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The layeredA-type antiferromagnet Pr0.5Sr0.5MnO3 has been investigated by neutron scattering.
Antiferromagnetic ordering is observed with aTN of 152.3 K and an exponentb of 0.14860.01 that
suggests 2d Ising behavior. The spin-wave excitations, measured for the neutron momentum
transferq perpendicular to the ferromagnetic planes at 2 K, show a gap of 2.360.2 meV at the zone
center@0.5 0 0.5#. The dispersion near zone center yielded the spin-wave stiffness coefficientDSW

of ;100610 meV Å2 which is twice the value found in the isostructuralA-type antiferromagnet
LaMnO3. The double-exchange interaction, introduced by hole doping, enhancesDSW in
Pr0.5Sr0.5MnO3. The spin wave dispersion at lowq fits the dispersion of the Heisenberg model with
nearest neighbor exchange interaction and single ion anisotropy. ©2004 American Institute of
Physics. @DOI: 10.1063/1.1651814#

Doped manganites R12xAxMnO3 (R5rare earth, A
5Ca21, Sr21) have attracted considerable interest due to
their electronic properties such as the large negative magne-
toresistance called colossal magnetoresistance~CMR! near a
metal–insulator transition, charge ordering, and orbital
ordering.1,2 In particular, layered manganites exhibit aniso-
tropic magnetic and transport properties. In these com-
pounds, the hole doping at the rare earth site results in mixed
valence~31 and 41! for the Mn ions. The occurrence of
metallic ferromagnetism in these mixed valence manganites
has been explained within the double-exchange model.3

However, it has been shown that the double exchange model
is insufficient to explain CMR.4 A complete theory of CMR
materials is still lacking. It is argued that the CMR in the
manganites is associated with the complex interplay of spin
and lattice degrees of freedom. The role of lattice polarons
has been elucidated both by the theory and the
experiments.4,5 Recently, several theories of CMR that are
based on the electronic phase separation,6 the percolation
effect,7 Griffiths singularity,8 and s-wave double exchange9

have been proposed. The CMR effect is pronounced at the
commensurate hole doping concentrations of 1/3, 1/2, and

2/3.10 Manganites with such hole concentrations also exhibit
charge ordering.11 Experiments to probe the fundamental
properties of half-doped manganites are necessary to eluci-
date the relation of magnetic properties to CMR and ordering
phenomena.

A few of the half-doped manganites exhibit multiple
magnetic phase transitions, such as a transition from an an-
tiferromagnetic ground state to an intermediate ferromag-
netic state and to a high temperature paramagnetic state.
These half-doped manganites also exhibit CMR at the ferro-
magnetic to antiferromagnetic transition.10,12 The transition
has characteristics of a system with complex spin dynamics,
such as an exponential relaxation from a usual ferromagnetic
or an antiferromagnetic region and a root-exponential relax-
ation associated with size distributed spin clusters or spin
polarons in a glassy region.13 Recent investigations by Lor-
entz electron microscopy show that such clusters have
nanoscale~30–40 nm!dimensions.14 It is of current interest
to understand this phase transition in order to understand the
role played by the nanosized clusters. In the layeredA-type
antiferromagnets, the antiferromagnetism and ferromag-
netism are closely connected, i.e., these antiferromagnets are
made of alternatively stacked ferromagnetic planes. There-
fore, these materials offer an opportunity to study the com-
petition of the ferromagnetic double exchange interaction
and the antiferromagnetic super exchange interaction on a
charge ordered lattice.

a!Author to whom correspondence should be addressed; electronic mail:
vemuru@bama.ua.edu
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In this study, we focus on the spin dynamics in the lay-
ered A-type antiferromagnet, the half-doped manganite
Pr0.5Sr0.5MnO3, which crystallizes in theP21/n monoclinic
phase.11,15 Neutron diffraction studies reported the magnetic
moment of 3.1mB for Mn.15 This compound can be thought
of as a mixed valence analogue of the undoped compound
LaMnO3 since the later also is anA-type antiferromagnet
with a TN of 139.5 K.16 The spin waves also affect the mag-
netrotransport. Therefore, an investigation into the nature of
spin wave excitations and their relation with the spin and the
lattice degrees of freedom is essential for a comprehensive
description of magnetism and colossal magnetoresistance.

A single crystal of Pr0.5Sr0.5MnO3 was grown by the
floating zone method. Magnetic susceptibility measurements
show ferromagnetic ordering at 265 K and a spin reorienta-
tion transition to antiferromagnetic state occurs at about 150
K. Elastic and inelastic neutron scattering from the
Pr0.5Sr0.5MnO3 single crystal was measured at 2 K with the
RITA-2 triple axis spectrometer, which is equipped with a
seven blade pyrolytic graphite multicrystal analyzer at SINQ,
Paul Scherrer Institute, Switzerland. The instrument was op-
erated at constant momentum transfer with fixed final energy
Ef54.9 meV with a beryllium filter or atEf55.6 or 8 meV
with a pyrolytic graphite filter. The sample temperature was
controlled between 2 and 190 K with stability better than 0.1
K using a4He cryostat.

