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Abstract
We report a detailed study of the electric transport and magnetic properties
of the La5/8−yNdyCa3/8MnO3 manganite system. Substitution of La3+ by
smaller Nd3+ ions reduces the mean ionic radius of the A-site ion. We have
studied samples in the entire range between La-rich and Nd-rich compounds
(0.1 < y < 0.625). Results of dc magnetization and resistivity show that
doping destabilizes the ferromagnetic (FM) character of the pure La compound
and triggers the formation of a phase-separated state at intermediate doping. We
have also found evidence of a dynamical behaviour within the phase-separated
state. A phase diagram is constructed, summarizing the effect of chemical
substitution on the system.

1. Introduction

Manganese-based oxides, also known as manganites, represent one of the most widely studied
strongly correlated electron system since the discovery of the colossal magnetoresistance
(CMR) effect [1]. A substantial amount of work has been devoted to study the low-temperature
state of the manganites, characterized by the intrinsic coexistence of two or more phases on
a submicrometre scale [2], a phenomenon known as phase separation (PS). This mixture is
usually formed by ferromagnetic (FM) conductive and antiferromagnetic (AFM) insulating
charge ordered (CO) phases [3, 4].

It is known that the substitution of La by Pr in the La5/8−yPryCa3/8MnO3 system
destabilizes the FM state in favour of the AFM CO state. This effect is attributed to the
increment in the distortions on the Mn–O–Mn bonds induced by doping. The electrical and
magnetic [5] and the thermal properties [6] of this system can be described within the PS
scenario. In addition, several works have reported the existence of a dynamical behaviour in
different manganite samples which display the phase-separation phenomena [5, 7–11]. It is
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now believed that chemical and structural disorder are the key factors for the formation of a
glass-like state [12, 13].

The La5/8−yNdyCa3/8MnO3 system is a solid solution of La5/8Ca3/8MnO3 and
Nd5/8Ca3/8MnO3, leading to a series of compounds in which the only varied parameter is the
mean radius of the A-site ion. Nd ions are slightly smaller than Pr ions, so the effects related
to the Mn–O–Mn distortions are expected to be enhanced. In the literature of manganites there
are few reports on La5/8−yNdyCa3/8MnO3. Rao et al [14] studied the structural features on
the La(2−x)/3Ndx/3Ca1/3MnO3 series in which they suggest the existence of La-rich metallic
regions coexisting with Nd-rich semiconducting regions. A T –z phase diagram, mostly based
on magnetic measurements, has already been obtained for the (La1−zNdz)1−xCax MnO3 system
(x = 0.45), showing a change from a ferromagnetic metallic phase to a charge-ordered
insulating phase while increasing z [15], with a scenario of coexisting phases at intermediate
doping. The ground-state phase diagram in the x–z space was also presented, showing the
existence of FM, CO and PS states [15]. Evidence of the phase-separated character in several
compounds of the series was also found using Raman spectroscopy [16–18]. The phase-
separated state induced by chemical substitution with Nd, Gd and Y was studied by Sudheendra
et al [19]; the authors showed that disorder, related to variance of the mean radius of the
A-site ion, favours the AFM phase. Regarding the dynamics of the phase-separated state,
Rivadulla et al [20] showed that the low-temperature state constitutes a self-generated ensemble
of magnetic clusters that behaves like a spin glass in (La0.25Nd0.75)0.7Ca0.3MnO3.

In this work we present a detailed study based on the electrical and magnetic properties
of the La5/8−yNdyCa3/8MnO3 series, focusing especially on characterization of the physical
response of the system within the phase-separated regime. As has been shown [11], in the PS
regime strong dynamical effects are responsible for the blurring of the real equilibrium state
of the system. This dynamical regime is characterized by the strong difference between the
magnetization measurements in zero field cooled (ZFC) and field cooled (FC) modes and in
the existence of blocking temperatures, resembling the behaviour of spin glasses [11]. We have
used our data to construct the electric and magnetic phase diagram of the system, including
the existence of frozen and dynamic regimes suggested by these measurements. We have
paid special attention in a detailed description of the low-temperature phase-separated state
corresponding to intermediate doping.

