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Abstract
Ultrasonic sound velocity and attenuation at 15 MHz, the Young modulus
at 5 kHz and the shear modulus at 1 Hz were measured for polycrystalline
Pr0.65Ca0.35MnO3 in the temperature range 100–300 K. Upon cooling from
room temperature a common behaviour can be observed for the different
moduli: a small softening above the charge-ordering temperature TCO ∼ 230 K,
followed by a large hardening below TCO. A corresponding attenuation peak is
observed at TCO in ultrasound measurements. The modulus effect is related
to a strain–order parameter coupling proportional to Q2, where Q is the
order parameter. The critical exponent β estimated from the elastic constant
behaviour is much smaller than the mean-field one.

1. Introduction

Mixed-valence manganese oxides have been thoroughly studied because of their colossal
magnetoresistance (CMR), indicating that they have potential application in magnetic devices,
as well as because of the variety of phenomena that they exhibit resulting from the interplay of
different interactions: superexchange and double-exchange mechanisms, Coulomb interaction
and the Jahn–Teller effect.

The properties of the manganese perovskites A1−xBxMnO3, where A is a trivalent rare-
earth cation and B a divalent alkali, can be varied by changing the doping x [1], and the relative
and average sizes of A and B [2,3]. Replacing a proportion x of A with lower-valence B cations
induces the same proportion of Mn3+ ions to adopt a 4+ valence. This allows the eg electron
in Mn3+ to migrate to unoccupied levels in Mn4+, depending on the Mn–O–Mn angle and the
relative orientation of the t2g localized spins in the Mn sites involved.

In compounds such as Pr1−xCaxMnO3, where the ionic radii of A and B cations are rela-
tively small, buckling of oxygen octahedra around Mn ions is produced in order to compensate
for the free space. A further distortion of the Mn3+O6 octahedra is provided by the Jahn–Teller
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effect of Mn3+ ions, which causes a splitting of eg orbitals by stretching or compressing specific
Mn3+–O bond lengths. In Pr1−xCaxMnO3 the distortion with respect to the ideal cubic per-
ovskite is orthorhombic [1]. This structural distortion implies a deviation of Mn–O–Mn angles
from 180◦, decreasing the rate of hopping of the eg electrons from Mn3+ to Mn4+ sites. As a con-
sequence of this, Pr1−xCaxMnO3 compounds present an insulating electrical behaviour for allx.
Poor electron transfer weakens the double-exchange ferromagnetic interaction. As ferromag-
netic interactions are weak, superexchange dominates, and (Pr, Ca) manganites present an anti-
ferromagnetic state over a wide doping range (0.3 < x < 0.95) [4]. Below a certain tempera-
tureTCO, a superstructure appears, corresponding to ordering of Mn3+ and Mn4+ on alternate lat-
tice sites. Simultaneously with the charge ordering, orbital ordering takes place and a structural
deformation develops below TCO, which saturates near TN . Recent studies of Pr0.5Ca0.5MnO3

show that the ordering is not commensurate with a wavevector q = (1/2 − ε, 0, 0), where ε

takes a finite value below TCO and decreases—until it reaches saturation—to a small non-zero
value below TN [5], as has also been reported for La0.5Ca0.5MnO3 [6].

Ultrasonic measurements of the sound velocity and attenuation near structural phase
transitions can probe the order parameter and give information on the dynamical properties. In
the case of CMR manganites, ultrasonic methods have been successfully applied in the study
of La1−xCaxMnO3 [7]. In the present work the focus is on the study of the charge-ordering
transition in Pr0.65Ca0.35MnO3.

2. Experimental details

The ceramic sample was prepared by thoroughly mixing powders of Pr6O11, SrCO3, CaO
and MnO2 in stoichiometric proportions, and pressing it into a rod under 1 kbar. Samples of
different sizes were cut from the bar and annealed at 1300 ◦C for five days in oxygen. Sample
No 1 (a cylinder of φ ∼ 3 mm and L ∼ 6 mm) was used for resistivity, magnetization, AC
susceptibility and ultrasonic measurements, sample No 2 (a 1 × 1 × 5 mm3 parallelepiped)
for Hz elastic measurements and sample No 3 (a 0.5 × 1.4 × 5 mm3 parallelepiped) for kHz
elastic measurements.

Resistivity measurements at zero field were performed in a standard four-wire
configuration. Magnetization measurements were performed in a SQUID magnetometer at
a field of 100 Oe, and AC susceptibility measurements in a home-made susceptometer at
5 kHz.

Shear modulus measurements were performed on a forced inverted torsion pendulum at
a frequency of 1 Hz and a temperature rate of 0.5 K min−1. The angular deformation was
less than 1 × 10−5. Medium-frequency (5 kHz) Young modulus data were obtained in a
conventional vibrating-reed spectrometer at a temperature rate of 0.5 K min−1. For high-
frequency (ultrasound) data the standard pulse-echo technique was used at 15 MHz with
LiNbO3 transducers. The longitudinal sound velocity variation was measured by phase-
coherent detection. Attenuation data were obtained by a Matec 2470 attenuation recorder.
The temperature rate was approximately 1.5 K min−1.

