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Ultrasonic Study on Charge Ordering in Nd0.5 Ca0.5 Mn1−x Alx O3 (x=0,0.03)
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The ultrasonic, magnetic and transport properties of Nd0.5 Ca0.5 Mn1−x Alx O3 (x=0, 0.03) were studied from
15 to 300 K. The temperature dependencies of resistivity and magnetization show that Nd0.5 Ca0.5 MnO3
undergoes a charge ordering transition at TCO ∼257 K. An obvious softening of the longitudinal sound velocity above TCO and a dramatic stiffening below TCO accompanied by an attenuation peak were observed.
These features imply a strong electron-phonon interaction via the Jahn-Teller effect in the sample. Another
broad attenuation peak was observed at around Tp ∼80 K. This anomaly is attributed to the phase separation between the antiferromagnetic (AFM) and paramagnetic (PM) phases and gives a direct evidence for
spin-phonon coupling in the compound. For the x=0.03 sample, both the minimum of sound velocity and
attenuation peaks shift to a lower temperature. The results indicate that the charge ordering and CE-type
AFM state in Nd0.5 Ca0.5 MnO3 are both partially suppressed by replacing Mn with Al.
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The ultrasonic technique is a very sensitive tool for
probing systems undergoing magnetic and structural
phase transitions, and it has been proven to be successful in studying electron-phonon and spin-phonon coupling in hole-doped manganites [21-26]. In this article,
we report on the ultrasonic, magnetic and transport
properties of Al doping in the Mn site of half-doped
Nd0.5 Ca0.5 MnO3 , concentrating on the temperature region around CO and AFM.

I. INTRODUCTION

In recent years, the hole-doped perovskite manganites
Ln1−x Ax MnO3 (Ln=rare earth metal and A=alkaline
earth metal) have received much attention due to their
‘colossal magnetoresistance’ effect (CMR) [1-4]. These
compounds show a strong coupling among spin, charge
and lattice degree of freedom [5-7]. Many related physical phenomena such as charge and orbital ordering [810], metal-insulator transition [11,12] and phase separation [13,14] have been studied. Recent studies for
manganites [15,16] have revealed that the CMR effect
is attributed not only to the double-exchange (DE)
interaction but also to other interactions and competitions, such as charge-orbital ordering and electronphonon coupling. The charge ordering (CO) state is
often observed in half-doped perovskite-type manganites R0.5 A0.5 MnO3 , where the Mn3+ and Mn4+ are involved in an order arrangement with localized eg electrons [8-10]. Recently, it has been found that the charge
ordering transition does not necessarily lead to a simultaneous long-range ordering of magnetic moments. In
Nd0.5 Ca0.5 MnO3 [17-20], it was found that the charge
ordering occurs at a much higher temperature than the
CE-type antiferromagnetic (AFM) ordering (TCO ∼250
K, TN ∼160 K). In addition, from either resistivity or
magnetization study alone, it is impossible to determine
the co-existence of a charge ordering transition and an
AFM transition. So it is necessary to further investigate
the charge ordering state and related magnetic properties in Nd0.5 Ca0.5 MnO3 where charge-ordering and
AFM ordering occur at different temperatures.

II. EXPERIMENTS

Polycrystalline samples of Nd0.5 Ca0.5 Mn1−x Alx O3
(x=0,0.03) were prepared by the standard solid-state reaction processing. The well-mixed stoichiometric mixture of high-purity Nd2 O3 , CaCO3 , MnO2 and Al2 O3
were calcined at 1000 and 1100 ◦ C for 15 h in air with
intermediate grinding, respectively. After that, the asobtained powder was pressed into pellets and sintered
at 1320 ◦ C for 15 h in air and then cooled to room
temperature. The structure of the sample was determined by a powder X-ray diffractionmeter (Japan
MXP18AHF, MAC Science Co. Ltd.) using Cu Kα
radiation (λ=1.54056 Å). It was found that all samples are of single phase with an orthorhombic structure
(space group Pnma).
Magnetization measurements were performed in bulk
samples using a superconducting quantum interference
device (SQUID) magnetometer from Quantum Design
(MPM-5). The electrical resistivity of the sample was
measured as a function of temperature by the standard
four-probe technique. The ultrasonic velocity and attenuation measurements were performed on the Matec7700 series by a conventional pulsed-echo-overlap technique. Longitudinal ultrasonic wave pulses were generated by a 10 MHz X-cut quartz transducer. The relative
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change of sound velocity is defined as
∆V
V − Vmin
=
V
Vmin

(1)

where Vmin is the minimum sound velocity over entire
temperature region studied. The ultrasonic attenuation
was calculated from the exponential decay of the pulse
echoes, and expressed as:
α=−

20
Vm
log
2(m − n)L
Vn

(2)

where Vm and Vn are the maximum amplitude (voltage)
of the mth and the nth pulse echoes, respectively.
FIG. 1 Temperature dependence of the electrical resistivity
for Nd0.5 Ca0.5 Mn1−x Alx O3 . Inset is the lnρ versus T −1/4
curves.

