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Diffuse Phase Transition and Phase Separation in Cr-Doped Nd;/2Ca1/2MnO3:
A Relaxor Ferromagnet
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We have investigated the diffuse phase transition accompanying the formation of submicrometric
ferromagnetic-metallic (FM) domains embedded in the antiferromagnetic charge-ordered state in
Nd; »Ca; ,MnO; crystals, which is caused by quenched random field originating from Cr impurities
substituted on the Mn sites. The fraction of the FM phase volume or the size of the FM cluster
can be controlled to a large extent by the magnetic-field annealing as well as the Cr content. The
observed phenomena are reminiscent of those of relaxor ferroelectrics composed of ferroelectric clusters

embedded in paraelectric matrix.
PACS numbers: 75.30.Vn, 75.30.Kz, 75.60.Nt

Transition-metal oxides with perovskite-related struc-
ture show a variety of gigantic-response phenomena
such as ferroelectricity, colossal magnetoresistance, and
high-temperature superconductivity. Recent extensive
efforts to understand their mechanisms have reveded
that the local inhomogeneity of the electronic/lattice
structure often plays a crucial role in the properties. One
of the well-known but still controversial issues is roles
of the formation of charge and spin stripes and relevant
electronic phase separation in doped nickelates, cuprates,
and manganites. Among them, mixed-valent manganites,
R1—xAyMnO; (R = La, Pr, Nd, and Sm; A = Sr and
Ca), show charge-spin-orbital ordering near the doping
level of x = 1/2[1,2], and exhibit various magnetic-field
induced phenomena due to the competition between the
charge-orhital ordered (CO-OOQ) antiferromagnetic (AF)
phase and the double-exchange ferromagnetic-metallic
(FM) phase. Conspicuous phase transition from a CO-OO
state to a FM one is caused by application of externa
stimuli such as magnetic field H [3], which has been
attracting great interest in the context of unconventional
phase control of the magnetic and electronic states in the
magnetic oxides [4].

Recently, Raveau and his co-workers found that a small
amount of transition-metal element substituted on Mn
sites of the CO-OO manganites has a strong influence on
the magnetic and electronic properties [5,6]. In particular,
only a few percent of Cr substitutes suppress the CO-
OO state and make the system ferromagnetic-metallic.
The Cr impurities (Cr’* with electronic configuration of
tfgeg and spin quantum number S = 3/2) may produce
not only localized holes but aso immovable e,-orbital
deficiencies on the Mn sites.

In the light of electronic phase separation [7,8] and
magnetic-field control of it, the effect of Cr substitution
has been investigated here on the electronic and mag-
netic properties in a CO-OO AF insulating crystal of
Nd;»Ca;,MnO;. We detect the impurity-induced FM
phase which appears in the CO-OO insulating matrix and
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grows in fraction by the magnetic-field annealing pro-
cedure. The observed magnetic and transport phenom-
ena in the manganites are comparable with the dielectric
phenomena in relaxor ferroelectrics which have been
extensively studied for years because of importance in
application as well as interest in the interplay between
microstructure and dielectric properties [9]. We propose
here that the impurity-induced insulator-to-metal transition
in CO-O0 manganitesislikely described by arandom field
interaction scheme[10] which isapromising model for the
mechanism of the diffuse phase transition in the relaxor
ferroelectrics [11].

The electronic phase diagram of Nd;/;,Ca;,,MnOs
investigated here is similar to that of Pr;,;Ca;/»MnOs
[3]. The ground state of Nd,/»,Ca,2,MnOs is a CO-O0
AF insulator in which the real space ordering of 1:1
M /Mn*t ions takes place at Tco =~ 250 K. Upon
the charge ordering, dsy>—,>/d3y>—,> orbitals on the M nt
sites are aternately ordered in the ab plane. Below
~170 K, local spin moments are antiferromagnetically
ordered [12,13]. A large H more than ~200 kOe is
needed to melt the CO-OO AF insulating state in a neat
(undoped) Nd; »Ca;/,MnO; crystal [12].