2. Experimental details

Bulk polycrystalline samples of La5/8−yNdyCa3/8MnO3 (LNCMO(y)) were synthesized
following the liquid mix method (citrate polymerization). The obtained powder was pressed
into bars with dimensions of 5 × 1 × 1 mm3. The x-ray diffraction pattern corresponds to a
single-phase material, with no spurious lines observed. dc magnetization measurements were
performed in a Quantum Design PPMS system. Resistivity was measured in a He closed-cycle
criogenerator using the standard four-probe method.

3. Results and discussion

Figure 1 shows the dc magnetization (M) and resistivity (ρ) as a function of temperature (T )
for LNCMO(y) samples with y = 0.1, 0.2, 0.3, 0.4, 0.5 and 0.625. M(T ) was measured in the
field cooled cooling (FCC) mode using an applied magnetic field of 0.2 T.

In the low-doping limit (y = 0.1 and 0.2), the samples exhibit paramagnetic and insulating
(PI) behaviour at high temperatures. Both samples display a typical PI to FM-metallic
transition on cooling below TC, resembling the characteristics of the La5/8Ca3/8MnO3 parent
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Figure 1. (a) M (FC with H = 0.2 T) and (b) ρ versus T for LNCMO(y) with y =
0.1, 0.2, 0.3, 0.4, 0.5 and 0.625. The arrows indicate two magnetic transitions for the y = 0.4
sample.

compound [21]. The increment in the Nd content produces a reduction of TC and an increase
in the low-temperature resistivity, indicating that doping destabilizes the FM state. A small
irreversibility is present in the ρ versus T dependence of LNCMO(0.2) around 100 K (not
apparent due to the scale of the graph). Moreover, a complex behaviour is observed on both
M and ρ upon further doping increase. Samples with y = 0.3 and 0.4 became less FM and
much more resistive at low temperatures, and a clear hysteresis loop is observed in the ρ versus
T dependence. On cooling, LNCMO(0.3) shows a reduction of M that is correlated with a
maximum of the logarithmic derivative of the resistivity, ∂ ln ρ/∂(1/T ), which indicates the
arising of the CO state at Tco ∼ 205 K. The onset of FM order occurs at lower temperatures,
∼180 K, but the transition is not completed, as can be seen by the plateau in M between 100
and 175 K on cooling. This data is similar to that obtained for the La5/8−yPryCa3/8MnO3

system [3, 5, 6] in which it has been shown to be related to PS, so this suggests that the
LNCMO(0.3) compound is phase separated in the FM and CO regions between 175 and 90 K.
Below TC ≈ 90 K, magnetization reaches almost the same value as that corresponding to the
pure FM compounds (0 < y < 0.2) at low temperature, indicating a majority FM state in this
range. This transition coincides with the change from insulator to metallic behaviour, indicated
by a peak in the ρ versus T dependence at Tp.

The LNCMO(0.4) sample shows a similar behaviour, but with lower values of M and a
higher resistivity at low temperatures. As a distinctive feature, this compound presents two
reductions of the magnetization on cooling, indicated by vertical arrows in figure 1(a): one that
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Figure 2. Resistivity as a function of the magnetic field for LNCMO(0.4) at ∼90 K.

coincides with Tco and the other at T ∼ 175 K, not correlated with any electrical transport
feature. This peculiarity was attributed on the Pr1−xCax MnO3 system to the appearance of
an AFM state [22]. This sample presents an increase in the magnetization on cooling below
∼100 K, but its low-temperature value is lower than that corresponding to a pure FM system,
suggesting the coexistence of FM and non-FM phases. The resistivity for this sample also
displays a maximum at Tp, which marks the transition from insulating to metallic behaviour.

The y = 0.5 and 0.625 samples show an insulating behaviour in the whole temperature
range studied (see figure 1(b)). They are paramagnetic at high temperature and undergo a
transition to a CO state at 210 and 230 K, respectively. On further cooling, both samples show
a kink on the M versus T data which is presumably due to the AFM ordering within the CO
phase [22]. The comparatively low magnetization value at low temperature for both compounds
is an indication of a majority AFM-CO phase. On cooling below 100 K we can see that the
magnetization of both samples shows a small upturn (figure 1(a)). This behaviour is similar to
that corresponding to the magnetization curves obtained by Dupont et al for Nd1−x CaxMnO3

manganites [23]. By analysing electron spin resonance and neutron diffraction data, the authors
claim that this feature can be related to the paramagnetic moment of the Nd ions within the
AFM state of the Mn system.