III. RESULTS AND DISCUSSION

Figure 1 shows the resistivity of the Nd0.5 Ca0.5 MnO3
and Nd0.5 Ca0.5 Mn0.97 Al0.03 O3 as a function of temperature. It can be seen that both the samples exhibit semiconductor behavior over the entire temperature range, from 300 K down to 15 K. The resistivity shows a discernible change in the slope around the
charge ordering transition temperature TCO , implying
the onset of the charge ordering transition. The resistivity data display a variable-range hopping (VRH) process below TCO . The model of VRH can be expressed
as [27]:
µ
R = R0 exp

T0
T

¶1/4
(3)

where T0 is the Mott’s activation energy (in units of K)
and can be expressed as
T0 =

21
kB N (E)ξ 3

(4)

where kB is Boltzmann’s constant, N (E) is the density
of state, and ξ is the localization length. It was found
that Al doping does not change the VRH behavior in
the CO state region. However, an increase in the localization length ξ with Al-doping was observed, presuming that the density of state N (E) does not change.
The inset of Fig.1 shows the ln ρ(T )-T −1/4 curve of
Nd0.5 Ca0.5 MnO3 and Nd0.5 Ca0.5 Mn0.97 Al0.03 O3 . The
activation energies of 3.366×108 and 1.831×108 K in the
CO states are obtained respectively.
The temperature dependencies of magnetization of
the samples are shown in Fig.2. A pronounced peak
can be seen near TCO for Nd0.5 Ca0.5 MnO3 , which indicates the charge ordering transition. Below 100 K, the
magnetization begins to increase with decreasing temperature, which is usually ascribed to the PM behavior
of Nd ions [17-20]. The results show that replacing Mn
with Al partially suppresses the magnetization peak and
shifts it to a lower temperature, clearly indicating the
weakening of the CO state.
ISSN 1003-7713/DOI:10.1360/cjcp2006.19(6).535.4

FIG. 2 Temperature dependence of the magnetization for
Nd0.5 Ca0.5 Mn1−x Alx O3 .

Figure 3 shows ultrasonic velocity and attenuation
versus temperature for the samples, measured by 10
MHz longitudinal waves from 300 and 15 K. For
Nd0.5 Ca0.5 MnO3 , the longitudinal sound velocity shows
a slight softening accompanied by a sharp attenuation peak as cooling down from room temperature to
TCO . Just below TCO , the sound velocity stiffens dramatically. From earlier studies [21-26], it is suggested
that this ultrasonic anomaly originates from the strong
electron-phonon coupling via Jahn-Teller distortion of
Mn3+ ions. The strength of the JT coupling in the CO
state can be estimated from the measurement of the
longitudinal modulus. The longitudinal modulus Cl is
calculated using the following formula [28]:
Cl = DVl2

(5)

where D is the mass density and Vl is the longitudinal
ultrasonic velocity. According to the cooperative JahnTeller theory, one can obtain the relationship between
the elastic modulus Cl (T ) and the temperature T above
c
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FIG. 4 The longitudinal modulus Cl (T ) as a function of
temperature for Nd0.5 Ca0.5 MnO3 . Open symbols stand
for experimental data; solid line is calculated result using
Eq.(3).

FIG. 3 Temperature dependence of the ultrasonic
longitudinal sound velocity and attenuation for
Nd0.5 Ca0.5 Mn1−x Alx O3 (x=0, 0.03)

peak at Tp may be attributed to the phase competition
of AFM and PM phases for Nd0.5 Ca0.5 MnO3 . These
results give a direct evidence of spin-phonon coupling
in the compound. With Al doping, the ultrasonic attenuation peak at Tp shifts to lower temperature. We suggest that this ultrasonic effect is the result of the partial
suppression of CE-type AFM in Nd0.5 Ca0.5 MnO3 due
to the Al doping.

TCO as follows [29]:
Cl (T ) = C0

T − Tc0
T −Θ

IV. CONCLUSION

(6)

The characteristic temperature Tc0 and Θ can be determined by the fitting of the elastic softening above
TCO . The Jahn-Teller coupling energy is given by
EJT =Tc0 −Θ [30,31]. In Fig.4, the experimental data
(open symbols) and fitting results (solid line) by Eq.(3)
at the temperatures above TCO are shown. The good fit
of the theoretical results (the values of the Tc0 , Θ, EJT
are 182, 170 and 12 K, respectively) to the data indicates that the Jahn-Teller effect is the dominant mechanism responsible for the CO state in the compound.
On the other hand, from the ultrasonic measurements
we can clearly see that the doping of nonmagnetic Al
affects the charge ordering state dramatically. When Al
replaces the magnetic ion Mn, the minimum of sound
velocity (Vmin ) and the attenuation peak shift to lower
temperature, indicating the partial suppression of the
CO state.
Another interesting phenomenon in the experimental results is the attenuation anomaly at low temperature. For Nd0.5 Ca0.5 MnO3 , a broad attenuation peak
accompanied by a slight softening in sound velocity
is observed at Tp ∼80 K. From the magnetic study of
Nd0.5 Ca0.5 MnO3 , the steep increase of magnetization is
observed just below Tp , which has been ascribed to the
PM ordering of Nd ions. So the anomalous attenuation
ISSN 1003-7713/DOI:10.1360/cjcp2006.19(6).535.4

The ultrasonic, magnetic and transport properties
of Nd0.5 Ca0.5 Mn1−x Alx O3 (x=0,0.03) have been studied. The ultrasonic anomaly around the charge ordering transition temperature TCO gives direct evidence
for electron-phonon coupling in the compound. At low
temperature, a slight softening in sound velocity and a
large attenuation peak were observed. The results provide a trace of separation between the AFM and PM
phases and give direct evidence for spin-phonon coupling in the compound. The study shows that Al doping
partially suppresses the charge ordering and CE-type
AFM state in Nd0.5 Ca0.5 MnO3 .
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