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The immiscibility between rhombohedral La5=8Sr3=8MnO3 and hexagonal LuMnO3 leads to a
�m-scale heterogeneous mixture of half-metallic-ferromagnetic and insulating-ferroelectric phases.
Electronic conduction of the mixture exhibits nearly ideal percolation behavior in the paramagnetic
state with a threshold of 0.224(5) metal volume fraction and a resistivity scaling exponent t � 2:1�
0:1, consistent with the predicted universal behavior of classical percolation. However, far below TC, t
increases to 2:4� 0:1, probably resulting from intergrain tunneling. Therefore, this system represents a
unique example of the temperature-induced crossover from universal to nonuniversal behavior of t.
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freedom has important consequences for percolative con-
duction [7]. In this Letter, we present detailed structural,

hexagonal LMO due to the optical difference between
the a=b and the c axis. In contrast, LSMO is nearly
There has been significant interest in multiferroic ma-
terials, which simultaneously exhibit (anti)ferromagne-
tism (FM) and (anti)ferroelectricity (FE). However, only
a limited number of chemical compounds have been
found to be multiferroic and, correspondingly, the under-
standing of this rare phenomenon has been of great sci-
entific concern. In addition, the ability to control the
intricate interplay between magnetic and dielectric prop-
erties in multiferroics may lead to a variety of future
technological applications such as magnetic-field-tunable
microwave devices [1].

The manganese perovskites, AMnO3 with A being rare
earths or alkali earth metals, crystallize in two structural
phases: a cubic-related phase and a hexagonal phase. It
turns out that the structure is primarily determined by the
size of A-site ions. For example, LaMnO3 is orthorhom-
bic, but the small rare earth in YMnO3 (YMO) or
LuMnO3 (LMO) stabilizes the hexagonal structure. In
addition to this structural variety, the manganese perov-
skites display a wide range of physical properties such as
FM in Sr-doped LaMnO3 and FE in YMO or LMO [2–4].

La5=8Sr3=8MnO3 (LSMO) crystallizes in the rhombo-
hedral structure with an optimal Curie temperature (TC)
of 370 K. The Néel temperature (TN) and FE transi-
tion temperature (T) of hexagonal LMO are 90 K and
about 900 K, respectively. While investigating the dop-
ing effect of small Lu ions to LSMO, we have, unex-
pectedly, discovered that an almost-complete chemical
immiscibility exists between FM-metallic (M) LSMO
and FE-insulating (I) LMO. Therefore, this is an ideal
system in which to study percolative electronic transport
in a mixture of FM and FE phases.

Percolative properties of composite materials have been
studied theoretically as well as experimentally for a
number of decades [5,6]. Experimental examples include
the mixture of SiO and FM Ni, where the spin degree of
0031-9007=04=92(16)=167206(4)$22.50 
magnetic, and electronic transport studies of the phase-
separated mixture �x�LSMO:�1� x�LMO. It is note-
worthy that the FM LSMO is half-M, i.e., all the charge
carriers are completely spin polarized when FM is fully
developed [8,9].

Polycrystalline �x�LSMO:�1� x�LMO specimens with
about 20 different molar ratios were prepared through
conventional solid-state reaction in air. The samples were
sintered at 1300–1400 �C for 48 h with intermediate
grindings, followed by annealing in an oxygen environ-
ment. Resistivity (�) was measured by using the standard
four-probe method, and a SQUID magnetometer was
used for magnetization measurement.

X-ray powder diffraction results on
�x�LSMO:�1� x�LMO in Fig. 1(a) clearly demonstrate
chemical phase separation. Mixed specimens show both
rhombohedral and hexagonal diffraction patterns. While
the diffraction peak positions have a negligible shift with
varying composition, the relative intensities of the two
peaks systematically change with x. This observation is
rather surprising in the sense that an almost-complete
immiscibility exists within a mixture of two compounds
having a nearly identical chemical formula, AMnO3. We
found that in other mixtures such as LSMO/hexagonal
YMnO3 and LSMO/orthorhombic DyMnO3, the solubil-
ity limits are approximately 10% and 20%, respectively,
judging from the lattice parameter shift. This rather
unique property of LSMO:LMO may stem from the ex-
treme difference between the ionic radius of La and Lu.

Polarized optical microscopy directly reveals the
�m-scale phase separation in 0.3LSMO:0.7LMO
[Figs. 1(b) and 1(c)]. LSMO grains can be readily identi-
fied in unpolarized images such as Fig. 1(b), due to their
lower reflectivity in the visible range. Correspondingly,
grain 5 is identified to be LSMO, and grains 1– 4 are
LMO. Now, a significant optical anisotropy exists in
2004 The American Physical Society 167206-1
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FIG. 2. (a) Magnetization curves of �x�LSMO:�1� x�LMO vs
external fields up to 2 T at 5 K. (b) Saturation magnetic moment
per Mn vs metallic molar ratio x (LSMO). The dashed lines are
to guide the eyes.

