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Abstract

The longitudinal and transverse ultrasonic velocities in single-phase polycrystalline La2/3Sr1/3FeO3 have been measured by a

conventional pulse-echo-overlap technique at a frequency of 10 MHz. Dramatic anomalies in sound velocities for both longitudinal and

transverse modes were observed near 214 K. These abnormal ultrasonic features can be fitted by the mean-field theory, which confirms

the presence of the Jahn–Teller effect originating from the Fe4þ . However, no obvious anomalies in magnetic and electric properties

were found in this temperature range. These results give new evidence for the short-range charge ordering state.

& 2013 Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction

The perovskite-type transition-metal oxides have
attracted much attention due to their interesting structural,
magnetic, and electronic properties [1,2]. Among them,
La1�xSrxFeO3 system is unique because of its special
features.

On the one hand, La1�xSrxFeO3 system exhibits com-
plex charge ordering (CO) phenomena [3]. At high doping
levels (0.5rxr0.7), charge ordering transition accompa-
nies both antiferromagnetic (AFM) ordering and charge
disproportionation (CD) of 2Fe4þ-Fe3þ þFe5þ [4,5]. In
this ordering state, iron ions are ordered in the sequence y
Fe3þ Fe3þ Fe5þ Fe3þ Fe3þ Fe5þ y along the pseudo-
cubic [111] direction. While at low doping levels
(0.3rxr0.4), a short-range CO state of Fe3þ and Fe4þ

was supposed to explain the superlattice structure at low
temperature [3]. According to this supposition, only in
some local areas, there are as many Fe4þ ions as Fe3þ ions
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to form the charge ordering state. Thus, this transition
cannot be characterized by the measurements of magneti-
zation and resistivity. This hypothesis still needs more
evidences.
On the other hand, in La1�xSrxFeO3 system, the lattice

distortion around CO transition is under discussion.
According to the previous studies, it is known that the
CO transition in manganites always accompanies the Jahn–
Teller distortion of Mn3þ [6–8]. Since Fe4þ is isoelectronic
with Mn3þ , the similar lattice distortion is expected in
La1�xSrxFeO3 system. However, controversial conclusions
have been drawn in La1/3Sr2/3FeO3 through different
experimental and theoretical tools [3–5,9–11]. First, no
structural changes accompany the CO–CD transition. This
point was supported by the neutron powder diffraction
results [9] and unrestricted Hartree–Fock band-structure
calculations [10]. Second, the breathing-type distortion of
Fe–O octahedron exists below the charge ordering transi-
tion temperature (TCO). This conclusion was drawn through
the studies of transmission electron microscopy [3] and
optical spectroscopy [4]. Third, the lattice distortion is
present above the TCO. This viewpoint was proposed
through the temperature-dependent micro-Raman study
[5]. Moreover, Blasco et al. suggested that the electronic
roup S.r.l.
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Fig. 1. Temperature dependences of ultrasonic velocities for La2/3Sr1/3
FeO3. (a) Longitudinal velocity (Vl). (b) Transverse velocity (Vt).

Fig. 2. Temperature dependence of resistivity (r) for La2/3Sr1/3FeO3.

Inset (a) is the temperature dependence of magnetization. Inset (b) shows

ln r vs. T�1/4.
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localization in La1/3Sr2/3FeO3 arises from an order–disorder
transition between dynamic and static distortions [11]. For
La1�xSrxFeO3 (0.3rxr0.4), superlattice reflections were
observed below 250 K by transmission electron microscopy
[3]. Based on these results, the model of short-range CO
state is proposed.

Recently, ultrasonic technology was applied to La1�xSrx

FeO3 system to explore its physical nature. As a sensitive
tool, ultrasonic responses to lattice distortion and CO
transition (including short-range CO transition) in transition
metal oxides are based on the solidly theoretical and
experimental foundations [6–8]. In fact, anomalies in sound
velocity have been observed around TCO in R1/3Sr2/3FeO3

(R=La, Pr) [12] and La1/3Sr2/3Fe1�xMnxO3 [13], which
confirms the existence of Jahn–Teller effect of Fe4þ . In
2012, the systematically ultrasonic study on La1�xSrxFeO3

(1/3rxr0.45) has been carried out [14]. However, the
transverse ultrasonic results and quantitatively theoretical
calculation are still lacked. Thus, in this paper, we presented
a study of longitudinal and transverse ultrasonic velocities in
La2/3Sr1/3FeO3, and applied the mean-field theory to these
results. The aim of this work is to provide new evidence for
the short-range charge ordering state.

