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The substitution of Ga for Mn in manganite Nd0.6Dy0.1Sr0.3MnO3 with a ferromagnetic (FM) ground

state has been performed to study the influence of the Mn-sublattice magnetic ordering on the

magnetic rare-earth sublattice. It is found that the substitution of Mn3þ with Ga3þ ions results in a

sharp decrease of TC, reflecting the reduction of the double-exchange interactions strength JMn–Mn. At

the same time, a depinning effect of the rare-earth magnetic moment has been observed. This behavior

unambiguously proves that the exchange interaction between Mn and rare-earth ions JMn–R strongly

influences the rare-earth magnetic ordering at temperatures below TC and stabilizes the rare-earth

magnetic ground state.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

The manganites of ABO0.3 type have attracted great attention
from researchers due to fascinating properties, such as colossal
magnetoresistance (CMR), charge-ordering (CO), and the applic-
ability [1]. Decades of research have allowed us to completely
understand the full range of ordered phases that occur in the
R1�xAxMnO3 perovskites (R¼La, Pr, Nd and A¼Ca, Sr, Ba) [2]. For
samples with xr0:5, a complex competition occurs between the
ferromagnetic (FM), the paramagnetic (PM), and the antiferro-
magnetic (AFM) phases. In this regime, the inhomogeneous phase
separation (PS) gives rise to the well-known colossal magnetore-
sistance effect [3–5]. Meanwhile, electron-doped manganites
with xZ0:5 display orbital and charge-ordering with an anti-
ferromagnetic ground state below the charge-ordering (CO)
temperature TCO [6,7].

The properties of manganites are not only sensitive to the
manganese valency but also strongly affected by chemical factors,
such as the average cationic radius /rAS in the A-site [8–10] and
the A-site cationic size mismatch [11,12], which is quantified by
s2 ¼

P
xir

2
i �/rAS

2 xi is the fractional occupancy of A-site ions,
and ri is the corresponding ionic radius) [11]. For instance, when
the hole concentration is kept constant in the Mn3þ-rich FM
compositions, it has been shown that the decrease of /rAS tends
to diminish the Mn–O–Mn angle, which consequently reduces the
bandwidth (W) and the Curie temperature TC [9]. In contrast,
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a small /rAS value is required for the appearance of CMR in the
Mn4þ-rich manganites [13]. Finally, regardless of the /rAS and
the manganese valency, the increase of s2 tends to suppress both
FM and AFM magnetic interactions and destabilizes the CO
[11,12]. These behaviors show the great complexity of the
relationships between the chemical factors (/rAS, s2, carrier
nature, and concentration) and the magnetotransport properties
of manganites.

The coupling within the rare-earth sublattices is antiferromag-
netic and rather weak. In many cases, the rare-earth moments do
not exhibit a long-range magnetic order (and if they do, the
ordering temperatures are below 10 K) [14]. In manganite, the
interaction between the magnetic moment of the rare-earth ions
at the A-site and that of the Mn ions at the B-site is complicated.
As for the Nd3þ ions, researchers found that in the Nd0.7A0.3MnO3

(A¼Ca, Sr, Ba, Pb) system, the manganese sublattice is ferromag-
netic, and Nd3þ aligns parallel to the manganese, contributing an
additional � 1mB to the total moment. This value is reduced from
the free-ion value of 3:3mB by the crystal field, which splits the
ground state 4I9/2 multiplet into five Kramers doublets [15,16].
However, using neutron powder diffraction, Fauth et al. found an
antiparallel ordering of Mn and Nd magnetic moments in
Nd0.7Ba0.3MnO3 system [17]. Regarding the Gd3þ ions, Hember-
ger et al. have investigated the complex interplay of the 3d and
the 4f magnetism in La1�xGdxMnO3 single crystals system. They
found the magnetic moments of Gd are weakly antiferromagne-
tically coupled within the sublattice and are antiferromagneti-
cally coupled to the Mn moments [18]. Snyder et al. have found
that the rare-earth moments in Gd0.67Ca0.33MnO3 order antipar-
allel to the manganese, giving rise to ferrimagnetism [19]. It was

www.elsevier.com/locate/physb
www.elsevier.com/locate/physb
dx.doi.org/10.1016/j.physb.2011.08.078
mailto:lsling@hmfl.ac.cn
mailto:zhangyh@ustc.edu.cn
dx.doi.org/10.1016/j.physb.2011.08.078


