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Colossal magnetoelastic effects at the phase transition of (La0.6Pr0.4)0.7Ca0.3MnO3
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(La0.6Pr0.4)0.7Ca0.3MnO3 was characterized by means of ultrasound velocity and attenuation to study the
temperature and magnetic field dependence of the elastic constants and to gain an insight into the metamagnetic
transition. The metal-insulator and ferromagnetic-paramagnetic transitions are reflected in the behavior of the
elastic constants due to strong electron-phonon and spin-phonon interactions. A hysteresis in elastic behavior
and metamagnetism hints toward first-order nature of the phase transition. A softening of bulk modulus at the
ferromagnetic transition for magnetic fields μ0H > 2 T was attributed to a coupling between the lattice and spin
fluctuations. This softening peaks at a certain temperature T ∗ ≈ 215 K and field μ0H

∗ ≈ 4 T, which could be an
indication of a critical end point of the ferromagnetic transition.
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I. INTRODUCTION

Materials that show a ferromagnetic phase transition of the
first order like Gd5(Si2Ge2), MnAs1−xSbx , and La(Fe,Si)13

have attracted much attention due to large magnetocaloric
effects at the vicinity of the transition that offers the possibility
of magnetic refrigerant applications.1–3 Giant entropy changes
at the metamagnetic transition are achieved in systems with a
strong coupling between spin and lattice degrees of freedom, so
a structural transition is induced by magnetic field application.3

(La1−yPry)1−xCaxMnO3 perovskite manganese oxides have
long been the subject of intensive study due to the interplay of
double exchange and electron-phonon coupling of the Jahn-
Teller type that can lead to either ferromagnetic metallic (FM)
or charge-ordered antiferromagnetic insulating (CO) ground
states.4 These competing interactions give rise to a long-scale
FM/CO phase coexistence, which was believed to be the reason
for colossal magnetoresistance (CMR) effect.5,6 For carrier
doping x ≈ 1

3 a ferromagnetic phase transition of the first-
order type has been reported.4,7,8 V. S. Amaral et al.9 revealed
a critical point of the first-order transition in La0.67Ca0.33MnO3

by means of isothermal magnetization measurements. With
increasing Pr concentration this transition is accompanied
by pronounced thermal and field hysteresis as well as by
metamagnetism. A strong electron-phonon coupling has been
proposed to be the reason for the first-order transition.10,11 The
direct connection between the lattice and electrons is displayed
by changes in the lattice properties at the ferromagnetic
phase transition. For La2/3Ca1/3MnO3 an anomalous thermal
expansion with a sharp volume contraction of about ≈0.1%12

and a steep increase of the sound velocity13–16 at the metal-to-
insulator transition have been observed.

II. EXPERIMENTAL DETAILS

Here we report on the study of sound velocity in poly-
crystalline (La0.6Pr0.4)0.7Ca0.3MnO3 (LPCMO) prepared by
a solid-state reaction from commercial metal-organic pre-
cursors. Stoichiometric amounts of La, Pr, Ca, and Mn
acetylacetonates were dissolved in dimethylforamide and the
solution was pipetted onto a dish at a temperature of 300 ◦C
under steady stirring, whereas the solvent was vaporized. The

remaining crystallized powder was ground, annealed in air at
1000◦C for 12 h, and pressed into a pellet under a pressure
of 100–300 MPa. The specimen was annealed in several steps
with increasing temperatures up to 1400 ◦C and intermediate
grindings and cooled down to room temperature at a rate
of 3 ◦C/min. The cylindrical sample was 5 mm in diameter
and 3.46 mm thick and was hand lapped to obtain a plane
parallelism of 50 μm or better. X-ray powder diffraction
confirms a single spurious cubic perovskite structure with
no detectable secondary phase. The mean pseudocubic lattice
parameter was found to be a = 0.3860(2) nm. The magne-
tization of the sample was measured using a commercial
superconducting quantum interference device magnetometer
(Quantum Design).