On figure 2 we show resistivity as a function of applied field measurements, ρ versus H,

at fixed T ∼ 90 K for LNCMO(0.4). Negative magnetoresistance (MR) is observed for all
magnetic fields, with two well-differentiated regimes: below 0.4 T we have the ‘classical’ MR
effect due to the enhanced itineracy of the electrons in the FM state [1], while for larger fields a
change in the slope indicates a reduction of ρ related to the field-induced increase in the relative
FM fraction, which is an effect that can only happen in a phase-separated system. It has been
shown that the latter effect can produce a change in the resistivity and magnetization which
persists after the field is turned off [24, 25]. Remarkably, this nonvolatile cumulative effect is
observed while cycling and increasing the maximum field. The preceding result suggests to us
that LNCMO samples with y near 0.4 exhibit PS around 90 K. The magnetic field was cycled
to be sure that the nonvolatile reduction in the resistivity while turning off the field is not due
to FM remanescence but only related to the maximum applied magnetic field.

Detailed magnetic measurements provide further insight into the nature of the phase-
separated state. The M versus H dependence for LNCMO(0.3) below TC after ZFC from room
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Figure 3. M versus H for LNCMO(0.3) at (a) 2.5 K and (b) 70 K.

Figure 4. M versus H for LNCMO(0.4) at (a) 2.5 K, (b) 70 K and (c) 106 K. The abrupt
metamagnetic transition is observed at 2.5 K for H = 2.7 T.

temperature is shown in figure 3. At first sight, the data show the typical shape corresponding
to a soft and homogeneous FM sample. However, small traces of hysteresis signal the presence
of inhomogeneities, even at temperatures well below 90 K, i.e. a phase-separated state with a
majority FM fraction (see figure 1(a)). Similar measurements on LNCMO(0.4), depicted in
figure 4, show the development of the phase-separated state on cooling. At 106 K we see no
signature of the FM phase according to the low susceptibility near H = 0, while saturation can
be reached just above 3 T. The existence of the FM phase at zero field is evident at T = 70 K
and a clear hysteresis is displayed. The global behaviour at 2.5 K is qualitatively similar,
with an increasing FM fraction at zero field and a irreversible metamagnetic transition due
to the coexistence of FM/AFM. An interesting point is that the transition at 2.5 K is very
abrupt. Similar transitions have already been observed in the La5/8−yPryCa3/8MnO3 (y = 0.4)

compound [26], in which the application of a large enough magnetic field can transform the
low-temperature zero field cooled mostly CO state into a nearly homogeneous FM state in an
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Figure 5. M versus H for (a) LNCMO(0.5) and (b) LNCMO(0.625) at 2.5 K. Abrupt metamagnetic
transitions are observed at H = 5.5 and 7.9 T, respectively.

abrupt step-like metamagnetic transition, which remains stable even after the field is removed.
The basic condition for the occurrence of the abrupt transition is that the system must reach
the low-temperature regime in a strongly blocked state; the interplay between the field-induced
growth of the FM phase against the CO phase and the heat released by this process seems to be
the key features to explain its occurrence [26].

Figure 5 shows the M versus H dependence at 2.5 K for LNCMO(0.5) (figure 5(a)) and
LNCMO(0.625) (figure 5(b)), showing no evidence of the FM phase at null H . This last
data, along with the previous presented M versus T dependence for these samples, in which
no transition to a FM or metallic state was found, show that the two compounds present an
homogeneous AFM-CO phase for low H values. An abrupt metamagnetic transition, similar
to that shown for LNCMO(0.4), is observed at around H = 5.5 T for LNCMO(0.5) and
H = 7.9 T for LNCMO(0.625), indicating the existence of a blocked or frozen state at low
temperature for the two compounds.

Previous studies have shown evidence of the tendency of the PS state in manganites
towards a characteristic dynamic behaviour. On general grounds, when two phases coexist,
competition of interactions that tend to stabilize one or the other is expected, which can
eventually lead to frustration and thereby to glassy features. In addition, frustration can arise
due to the structural differences between the coexisting phases.

