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Abstract
The resistivity, magnetization and ultrasonic properties of charge-ordered
polycrystalline (Nd0.75Na0.25)x(Nd0.5Ca0.5)1−xMnO3 have been investigated
from 50 to 300 K. A considerable velocity softening accompanied by
an attenuation peak was observed around the charge-ordering transition
temperature (TCO) upon cooling. The simultaneous occurrence of the charge
ordering (CO) and the ultrasonic anomaly implies strong electron–phonon
coupling, which originates from the cooperative Jahn–Teller effect. At very low
temperature, another broad attenuation peak was observed, which is attributed to
the phase separation (PS) and gives a direct evidence of spin–phonon coupling
in the compound. With increasing x , TCO shifts to lower temperature, the
magnetization of the system is strengthened and the PS is enhanced. The
temperature dependence of the longitudinal modulus shows that the Jahn–
Teller coupling energy EJT decreases with increasing Na content. The analysis
suggests that the charge mismatch effect may be the main reason for the
suppression of the CO and enhancement of the PS.

1. Introduction

Hole-doped perovskite manganites Ln1−xAx MnO3 (Ln: trivalent rare-earth ions, A: divalent
alkaline-earth ions) have attracted much attention because of their special structural, magnetic,
and electronic properties as well as the potential applications in magnetic devices and
sensors [1–4]. Besides the well-known negative colossal magnetoresistance (CMR) effect near
the Curie temperature, another interesting phenomenon that has been widely studied recently
is the real-space ordering of charge carriers. Among the charge-ordered systems, the half-
doped system in which the ratio of Mn3+ to Mn4+ is 1:1 has attracted great interest due to the
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particular magnetic and electronic states. The stability of the charge-ordered state can be greatly
modified by the average radius of the A-site cations 〈rA〉 [5]. For instance, Nd0.5Ca0.5MnO3

with small 〈rA〉 (1.17 Å) displays a CO transition near 250 K and shows no ferromagnetism
at any temperature [6], while La0.5Ca0.5MnO3 (〈rA〉 = 1.20 Å) shows a complex magnetic
transition and weaker charge-ordering effect [7]. Rodriguez-Martinez [8] and Terai [9] found
that the size variance σ 2 defined by the equation σ 2 = �yir 2

i −〈rA〉2, where yi is the fractional
occupancy of A-site ions, ri is the corresponding ionic radius, can also affect the electronic and
magnetic properties of charge-ordered manganites [9].

In contrast to systems substituted with alkaline-earth cations, there are few reports
on the less commonly studied systems with alkaline ions [10–14]. For the manganites
doped with alkaline ions, the ratio of Mn3+ to Mn4+ is also 1:1 when the doping level
is 0.25. We speculate that the CO phenomenon also exists in systems with small 〈rA〉.
However, La0.75Na0.25MnO3, whose 〈rA〉 (1.22 Å) is smaller than that of Nd0.5Sr0.5MnO3

(〈rA〉 = 1.24 Å), a typical CO system, does not show a CO transition and has a high
Curie temperature TC and large CMR effect near room temperature [14, 15]. Ye attributed
this anomaly to the charge mismatch effect [14]. Recently, Jirák and Liu observed the
CO phenomenon in Pr0.75Na0.25MnO3 and Nd0.75Na0.25MnO3 through neutron diffraction
and magnetic measurements [16, 17]. Nd0.75Na0.25MnO3 has similar 〈rA〉 (1.18 Å) to
Nd0.5Ca0.5MnO3, while the TCO (about 180 K) is much lower than that of Nd0.5Ca0.5MnO3

(250 K) [17]. So (Nd0.75Na0.25)x(Nd0.5Ca0.5)1−x MnO3 is a good system for investigating the
difference between the alkaline-earth metal doping and the alkaline metal doping, for this
doping does not significantly change the 〈rA〉 and the ratio of Mn3+ to Mn4+.

As a sensitive tool, the ultrasonic technique has proven to be successful for studying
electron–phonon and spin–phonon couplings in perovskite materials. It has been found that
around TCO, the abnormal change of velocity and attenuation is closely related to the strong
electron–phonon coupling [18–20]. In this paper, we present the ultrasonic velocity and
transport studies on the charge-ordered (Nd0.75Na0.25)x(Nd0.5Ca0.5)1−xMnO3 in order to obtain
more information about the alkaline metal doping effects on the charge-ordered manganites.