Ultrasound velocity measurements have been carried out in
a temperature range, T = 40–300 K, and in external magnetic
fields, μ0H = 0–7 T, by means of a conventional pulse-echo
technique. Using a standard four-probe method electrical resis-
tance was measured simultaneously with ultrasound velocity.
During the temperature sweep, a cooling and heating rates of
2 K/min were applied. Piezoelectric transducers (PZT-5A)
at 12 and 14 MHz fundamental frequencies were bonded
to the sample with UHU universal adhesive. The transducer
excites broadband longitudinal and transversal ultrasound
pulses by application of 20-ns-long needle voltage pulses
and converts the back wall echoes to an electric signal that
is acquired and digitized after preamplification by a 1-GHz
oscilloscope. The maximum of the cross-correlation of two
successive echoes provides the time of flight t of the ultrasound
wave through the sample and, therefore, the sound velocity
v = 2l/t with the sample length l.17 A polycrystalline ceramic
sample can be treated as an isotropic elastic material with two
independent elastic constants, e.g., the bulk modulus K and
shear modulus G. Therefore, two different sound velocities vl

and vt of longitudinal and transversal waves, respectively, can
be determined. They are related to the elastic constants via

K = ρ
(
v2

l − 4
3v2

t

)
, (1a)

G = ρv2
t , (1b)

with the mass density ρ. Using a pycnometer with distilled
water as working fluid the density was estimated to be ρ =

014424-11098-0121/2012/85(1)/014424(5) ©2012 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.85.014424


M. MICHELMANN, V. MOSHNYAGA, AND K. SAMWER PHYSICAL REVIEW B 85, 014424 (2012)

5.756(5) g/m3, which indicate a pore volume fraction of about
7%.

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the re-
sistance R. A maximum at an insulator-metal transition
temperature, TMI = 191 K, as well as a thermal hysteresis
in the temperature range T = 70–200 K were observed at
zero magnetic field. For magnetic fields μ0H � 2 T the
thermal hysteresis vanishes and the metal-insulator transition
is shifted to higher temperatures at a rate of ≈8 K/T.
Figures 2(a) and 2(b) show the measured magnetization of
LPCMO as a function of temperature, T , and magnetic
field, H , respectively. A sharp increase in magnetization,
observed at the Curie point TC = 188 K, is accompanied by a
thermal hysteresis in the range T = 165–200 K, indicating a
first-order phase transition in agreement with previous reports
on LPCMO.4,5 The isothermal magnetization in Fig. 2(b)
reveals a ferromagnetic behavior for T < TC with a saturation
magnetization close to the expected value of MS ≈ 3.7 μB per
Mn ion at 10 K. Between 190 and 220 K the M(H ) curves
show an inflection point, indicating a metamagnetic transition
from a paramagnetic to a ferromagnetic state. Since no
discontinuities and hysteresis could be observed in isothermal
M(H ) curves for T > 200 K, we cannot distinguish between a
true phase transition and a crossover only from magnetization
measurements.

The temperature dependence of bulk and shear modulus
evaluated from Eqs. (1a) and (1b) at magnetic fields of
μ0H = 0, 2, 3, 4, 5 and 7 T are shown in Figs. 3(a) and
3(b). In a zero field both elastic constants show a steplike
hardening �K/K ≈ 3% and �G/G ≈ 15% in a temperature
range T = 180–195 K, which correlates to the jump of the
magnetization at TC and the drop of resistivity at the metal-
insulator transition. This observation agrees with previous re-
sults on La2/3Ca1/3MnO3 (LCMO)13–15 and La2/3Sr1/3MnO3

(LSMO),15 which show an increase of transversal and lon-
gitudinal sound velocity close to TC , which corresponds
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FIG. 1. (Color online) Temperature dependence of the resistance
R in semilogarithmic scale for magnetic fields μ0H = 0, 2, and 5 T.
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FIG. 2. (Color online) Magnetization M as a function of tempera-
ture (a) and magnetic field (b) of (La0.6Pr0.4)0.7Ca0.3MnO3 for different
external fields μ0H = 0, 2, and 5 T and temperatures T = 10, 179,
189, 215, 225, and 250 K, respectively. The isothermal M(H ) curve
at T = 250 K was extracted from the M(T ) curves. Solid black
lines indicate the full magnetic moment of 3.7 μB per ion. Curie
temperature TC = 188 K was estimated by linear extrapolation of the
magnetization onset.