Figure 6 shows the M(T ) dependence, using H = 0.2 T in FC and ZFC modes for samples
with y � 0.3. The difference between ZFC and FC data suggest that the ZFC state of the
samples at low temperature is metastable, i.e. frozen. When the temperature is increased in the
presence of a magnetic field, the system unblocks and the FM phase grows against the AFM–
CO phase. We identify the temperature where the ZFC curve has a maximum derivative with a
blocking temperature (TB) which depends on the applied magnetic field. A similar behaviour
was observed recently for La5/8−yPryCa3/8MnO3 with y = 0.4 [11] and y = 0.375 [27].
In [11], it has been shown that the ZFC/FC difference and a characteristic dynamical behaviour
can be accounted for well by proposing a temporal evolution of the relative fraction of the
coexisting phases through a hierarchy of energy barriers, which only depend on the actual
value of these fractions. This dynamic behaviour is attributed to phase competition rather than
solely to magnetic interaction frustration, as happens in conventional spin glasses. The abrupt
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Figure 6. M versus T for y = 0.3, 0.4, 0.5 and 0.625 samples in the FC and ZFC modes.

(This figure is in colour only in the electronic version)

metamagnetic transition observed for y = 0.4, 0.5 and 0.625 is also a signature that the systems
are blocked at low temperature.

In figures 7(a) and (b) we show the dependence of TB for H = 0.2 T and the difference
MFC − MZFC = �MFC−ZFC measured at 2 K, respectively, as a function of Nd doping. Both
variables exhibit a peak for y = 0.4. The blocking temperature can be regarded as a measure of
the thermal energy needed for the system to overcome the energy barriers that separate the FM
and AFM states; a larger TB means higher barriers and thus a larger tendency to be blocked or
‘frozen’. On the other hand, �MFC−ZFC measured at low temperatures is expected to be large
when the system has a considerable volume fraction in the blocked regime. An interesting
point is that a large value of TB (large energy barriers) is correlated with a large �MFC−ZFC (a
large difference between the volume fractions in the blocked and nonblocked regimes). The
maximum of both quantities near y = 0.4 is the signature of the enhanced blocked behaviour
below TB. It is worth noting that the existence of blocking temperatures is one of the most
characteristic and intriguing features of phase-separated manganites [11, 27, 28].

The overall results that are presented can be summarized in the phase diagram displayed
in figure 8. The filled symbols correspond to data obtained from M(T ) results while the empty
symbols were obtained from ρ(T ). The magnetic transition temperatures obtained are in good
agreement with those presented by Rao et al [14] and Moritomo [15], displaying the same
overall tendency on doping, although in our case they are slightly smaller. Regarding Rao’s
paper, the author has also observed a temperature corresponding to the change from insulator
to metallic behaviour (Tp). Our results for Tp are shown in empty circles in figure 8. All samples
are PI at high temperature. In the low Nd doping limit, the system undergoes a transition to
the FM metallic state on cooling below 230 K. On doping, the system becames less FM, as can
be inferred from the reduction in TC, and the CO state tendency is enhanced. These effects are
due to the increase in the distortions of the Mn–O–Mn bond angles while reducing 〈rA〉. At the
other side of the diagram, the ‘pure Nd’ compound first becomes charge ordered at 225 K and,
on further cooling, it orders antiferromagnetically (TN ∼ 150 K).
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y

Figure 7. (a) Blocking temperature (TB (0.2 T)) and (b) the difference of MFC (2 K) and MZFC

(2 K), as a function of doping.

In the intermediate doping region, limited by dashed lines, low-temperature data showed
evidences of the phase-separated character of the samples. Within the PS regime, the
change from insulator to metallic behaviour at Tp marks the limit between the temperature
ranges in which the FM fraction may form percolative paths (percolative PS or PPS) or not
(nonpercolative PS or NPPS) [14]. The existence of a blocked regime, enhanced around
y = 0.4, shows that the phase coexistence at low temperatures is strongly affected by dynamical
features of the phase-separated state, which allows the existence of frozen metastable states
(frozen PS).

4. Conclusions

In conclusion, we performed magnetization and transport measurements on the
La5/8−yNdyCa3/8MnO3 system in order to study the influence of the A-site mean ionic radius
on the physical properties. The reduction in 〈rA〉 inhibits the FM state, because it increases
the number of distortions of the Mn–O–Mn bonds, and thus favours charge localization. The
existence of a critical radius 〈rA〉 ∼ 1.18 Å where phase separation appears is evident, as pre-
viously observed in [19]. Our results show that the system is a paramagnetic insulator at high
temperatures, while, on cooling, the ground state is FM metallic for low doping and AFM CO
for high doping. For intermediate doping, there is a zone where the most stable state is phase
separated. The change in the electrical transport behaviour from insulator to metallic shows the
temperature below which the FM phase forms percolative paths through the sample.
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Figure 8. Electric and magnetic phase diagram of the LNCMO(y) system. Data of filled symbols
are taken from M(T ) while empty ones are extracted from ρ(T ). The dashed lines mark the
separation between being homogeneous and the PS state. Percolative PS (PPS) and nonpercolative
PS (NPPS) stand for a state in which the FM metallic fraction form percolative paths through the
sample or not, respectively.