2. Experimental procedure

The polycrystalline sample of La2/3Sr1/3FeO3 was pre-
pared by the solid-state reaction method. Stoichiometric
amounts of high purity La2O3, SrCO3 and Fe2O3 powders
were well mixed, ground and calcinated at 1373 K, 1423 K,
and 1473 K, respectively, in air for 15 h. The finally
obtained powders were pressed into pellets at 300 MPa
and then sintered at 1573 K in air for 20 h, and cooled to
room temperature at a rate of 1 K min�1.

The crystal structure was characterized using a Japan
Rigaku MAX-RD powder X-ray diffractometer with Cu
Ka radiation (l¼1.5418 Å) at room temperature. Results
showed that our sample is of single phase with no
detectable secondary phases, and the diffraction peaks
can be indexed with the space group R3c in the hexagonal
setting.

The resistivity was measured by the standard four-probe
technique. The zero-field-cooled (ZFC) magnetization was
measured in an external magnetic field of 100 Oe by a
commercial quantum device (SQUID; Quantum Design
MPMSXL). The measurements of longitudinal and trans-
verse ultrasonic velocities were carried out on the Matec-
7700 series by means of the conventional pulse-echo-
overlap technique.

3. Results and discussion

The temperature dependences of the longitudinal and
transverse ultrasonic velocities (Vl and Vt) for La2/3Sr1/3
FeO3 are displayed in Fig. 1. It can be seen that both
Vl and Vt smoothly soften as the temperature decreases
from higher temperature and substantially increases below
214 K, and the relative increase in velocity is more
than 2% in both modes. Since the AFM transition
temperature is about 350 K (TN, shown in Fig. 2), it is
impossible to correlate these ultrasonic anomalies with
magnetic transition.
In fact, the similar ultrasonic feature was observed in

La1/3Sr2/3FeO3 around TCO, which is attributed to the
Jahn–Teller effect of Fe4þ [12]. Since Fe4þ also exists in
La2/3Sr1/3FeO3, it is reasonable to attribute these ultra-
sonic anomalies to the similar effect. To better understand
the Jahn–Teller effect of Fe4þ , the detailed discussions are
shown below.
On the one hand, for Fe4þ , due to its unconventionally

high valency, its charge-transfer energy is quite negative,
which means that a large amount of charges are trans-
ferred via Fe–O bonds from the O 2p bands to the Fe d
orbits. Thus the Fe4þ state is a mixture of high-spin 3d4
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and 3d5L (L denotes a hole in the O 2p band), and
dominated by the 3d5L configuration [15].

On the other hand, for high-spin Fe4þ (3d4), one
unpaired electron resides in the two-fold degenerate eg
levels. Thus, it is Jahn–Teller active in an octahedral
crystal field. According to the Jahn–Teller theory, when
this unpaired electron localizes due to charge ordering
transition, lattice distortion will be induced to reduce the
electrostatic interaction, which leads to the ultrasonic
anomaly. For example, in short-range charge ordered
manganites (Nd0.75Na0.25)x(Nd0.5Ca0.5)1�xMnO3, the
Jahn–Teller effect of Mn3þ induces a softening of ultra-
sonic velocity above TCO and a hardening below TCO [8].
This feature was qualitatively similar to our observation.
Thus, the ultrasonic anomalies in La2/3Sr1/3FeO3 possibly
originate from the Jahn–Teller effect of Fe4þ .

Since Fe4þ is dominated by the 3d5L configuration, the
resulting Jahn–Teller effect of high-spin 3d4 is much small,
which can reflect on the ultrasonic results. It is known that
the relative stiffening of ultrasonic velocity can be viewed
as a scale of the development of Jahn–Teller effect [16].
From Fig. 1, it can be seen that the relative increase is
about 2.5% for longitudinal ultrasonic velocity. While in
representative sample of charge ordered manganites, such
as La0.25Ca0.75Mn0.93Cr0.07O3, this value is more that 20%
Table 1

Fitting parameters for the longitudinal and transverse modulus, using Eqs. (1

Temperature range Modulus type

T4TCO Longitudinal

Transverse

Temperature range Modulus type

ToTCO Longitudinal

Transverse

Fig. 3. (a) Temperature dependence of the longitudinal modulus Cl(T).