to changes �G/G ≈ 10–14% and �K/K ≈ 5% of elastic
moduli. Although no temperature hysteresis in the elastic
constants could be determined from the heating and cooling
curves, the magnetic field hysteresis effects were observed at
isothermal measurements as described below. With increasing
field the rise in shear modulus [see Fig. 3(b)] is shifted to higher
temperatures and get broadened, following the behavior of the
magnetization and resistivity. Therefore, the shear stiffness
shows a dramatic sensitivity to an external magnetic field at TC ,
so a hardening, �G/G ≈ 10%, is achieved for μ0H ≈ 2 T.
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FIG. 3. (Color online) Bulk modulus K (a) and shear modulus
G (b) of (La0.6Pr0.4)0.7Ca0.3MnO3 as a function of temperature for
different magnetic fields μ0H = 0, 2, 3, 4, 5, and 7 T. (Inset)
Longitudinal sound attenuation at a frequency of 11 MHz is shown
for μ0H = 0 T (red) and 5 T (blue).
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In contrast to shear stiffness, the temperature anomaly in bulk
modulus is enhanced by application of a magnetic field. The
K(T ) curves reveal an additional feature for μ0H > 2 T,
whereby the elastic constant shows a pronounced minimum,
�K/K ≈ −11% for μ0H = 4 T, in the vicinity of TC . As
shown in the inset of Fig. 3(a) this softening is accompanied
by a peak in the attenuation of the longitudinal waves with
an increase, �αL/αL ≈ 65%, at 11 MHz and μ0H = 5 T
relative to the background. A much weaker minimum in the
bulk modulus of the order of �K/K ≈ −2% was also reported
for La1−xCaxMnO3, x = 0.25 and 0.33, in the absence
of an external magnetic field.14,16 According to Belevtsev
et al.,16 this anomaly increases considerably in magnitude and
becomes broader through application of a magnetic field. It is
similar to our results on LPCMO.

The origin of the elastic hardening at TC has been
suggested by J. D. Lee et al. to be the electron-phonon
interaction due to the change in electron screening at the
metal-insulator transition.18 The increase of the one-electron
bandwidth in the ferromagnetic phase due to double exchange
cause a less screened ionic core potential and, therefore, a
higher elastic stiffness.19 Since double-exchange interaction
is common for LPCMO, LCMO, and LSMO, the electron
screening can be an explanation for the elastic hardening
in all these materials. However, the predicted change in the
sound velocity18 is almost an order of magnitude lower than
that observed here. The development of correlated polarons
of the CE type in Pr0.65Ca0.35MnO3 (PCMO) far above the
charge-ordering temperature TCO = 229 K is known to cause a
substantial softening of about 10% of the (C11 − C12)/2 shear
mode between 400 K and TCO.20 We observed no significant
softening of shear stiffness as the temperature was lowered
from 300 to 220 K, which indicates that polaronic correlations
have only a minor effect on the elastic properties.

Figures 4(a) and 4(b) show the behavior of isothermal
resistance R and shear modulus G as a function of magnetic
field for temperatures T = 189 K and 179 K after a zero-field
cooling. The field-induced changes of both resistance and
shear modulus display a reversible hysteresis loop and an
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FIG. 4. (Color online) Relative change of shear modulus G and
normalized resistance R of (La0.6Pr0.4)0.7Ca0.3MnO3 as a function of
magnetic field at temperatures of T = 179 K and T = 189 K after
zero-field cooling.

initial curve with an irreversible lowering of the resistance
and a remanent hardening of elastic stiffness after the external
field is removed. The R(B) curve resembles the tunneling
magnetoresistance (TMR) of powder compacts,21 but for
a temperature T = 100 K, far below the Curie point, the
reversible hysteresis loops in the resistance vanish (not shown
here) although the TMR ratio should increase with decreasing
temperature due to the enhanced spin polarization.22 Due to
linear magnetostriction also the elastic constants depend on the
magnetic domain structure, so elastic stiffness is lowered in
the demagnetized state, since domain rotation and domain wall
motion induced by mechanical stress leads to an extra strain.23

This so-called �E effect is common to all ferromagnetic
materials and can lead to a reduction of Young’s modulus E of
more than 50% in amorphous ribbons.24 But the magnetic field
hysteresis of the elastic constants appears for LPCMO only in
a narrow temperature range 170 K � T � 205 K close to the
Curie point. Furthermore, neither bulk nor shear modulus show
a considerable magnetic field dependence below T = 170 K
(less than 0.8% change of the elastic constants in a field
of μ0H = 5 T), so the �E effect can have only a small
influence. For these reasons we attribute the field hysteresis
of both resistance and elastic constants mainly to a magnetic
field-induced insulator-metal transition. In the widely accepted
phase separation scenario the FM phase develops continuously
as temperature is lowered below TC , whereby application of
a low magnetic field can transform the remaining insulating
fraction into the FM state.6 The insulating phase undergoes a
field-induced first-order transition, whereby the system tends
to stay in the FM state as the field is lowered back, leading to a
hysteresis of the metallic fraction, which is directly connected
with the resistance and elastic constants.

