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The magnetic and transport properties of the Cr-doped manganites La0.46Sr0.54Mn12yCryO3 (0 # y #

0.08) with the A-type antiferromagnetic structure were investigated. Upon cooling, we find multiple
magnetic phase transitions, i.e., paramagnetic, ferromagnetic (FM), antiferromagnetic (AFM), and spin
glass in the y � 0.02 sample. The low temperature spin glass state is not a conventional spin glass with
randomly oriented magnetic moments but has a reentrant character. The reentrant spin glass behavior
accompanied by the anomalous multiple magnetic transitions might be due to the competing interactions
between the FM phase and the A-type AFM matrix induced by the random Cr impurity.
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The magnetic ground state of the doped perovskite man-
ganite R12xAxMnO3 (R � rare-earth ion, A � alkaline-
earth ion) near x � 0.5 is very sensitive to the average
radius of the R�A cations, �rA� [1–4]. It has been
known that ground states of La0.5Ca0.5MnO3 and
Nd0.5Ca0.5MnO3 with relatively small �rA� are the CE-type
antiferromagnetic (AFM) structure [3,5], whereas, Pr0.5-
Sr0.5MnO3 and La0.46Sr0.54MnO3 with large �rA� have the
A-type AFM ground state. This can be understood as a
result of the enhanced bandwidth (W) for the itinerant eg

electron in the A-type compounds [3,4]. In addition, the
stability of the AFM ground state also depends on the
impurity doping onto the Mn site [5–11]. For instance,
the Cr doping significantly suppresses the AFM state re-
gardless of its nature and makes the system ferromagnetic
(FM). In the Cr-doped CE-type AFM compound, Kimura
et al. found a very unique relaxor FM behavior with the
diffuse phase transition and the history-dependent growth
of FM clusters, which is mainly due to the quenched
random field originating from the Cr impurity [5]. On the
other hand, any extraordinary phenomenon has not been
observed yet in the A-type AFM manganite although it
also changes from AFM to FM by the Cr doping.

In the course of studying magnetic and transport proper-
ties of the Cr-doped manganites La0.46Sr0.54Mn12yCryO3
(0 # y # 0.08) with the A-type spin structure, we
have observed anomalous multiple magnetic transitions,
namely, paramagnetic (PM), FM, AFM, and spin glass in
y � 0.02. Furthermore, the low temperature spin glass
state is not a typical spin glass phase observed in a variety
of disordered magnetic systems but a reentrant spin glass
(RSG) [12–14]. This is the first example to show the
RSG phenomenon associated with both FM and AFM
transition. The RSG system known thus far has either
long-range FM or AFM ordering above the spin glass
transition temperature [15–21]. Upon cooling, the ordered
state is frustrated with increasing the random FM or AFM
interactions and as a result undergoes the RSG transition.
The RSG phenomenon resulting from the frustration of
the A-type AFM manganite is comparable with a relaxor
0031-9007�02�89(2)�027202(4)$20.00
ferromagnet induced by the collapse of the charge ordered
CE-type AFM state in Nd0.5Ca0.5Mn0.98Cr0.02O3 [5]. An
important feature is that the subtle difference in the spin
structure leads to drastic change in physical property. It
is thus the main objective of this Letter to report that the
RSG behavior relevant to both FM and AFM transitions
indeed exists in the A-type AFM manganite. In this
work, we have investigated the magnetic behavior of the
Cr-doped manganites in terms of the dc and ac magnetic
susceptibility measurements.

Polycrystalline samples of La0.46Sr0.54Mn12yCryO3
(0 # y # 0.08) were prepared by the conventional solid
state reaction method [14]. Stoichiometric mixtures of
La2O3, SrCO3, Cr2O3, and MnO2 were calcined twice
at 1000 ±C for 24 h in air, which were then ground and
pressed into pellets. The samples were sintered at 1550 ±C
for 72 h in air with a couple of intermediate grindings,
which were annealed at 1400 ±C for 48 h under the O2

atmosphere to saturate the oxygen site. Powder x-ray
diffraction patterns of all the Cr-doped samples revealed
that they have a single perovskite-type phase with the
tetragonal symmetry I4�mcm at room temperature.
Magnetic and transport data were collected on a supercon-
ducting quantum interference device magnetometer and a
physical property measurement system. The ac magnetic
susceptibility was measured in the frequency range of
10 10 000 Hz. For the field-dependent magnetization
measurement, the field was swept from 11 to 21 T
in about 1 h. Electrical resistivity measurements were
carried out using a standard four-probe method with the
connections made with silver paint.

Magnetization data of La0.46Sr0.54Mn12yCryO3 (0 #

y # 0.08) as a function of temperature collected at 50 G
are shown in Fig. 1. For the y � 0.00 sample the M�T �
curve displays two sharp PM-to-FM and FM-to-AFM tran-
sitions at 272 K and 190 K, respectively. With increasing
the Cr content the FM moment is newly evolved at the ex-
pense of the AFM component. The AFM transition almost
completely disappears for y � 0.08, clearly showing that
the Cr impurity changes the magnetic ground state from
© 2002 The American Physical Society 027202-1
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FIG. 1. Magnetization as a function of temperature for La0.46-
Sr0.54Mn12yCryO3 (0 # y # 0.08) measured in 50 G under the
field-cooled (FC) and zero-field-cooled (ZFC) conditions that
are denoted as the filled and open symbols, respectively.