3. Results

The absolute sound velocity at room temperature was found to be 6000 m s−1 for the
longitudinal mode (vL) and 2800 m s−1 for the transverse mode (vT ). The measured sample
density (ρ) was 90% of the ideal one. From the absolute sound velocity and density, values
for different elastic moduli at room temperature could be estimated. The bulk modulus
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Figure 1. (a) Resistivity ρ (open circles) and ∂ ln ρ/∂T −1 (full triangles), (b) magnetization at
100 Oe and (c) AC susceptibility at 5 kHz for Pr0.65Ca0.35MnO3 (sample No 1) as a function of
temperature. The transition to the charge-ordered state occurs atTCO ∼230 K and antiferromagnetic
order sets in at TN ∼ 170 K.

B = ρ(v2
L − 4/3v2

T ) obtained in this manner is 135 GPa, the shear modulus G = ρv2
T is

44 GPa and the Young modulus E = G(3 − 4v2
T /v

2
L)/(1 − v2

T /v
2
L) is 120 GPa. The Poisson

ratio σ(1 − 2v2
T /v

2
L)/(2 − v2

T /v
2
L) was estimated to be 0.36.

The temperature dependence of the resistivity is shown in figure 1(a). An insulating
behaviour is observed throughout the measured temperature range. At the charge-ordering
temperature, TCO ∼ 230 K, there is an increase of resistivity. This reflects the ordered
localization of eg electrons in the charge-ordered phase. The logarithmic derivative of the
resistivity exhibits a significant peak at the transition. No effects are observed at the magnetic
ordering temperature.

In figure 1(b) we show the magnetization as a function of temperature. A significant
peak is observed at TCO ∼ 230 K, coincident with the transition to the charge-ordered state,
and another peak at lower temperature indicates antiferromagnetic ordering. The peak at TCO

indicates a change in the nature of the magnetic interaction, which is ferromagnetic above
TCO (the extrapolation of m−1 versus T reaches zero at a positive Curie temperature). But
ferromagnetism is destroyed with the ordering of carriers below TCO, where superexchange
becomes predominant and the Mn spins order antiferromagnetically at ∼170 K.

The behaviour of the real component χ ′ of the AC susceptibility at 5 kHz (figure 1(c)) is
similar to that observed for magnetization. A susceptibility peak is observed at TCO, and at
lower temperatures another peak appears coincident with TN .
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Figure 2. Comparison of the behaviours as a function of temperature of the different moduli (the
shear modulus at 1 Hz measured for sample No 2 and represented by upward-pointing triangles,
the Young modulus at 5 kHz measured for sample No 3 and represented by diamonds, and the
longitudinal modulus at 15 MHz measured for sample No 1 and represented by circles), with the
(3, 1/2, 2) superlattice intensity as taken from Yanagisawa et al [8]. The normalization factors
were: 0.25 at 1 Hz, 0.38 at 5 kHz, 0.15 at 15 MHz and 1100 counts for neutron intensity data. The
dotted curve represents a (TCO − T )0.4 behaviour.

In figure 2 elastic measurements at different frequencies are shown. The data have been
normalized by the corresponding modulus change at 100 K with respect to the value at TCO.
Upward-pointing triangles represent 1 Hz shear modulus data measured for sample 2, and
�G/G (100 K) is 0.25. Diamonds represent the 5 kHz Young modulus measured for sample 3,
and the normalization factor �E/E (100 K) has been taken as 0.38. The high-frequency
(15 MHz) longitudinal modulus change measured for sample 1 is represented by circles, and
�c/c(100 K) = 0.15. The data shown were taken on cooling. In general, the different moduli
present a common behaviour: upon cooling, there is first a softening above TCO, then the
modulus reaches a minimum at TCO, and below TCO a considerable hardening as a function of
temperature is observed. A similar behaviour is exhibited by normalized data for the (3, 1/2, 2)
superlattice reflection intensity, taken from Yanagisawa et al [8], represented in figure 2 by
crosses and normalized by dividing by 1100 counts. The dotted line represents a (TCO − T )µ

behaviour, with µ = 0.4.
At 15 MHz a well defined attenuation peak appears at the CO transition, as can be seen

in figure 3. This peak should be associated with the scattering of the sound wave due to order
parameter fluctuation over time, originating from the coupling between the order parameter
and the strain. The attenuation peak is shifted to lower temperature with respect to the modulus
minimum at 1.5 K.
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Figure 3. Attenuation at 15 MHz as a function of temperature. An attenuation peak is observed
associated with the CO transition, but its maximum is shifted to 1.5 K below TCO. The dotted curve
represents a (TCO − T )−1 behaviour.