In Figs. 5(a) and 5(b) the isothermal G(H ), K(H ), and
αL(H ) curves are shown for temperatures T = 205, 215, and
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FIG. 5. (Color online) Magnetic field dependence of (a) the
elastic constants K and G and (b) the longitudinal sound attenuation
αL at a frequency of 13.3 MHz for temperatures T = 204, 215,
and 225 K of (La0.6Pr0.4)0.7Ca0.3MnO3. (c) Magnetic phase diagram
for LPCMO: Dots are points of the paramagnetic-ferromagnetic
transition or crossover marked by inflection points in the M(T ) and
M(H ) curves. The bifurcation of the transition lines at fields μ0H � 2
T corresponds to the observed temperature and field hysteresis. The
first-order transition line may possibly end in a critical point at around
T ∗ ≈ 215 K and μ0H

∗ ≈ 4 T.
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225 K. As shown in Fig. 2(b), the metamagnetic transition is
accompanied, on the one hand, by a hardening of the shear
modulus G and, on the other hand, by a minimum in the bulk
modulus K and a maximum of the longitudinal attenuation
αL that appears both for fields higher than 2 T. Although
the behavior of the bulk modulus resembles the �E effect
of amorphous ferromagnetic ribbons,24 a redistribution of
magnetic domains cannot lead to a volume expansion and
has, therefore, no influence on the compressibility.23 Prior
ultrasound measurements on PCMO revealed, as a function
of magnetic field for T = 220 K, a comparable minimum
of longitudinal velocity that alters to a steplike jump for
lower temperatures.25 But, in contrast to our results, the
authors attributed this softening of longitudinal velocity to
a melting of the charge-ordered phase that is not present in
our case. But, very similar to our results, a dip in the longitu-
dinal sound velocity vl(H ) was found in La0.75Ca0.25MnO3

at the magnetic field-induced paramagnetic-ferromagnetic
transition.16

This minimum of the bulk modulus at the magnetic tran-
sition may be originated from spin-phonon coupling because
of the strain modulation of the exchange energy.26,27 Since
the exchange interaction couples virtually only to the changes
of interatomic distances, which are first-order quantities in the
compression but second-order quantities in shear deformation,
only changes in the bulk modulus are expected at the Curie
temperature. In agreement with our results, a sharp dip in the
sound velocity and an attenuation peak for longitudinal waves
have been reported for ferromagnets like Ni28 and Gd27 and
also for antiferromagnets like RbMnF3

29 and FeCl230 at the
magnetic transition. We observe in LPCMO a much larger
velocity drop |�vl/vl| ≈ 6% at TC than that reported for
most of the other magnetic systems (for example, |�vl/vl| ≈
0.2% is shown for Gd27 and |�vl/vl| ≈ 1.2% for FeCl2).30

Pippard’s equations for second-order phase transitions yield a
relation for the corresponding bulk modulus softening29,31 as
follows:

�K

K
= −�Cp

T V
K

(
dTC

dp

)2

(2)

with the spin heat capacity �Cp and the volume V . Due to the
large pressure dependence of Curie temperature for LPCMO
(dTC/dp ≈ 14 K/GPa),32 a softening of �K/K ≈ −11% can
be expected for a typical magnetic heat contribution of �Cp ≈
25 J/mol K in CMR manganites,33 in excellent agreement with
our results.

The dominant mechanism for the anomalies in sound prop-
agation and attenuation for the band ferromagnets has been
assigned to spin fluctuations, which diverge in length scales
and relaxation times at the second-order phase transition. This
leads to a random force on the lattice and to a transfer of the en-
ergy from the sound wave to the spin system.27 But in LPCMO
a first-order phase transition is present, so spin fluctuations
are limited at the Curie point. This explains the absence of the
softening in bulk modulus and the longitudinal attenuation
peak without an applied magnetic field in Fig. 3(a). The
minimum in the bulk modulus appears only with application of
an external magnetic field μ0H > 2 T. Belevtsev et al. found
in La0.75Ca0.25MnO3 also an enhancement of the longitudinal
sound velocity drop under influence of a magnetic field and

claimed that the phase transition of first order becomes second
order for this reason.16 An applied magnetic field drives the
first-order ferromagnetic transition to a critical end point that
represents a point of a continuous transition and exhibits a
divergence in a differential spin susceptibility, χ = dM/dH ,
and, therefore, leads to fluctuations on all length and times
scales.34 Scale-invariant fluctuations of the order parameter
gives rise to a novel behavior like, e.g., the critical opalescence
for the gas-liquid transition. In our case, the softening of the
bulk modulus and the attenuation peak are maximal at the
temperature, T ∗ ≈ 215 K, and magnetic field, μ0H

∗ ≈ 4 T.
For this reason, we propose a phase diagram shown in Fig. 5(c)
with a possible critical end point at (T ∗,H ∗). In a region
around this point an anomalous behavior of longitudinal wave
propagation and attenuation emerges due to an enhanced
amount of spin fluctuations at the ferromagnetic transition or
crossover.

