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Abstract

The low temperature magnetic properties of the La0.275Pr0.35Ca0.375MnO3 manganite have been investigated. Step-like charge ordered anti-
ferromagnetic (AFM)–ferromagnetic (FM) transition is observed in the magnetic field dependence of magnetization M(H) curve below 200 K as
the applied magnetic field is only several Tesla, and the magnetic step become ultrasharp at 2 K. The onset magnetic field of the step decreases
initially and then increases with increasing temperatures and the critical magnetic field is sensitive to the magnetic history. The results are dis-
cussed according to the field-induced reduction of the distortion of Mn–O octahedron as martensitic mechanism. The magnetic phase diagram is
also constructed based on the magnetic measurements.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The recent studies of the colossal magnetoresistance (CMR)
in the perovskite manganites have shown that these materi-
als exhibit complex phenomena of phase separation (PS) and
charge ordering (CO) or orbital ordering (OO) [1–3]. The PS
scenario fully develops in the La5/8−yPryCa3/8MnO3 system
of compounds, whose end members exhibit homogenous ferro-
magnetic (FM) (y = 0) and CO (y = 1) states [4]. The ground
state of the immediate compounds is imhomogenous due to the
coexistence of CO antiferromagnetic (COAFM) and FM phases
[5]. The nature of the Jahn–Teller (JT) Mn3+ cations is respon-
sible for the strong coupling between charge, spin and the lattice
and then the ground state in these materials [6]. The subtle bal-
ance of these separated phases can be manipulated by exerting
an external stimulus, such as magnetic field, electric field, pres-
sure, and illumination with light or X-ray, etc.
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Recently, an interesting phenomenon has been found in the
phase separated manganites, that is, the appearance of ultra-
sharp magnetization steps at low temperatures (below ∼5 K) in
the virgin isothermal magnetization M(H) curves and the mag-
netization steps are sensitive to the magnetization history [7,8].
The step-like behaviors were also observed in resistivity and
specific heat measurements. The origin of these phenomena is
still a matter of controversy. Various models have been pro-
posed to interpret the complex magnetization steps at low tem-
peratures in manganites, such as martensitic transformation sce-
nario [9], quenched disorder induced magnetization jump [10],
spin reorientation [11,12], and so on. Among these interpre-
tations, the martensitic scenario is attracting considerable at-
tention. In the martensitic model, there exists a strain effect
at the interface of COAFM and FM domains in the doped PS
manganites. At low temperatures, the driving force of the ap-
plied magnetic field overcomes the elastic energy due to the
interfacial constraints. For a critical value of the applied mag-
netic field, the local stress is released and the magnetization
step appears. However, the martensitic scenario cannot explain
all phenomena of the magnetization steps such as the multiple
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steps in the M(H) curves. In order to further understand the
origin of the step-like magnetic transition in the doped man-
ganites, we carefully investigated the magnetic properties in a
polycrystalline La0.275Pr0.35Ca0.375MnO3 manganite.

2. Experiment

Polycrystalline La0.275Pr0.35Ca0.375MnO3 sample was pre-
pared through the conventional solid-state reaction method in
air [13]. Appropriate proportions of high purity La2O3, Pr6O11,
CaCO3, and MnO2 powders were thoroughly mixed accord-
ing to the desired stoichiometry, and then prefired at 1000 ◦C
for 24 h. The powders obtained were ground, pelletized, and
calcined at 1200 ◦C for 24 h with intermediate grinding. and
finally, sintered at 1400 ◦C for 24 h and slow-cooled to room
temperature. Phase purity and the structure of the sample were
studied using powder X-ray diffraction (XRD) with Cu Kα ra-
diation at room temperature. The magnetic measurements were
performed on a superconducting quantum interference device
(SQUID) MPMS system (2 K � T � 400 K, 0 T � H � 5 T).

3. Results and discussion

Fig. 1 shows the temperature dependence of magnetization
M for the La0.275Pr0.35Ca0.375MnO3 sample in the temperature
range of 5–300 K. The data were taken on the heating process
under applied fields of 0.01, 0.2, 1, 2, 3 and 5 T after the sample
were both zero-field cooled (ZFC) and field cooled (FC) from
300 K. The magnifying M(T ) curve under the applied mag-
netic field of 0.2 T in the temperature region of 130–250 K
is displayed in the inset of Fig. 1, implying that there exist
two cusps in the M(T ) curve under 0.2 T field around 202
and 166 K, which are the CO transition temperature (defined
as TCO) and the AFM transition Néel temperature (defined as
TN), respectively. TCO is not almost affected by the low applied
field below 1 T. However, as the magnetic field μ0H � 3 T, the
COAFM state can be melted into FM state. As the temperature