4. Discussion

The effects observed at TCO for the different measured properties provide clear evidence of the
interplay that exists among the various degrees of freedom. The ordering of eg electrons in
definite lattice sites decreases the electrical conductivity, and this in turn affects the magnetic
interactions among the localized spins, since the reduced mobility of carriers entails a decrease
of double-exchange ferromagnetism in favour of superexchange. This is reflected eventually
in the onset of an antiferromagnetic state below TN . But a significant anomaly is observed also
in different elastic moduli around TCO, indicating that the lattice degrees of freedom are also
affected by the ordering. Further evidence of this is provided by Jirák et al [5], who observed
for x = 0.5 a pseudotetragonal distortion of the lattice parameters below TCO, stabilizing at
TN , and an incommensurate modulation of wavevector (1/2 − ε, 0, 0), where ε depends on
the temperature.

As a first approximation, the energy F of the system near the CO transition may be written
as F(Q, e) = FL(Q) + FE(e) + FI (Q, e), where Q is the order parameter and e is the mean
strain. FL represents the Landau energy:

FL(Q) = 1
2aQ

2 + 1
4bQ

4,

and FE(e) stands for the elastic energy:

FE(e) = 1
2c0e

2,

where co is a background elastic constant taken at Q = 0. FI (Q, e) is an interaction energy
of the form

FI (Q, e) = heQ2 + le2Q2,

where terms linear in Q have been left out since the transition is of a non-ferrodistortive type
(there is a doubling of the unit cell at the transition, as reported by Yanagisawa et al [8]) and
in this case strain can only couple with even powers of the ordering quantity [9]. The stress
σ on the sample can be obtained as σ = ∂F/∂e and the corresponding elastic modulus as
c = ∂σ/∂e. For temperatures below TCO the change in modulus may be written as

c − c0 = −2h2/b + 2I 〈Q〉2,
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where 〈Q〉 represents the static value of the order parameter. The first term is a softening of
the elastic constant at the transition, while the second term, due to biquadratic coupling of the
strain and order parameter, gives the strong hardening below the transition, thus reproducing
the experimental behaviour of the elastic moduli shown in figure 2.

Further evidence that biquadratic coupling is responsible for the anomalous hardening
belowTCO is furnished by the fact that the elastic moduli have the same temperature dependence
as the neutron superlattice intensity I . The latter behaves as I = Io(TCO −T )2β in the vicinity
of a critical transition, β being the critical exponent of the order parameter. A rough estimate of
0.2 for β has been obtained (see the dotted curve in figure 2) but it should be taken into account
that this is merely an average value, due to the inhomogeneity of the ceramic. However, this
value is far from β = 0.5 predicted by mean-field theory, indicating that fluctuations should
be important in this system. This is also supported by the presence of an attenuation peak at
the transition, as can be observed in figure 3.

Treating the behaviour near the transition as a relaxation process [9], for ωτ 	 1, the
attenuation can be expressed as

α = �cω2τ/2dV 3,

where ω is the frequency of measure, τ the characteristic relaxation time associated with order
parameter fluctuations, d the density and V the sound velocity. Thus, if �c ∼ (TCO − T )−µ,
α ∼ (TCO −T )−ρ and τ ∼ (TCO −T )−zv , the product of the static (z) and dynamic (ν) critical
exponents of the relaxation time can be obtained:

zν = µ + ρ.

The attenuation behaves approximately as if ρ ∼ 1, as can be seen in figure 3. In this way the
estimate zν ∼ 1.4 can be obtained. This value is higher than the one calculated within mean-
field theory, which suggests significant fluctuations in the system. As already mentioned, the
attenuation peak is not coincident with the minimum in the elastic constant, but shifted towards
lower temperatures. This peak occurs when the characteristic time of the measurement, ω−1,
equals the relaxation time of the system. So, if τ = τot

−zν , an estimate of τo can be obtained:
τo ∼ 10−13 s.

5. Conclusions

To summarize, elastic modulus measurements were performed at 1 Hz (shear modulus),
5 kHz (Young modulus) and 15 MHz (longitudinal modulus) for different samples of
Pr0.65Ca0.35MnO3. A minimum was found at TCO ∼ 230 K in all moduli, together with
an attenuation peak in the case of ultrasound measurements. A substantial hardening of the
modulus is observed below TCO. This effect is associated with the coupling of charge/orbital
and lattice degrees of freedom. The behaviour of the modulus can be reproduced by introducing
a coupling between the strain induced by the ultrasonic wave and the order parameter, consisting
of two terms: a term in eQ2 responsible for the softening at the transition, and a term in e2Q2

reproducing the hardening below TCO. A rough estimate of the critical exponent β ∼ 0.2
was obtained from elastic measurements, and its value was found to be much smaller than
the mean-field-theory prediction. This, together with the occurrence of an attenuation peak
and the rather high estimated value obtained for zν, could indicate that fluctuations play an
important role in systems of this kind. However, for a more reliable estimation of the critical
coefficients and a more detailed analysis of the coupling energy, single-crystalline samples
should be investigated.
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