Similar enhancement of the longitudinal sound velocity
softening by application of a magnetic field were found near
the tricritical point of FeCl2.30 Furthermore, the minimum
in sound velocity vanishes as the transition changes from
second to first order in FeCl2. Anomalous sound velocity
have been also reported for the critical end point of the
insulator-metal transition in the layered organic superconduc-
tor κ-(BEDT-TTF)2Cu[N(CN)2]Cl, which corresponds to a
predicted compressibility divergence.35

La(Fe, Si)13 might be a very interesting material for
studying magnetoelastic effects around a ferromagnetic critical
end point due to its common features with LPCMO. It
undergoes a paramagnetic-ferromagnetic transition of the first
order that is accompanied by a large volume expansion
on the order of 1%–2%.36 Melt-spun LaFe11.6Si1.4 exhibits
a large entropy change and a low thermal and magnetic
field hysteresis at the metamagnetic transition and became,
therefore, a promising material for magnetic refrigerant
applications.3 A sharp heat capacity peak related to spin
fluctuations was observed at its metamagnetic transition in
the vicinity of its critical end point. Since the magnetic heat
capacity couples directly to the bulk modulus [see Eq. (2)],
a large rise of the compressibility at the transition can be
expected. Resistivity data of LaFe11.8Si1.2 indicates a large
decrease of bulk modulus by about 50% near its Curie point.37

Furthermore, the adiabatic temperature change in the vicinity
of TC displays a magnetic field hysteresis with both an
initial curve and a closed hysteresis loop that corresponds
to remanent and reversible volume changes induced by the
applied field.38 This hysteresis behavior resembles the field de-
pendence of resistance and shear modulus in LPCMO shown in
Fig. 4.

IV. CONCLUSIONS

In summary, we have studied the ferromagnetic phase
transition in the bulk LPCMO by means of ultrasound
velocity and attenuation. Magnetic field hysteresis effects
and metamagnetism related to the first-order nature of the
phase transition as well as the electronic phase separation
are reflected in the behavior of elastic constants. Close to
the Curie temperature application of modest magnetic fields
leads to a hardening of shear stiffness and to a softening of
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bulk modulus of the order of 10%. The observed hardening
of elastic constants in the metallic phase and a minimum of
the bulk modulus at the transition point can be attributed to
the electron-phonon and spin-phonon coupling, respectively.
The latter coupling gives an insight to spin fluctuations
and hints toward a critical end point of the ferromagnetic
transition.
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and F. Rivadulla, Phys. Rev. B 68, 092404 (2003).

16B. I. Belevtsev, G. A. Zvyagina, K. R. Zhekov, I. G. Kolobov,
E. Y. Beliayev, A. S. Panfilov, N. N. Galtsov, A. I. Prokhvatilov,
and J. Fink-Finowicki, Phys. Rev. B 74, 054427 (2006).

17D. Marioli, C. Narduzzi, C. Offelli, D. Petri, E. Sardini, and
A. Taroni, IEEE Trans. Instrum. Meas. 41, 93 (1992).

18J. D. Lee and B. I. Min, Phys. Rev. B 55, 12454 (1997).
19D. J. Kim, Phys. Rep. 171, 129 (1988).
20H. Hazama, T. Goto, Y. Nemoto, Y. Tomioka, A. Asamitsu, and

Y. Tokura, Phys. Rev. B 69, 064406 (2004).
21J. M. D. Coey, Philos. Trans. R. Soc. London A 356, 1519

(1998).
22A. H. Davis, J. M. MacLaren, and P. LeClair, J. Appl. Phys. 89,

7567 (2001).
23E. W. Lee, Rep. Prog. Phys. 18, 184 (1955).
24N. P. Kobelev, Y. M. Soifer, V. G. Shteinberg, and Y. B. Levin,

Phys. Status Solidi A 102, 773 (1987).
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