Fig. 1. Temperature dependence of magnetization measured at 0.01, 0.2, 1, 2, 3
and 5 T for La0.275Pr0.35Ca0.375MnO3. The open symbols represent the ZFC
data and the filled symbols denote the FC data. The inset shows the magnified
M(T ) plot around TN at 0.2 T.
is decreased further, the M(T ) curve shows a sharp upturn at
a certain temperature TC, implying that the appearance of FM
state. That is to say, there exist competing phases of COAFM
and FM at low temperatures in La0.275Pr0.35Ca0.375MnO3 man-
ganite. The competition between FM and AFM exchange inter-
action leads to the appearance of the spin glass (SG) or cluster
glass (CG) state, which can be further proved by the devia-
tion between the ZFC and FC magnetization curves under the
lower magnetic field (�2 T) below a certain temperature Tirr.
Tirr shifts to lower temperatures as the applied field increases,
which is a typical character of the glass state. The SG or CG
state at low temperatures transfers to a full FM state under
enough high magnetic fields (H � 3 T).

In order to further investigate the difference of FC and ZFC,
the temperature dependence of the irreversible magnetization
Mirr = MFC − MZFC under several applied magnetic fields are
plotted in Fig. 2. Mirr shows a negative value under the low
magnetic field (�1 T) in a certain temperature region. This
unusual feature may be related to the large magnetostriction
present in this material [14]. The mechanism of magnetostric-
tion originates from the interchange coupling of magnetic mo-
ment of atoms in the sample. The onset temperature of mag-
netostriction decreases and the temperature region where the
magnetostriction exists increases with increasing magnetic field
when the applied field μ0H � 1 T. However, the phenomenon
of magnetostriction disappears as the applied magnetic field
μ0H � 2 T, implying that the magnetostriction forms in a low
magnetic field and is suppressed by a higher magnetic field.
A Curie–Weiss (CW) fit is also performed in high temperature
paramagnetic (PM) phase of La0.275Pr0.35Ca0.375MnO3, which
gives the Weiss temperature Θ = 186.2 K and the effective
magnetic moment μeff = 4.88μB/f.u., the latter value is much
higher than the theoretical expectation (μeff = 4.54μB/f.u.).
The difference between the experiment and the theory values
may be related to the magnetic moment of Pr ions or the FM
clusters exist in the high temperature PM phase.

In Figs. 3 and 4, we show the magnetic field dependence of
the magnetization, M(H), at a series of selected temperature
points. For each measurement, the sample was cooled under
zero field from 300 K to the selected temperature and the mea-
surements were performed in a sweeping mode (0 → 5 T → 0).
It can be seen that the magnetization M increases almost lin-
early with increasing magnetic fields in the high temperature
region of T � 220 K, which is consistent with the magnetic be-
havior of PM materials. As T = 200 K, M increases almost
linearly with the applied magnetic field up to 3.41 T, then the
slope of M–H curve increases rapidly as the magnetic field is
increased further. According to the M–T data, the sample lies
in a CO state at this temperature region. From the increasing
slope of the M–H curve, it can be suggested that partial CO
states in the sample is melted under stronger magnetic field.
However, M still keeps a small value at this temperature even
though the magnetic field is up to 5 T, indicating the stronger
CO background state under the high magnetic field. In addi-
tion, there is almost no hysteresis in the M–H curves, implying
the reversible transition between the CO and FM state. From
the M(T ) data shown in Fig. 1, the sample lies in the COAFM
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Fig. 2. Temperature dependence of the irreversible magnetization Mirr(= MFC −MZFC) in various magnetic fields μ0H = 0.01 T (a), 0.2 T (b), 1 T (c) and 2 T (d).
state in the temperature region of 80–180 K. In this tempera-
ture region, the initial magnetization increases almost linearly
with H as shown in Fig. 4, which reflects the magnetic behavior
of AFM phase domains at low magnetic fields. The increased
magnetic field can reduce the canting angle of the AFM phase.
At a sufficiently high magnetic field HC, a field-induced magne-
tization step appears and the system changes from COAFM to
FM state. The magnetization reaches almost a saturated value
of magnetic moment at 5 T, the saturation moment increases
with decreasing the temperature. As the field decreases, the sys-
tem does collapse back to the AFM state at a critical field H ′

C,
which lower than the corresponding HC, meaning the transi-
tion between COAFM and FM state has a first-order character
[15]. The critical magnetic field HC decreases and the magnetic
hysteresis increases with decreasing temperatures in this tem-
perature region, implying that the thermal excitation at a finite
temperature region will assist the system to undergo an FM–
AFM transition but limit the transition from AFM to FM.