FIG. 1 (color online). (a) Powder x-ray diffraction intensity
vs 2� for �x�LSMO:�1� x�LMO. The (110) and (211) peaks of
LSMO and the (112) peak of LMO are denoted. (b) Unpolar-
ized optical microscope image of �x�LSMO:�1� x�LMO with
x � 0:3. Grains 1–3 are LMO with a c-axis component, grain 4
is LMO in the a-b plane, and grain 5 is LSMO. (c) Polarized
image: polarizer and analyzer angles are also depicted and
lines in three grains show the c-axis orientation of LMO.
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optically isotropic since it possesses only a slight rhom-
bohedral distortion away from cubic symmetry. This
optical anisotropy can be utilized to identify the orienta-
tion of the c axis by observing the change of contrast/
color with the variation of angle between a polarizer and
an analyzer as well as the angle between the sample
and the polarizer. For example, in Fig. 1(c), taken with
a polarizer and an analyzer (having an angle slightly
less than 90� to each other), the brightest contrast was
observed when the c-axis component of a LMO grain 3
was located at about �45� with respect to the polar-
izer. The c-axis orientations identified in this way are
depicted for grains 1–3 in Fig. 1(c). The surface of
grain 4 turns out to be along the ab plane. This figure
shows a grain size of about 10 �m for LMO and 5 �m
for LSMO. The relatively larger grain size of LMO
probably results from its lower melting T compared to
LSMO. This causes a fast grain growth of LMO at a fixed
sintering T (�1300 �C).

To understand the magnetic nature of this phase-
separated mixtures LSMO:LMO, we have measured the
external field (H) dependent magnetization at 5 K as
shown in Fig. 2(a). As evident in Fig. 2(b), near x � 0
(LMO) the saturated FM moments (MS) all fall on a
straight line, but x � 0:4–0:833 show only a slight de-
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viation from linearity. We speculate that this deviation
may arise from a small manganese/oxygen deficiency.
Nevertheless, the behavior of the magnetization attests
the phase separation of LSMO:LMO.

Percolative conduction in this �m-scale mixture is
naturally expected from the above results. Increasing
the amount of LMO systematically increases � until a
M-I transition occurs between x � 0:22 and 0.23 as
shown in Figs. 3(a) and 3(b). Note that ��T� retains the
almost identical metallic T dependence of LSMO down
to x � 0:25, despite an increase of 4 orders of mag-
nitude in the absolute value. This results from the re-
duced cross sectional area of conducting paths as the
I volume fraction is increased. A similar trend in � has
been shown in microscopic-scale electronic phase mix-
tures, such as La5=8-yPryCa3=8MnO3 [10] and Mg1�xB2

[11]. La5=8-yPryCa3=8MnO3 phase-separates into a FM-M
and charge ordered-I mixture at low T, while Mg1�xB2

is composed of a mixture of superconducting M and
disorder-induced I phases.

We can obtain a better understanding of the solubility
of the different phases by monitoring TC for each mix-
ture, determined by the peak position of d�=dT. While
TC initially decreased from 372 K for x � 1 (optimally
doped LSMO) to 357 K for x � 0:985, there was no
significant shift for all lower x composites as shown in
Fig. 4(b). The solubility of LMO into LSMO is therefore
about 1%. This is in stark contrast to the LSMO:YMO
167206-2
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FIG. 4. (a) The resistivity exponent, t, as a function of tem-
perature. The solid line represents the temperature derivative of
t, demonstrating its correlation to the FM TC (�355 K) of the
system. The inset shows log��� vs log�f� fc� at 11 and 400 K.
(b) FM TC as a function of x. The inset shows a schematic
phase diagram of �x�LSMO:�1� x�LMO.
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FIG. 3. (a) Resistivity of �x�LSMO:�1� x�LMO as a function
of temperature for various metallic molar ratios, x. Dotted
lines represent LSMO:YMnO3. (b) Resistivity at 400 and 11 K
as a function of x. f represents metallic volume ratios, and
percolation threshold is chosen as fc � 0:224, corresponding to
xc � 0:225.
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mixture. The TC of LSMO:YMO sharply decreases to
�340 and �300 K with the introduction of 5% and
10% YMO, respectively. A schematic phase diagram,
inferred from Fig. 4(b), is depicted in the inset of the
figure. Evidently, the miscibility gap of LSMO:LMO is
quite large, between �0% and �99%. Note that there was
no change in TN for LMO, which becomes antiferromag-
netic at �90 K, indicating the negligible solubility of
LSMO into LMO. The upper limit of solubility is shown
at T > 1700 K to indicate that a single phase is not
formed within the sintering T region.

