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The bilayer manganite La1.2Sr1.8Mn2O7 �LSMO� exhibits a phase transition from a paramagnetic insulating
�PI� to a ferromagnetic metallic �FM� state with a colossal magnetoresistance �CMR� effect. Upon 60% Pr
substitution, both the magnetic order and the PI to FM transition are suppressed. However, application of a
magnetic field induces a first-order transition to a FM state with a CMR effect. We report here inelastic neutron
scattering from a single crystal of �La0.4Pr0.6�1.2Sr1.8Mn2O7 under a magnetic field of 3.7 T, applied along the
c axis and along the �110� direction. Our data reveal the in-plane exchange Jab close to that of the Pr-free
compound LSMO although the interlayer exchange Jc is much smaller than that found in LSMO. Anisotropic
lattice distortion induced by the smaller size of Pr3+ ion is considered to explain these results.
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Systems showing a phase transition from a paramagnetic
insulating �PI� to a ferromagnetic metallic �FM� state, tuned
by magnetic field, have drawn considerable interest both
from applications and fundamental points of view. The
�La0.4Pr0.6�1.2Sr1.8Mn2O7 �LPSMO� compound, discovered in
the early 2000s,1,2 belongs to this category. It derives from
the n=2 member of the Ruddlesden-Popper series expressed
generally as �La1−xSrx�n+1MnnO3n+1. The bilayer compound
with n=2 and, for the hole doping, x=0.4 shows a PI-FM
transition at TC=125 K with a magnetoresistance ratio of
�180.3–5 Keeping the hole doping constant at x=0.4 but with
an additional substitution of Pr on the La site, viz.
�La0.4Pr0.6�1.2Sr1.8Mn2O7, the material becomes a paramag-
netic insulator at all temperatures. However an applied mag-
netic field induces a first-order PI to FM transition. A previ-
ous inelastic neutron-scattering experiment6 with a magnetic
field H along the c axis has revealed that the magnetic field
restores not only a long-range ferromagnetic order but also
an exchange coupling between in-plane first neighbors, Jab,
very similar to that of La1.2Sr1.8Mn2O7 �LSMO�. Both the
interlayer and intralayer couplings are expected to play a role
in the formation of magnetic and transport properties of this
bilayer compound. Hence, further inelastic neutron-
scattering experiments on LPSMO have been achieved to
evaluate the intralayer exchange coupling Jab and the inter-
layer exchange coupling Jc, or rather SJab and SJc with S as
the mean localized spin of the Mn ion, in a magnetic field of
3.7 T and at 15 K �see Fig. 1�.

Our studies reveal that the field-induced coupling is inde-
pendent of the field direction �H �c and H �a+b�. Further-
more, we found that the intralayer value SJab of our sample
is comparable to that of LSMO �Refs. 7 and 8� whereas the
interlayer value SJc is strongly reduced. Another important
finding concerns an interesting evolution of the ground state
of the Pr3+ ion with the direction of the field H. With H �a
+b, we have measured, in addition to the spin waves, an
excitation at 8 meV that we have identified with a crystal-

field excitation of Pr3+. With H �c, this excitation was not
seen.

The high quality single crystal of LPSMO studied in this
work was the same as the one described in Ref. 6. The space
group of the structure is I4 /mmm with a=b�3.85 Å and
c�20 Å. The sample was mounted on an aluminum holder
in a horizontal field superconducting magnet. The sample
was aligned with its �a+b and c� scattering plane horizontal
and the magnetic field was being applied either parallel to c
or to a+b with H=3.7 T. With H �c, the transition tempera-
ture from PI to FM phase TC is �72 K while with H �a+b,
at this value, TC�64 K.