L. Ling et al. / Physica B 407 (2012) 1–52
suggested that the exchange coupling between the Gd3þ and the
Mn3þ/Mn4þ sublattices tends to be antiferromagnetic in an
La0.7�xGdxA0.3MnO3 (A¼Ca, Sr) system [20–22].

These observations revealed that the magnetic moment of the 3d
and the 4f electrons can couple antiferromagnetically or ferromag-
netically with one another. In this paper, we report the magnetiza-
tion measurements on the substituted Nd0.6Dy0.1Sr0.3Mn1�xGaxO0.3

(x¼0, 0.02, 0.05, 0.1, 0.2) compounds. Mn3þ is substituted by its
closest isovalent, but nonmagnetic Ga3þ ions to ensure minimal
disturbance in the lattice and to effectively vary the double-
exchange interaction between Mn ions JMn–Mn and, consequently,
the exchange interaction between Mn and the rare-earth ions JMn–R.
The substitution provides a platform to study the interplay between
Mn and the rare-earth ions magnetic moment. We hope to under-
stand the influence of B-site magnetism on the magnetic behavior of
rare-earth ions at the A-site. The results show that, while keeping
the same crystal structure for all compositions, Ga for Mn substitu-
tion leads to a sharp decrease of TC, reflecting the intended decrease
of JMn–Mn. At the same time, we observe a depinning effect of the
rare-earth magnetic moment. This behavior confirms that the
exchange fields JMn–R have a strong influence on the rare-earth
magnetic ordering at temperatures below TC and that they actually
stabilize the rare-earth magnetic ground state.
Fig. 1. Temperature dependence of the magnetization (ZFC empty symbol; FC

solid symbol) for Nd0.6Dy0.1Sr0.3Mn1�xGaxO0.3 (x¼0.02, 0.05, 0.1, and 0.2) (a);

Nd0.6La0.1Sr0.3MnO3 and Nd0.6Dy0.1Sr0.3MnO3 (b).
2. Experiment

The polycrystalline Nd0.6Dy0.1Sr0.3Mn1�xGaxO0.3 (x¼0, 0.02, 0.05,
0.1, and 0.2) samples were prepared by a traditional solid-state
reaction method [23]. Stoichiometric quantities of high-purity oxide
of the rare-earth Nd2O0.3 and Dy2O0.3, SrCO0.3, MnO2, and Ga2O0.3

were thoroughly mixed and ground, then preheated at 1173 K for
24 h. With intermediate grinding, they reacted at 1473 K for 24 h.
After the samples were pressed into pellets, a final sintering was
carried out at 1573 K for 48 h. The structure and the phase purity of
the prepared samples were checked with a powder X-ray diffraction
(XRD) method using Cu Ka radiation at room temperature. The XRD
pattern proves that the samples are at a single phase with the
orthorhombic perovskite structure. Magnetization measurements
were performed using a SQUID magnetometer (Quantum Design
MPMS). The temperature dependence of the high field magnetiza-
tion were measured in the VSM mode of a Physical Properties
Measurement System (Quantum Design PPMS). The resistivity was
measured with a standard four-probe method. The electron spin
resonance (ESR) measurements were also carried out on the sample
using a Bruker EMX plus 10/12 spectrometer at 9.40 GHz.
3. Results and discussion

Fig. 1 shows the temperature dependence of the magnetiza-
tion, which was recorded during the warming-up processes with
an applied field H¼100 Oe under the zero-field-cooled (ZFC) and
the field-cooled (FC) conditions. There is a sharp transition from a
high-temperature paramagnetic state to a ferromagnetic one.
Meanwhile, the Curie temperature is shifted down as the number
of Ga3þ increases. With further decrease in the temperature, the
ZFC and the FC magnetization curves start separating from each
other noticeably, and a strong irreversibility (the difference
between the FC and the ZFC magnetization) begins to develop.
As the temperature decreases, the FC curves increase, but the ZFC
curves decrease, resulting in an overall AFM-like behavior. This
result implies that regardless of what causes the irreversibility,
the anisotropy field, which freezes the spins, is not large.