The immiscibility between LSMO and LMO allows
the study of detailed percolative conduction in a
FM-FE mixture. As shown in Fig. 3(b) as well as the
inset of Fig. 4(a), the resistivity was found to obey the
scaling law � / �f� fc��t in the entire M compositional
range, where f is the M volume ratio, fc is the percola-
tion threshold of the M phase, and t is the resistivity
exponent [5]. Note that fc is 0.224(5) for xc � 0:225�5�
[12], which falls in the range of the theoretical predic-
tions of three-dimensional (3D) continuum percolation
models. In these models, the threshold is reported to be
fc � 0:29 when the M volume was permitted to overlap,
and 0.15 if overlapping is prohibited [13]. At 400 K, the
exponent t was 2:1� 0:1, in good agreement with the
predicted universal value of t � 2:0 for 3D percolative
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conduction [6]. This observation indicates that at high T
above TC, the electronic conduction in LSMO:LMO fol-
lows the classical 3D continuum model, where permeable
M particles carry the current. Note that 1 tesla H had no
influence on t as expected from the paramagnetic char-
acteristic at 400 K.

However, we found that t increases to 2:4� 0:1 with
negligible H dependence at 11 K. It has been well estab-
lished that, for polycrystalline LSMO specimens at low T
(far below FM TC), intergrain spin-polarized tunneling is
the dominant contribution to �, which is significantly
larger than that of single crystals without grain bounda-
ries. This difference becomes negligible at high T above
TC [8]. It turns out that the intergrain tunneling is re-
sponsible for the observed �33% low T magnetoresis-
tance in low fields in polycrystalline LSMO [9]. Note that
this intergrain tunneling is intricately coupled with the
half-M nature of double-exchange LSMO. Interestingly,
for all of our LSMO:LMO specimens in the M region,
the T dependence of � as well as the magnitude of the
low field magnetoresistance (�30% at 11 K) are quite
similar to those of polycrystalline LSMO. An additional
indication for tunneling transport in our system is the
weak T dependence of � for x � 0:22 in Fig. 3(a), which
is in the I region [14]. Therefore, intergrain tunneling
appears to determine the magnitude of � at low T in
our mixed system. Chen et al. have reported a resistivity
167206-3
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scaling exponent t � 2:3, which is close to our value, for
carbon particles embedded in an I organic, where the
conduction mechanism is known to be of the tunneling
type [15]. Furthermore, Balberg has shown that interpar-
ticle tunneling, contrary to the classical ‘‘touching par-
ticles’’ model, can yield a nonuniversal behavior of the
critical exponent, including an increase in t from the
universal value of t � 2:0 [16]. Therefore, it is rather
conclusive that the small, but clear increase of t in our
system originates from the nonuniversal behavior of t for
intergrain tunneling at low T. Note that a �30% change
of � is negligible in the logarithmic scale, corroborating
the negligible change of t in H at low T. We also point out
that the overall temperature dependence of t, depicted in
Fig. 4(a), shows a sudden change of t near FM TC, con-
sistent with the picture that the crossover from universal
to nonuniversal behavior of t is associated with spin-
dependent tunneling between FM grains

Another intriguing feature of our results is that � obeys
the same scaling law far to the M end (x 	 0:99), which
appears to be odd in the sense that critical behavior may
be valid only very near fc. However, our experimental
observation is consistent with the theoretical prediction of
the generalized conductivity for 3D site percolation [13].
For example, Adler et al. have shown that � obeys a power
law with t � 2 not only just above fc but also over the
entire M range of fc 
 f 
 1 from both numerical and
experimental simulations of the 3D cubic lattice [17]. The
wide range of M volume fractions over which we have
observed the scaling relation to hold suggests site perco-
lation is an important consideration.

In summary, we have made the unprecedented discov-
ery of the immiscibility between a half-M FM and a FE,
resulting in a new kind of multiferroics with a composite
character. In this phase-separated system, the percolative
M-I transition occurs at fc � 0:224�5�. Above the FM TC,
t � 2:1� 0:1, in good agreement with the predicted uni-
versal behavior (t � 2:0) of classical percolation. How-
ever, far below TC the exponent changes to 2:4� 0:1. This
crossover to a nonuniversal behavior at low T originates
from the change of the primary conduction mechanism in
the M/I mixture. In the paramagnetic state, the network
configuration of M domains dominates the overall con-
duction, but at low T, where FM half-M is fully devel-
oped, conduction is instead determined by the tunneling
across M grain boundaries, which has been predicted to
produce nonuniversality.
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