Elastic and inelastic neutron-scattering measurements
have been carried out on the triple axis spectrometers IN22
and IN8 of the Institut Laue-Langevin in Grenoble. For the
inelastic measurements, the momentum transfer Q was kept
close to the direction of the magnetic field in order to take
advantage of the geometrical rule of the neutron magnetic
cross section, which is proportional to the spin components
perpendicular to Q.9

The double exchange �DE� model is appropriate to de-
scribe magnetic interactions in colossal magnetoresistance
�CMR� manganites.10 It turns out that the spin-wave disper-
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FIG. 1. �Color online� Structure of the bilayer compound. Mn
ions �not shown� are at the center of MnO6 octahedra, coupled by
intralayer Jab and interlayer Jc. For a general view of the structure,
see Refs. 8, 19, and 21.
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sion for this DE model in the JH=� limit is precisely the
same as that for the Heisenberg ferromagnetic model �HFM�.
Thus, in order to analyze the data, we considered the Hamil-
tonian of the HFM model with two distinct exchange cou-
plings between nearest neighbors: the intralayer exchange
integral Jab, coupling in-plane Mn sites, and the interlayer
exchange integral Jc, coupling Mn sites belonging to the two
layers forming the bilayer. Let us note that the interbilayer
coupling is �100 times smaller than Jc,

7 which is below the
sensitivity of our experiment. For the HFM model, the dis-
persion of the spin waves propagating in the �a ,b� plane
consists of two branches: an acoustic one, ��q�ac, and an
optic one, ��q�opt;

�ac�q� = �0 + 4SJab�sin2��qx� + sin2��qy�� ,

�opt�q� = �ac�q� + 2SJc,

where �0 is a gap due to intrinsic anisotropy �see Ref. 6�.
We define, with � in the I4 /mmm indexation,

Q = � + q ,

Q = �2�

a
�H + qx,K + qy�,

2�

c
QL	 ,

QZ =
2�

c
QL.

In the selected crystal orientation, qx=qy. The intensities
of both spin-wave branches are given by the neutron mag-
netic inelastic cross section:
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where

Sac,opt�Q,�� = �n��� + 1��ac,opt� �Q,��
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ki is the incident neutron wave vector, kf the scattered-
neutron wave vector, r0=0.5410−12 cm, n��� the Bose fac-
tor, S the spin, F�Q� the magnetic form factor of the Mn ion,
Q� is the Q component parallel to the magnetic field H, and
�z the thickness of the bilayer with �z�a. The possibility of
finite spin-wave lifetimes 1 /
�q� was allowed for replacing
the delta-function response with Lorentzian functions11 in the
neutron cross section. The intensity of the acoustic branch is
maximum for

QZ�z

2
= 0,�,2�, . . . ,

QL = 0,
c

a
,
2c

a
, . . . = 0,5.2,10.4, . . . ,

and that of the optic one for

QZ�z

2
=

�

2
,
3�

2
, . . . ,

QL =
c

2a
,
3c

2a
, . . . = 2.6,7.8, . . . .

The inelastic spectra were described with this cross section,
convoluted with the instrumental resolution function. In all
the spectra represented, the lines through the points were the
results of a fitting process with �ac,opt�q� and 
�q�, the damp-
ing constant of spin waves, as fitting parameters. Concerning
this last point, at the temperature of the study �15 K�, the
spin waves were always underdamped �
�q���ac,opt�.

Figure 2 displays the dispersion of spin waves propagat-
ing in the basal plane �ab� for H �c �upper panel� and H �a
+b �lower panel�. Taking advantage of the modulation of the
intensity with QL as in the case of H �c, energy scans were
performed at constant Q= �� ,� ,QL� with QL=5.2 to measure
acoustic modes and QL=7.8 for optic modes �Fig. 2, upper
panel�. In the case of H �a+b, the scans were measured at
Q= �1+� ,1+� ,QL� with QL=0 for acoustic modes and QL
=2.6 for optic modes �Fig. 2, lower panel�. A typical spec-
trum of the optic mode at Q= �0,0 ,7.8� with H �c is shown
in the left panel �solid symbols� of Fig. 3. To prove that this
mode is related to the interaction of the first neighbor Mn
ions in the two adjacent layers forming the bilayer, we per-
formed a constant-energy scan along �001� �shown in Fig. 3,
right panel�.
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FIG. 2. �Color online� Dispersion of spin waves propagating
along �110�. Acoustic branch: solid dots. Optic branch: solid
squares. The solid lines represent the laws �ac�q� and �opt�q�. Up-
per panel: H �c; lower panel: H �a+b. Crystal field excitation �Pr3+:
empty symbols.
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The solid line through the experimental points is calcu-
lated using the given formula for the neutron cross section.
The fitted periodicity is QL=5.2 or QZ=5.2�2� /c
=1.63 Å−1. It corresponds to a wavelength 
=2� /QZ
�3.85 Å, which is exactly �z: the thickness of the bilayer.