Because the Mn-sublattice has been diluted, it is straightfor-
ward to interpret the changes involving Mn-magnetism. In the
present doped system, the substitution of the nonmagnetic Ga3þ

for the magnetic Mn3þ reduces the eg electron density and
consequently attenuates the double-exchange interaction between
the Mn3þ and the Mn4þ ions, causing TC to decrease. As shown in
Fig. 1, TC decreases dramatically from 230 K to 65 K indicating that
the Ga3þ doping has a significant effect on the transition tempera-
ture. This is direct evidence of the effective reduction of the Mn–
Mn interaction strength, JMn–Mn; thus, we suggest that JMn–R should
be reduced. Most surprisingly, substituting Ga for Mn affects the
anomalies in the FC curves below TC: larger values of x corresponds
to stronger increases of magnetization with a decreasing tempera-
ture below TC. We suggest that the magnetization increase should
be the development of rare-earth magnetic ordering.

For the sake of comparison, the magnetization of Nd0.6La0.1

Sr0.3MnO3 is also shown in Fig. 1. With the substitution of Dy3þ

for La3þ ions, TC decreases from 256 K to 230 K, while the
magnetization increases by roughly 0:1mB, as estimated from
the FC curve. The introduction of Dy3þ ions brings two effects:
the smaller radius of the Dy3þ ions, which results in the decrease
of /rAS, and the large local magnetic moment of the Dy3þ ions.
Therefore, the decrease of /rAS weakens the double-exchange
interaction between the Mn ions and causes the decrease of TC.
Meanwhile, the local magnetic moments of the Dy3þ ions orient
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parallel to the Mn-sublattice, increasing the total magnetic
moment.

The micro-magnetism of the sample has been investigated
through the ESR spectra, which is shown in Fig. 2. At the
temperature above TC, only the paramagnetic signals with g � 2
can be detected. When the temperature is lower than TC, the
Fig. 2. Temperature dependence of the ESR spectra of Nd0

Fig. 3. Magnetic field response of the magnetization of Nd0.6Dy0.1Sr0.3Mn1�xG
resonance lines deviate from the standard shape for a paramag-
netic signal, and the FM signals with g42 begin to manifest
themselves at the lower resonance field. Finally, at the low
temperature range, only small FM signals can be detected, and
the resonance field decreases with decreasing temperature, which
indicates that the PM phase transfers into the strong FM phase. The
.6Dy0.1Sr0.3Mn1�xGaxO0.3 (x¼0.02, 0.05, 0.1, and 0.2).

axO0.3 (x¼0.02, 0.05, 0.1, and 0.2) measured under selected temperatures.
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micro-magnetism behavior shown in the ESR spectra is consistent
with the macro-magnetic behavior shown in the M(T) curve.

We also studied the magnetic field response of the Ga-
substituted compounds. Fig. 3 shows the isothermal magnetiza-
tion curves as a function of the magnetic field for the doped
samples. All curves show similar behaviors that exhibit a ferro-
magnetic characteristic below TC. The magnetization increases
significantly in the low field region (o5000 Oe), then it increases
smoothly with the magnetic field. However, the magnetization
does not become saturated in the highest field. At 4 K, the
magnetization keeps increasing with the increasing field to
quantities well above the value of the ordered moment of Mn3þ

and Mn4þ . This result indicates that both the ferromagnetism of
the Mn ions and the paramagnetism of the rare-earth ions
contribute to the low temperature magnetization.