Nd; »Ca;,Mn;-,Cr,O3 (0 = y = 0.1) crystals inves-
tigated here were grown by the floating zone method.
Inductively coupled plasma spectrometry on the grown
crystals indicated that the stoichiometry is close to the
prescribed ratio with accuracy of y within =0.002. The
um-scale homogeneity of Cr distribution was verified by
an energy dispersive x-ray analysis. We performed both
powder and single-crystal x-ray diffraction (XRD) mea-
surements of the obtained crystals in a temperature range
from room temperature to ~20 K. Powder XRD data
at room temperature show that al of the samples are of
single phase and the Pbnm orthorhombic structure whose
lattice parameters are nearly independent of the Cr con-
tent [14].

We display in the inset of Fig. 1 the temperature
profiles of the resistivity measured by a four-probe
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FIG. 1. X-ray powder diffraction patterns around the (004)
and (220) Bragg pesks in Nd,,,Ca/,,Mn,-,Cr,0; (y =0,
0.04, and 0.10) at 30 K. Inset: Temperature dependence of
resistivity for crystals with y = 0 and 0.10 at 0 and 70 kOe.

method for Nd; ,Ca; ,Mn;-,Cr,O; crystals (y = 0 and
0.10)in H = 0 and 70 kOe. Inthey = 0 crystal, a steep
rise of resistivity can be observed around 230-250 K.
The anomaly corresponds to the charge and orbita
ordering transition. Single-crystal XRD measurements
confirmed the presence of the superlattice reflections
with modulation wave vector (~1/2,0,0) or (0,~1/2,0),
which can be attributed to the ds.—,2/3,2—,> orbital
ordering of Mn**. By contrast, the y = 0.10 crystal does
not show such an anomaly around 240 K and instead the
abrupt drop of the resistivity can be seen at T¢ = 130 K.
Compared with the magnetization data, the steep drop of
resistivity is related to the onset of FM transition. The
collapse of the CO-OO state by Cr doping is in good
agreement with the previous result for polycrystalline
samples[5], although the resistivity value of ~1073 Q cm
a the ground state is considerably lower than that in
polycrystalline samples and attained only in the present
single-crystalline sample free from grain boundaries.

The main panel of Fig. 1 displays the powder XRD
data of samples with selected Cr contents at 30 K, enough
below T¢ and Tcp. In the y = 0 sample which shows
a clear CO behavior, a large split between (004) and
(220) Bragg peaks is attributed to the OO state. By
contrast, no split can be found in the FM phase of the
y = 0.10 crystal. It isto be noted that both peaks related
to FM and CO-OO phases coexist at intermediate Cr-
dopant concentrations (0.02 = y < 0.06), as exemplified
by they = 0.04 casein Fig. 1. According to the Rietveld
anaysis of the x-ray patterns [15], the fraction of the
FM phase is systematically increased with the increase

of Cr concentration, e.g., =19% for y = 0.02 and =38%
for the y = 0.04 sample. These results demonstrate that
each phase has a coherence length larger than the intrinsic
coherence length for x-ray (a few hundred nm), and their
relative portions vary with the Cr-doping level.

In the following, we focus on the y = 0.02 crysta
in which mass fraction of the FM phase is close to a
threshold concentration for percolation in simple cubic
lattice (p. = 16%) [16] and for the continuum percolation
transition in the three dimensional system (p. = 14.5%)
[17]. We display in Fig. 2(a) the temperature profiles of
the resistance for a y = 0.02 crystal in various H [18].
The resistance shows an insulating behavior down to the
lowest temperature at zero field. The charge ordering for
they = 0.02 crystal is barely discernible as a steep change
in the resistance around Tco = 230 K, while the OO-
related superlattice structureis clearly observed below Tco
by single-crystal XRD measurements. The application of
H drastically reduces the resistance below Tco and makes
the system semimetallic. The value of resistance at the
ground state varies with the magnitude of H.
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FIG. 2. (a) Temperature dependence of the resistance in vari-

ous H for a crystal of Nd;,Ca/,,Mn;_,Cr,0; (y = 0.02).
The measurements were performed in a field-cooling run once
the magnetic fields were applied at 300 K. (b) Temperature
dependence of the magnetization in the warming run at 5 kOe
for the y = 0.02 crystal. The measurements were performed
once the magnetic fields were applied at 300 K and the crystals
were cooled in the respective annealing fields down to 5 K.