With H �a+b, as can be seen in the lower panel of Fig. 2,
the spin-wave branches appear very similar to the case where
H �c, except, however, for an additional flat mode �Pr3+ at
�8 meV. We have identified this latter mode with a crystal-
field excitation of the Pr3+ ion for several reasons: �i� the
absence of dispersion of this mode. �ii� From a previous
polarized neutron experiment,12 we know that, when
H �a+b, all Pr3+ ions are in a singlet �nonmagnetic� state so
transition to an excited magnetic state is possible, as already
observed in other Pr compounds.13,14 A typical energy scan is
shown in the left panel of Fig. 4.

One can see clearly a spin-wave acoustic mode �ac and a
much less intense mode �Pr3+ �solid symbols�. In the small
energy range, whereas this flat mode is well distinct from the
acoustic branch, this is not the case for the optic branch,
which has a lower intensity. However, from the whole set of
data, we could extract the optic branch. Due to the proximity
of this flat mode, the constant-energy scan �such as that dis-
played in Fig. 3, right panel� could not be performed. We
present the evolution of the intensity �with QL� of an acoustic
mode at a constant energy of 4 meV �Fig. 4, right panel�. The
intensity is maximum at qx=qy =0.075 and QL=0, and shows
the periodicity already found �QL=5.2� but, in that case, in
phase opposition with the scan of the optic mode reported in
the right panel of Fig. 3, as expected.

When the magnetic field is switched off, the system be-
comes paramagnetic. The spin-wave mode transforms into a
diffusive mode, giving rise to quasielastic scattering �Figs. 3
and 4, empty symbols�, while �Pr3+ still remains �Fig. 4�.15

Using the expressions of �ac�q� and �opt�q�, we could
extract the values of SJab and SJc from our experimental
data. For each orientation of the field, SJab has been deter-
mined from the dispersion of both branches. SJc has been

determined by the mode at q=0 on the optic branch:
�opt�q=0�=�0+g�BH+2SJc, where �0 is due to a single-ion
anisotropy and g�BH the Zeeman energy �with H=3.7 T
g�BH=0.428 meV�. The precision of the determination of
Jc depends on the knowledge of �0. In the case of H �c, �0
was pretty well known because of its precise measurement
on a cold neutron triple axis spectrometer, �0=0.29 meV.6

This was not the case for H �a+b since the measurements
were performed on thermal-neutron triple axis spectrometers.
However, the fit of our data �Fig. 2, solid red circles� has
yielded �0=0.14�0.14 meV. This is in good agreement
with what is known in this compound, namely that the mag-
netic anisotropy is strongest with H along c �see Ref. 1 and
more recently, Ref. 16�. The values of SJab and SJc are pre-
sented in the Table I, and compared with the values found in
the literature for the Pr-free compound LSMO.

The first observation is that the set of values of exchange
couplings for LPSMO does not vary very much with the
direction of the magnetic field. It is hard to say that Jab is
smaller in the case of H �a+b, as it is at the limit of the error
bars.

The second observation concerns the comparison of these
results with those of the parent Pr-free compound LSMO.
The intralayer exchange coupling SJab is nearly the same in
both compounds while the interlayer exchange coupling SJc
is very different. Moreover, the ratios of TC �125/72� and of
Jc �3/1.7� are the same, and equal to 1.7. This last result can

TABLE I. See text.