To probe the magnetic interaction between the 3d and the 4f
electrons, the isothermal magnetization curves as a function of
the magnetic field up to 16 T were measured at 4 K and 100 K.
Fig. 4 shows that the magnetization is not saturated even at 16 T
for both temperatures. A ferromagnetic manganese sublattice
parallel to the rare-earth sublattice qualitatively explains the
magnetization data. The obtained magnetization at 16 T and 4 K
is 5:10mB, 4:98mB, 4:73mB, and 4:37mB for the doped samples with
x¼0.02, 0.05, 0.1, and 0.2, respectively. However, these values are
larger than the values derived from the full alignment of the
magnetic moment of the Mn3þ and the Mn4þ ions (3:62mB,
3:50mB, 3:30mB, and 2:90mB). The difference could come from the
existence of the magnetic moment of rare-earth ions in addition
Fig. 4. Magnetic field response of the magnetization of Nd0.6Dy0.1Sr0.3Mn1
to that of Mn3þ and Mn4þ . One notes that the magnetic moment
of the free Nd3þ and Dy3þ ions are 3:5mB and 10:6mB, respectively,
and that the extracted value of the rare-earth ion moment
� 1:5mB is rather low, which suggests that the rare-earth ion
moments do not become fully ferromagnetically ordered at 16 T.

For the sake of comparison, the isothermal magnetization of
Nd0.6La0.1Sr0.3MnO3 and Nd0.6Dy0.1Sr0.3MnO3 are also shown in
Fig. 4. It can be observed that the magnetization behaviors of
these compounds are similar to that of the Ga3þ doped samples.
However, compared to the values of the Ga3þ doped samples, the
high field slope in this case is smaller, and the extracted value of
the rare-earth ion moment (� 0:8mB) is about half. Why do the
rare-earth ions show a stronger magnetism in the Ga3þ doped
samples than in the parent compound? In the present system
with the FM ground state, the coupling between the rare-earth
ion moment and the Mn magnetic moments manifests itself
below TC, where the Mn-spin lattice polarizes the rare-earth
magnetic sublattice. In the undoped samples, the Mn-sublattice
establishes the FM coupling through the double-exchange inter-
action below the temperature TC. This internal field acts on the
magnetic moments of the rare-earth ions and polarizes it in the
direction of the Mn-sublattice. It can be observed in Fig. 4 that the
magnetization of the undoped samples increases sharply below
2 T and subsequently increases slowly with increasing magnetic
field indicating that the magnetic moment of the rare-earth ions
are polarized and pinned by the Mn-sublattice. Therefore, the
magnetization is weakly dependent on the applied field in the
high field region. However, in the Ga3þ doped samples, the high
�xGaxO0.3 (x¼0.02, 0.05, 0.1, and 0.2) measured under 4 K and 100 K.
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field dependence of the magnetization is enhanced with the
increase of Ga3þ content. As it was previously highlighted, the
Mn–Mn interaction strength, JMn–Mn, is weakened by the doping of
Ga3þ . One can conclude that the effective field acting on the rare-
earth ion moments from the Mn-spin lattice is indeed reduced by
Ga substitution. Consequently, the interaction strength between
the Mn magnetic sublattice and the rare-earth magnetic sublat-
tice, JMn–R, should also be reduced. Therefore, the pinning force,
which affects the rare-earth ion moments in the Mn magnetic
sublattice, is weakened, and the rare-earth ion moments show a
PM-like behavior in response to the applied field. These results
unambiguously show that JMn–R is an important ingredient for
rare-earth magnetic ordering below TC.
4. Conclusion

In this work, the influence of the Mn-magnetic ordering on the
rare-earth magnetic sublattice is investigated experimentally in
manganite Nd0.6Dy0.1Sr0.3MnO3 with an FM ground state by
substituting Ga for Mn. The results show that the Ga for Mn
substitution not only weakens the double-exchange interaction of
the Mn-sublattice, which leads to a sharp decrease of TC, but also
significantly affects the rare-earth magnetic ordering. Our results
confirm that substituting nonmagnetic ions for magnetic ions in
one sublattice can change the magnetism in the other sublattices.
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