As the temperature is below 60 K, the initial magnetization
increases linearly with H up to the critical field HC, which is
similar to the M–H behavior in the temperature region of 80–
180 K. As the magnetic field increases further, a magnetization
step in the virgin isothermal M–H curves and the magnetiza-
tion step brings the system to a full polarized FM state with a
saturated magnetic moment of 3.9μB/f.u. The saturated mag-
netic moment is much higher than the expected one of Mn3+
and Mn4+ ions, which may be related to the magnetic moment
of Pr3+ ions in the sample similar to the behavior of the effec-
tive magnetic moment μeff mentioned above. However, as the
magnetic field decreases, the system does not collapse to AFM
state but keeps in FM state even when the field is decreased
to 0 T, which is inconsistent with the magnetic behavior of the
sample in the temperature region of 80–180 K. As it can be
Fig. 3. Field dependence of magnetization in the temperature region of 2–20 K
measured in the ZFC mode. The arrows indicate the magnetic field increasing
(1) and decreasing (2) branches.

seen from Figs. 3 and 4, the transition from COAFM to FM
state shows a successive behavior above 2 K. However, the
behavior at 2 K changes dramatically, which shows an abrupt
step in the vicinity of 1.65 T. The width of the transition is
as small as the limitation of our measurement step 0.05 T. It
should be noted that the present compound exhibits a unique
sharp transition at low temperatures. Whereas in studies on the
A or B site doped Pr1−xCaxMnO3 manganite several steps are
observed [7,8]. The variation of the number of magnetization
steps may be related to the different magnetic ground state in
these samples. In addition, except for the ultrasharp magnetiza-
tion step near 1.65 T, there exists a broader magnetization tail
in the vicinity of 3.76 T in the ZFC M–H curve as shown in



B.C. Zhao et al. / Physics Letters A 354 (2006) 472–476 475
Fig. 4. Field dependence of magnetization in the temperature region of
40–300 K measured in the ZFC mode. The arrows indicate the magnetic field
increasing (1) and decreasing (2) branches.

Fig. 5. Magnetic phase diagram of La0.275Pr0.35Ca0.375MnO3. The critical
magnetic field was determined by M–H loops at each temperature. TCO un-
der each magnetic field was estimated from M(T ) curves. The PI, COAFM,
FM, and CG denote the paramagnetic insulating, charge ordered antiferromag-
netic, ferromagnetic metals, and cluster glass states, respectively.

the inset of Fig. 6(a), which may be related to the magnetic mo-
ment of Pr3+ ions. As the magnetic field decreases from 5 T, a
full FM behavior is observed. The results show that the sample
has a magnetic memory effect.

From the magnetic measurement under various conditions
described above, we construct a magnetic phase diagram of
La0.275Pr0.35Ca0.375MnO3 as shown in Fig. 5. The critical mag-
netic field was determined by ZFC M(H) loops at each tem-
perature. TCO and TN under each magnetic field are estimated
in terms of M(T ) curves. A striking feature is that COAFM-FM
transition is induced by a relatively low magnetic field ∼1.8 T
at 40 K. Below 40 K, the FM state is metastable even without
magnetic field, which can be elucidated by the SG or CG state
as shown in Figs. 1 and 5. The critical magnetic field is a func-
tion of temperature both below and above 40 K. Above 40 K,
Fig. 6. Isothermal (T = 2 K) M(H) curves measured in different changed
modes of magnetic field for La0.275Pr0.35Ca0.375MnO3. (a) 0 → 5 T →
0 → 5 T → 0 → −5 T → 0. The inset shows the second step of the sample.
(b) 0 → −5 T → 0 → 5 T → 0 → 5 T → 0. The inset of (a) shows the ZFC
magnetization tail at 2 K. The inset of (b) shows the 1 T FC magnetic step at
2 K.

the critical magnetic field increases with increasing the tem-
peratures, implying a more stable state of COAFM in higher
temperature for this material. However, HC increases with de-
creasing temperatures below 40 K, which may be related to the
enhancement of energy barrier between COAFM and FM as the
temperature decreases.