SJab�meV� SJc�meV� TC�K�

LPSMO H �c 8.9�0.35 1.7�0.2 72

LPSMO H �a+b 8.2�0.3 1.7�0.3 64

LSMO 8.64 �Ref. 7�,
9.6 �Ref. 8�
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FIG. 3. �Color online� Left panel: Spectra of the optic mode at
qx=qy =0 with H �c �solid dots� and without magnetic field �empty
dots�. Broken line represents the instrument background. Right
panel: Intensity of the optic mode versus QL at constant energy �
=6 meV. This value has been chosen because it corresponded to
the maximum measured intensity �see left panel�. Solid lines repre-
sent the best fits, as explained in the text.

FIG. 4. �Color online� Left panel: Energy spectrum measured at
Q= �0.95,0.95,0� with H �a+b �solid dots� and without magnetic
field �empty dots�. In the latter case, �ac disappears while �Pr3+

remains visible. Right panel: Intensity of an acoustic mode versus
QL at Qx=Qy =1.075 and at constant energy �=4 meV. The solid
line represents the best fit �see the text�.
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be well explained by a calculation of TC based on a Wilson-
Kadanoff argument, developed for a quasibidimensional
Heisenberg model17 where TC is shown to vary as Jc. How-
ever. why is the intralayer exchange coupling Jab very close
in both compounds and why is the interlayer coupling Jc so
different? The small size of the Pr ion is usually invoked to
explain why Pr substitution on the La site in the parent bi-
layer compound destroys ferromagnetic order. The ionic ra-
dius of Pr3+ is nearly 6% smaller than that of La3+ �Ref. 18�
so the structure is distorted, the electronic band is narrower,
and the system becomes paramagnetic and insulating. How-
ever, the energies of different possible ground states are very
close to each other and the delicate balance existing between
these states can be easily tipped by a magnetic field. Consid-
ering the FM phase of the Pr-free compound, one observes
that it is also distorted with elongated MnO6 octahedra along
c �Ref. 19� and that the interlayer exchange coupling Jc,
unlike Jab, is very sensitive to the doping rate.8 In the present
case of LPSMO, Pr substitution dramatically changes the
physical properties.20,21 For both compounds, the �ab� planes
consist of long-range ordered squares with an edge
Mn-O3-Mn�3.85 Å �see Fig. 1�. This square structure is
very robust against any perturbation; the electron density re-
mains stable and, as a consequence, Jab remains constant. On
the contrary, the stacking of bilayers along the c axis is much

less dense; the first neighbor bilayers are distant of �10 Å,
making the bilayer more isolated, more fragile, and easily
buckled. The randomly distributed Pr ions induce fluctua-
tions in the positions of oxygen atoms outside the bilayer,
O2, leading to elongated octahedra along the c axis. As such,
the thickness of the bilayer “O2-Mn-O1-Mn-O2” fluctuates.
This, in turn, likely leads to fluctuations in the electronic
density that, in addition to the disorder, can reduce the fer-
romagnetic coupling along the c direction. As such, the dis-
tortions induced by the Pr ions, although reduced by the
applied magnetic field, remain strong enough along the c
axis to prevent a complete restoration of the magnetic cou-
pling Jc, resulting in a reduction in TC in comparison with
LSMO �see Table I�.

In summary, we have measured the highly anisotropic ex-
change coupling constants Jab �intralayer coupling� and Jc
�interlayer coupling� in the field-induced ferromagnetic me-
tallic phase of the bilayered Pr-substituted compound
�La0.4Pr0.6�1.2Sr1.8Mn2O7. We found that the values of Jab and
Jc are not sensitive to the direction of the applied field
whether H is along c or along a+b. Whereas the value de-
termined for Jab is very close to that of the Pr-free compound
LSMO, the value for Jc is remarkably smaller. We attribute
our findings to the strong anisotropic distortions induced by
the Pr ions.
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