
canting of the Ni magnetic moments, which has been ac-
tually observed. Moreover, the magnetic phase transi-
tion detected around 90 K shows that not only the z com-
ponent of the Ni moment is large, but that it is also anti-

S
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FIG. 7. High-energy zone of the PrzNi04 Raman spectra
with two incident wavelengths and three polarizations. The
O(2) stretching mode is labeled as A and the 0(1) mode as B.
The multiphonons are indicated.
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FIG. 8. High-energy zone of the Pr2Ni04 (zz) Raman spectra
at two temperatures. The intensities have been normalized with
the 450 cm ' peak. The inset shows the other two
configurations at 75 K; the intensity scale is expanded a factor
of 1.5 with respect to the (zz) spectrum. Incident wavelength:
5145 A.
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ferromagnetically ordered in the direction perpendicular
to the layers. This is a clear demonstration that the cou-
pling between the Pr202 layers is not at all negligible.

When the interlayer magnetic coupling is taken into
account, the light scattering from magnons is no longer
limited to the Ni-O(1) planes. On the contrary, if the
magnetic moment has a component perpendicular to the
planes, the configuration with the incident and scattered
electric fields parallel to the c axis is expected also to
show a band of similar characteristics as in the other
configurations. For these reasons, we consider the inten-
sity observed in the (zz) low-temperature spectrum to be
related with two-magnon scattering arising from spin
flips of Ni ions in two different layers. In this compound
the ratio of the interlayer and intralayer Ni nearest-
neighbor distances is 1.7, i.e., smaller than for the
KzNiF4 compound (1.9). The decrease of this ratio
means that, in comparison, the Ni ions of consecutive
layers are closer in the Pr compound than in the K2NiF4.
This partly explains why the interlayer exchange constant
has to be taken into account. Moreover, praseodimium
ions probably play an important role in this interlayer
coupling; in fact, below 40 K, these ions are also AFM
ordered and coupled to the Ni magnetic moments.

The reason why the intensities in the (xx), (yy), and
(xy) configurations are so low in comparison to that of
the (zz) component is not yet clear. There seem to be
some screening effects in all the light-scattering processes
in this compound.

We have also observed that the (zz) two-magnon band
is resonant when the incident wavelength is changed
from 4880 to 5145 A. This resonance also occurs for the
125- and 322-cm ' peaks at 75 K; we have to point out
that these two peaks correspond to oxygen octahedra
modes. Apparently, a resonance with some electronic
level is achieved at the 5145-A wavelength and a quite
strong L-S coupling induces an increase of the scattered

light also in the two-magnon spectrum. This strong in-
teraction has already been deduced in the cuprates.

As it is shown, the light scattering arising from the
magnetic fluctuations has a quite complicated behavior
with temperature and, in fact, the spectra seem to be
composed of at least two bands. A more detailed analysis
of more extensive experimental data is in progress.

UI. CONCLUSIONS

The main conclusions of this study are the following:
Concerning the lattice vibrational modes of the LTO
phase, the A phonons have a zz coefficient much higher
than the others (xx,yy) and the correspondence with par-
ticular atomic displacements is found. Among the other
allowed modes, some have been identified but others seem
to be very weak. The number of first-order modes is not
higher than that predicted by point-group analysis, in
contrast with what other authors have found in some cu-
prates. Several multiphonon bands have been detected,
which correspond to higher orders of the two oxygen
stretchings. The LTO-to-LTT phase transformation has
been followed. In the tetragonal phase, three additional
modes are detected instead of the five expected. The
dependence of the frequencies with the temperature gives
us a basis for the assignation of some modes and also
shows the coexistence of both phases near the transition
temperature, in particular at 115 K.

With respect to the magnetic behavior of the sample,
two-magnon light scattering has been detected clearly at
75 K with the highest intensity in the (zz) configuration.
The characteristics of the spectra do not correspond to
those expected from the two-magnon scattering, even in-
cluding magnon-magnon interactions. Interlayer mag-
netic coupling of the Ni ions must be taken into account
in this compound in order to explain the p esent experi-
mental results.
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