3941



VOLUME 83, NUMBER 19

PHYSICAL REVIEW LETTERS

8 NovEMBER 1999

Figure 2(b) shows the magnetic-field annealing effect
on the magnetization. For these measurements, the crystal
was cooled from 300 to 5 K in the respective magnetic
fields. Then the magnetization was measured by warming
the crystal in arelatively small H (5 kOe). The anomaly
a =230 K is observed in al the data and is related to
the onset of the CO-OO transition in some portion of
the crystal. In the temperature range above =150 K,
no difference in the magnetization was observed. The
steep rise of magnetization toward low temperature is
observed at =150 K, which is attributed to the onset of
ferromagnetic spin ordering. A striking feature in Fig. 2
is that the magnitude of the magnetization below T¢,
or equivaently the fraction of the FM phase, is totaly
governed by the magnitude of annealing magnetic field.

To further examine such an anomalous magnetic-field
annealing effect on the magnetic and transport proper-
ties, the annealing-field (H.,,) dependencies of magne-
tization and resistance were measured at 5 and 4.2 K,
respectively, asdisplayed in Figs. 3(a) and 3(b). For these
measurements, the crystal was slowly cooled from 300
to 5K (or 4.2 K) at various magnetic fields (H,,,) in
the respective runs, and then H was swept cyclically be-
tween H = +H,,, and H = —H,,,. Thetraceswiththe
change of field are represented by solid lines shown in
Figs. 3(8) and 3(b). All magnetization curves are satu-
rated at H = 10 kOe due to the domain rotation of the
ferromagnetic cluster and show no discernible hysteresis.
At the annealing magnetic field (H,,,) of 10 kOe, the
value of spontaneous magnetization (=0.6up) is =15%
of that of the amost fully FM y = 0.10 crystal, which is
in good agreement with the FM fraction (=19%) estimated
by the x-ray diffraction. The saturation moment steadily
increaseswith theincrease of H,,,. The saturation magne-
tization at H,,, = 70 kOe becomes comparable with that
expected for the full Mn moment. In addition, the magni-
tude of resistance also drastically decreaseswith increasing
H.., [Fig. 3(b)]. Withincreasing H,,, from 0to 70 kOe,
the resistance changes by more than 6 orders of magni-
tude. However, once after temperature is lowered down
to 4.2 K in afixed H,,,, the isotherma magnetoresistance
effect [e.g., Ap/p (70 kOe) ~ 30%], which is perhaps re-
lated to the spin-dependent scattering at the interface be-
tween the CO-OO and FM domains, is rather minimal as
compared with several orders of magnitude changesin re-
sistance by the magnetic annealing effect. The systematic
evolution of the saturation moment and the metallic con-
duction by the magnetic-field annealing can be attributed
to the increase of fraction of the FM phase at the expense
of the CO-OO phase volume. The fraction of FM phaseis
atered from ~15% up to ~100% by the increase of H,
from 0 to 70 kOe in such a mixed-phase system, which re-
sults in the percolative conduction on the FM domains as
observed.