2. Experiments

The polycrystalline samples of (Nd0.75Na0.25)x(Nd0.5Ca0.5)1−xMnO3 (x = 0, 0.25, 0.5, 0.75, 1)
were synthesized via a conventional solid-state reaction method. A stoichiometric mixture of
high-purity Nd2O3 (preheated at 1000 ◦C for 10 h), CaCO3, Na2CO3, and MnO2 was well
ground and calcined at 1000, 1100, and 1150 ◦C in air for 12 h. Finally, the obtained powder
was pressed into pellets and sintered in air for 12 h at different temperatures depending on the
sodium content (1200 ◦C for x = 1, 1250 ◦C for x = 0.75 and x = 0.5, 1300 ◦C for x = 0.25
and x = 0), and furnace cooled to room temperature at the rate of 1.5 K min−1.

The crystal structure of the samples was determined by powder x-ray diffraction on a
powder x-ray diffractometer (Japan Rigaku MAX-RD) using Cu Kα radiation (λ = 1.5418 Å)
at room temperature. The electrical resistance of the sample was measured as a function of
temperature by the standard four-terminal configuration. Magnetization M(T ) measurements
were performed on bulk samples using a superconducting quantum interference device
(SQUID) magnetometer from Quantum Design (MPM-5).

The ultrasonic velocity and attenuation measurements were performed on a Matec-7700
oscillator/receiver series with a conventional pulsed-echo-overlap technique. Longitudinal
ultrasonic wave pulses are generated by a X-cut quartz transducer at a frequency of 10 MHz.
The relative change of sound velocity �V/V was defined as

�V/V = (V − Vmin)/Vmin
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Figure 1. Temperature dependence of the electrical resistance for (Nd0.75Na0.25)x (Nd0.5Ca0.5)1−x

MnO3 (x = 0, 0.5, 1); inset (a): d ln ρ/dT −1 versus T curves corresponding to each sample; inset
(b): x dependence of TCO attained by d(ln ρ)/d(T −1).

Table 1. The 〈rA〉, σ 2, lattice volume V and lattice parameters for (Nd0.75Na0.25)x (Nd0.5Ca0.5)1−x
MnO3.

Lattice parameters (Å)
Composition 〈rA〉 σ 2 V

x (Å) (Å
2
) (Å

3
) a b c

0 1.172 0.000 07 221.916 5.3563 5.4566 7.5928
0.25 1.174 0.000 35 226.934 5.3962 5.4950 7.6532
0.5 1.177 0.000 62 227.936 5.4042 5.5034 7.6642
0.75 1.180 0.000 87 228.669 5.4105 5.5128 7.6665
1 1.182 0.001 11 228.911 5.4166 5.5140 7.6643

where Vmin is the minimum sound velocity over the entire temperature range studied. The
experiments were made in a closed cycle refrigerator during the warm-up from 15 K to room
temperature at the rate of about 0.1 K min−1.

3. Results

The x-ray diffraction patterns of the samples were obtained by powder x-ray diffraction. All
samples are of single phase without detectable secondary phase and can be indexed with the
orthorhombic structure of space group Pnma. Table 1 lists the lattice parameters of the various
compositions, values of 〈rA〉 based on ionic radii for nine-fold coordination [21], and the size
variances σ 2. It can be found that the lattice parameters and lattice volume increase as the Na
content increases. That is because the calcium’s ionic radius is a little smaller than the sodium’s
(r(Na+) = 1.24 Å, r(Ca2+) = 1.18 Å [21]).

The temperature dependences of the electrical resistivity are shown in figure 1 for some
samples (x = 0, 0.5, 1). All samples show semiconductor-like transport behaviour in the whole
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Figure 2. Temperature dependence of the magnetization of (Nd0.75Na0.25)x (Nd0.5Ca0.5)1−x MnO3.

temperature range and exhibit a discernible slope change around TCO. The d(ln ρ)/d(T −1)

versus T curves are plotted in the inset (a) of figure 1. One can see that except for x = 1
all curves show an abnormal peak. Usually TCO is determined by neutron diffraction and not
from d(ln ρ)/d(T −1). But it is true that the derivative exhibits a peak close to TCO [22]. So
TCO can be estimated through d(ln ρ)/d(T −1)–T curves. TCO shifts to lower temperature with
increasing x , as shown in inset (b) of figure 1.

The variations of the magnetizations with temperature of the system are shown in figure 2.
The zero-field-cooled (ZFC) curves were obtained from 50 to 300 K in an applied magnetic
field of 1 T. For x = 0, the magnetization first increases as temperature decreases, then
reaches a maximum value around TCO ∼ 250 K. Below 80 K, the magnetization increases
with decreasing temperature, which is usually ascribed to the paramagnetic (PM) behaviour of
Nd ions [23]. Other samples show similar magnetic behaviours. It can be seen that in the low-
temperature range the increases of the magnetization with increasing Na concentration indicate
that the ferromagnetism of the system is strengthened.