Neutron diffraction from the@0.5 0 0.5#antiferromag-
netic ordering peak was measured as a function of tempera-
ture from 2 to 190 K to investigate the critical behavior of
the order parameter at the antiferromagnetic phase transition.
The Bragg scattering peak has a linewidth associated with
the resolution of the instrument and with the mosaic spread
of the crystal domains. The diffraction peak was fitted by a
combination of Gaussian functions for quantifying the anti-
ferromagnetic order. Figure 1 shows the square root of the
antiferromagnetic~0.5 0 0.5!Bragg peak integrated intensity
I B

1/2 as a function of temperature. The intensity decreases as
the temperature is increased to approach the transition tem-
perature.I B

1/2, which is proportional to the order parameter,

i.e., sublattice magnetizationM, has been fitted by a power
law function

l B
1/2;M5M0tb, ~1!

whereM0 is the sublattice magnetization atT50 K, t[(1
2T/TN) is the reduced temperature, andb is the critical
exponent. The inset in Fig. 1 showsI B

1/2 as a function oft in
a log–log plot. The best fit, which is superimposed over the
data in Fig. 1, yielded the Ne´el temperatureTN5152.3 K and
the critical exponentb50.14860.01. The value of the Ne´el
temperature is slightly higher than the one reported by
Kawanoet al.11 The critical exponent is close to the Onsager
result of exactly 1/8 for the two-dimensional Ising model.17

The spin waves were measured by inelastic neutron scat-
tering ~INS! at 2 K. INS probes the structure factorS(Q,v),
which is related to the imaginary part of the susceptibility
x9(Q,v) through the fluctuation–dissipation theorem. To
extract the information on the structure factor, the inelastic
neutron scattering intensity should be convoluted with the
instrument resolution function. In the RITA-2 instrument, the
seven pyrolytic graphite~002! blades of the analyzer were
independently aligned to measure the scattering in the mono-
chromatic point to point focus mode. In this case, the scat-
tered intensity line shape will consist of several Gaussians,
with each blade contributing a Gaussian peak to the spec-
trum. The shape of the spectrum for all the constantq scans
could be modeled by a four component Gaussian function, in
addition to a constant representing the instrument back-
ground. The center of the Gaussian with the highest intensity
corresponds to the magnon peak energy. Figure 2 displays a
constantQ scan, i.e., the neutron scattering intensity as a
function of the energy transferE measured in the antiferro-
magnetic state at 2 K for the wave vector transferq perpen-
dicular to the ferromagnetic planes. The fit, which is super-
imposed over the spectrum, yielded a magnon peak energy or
the gap of 2.460.2 meV. The existence of gap at zone center
shows that the dispersion is associated with an optical spin
wave branch in which nearest neighbor spins oscillate out of

FIG. 1. Temperature dependence of the order parameter at the transition
from ferromagnetic antiferromagnetic state derived from the@0.5 0 0.5#
antiferromagnetic Bragg peak intensity in Pr0.5Sr0.5MnO3 .

FIG. 2. Neutron scattering intensity as a function of the energy transferE
measured in the antiferromagnetic state at 2 K for the wave vector transfer
q perpendicular to the ferromagnetic planes. The dotted lines show the in-
dividual Gaussian functions that are used to model the spectral shape.
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phase and an antiferromagnetic ground state. Figure 3 dis-
plays the wave vector transferq dependence of the magnon
peak energy at the zone center~0.5 0 0.5!in Pr0.5Sr0.5MnO3

measured at 2.0 K. This spin wave spectrum at lowq has
been analyzed with a phenomenological quadratic law,E
5Eg1Dswq2, whereEg is the energy gap andDsw is the
spin-wave stiffness coefficient. The best fit to the data
yielded Eg52.360.2 meV and Dsw5100610 meV Å2.
Note that this Dsw value is comparable toDsw

5117 meV Å2 found in Nd0.45Sr0.55MnO3,18 and is two
times larger than the value of 50 meV Å2 found in
LaMnO3.19

The spin-wave spectrum at lowq ~< 0.5! could be well
described by the dispersion of the Heisenberg Hamiltonian
with nearest neighbor exchange interactions and single ion
anisotropy.20 The best fit displayed as a solid line in Fig. 3
yielded the ferromagnetic exchange integralJ150.27 meV,
the antiferromagnetic exchange integralJ2521.83 meV,
and the single ion anisotropy energyD50.057 meV. The
antiferromagnetic exchange integral is seven times larger
than the ferromagnetic exchange integral. This is quite oppo-
site to the case in LaMnO3, whereJ1 is 1.4 times larger than
J2 . Table I presents a comparison of the results of spin-wave
dispersion analysis in Pr0.5Sr0.5MnO3 with those of the isos-
tructural A-type antiferromagnet LaMnO3 reported in
Ref. 20. The ferromagnetic couplingJ1 in Pr0.5Sr0.5MnO3 is
smaller than theJ1 in LaMnO3 by a factor of 3. The antifer-
romagnetic couplingJ2 in Pr0.5Sr0.5MnO3 is larger than the
J2 in LaMnO3 by a factor of 3. From the above results, we
can infer that in addition to the exchange interactions be-

tween the spins, the holes also play a role in determining the
type of magnetic ordering and the value of Ne´el temperature
in doped manganites.
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FIG. 3. Spin wave dispersion in theA-type antiferromagnet Pr0.5Sr0.5MnO3

at 2.0 K. The wave vector transferq is perpendicular to the ferromagnetic
planes.

TABLE I. Comparision of parameters extracted from the spin-wave disper-
sion measurements inA-type antiferromagnets from inelastic neutron scat-
tering: S is the effective spin of Mn ions,J1 ferromagnetic exchange cou-
pling, J2 is the antiferromagnetic exchange coupling, andD is the single ion
anisotropy energy.

Parameter Pr0.5Sr0.5MnO3 LaMnO3

S 1.75 2.0
J1 ~meV! 0.27 0.83
J2 ~meV! 21.83 20.58
D ~meV! 0.057 0.165
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