(b) Temperature dependence of the transverse modulus G(T). Open

symbols are the experimental data, and solid lines are the results

calculated using Eqs. (1) and (2).
[17]. So the resulting lattice distortion in La0.25Ca0.75
Mn0.93Cr0.07O3 can be detected by the XRD measurement,
while the Jahn–Teller effect of Fe4þ is too weak to be
detected by neutron diffraction.
To further verify this Jahn–Teller effect, theoretical

results were applied to La2/3Sr1/3FeO3. Through the ultra-
sonic measurements, two kinds of elastic modulus can be
calculated. There are longitudinal modulus ClðTð Þ ¼ rVl

2Þ

and transverse modulus GðTð Þ ¼ rVt
2Þ [18,19]. In these

formulas, r is the mass density.
Through Hamiltonian calculation, Melcher gave the

relationship between modulus and temperature [20]. These
formulas can be used in different temperature ranges.
For the T4TCO

CðTÞ ¼C0 T�T0
C

� �
= T�Hð Þ ð1Þ

where C0 is the modulus at absolute zero temperature, and
the characteristic temperatures of T0

C and Y can be
determined by the ultrasonic measurements of the elastic
modulus softening.
For the ToTCO

CðTÞ

C0
¼ 1�

lþm
kBT
þ

lþm
kBT

tanh2
D

kBT

� �� �

= 1�
l

kBT
þ

l
kBT

tanh2
D

kBT

� �� �
ð2Þ

where l is the phonon exchange constant, m is a measure of
the strength of the coupling of the ions to the uniform
strain, and D represents the effect of the ion–strain
coupling, which can be written as:

D¼ kBTCOtanh
D

kBT

� �
ð3Þ

In Fig. 3, the open symbols are the experimental data
and the solid lines are the theoretical results (the corre-
sponding values of parameters are shown in Table 1). The
good agreement between the experimental data and theory
indicates that the Jahn–Teller effect indeed exists in La2/3
Sr1/3FeO3. This effect is induced by the localization of
unpaired electron in eg levels, which means the occurrence
of charge ordering transition.
Normally, charge ordering transition accompanies both

AFM ordering and a sharp increase in resistivity [12,13].
However, the TN of La2/3Sr1/3FeO3 is much higher than
) and (2) for La2/3Sr1/3FeO3.

C0/Cmin T0
C (K) Y (K)

1.015 56.16 54.08

1.047 104.9 99.8

C0/Cmin l (meV) m (meV)

1.08 5.45 1

1.13 5.05 1.63
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the temperature of ultrasonic anomalies. And from the
inset (b) of Fig. 2, it can be seen that the resistivity can be
fitted by Mott’s law ðR¼R0expðT0=TÞ1=4Þ, and the expec-
tant anomaly is absent. These unique behaviors are
probably due to the nature of short-range charge ordering.
According to Li et al.’s hypothesis [3], the short-range
charge ordering state of y Fe3þFe4þFe3þFe4þ y only
exists in some local areas. Moreover, the results of
transmission electron microscopy indicate that this short-
range charge ordering transition is gradually developed
over a wide temperature range (from 250 K to 150 K).
Thus, the measurements of resistivity and magnetization
could not respond to this local CO transition. While due to
the sensitivity to Jahn–Teller effect, the ultrasonic method
can characterize the formation of short-range charge
ordering state. The similar phenomenon has also been
observed in other short-range charge ordering systems,
such as (Nd0.75Na0.25)x(Nd0.5Ca0.5)1�xMnO3 samples [8].

4. Conclusion

In summary, we have studied the longitudinal and
transverse ultrasonic velocities in single-phase polycrystal-
line La2/3Sr1/3FeO3. Dramatic increases in Vl and Vt are
observed below 214 K. These abnormal ultrasonic features
can be described by the mean-field theory, which confirms
the presence of Jahn–Teller effect originating from the
Fe4þ . However, no obvious anomalies in magnetic and
electric properties were found in this temperature range.
The analysis suggests that these results may be explained
by the formation of short-range charge ordering state.
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