The temperature dependences of the relative longitudinal ultrasonic velocity and
attenuation are shown in figure 3. For x = 0, the longitudinal sound velocity show slight
softening (−�V/V ∼ −2%) associated with a sharp attenuation peak as cooling down from
room temperature to TP1 which is close to the TCO. Just below TP1, the sound velocity stiffens
dramatically. The dramatic ultrasonic sound velocity and attenuation anomalies near TCO

result from strong electron–phonon coupling via the Jahn–Teller distortion of the Mn3+O6

octahedron [18–20]. Besides the dramatic sound velocity and attenuation anomalies that
occurred near TCO, another attenuation peak was observed at TP2 ∼ 100 K. With increasing x ,
TP1 and the associated attenuation peak shift to lower temperature, while the lower temperature
attenuation peak becomes more considerable and shifts to higher temperature until merging
with the attenuation peak at high temperature for Nd0.75Na0.25MnO3.
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Figure 3. Temperature dependence of the ultrasonic longitudinal sound velocity and attenuation for
(Nd0.75Na0.25)x (Nd0.5Ca0.5)1−x MnO3: (a) x = 0, (b) x = 0.5, (c) x = 1.

4. Discussion

From the resistivity and magnetization results (see figure 1), one may notice that the charge-
ordering transition of (Nd0.75Na0.25)x(Nd0.5Ca0.5)1−x MnO3 shifts to lower temperature with
increasing x . In the case of x = 1, the peak in the d(ln ρ)/d(T −1) versus T curve
as a signal of the CO transition no longer shows up. This result shows clearly that the
charge ordering becomes weaker and unstable with the substitution of Ca2+ by Na+ in
(Nd0.75Na0.25)x(Nd0.5Ca0.5)1−xMnO3. Although the ultrasonic velocity softening also shifts to
low temperature as x increases, the ultrasonic anomaly still exists in the sample with x = 1 (see
figure 3). According to previous reports [18–20], this anomalous velocity change arises from
electron–phonon coupling that originates from the Jahn–Teller effect. The absence of a peak
in the d(ln ρ)/d(T −1) versus T curve shows that the long-range charge ordering is destroyed,
while electron–phonon coupling still exists for x = 1, indicating the Nd0.75Na0.25MnO3 may
be a short-range charge-ordered system.
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Figure 4. The longitudinal modulus Cl(T ) as a function of temperature for
(Nd0.75Na0.25)0.5(Nd0.5Ca0.5)0.5MnO3. Open symbols are experimental data; solid lines are
calculated results using equation (2). The inset is an enlarged part of Cl (T ) above Tco.

According to other studies [5, 9], the stability of the charge ordering can be greatly affected
by the 〈rA〉 and σ 2. As shown in table 1, 〈rA〉 stays nearly constant and the size variance σ 2 is
very small, so the 〈rA〉 and σ 2 should not be the main reasons for the suppression of charge
ordering in (Nd0.75Na0.25)x(Nd0.5Ca0.5)1−x MnO3. Considering the anomalous phenomena
in the Na+ doped manganites [14, 17], the charge mismatch effect may have impact on
suppressing the charge ordering. The large difference in valence between the rare-earth ions
and Na+ results in the large random-potential fluctuations, leading to the inhomogeneous state
mixed of the lower potential region (eg electron mobilized region) and high potential region (eg

electron localized region) [10, 13, 24], which can induce the ferromagnetic cluster on the AFM
(antiferromagnetic)-CO matrix and weaken the CO state. As a result, the ferromagnetism of
the system is strengthened in agreement with our magnetization results. With increasing Na
content, the charge mismatch effect becomes stronger, resulting in the unstable and short-range
CO state.