The dashed lines in figure 8 mark the separation between homogeneous states and the
phase separated state. According to recent theoretical developments, the origin of this window
is closely related to the existence of disorder [12, 13]. In this case, disorder comes from
the random distribution of the La and Nd ions on the A-sites. The presence of smaller Nd
ions causes distortions of the Mn–O–Mn bond angle, which will be also disordered. These
distortions can produce long-range deformations decaying as 1/r 3, which trigger the clustering
tendencies, leading to the formation of the phase-separated state [29]. A particular dynamical
behaviour was also observed inside this window, characterized by the difference between
the ZFC and FC curves, the existence of blocking temperatures and abrupt metamagnetic
transitions. According to the particular phenomenology of phase-separated manganites, the
competition between phases appears to be the cause of this behaviour. This dynamic phase-
separated state was also theoretically proposed and the presence of disorder is believed to be
the key for its existence [12, 13].
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[22] Jirák Z, Krupicka S, Simsa Z, Dlouhá M and Vratislav S 1985 J. Magn. Magn. Mater. 53 153
[23] Dupont F, Millange F, de Brion S, Janossy A and Chouteau G 2001 Phys. Rev. B 64 224403(R)
[24] Levy P, Parisi F, Quintero M, Granja L, Curiale J, Sacanell J, Leyva G, Polla G, Freitas R S and Ghivelder L 2002

Phys. Rev. B 65 140401
[25] Sacanell J, Parisi F, Levy P and Ghivelder L 2004 Physica B 354 43
[26] Ghivelder L, Freitas R S, das Virgens M G, Continentino M A, Martinho H, Granja L, Quintero M, Leyva G,

Levy P and Parisi F 2004 Phys. Rev. B 69 214414
[27] Wu W, Israel C, Hur N, Park S, Cheong S-W and de Lozanne A 2006 Nat. Mater. 5 881
[28] Sacanell J, Parisi F, Campoy J C P and Ghivelder L 2006 Phys. Rev. B 73 14403
[29] Burgy J, Moreo A and Dagotto E 2001 Phys. Rev. Lett. 92 97202

10

http://dx.doi.org/10.1103/PhysRevLett.84.2961
http://dx.doi.org/10.1103/PhysRevLett.89.027202
http://dx.doi.org/10.1103/PhysRevLett.89.137001
http://dx.doi.org/10.1103/PhysRevLett.76.3392
http://dx.doi.org/10.1103/PhysRevB.64.144404
http://dx.doi.org/10.1103/PhysRevB.71.184425
http://dx.doi.org/10.1103/PhysRevB.68.104405
http://dx.doi.org/10.1088/1367-2630/7/1/067
http://dx.doi.org/10.1103/PhysRevB.55.3742
http://dx.doi.org/10.1103/PhysRevB.60.10374
http://dx.doi.org/10.1016/S0304-8853(01)01048-4
http://dx.doi.org/10.1016/S0304-8853(00)00676-4
http://dx.doi.org/10.1103/PhysRevB.63.064404
http://dx.doi.org/10.1088/0953-8984/15/19/306
http://dx.doi.org/10.1103/PhysRevLett.93.167206
http://dx.doi.org/10.1016/0304-8853(85)90144-1
http://dx.doi.org/10.1103/PhysRevB.64.220403
http://dx.doi.org/10.1103/PhysRevB.65.140401
http://dx.doi.org/10.1016/j.physb.2004.09.017
http://dx.doi.org/10.1103/PhysRevB.69.214414
http://dx.doi.org/10.1038/nmat1743
http://dx.doi.org/10.1103/PhysRevB.73.014403
http://dx.doi.org/10.1103/PhysRevLett.92.097202

	1. Introduction
	2. Experimental details
	3. Results and discussion
	4. Conclusions
	Acknowledgments
	References