In order to further study the ultrasharp magnetization step
observed at 2 K, a series of M–H measurements at 2 K was
performed on the sample. The relevant results are shown in
Fig. 6 and its inset. Firstly, the sample was FC from 300 K
at an applied magnetic field of 1 T and 5 T, after the temper-
ature become stable at 2 K, the field was reduced to zero, and
then M–H was measured in a field sweep mode 0–5 T–0. As
it can be seen for the 1 T FC data as shown in the inset of
Fig. 6(b), the magnetization step becomes considerable broader
compared with the ZFC M–H data and the critical magnetic
field increases to 3.1 T. The FM phase of the ground state at 2 K
(defined as M1T/M5T at 2 K) increases from 37% for the ZFC
mode to 81% for the 1 T FC mode. As to the M–H data mea-
sured in the 5 T FC condition, the curve displays an almost fully
FM state, the magnetization reaches saturation at about 1 T and
keeps constant up to 5 T for the sample, which is considered
as a result of the rotation of the magnetic domain under exter-
nal magnetic field. That is to say, the ground state of the sample
is FM under the 5 T FC mode condition. Secondly, two sepa-
rate measurements were performed in order to study the whole
M–H behavior of the sample. Before each measurement, the
sample was zero-field cooled to 2 K and then the data were col-
lected in field sweeping process of 0 → 5 T → 0 → 5 T → 0 →
−5 T → 0 and 0 → −5 T → 0 → 5 T → 0 → 5 T → 0. The
result is displayed in main panel of Fig. 6. The magnetization
step only appears in the virgin branch of the M–H curve for
both measurements. Both the second and third cycling curves
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display FM behavior. This phenomenon shows that the low tem-
perature magnetic behavior of the sample has the character of
memory effect.

The sharp magnetization step at low temperatures in
La0.275Pr0.35Ca0.375MnO3 manganite can be explained by the
martensitic scenario. Previous studies show that the CO state
in La5/8−yPryCa3/8MnO3 belongs to the 1/2-type [3]. The
Mn3+O6 Jahn–Teller (JT) distorted octahedral with associated
OO are the fundamental building blocks of the COAFM state
in La0.275Pr0.35Ca0.375MnO3 manganite. The average radius of
A-site cations 〈rA〉 for La0.275Pr0.35Ca0.375MnO3 is 1.190 Å
[13]. The magnetic properties of CO manganite with moder-
ate 〈rA〉 are sensitive to the external disturbance, especially to
the magnetic field. According to the Raman experiment [16],
the orthorhombic distortions or Mn3+O6 octahedrals can be re-
duced gradually with increasing magnetic fields. In the case
of La0.275Pr0.35Ca0.375MnO3, FM phase competes and coex-
ists with the COAFM phase. The FM regions related to the
less distorted Mn3+O6 octahedral have a different symmetry
compared with the more distorted COAFM domains. As the
magnetic field increases, at low temperatures, the nucleation
of the COAFM-FM transformation starts around the regions
surrounding the distorted Mn3+O6 octahedral. If the magnetic
energy overcomes the elastic strain energy of the distorted
Mn3+O6 octahedral, the interface between the more distorted
COAFM and FM regions undergoes a sudden motion. The local
stress is released and the sharply magnetization step appears.

As to the present compound exhibits only one sharp transi-
tion at low temperatures whereas in studies by others several
steps are observed, it suggested to be related to the different
magnetic ground in these samples. Previous studies on doped
Pr1−xCaxMnO3 manganite shown that the number of magneti-
zation steps decreases with decreasing stability of the CO struc-
ture [8]. In a lightly Ga or Ni-doped manganites, where the CO
state is extremely stable, three or four steps are needed to reach
a completely FM state whereas only one magnetization jump is
observed when the FM is maximum in the Ga-doped series. The
FM component is much higher and the CO structure is much
instable in the present sample compared to the Pr1−xCaxMnO3
series. The CO structure can be easily destroyed by the external
disturbance, such as electrical field [13], magnetic field, and so
on. Only one magnetization step is sufficient to bring the com-
pound to a full FM state.

4. Conclusion

In summary, we have extensively studied the magnetic
properties of La0.275Pr0.35Ca0.375MnO3 manganite. A step-like
COAFM–FM transition appears below 200 K and the critical
magnetic field decreases initially and then increases with in-
creasing temperatures. The transition becomes ultrasharp as the
temperature decrease to 2 K and transition at low temperatures
has an irreversible character. The results are discussed in terms
of the mechanism of martensitic scenario related to the field-
induced reduction of the distortion of Mn–O octahedron.
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