To probe the relationship between the stability of the charge-ordered state and the
cooperative Jahn–Teller effect, the temperature dependence of the longitudinal modulus Cl

for (Nd0.75Na0.25)x(Nd0.5Ca0.5)1−xMnO3 (x = 0.5) is plotted in figure 4. The longitudinal
modulus Cl can be described as

Cl = DV 2
l (1)

where D is the mass density and Vl is the longitudinal ultrasonic velocity. According to the
cooperative Jahn–Teller theory, one can obtain the relationship between the elastic modulus
Cl(T ) and the temperature T above TCO as follows [25]:

Cl(T ) = C0

(
T − T 0

c

T − �

)
. (2)

The characteristic temperature T 0
c and � can be determined by the fitting of the experimental
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Figure 5. The x dependence of TP1 and EJT for (Nd0.75Na0.25)x (Nd0.5Ca0.5)1−x MnO3 (x =
0, 0.25, 0.5, 0.75, 1).

data around elastic softening. The Jahn–Teller coupling energy EJT which reflects the
strength of the cooperative Jahn–Teller coupling is given by EJT = T 0

c − � [26, 27]. One
can clearly see that the fitting results agree well with the experimental data from figure 4,
indicating that the cooperative Jahn–Teller effect is the main driving force for charge ordering
in (Nd0.75Na0.25)x(Nd0.5Ca0.5)1−x MnO3. To quantitatively estimate the strength of the Jahn–
Teller coupling, we fitted the longitudinal modulus of all samples by equation (2). The x
dependence of TP1 attained by the longitudinal ultrasonic velocity measurements and EJT are
shown in figure 5. The decrease of EJT and TP1 as the Na content increases reflects that
the cooperative Jahn–Teller coupling becomes weaker. The analysis of experimental results
suggests that the suppression of charge ordering and the weakening of cooperative Jahn–Teller
coupling are due to the following effects.

(1) When a rare-earth ion is substituted by a sodium ion, the large valence difference leads
to the formation of a Mn3+-rich region and a Mn3+-poor region, which induces the
electronic inhomogeneity and ferromagnetic clusters, makes the cooperative Jahn–Teller
effect weaker.

(2) Furthermore, the partial substitution of calcium ions with larger sodium ions causes the
increase of the average lattice volume (as shown in table 1) and expansion of the MnO6

octahedron. So the Jahn–Teller active Mn3+ can only be frozen at lower temperatures,
resulting in a lower charge ordering transition temperature.

Another interesting phenomenon in our experimental results is the attenuation anomaly
at low temperature. For Nd0.5Ca0.5MnO3, the anomalous attenuation peak was observed at
TP2 ∼ 100 K. From the magnetic curve of Nd0.5Ca0.5MnO3, the increase of magnetization was
observed around TP2, which has been ascribed to the PM ordering of Nd ions [23]. So the
anomalous attenuation peak at TP2 may be attributed to the phase competition of AFM and PM
phase for Nd0.5Ca0.5MnO3. As discussed above, the substitution of Ca2+ by Na+ induces the
ferromagnetic (FM) cluster on the AFM-CO matrix due to the charge mismatch effect, so the
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magnetic phase in the low-temperature range consists of AFM, PM and FM in the Na doped
compounds. With increasing x , the charge mismatch effect becomes stronger, which could
further weaken the AFM-CO state and induce the FM cluster at higher temperature, so the
multiphase competition region is wider. Liu also found that below 130 K there coexists an FM
and PM region in Nd0.75Na0.25MnO3 through magnetization and ESR measurements [17]. As a
result, the lower-temperature attenuation peak becomes more considerable and moves to higher
temperature until merging with the higher-temperature attenuation peak for Nd0.75Na0.25MnO3.
The attenuation and magnetization measurements show that the phase competition was
intensified due to the charge mismatch effect in (Nd0.75Na0.25)x(Nd0.5Ca0.5)1−xMnO3, resulting
in the enhancement of phase separation.

5. Conclusion

In summary, we have studied the electrical transport, magnetic and ultrasonic properties of
charge-ordered (Nd0.75Na0.25)x(Nd0.5Ca0.5)1−xMnO3 perovskite. The ultrasonic anomalies in
sound velocity and attenuation near TCO show direct evidence for electron–phonon coupling.
At lower temperature, the big attenuation peak indicates the spin–phonon interaction in the
compound and provides a trace of phase separation. As the Na content increases, the charge-
ordering transition temperature Tco shifts to lower temperature, the magnetization of the system
is strengthened, and the PS is enhanced. The fitting results of the longitudinal modulus indicate
that the charge ordering originates mainly from the cooperative Jahn–Teller lattice distortion
and the Jahn–Teller coupling energy EJT becomes smaller with increasing Na doping. From the
results, we conclude that: (1) compared with Nd0.5Ca0.5MnO3, Nd0.75Na0.25MnO3 is a short-
range charge-ordered system; (2) the charge mismatch effect may play an important role in
suppressing charge ordering by affecting the local electronic homogeneity around the rare-earth
ion and enhancing the PS through inducing the FM cluster on the matrix.
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