We have also observed the long-time relaxation or ag-
ing effect of magnetization and conductance in such a
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FIG. 3. Field dependence of (a) magnetization at 5 K and
(b) resistance at 4.2 K for a Nd;»Ca,Mn;_,Cr,0; (y =
0.02) crystal. The measurements were performed once the
magnetic fields were applied at 300 K and the crystal was
cooled to 5 K (or 4.2 K) in the respective annealing fields.

phase-separated state. We display in Figs. 4(a) and 4(b)
time dependencies of both quantities at selected tempera-
tures, respectively. After zero-field cooling, the H of
40 kOe was at first applied to induce the local ferromag-
netic order, and the magnetization and the conductance
were recorded as a function of time. The magnetiza-
tion increases slowly with increasing time, showing nearly
logarithmic time dependence [solid linesin Fig. 4(a)]. In
accordance with the increase of the magnetization, the in-
crease of conductance was also observed with the increase
of time. Such an aging effect arises from the slow evolu-
tion or growth of the FM cluster for the crystal kept at a
constant temperature in a magnetic field.

The presently observed phenomena such as magnetic-
field annealing and aging effects on the tempora evo-
[ution of FM microembryos in the CO-OO AF matrix
may remind us of the case of relaxor ferroelectrics [9]
in which ferroelectric domains on a nanometric scale are
embedded in a paraelectric matrix. Relaxor ferroelectrics
are distinguished from ordinary ferroelectrics by a dif-
fuse phase transition and strong frequency dependence
of the dielectric properties. They aso show electric-
field annealing and aging effect on the optical birefrin-
gence effect [11,19], which corresponds to the evolution of
micropolar clusters by an external electric field. Although
most of the relaxor ferroelectrics in perovskites are lead
(Pb) based compounds with alloyed heterovalent B sites
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FIG. 4. Tempora profiles of (a) magnetization and
(b) conductance in H = 40 kOe at various temperatures
for a Nd,,Ca;,Mn;_,Cr,O; (y = 0.02) crystal. The crysta
was at first cooled at zero field from room temperature to the
respective temperatures and then the H was applied.

expressed as Pb(B, B')O;, diluted impurity systems like
Ki—,Li, TaO; and Sr;—,Ca, TiO; adso exhibit al of the
above typical properties. One of the promising models for
explaining the diffuse transition of relaxor ferroelectricsis
the random-field interaction scheme [10], which is based
on the assumption that the quenched random electric fields
are caused by random distribution of differentionson A or
B sites[11].

The above model considering the quenched random field
seems to approximately apply as well to the present man-
ganese oxide in which Cr impurities induce the local CO/
OO-to-FM transition. Sincethe Cr3* (t;%geg) ischemically
stable, the e, -like conduction electron may not move onto
the Cr site and the Cr site serves as the immobile e, or-
bital deficiency. Such a fixed orbital deficiency may be
viewed as the quenched random field in the charge and
orbital sectors, and hence may destroy the orbital order-
ing and produce the FM microembryos. The FM micro-
clusters with Cr nuclei may grow, be connected with each
other, and be transformed into the FM domains on a large
scale (>10° A), e.g., by increasing the Cr-doping level to
y = 0.04 or by applying the annealing field for y = 0.02.

In summary, the impurity-induced insulator-to-metal
transition has been investigated for the charge-orbita

ordered antiferromagnetic crystals of Nd;»Ca;/>MnO:s.
We propose that the impurity-substituted manganite can
be viewed as the relaxor ferromagnet. The impurity
produces the ferromagnetic-metallic microembryos whose
mass fraction increases in the charge-orbital ordered
insulating matrix with the increase of doping level as well
as by the field-annealing procedure. The conspicuous
magnetic-field annealing and aging effects on the growth
of the ferromagnetic domain are observed for the Cr-doped
(e.9., 2%) Nay»2Ca;,MnO; composed of charge-orbital
ordered phase and ferromagnetic-metallic one, which
enables us to control the magnitude of magnetization and
conductance to a considerable extent (up to an ailmost fully
ferromagnetic and metallic state). The quenched random
field in the spin, charge, and orbital sectors originating
from a few percentage of Cr impurity is likely responsible
for al the characteristics of a relaxor ferromagnet, such
as the diffuse phase transition, the history-dependent
appearance and growth of ferromagnetic-metallic clusters,
and the resulting insulator-to-metal transition.
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