AFM to FM. This can be attributed to the increase of the
FM exchange interaction between Mn31 and Cr31 ions
[22,23]. The overall features are somewhat similar to that
found in the Cr-doped manganites with the charge ordered
CE-type AFM structure [5,7,9]. In the FM state, a large
splitting between the FC and ZFC curves is ascribed to
the pinning of the domain wall. However, their magnetic
behaviors are quite different in the low Cr-doped region.
As can be clearly seen in the top panel of Fig. 1, an ad-
ditional spin-glass-like transition appears in the y � 0.02
sample, which is evidenced by a cusp in the ZFC curve
at 40 K and a distinctive separation of the FC and ZFC
curves. This feature is in marked contrast to that found
in the CE-type manganite. It is thus important to further
investigate the RSG behavior observed in the y � 0.02
sample and to compare it with the relaxor ferromagnet
in the CE-type manganite [5]. Hereafter, we mainly dis-
cuss the physical properties of the y � 0.02 compound.

Figure 2 shows the temperature-dependent ac mag-
netic susceptibility for the y � 0.02 sample at various
frequencies. The measurements were performed at an ac
field of 10 G after ZFC. Upon cooling from room tem-
perature the in-phase x 0�w, T� and out-of-phase x 00�w, T �
susceptibility curves display abrupt upturns about 280 K,
exhibiting a PM-to-FM transition. The sharp drop in
027202-2
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FIG. 2. The temperature dependence of the ac magnetic sus-
ceptibility for La0.46Sr0.54Mn0.98Cr0.02O3 at various frequencies.
All data were collected at an ac field of 10 G upon warming
in the ZFC conditions. The inset shows the best fits of the
x 0�w, T � and x 00�w, T � data to a function of the form t�t0 �
��Tf 2 TSG��TSG�2zy with t0 � 10213 s.

both curves below 170 K is associated with a FM-to-
AFM transition. Upon further decreasing the tempera-
ture, the x 0�w, T� and x 00�w, T� curves display a cusp
about 40 K and 35 K, respectively. Moreover, the peak
temperature of the cusp shifts towards higher temperature
with increasing frequency. These features are reminiscent
of a frustration of the long-range AFM state, i.e., com-
monly called a RSG state. A similar RSG phenomenon
is observed in either a FM-based alloy like AuFe or an
AFM-based compound like FexMg12xTiO3 [16–21]. With
decreasing temperature the known RSG systems undergo
a sequential magnetic transition of either PM-FM-RSG
or PM-AFM-RSG. Unlike this, the important and dis-
tinctive feature of the RSG behavior observed in the
Cr-doped manganite is that it originates from anoma-
lous multiple magnetic transitions, namely, PM-FM-
AFM-RSG transitions.

As given in Fig. 2, the maximum positions of x 0�w, T �
and x 00�w, T � near 40 K are influenced by the frequency
change. The frequency-dependent data turn out to be
well described by conventional critical slowing down
[16,20,24,25]:

t

t0
�

∑
�Tf 2 TSG�

TSG

∏2zy

. (1)

Here, TSG is the spin glass transition temperature and Tf

is the frequency-dependent freezing temperature at which
the maximum relaxation time t of the system corresponds
to the measured frequency. The inset of Fig. 2 presents the
best fits to the data in the 10 10 000 Hz range, indicating
that the spin glass state can be well described by the slow-
ing down model. When t0 is 10213 s typically taken in the
spin glass system, TSG and zy for x 0�w, T� are 40.8 K and
7.6, respectively [25], whereas, the best fit for x 00�w, T �
yields TSG � 34.1 K and zy � 10.7. Although the TSG
027202-2
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and zy values of x0�w, T� and x 00�w, T� are slightly differ-
ent, their magnitudes are within the realm of conventional
spin glass phase.

To further investigate the RSG behavior, we have
measured the long-time relaxation of the magnetization.
Figure 3 shows the magnetization and normalized magne-
tization M�t��M�0� curves for the y � 0.02 sample as a
function of time, where the ZFC magnetization data were
collected at 20 and 210 K. The magnetization at 210 K,
which is in the FM state, reaches to about its saturated
value upon applying field. At 20 K, on the other hand,
there is a continuous increase in the magnetization even
after 104 s, in which about 50% of the normalized mag-
netization is varied. This long-time relaxation behavior
in the low temperature region is consistent with the RSG
state [12,13,16]. Accordingly, the RSG state is evident in
the y � 0.02 sample.

In the inset of Fig. 4, we present the selected ZFC mag-
netization M�H� curves for the y � 0.02 sample as a func-
tion of magnetic field measured at various temperatures.
Both remanent magnetization MR and coercive field HC

data obtained from the M�H� curves are almost negligible
in the FM region but fairly large in the RSG state, which
are given in Fig. 4. The MR value is small above TSG but
suddenly increases below TSG. At the same time, below
TSG the magnitude of HC abruptly increases with lower-
ing temperature. These increases of MR and HC with de-
creasing temperature are in accordance with that observed
in a conventional spin glass system [15,26,27]. It is well
known that in ordinary FM materials the coercive field is
due to the blocking of the domain wall motion. This con-
cept might extend to the y � 0.02 system. In the RSG
state, however, the HC value is much larger than that in the
FM state. As a result, the same scenario is not appropriate
to explain such a large coercive field. We thus propose that
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FIG. 3. The time dependence of the magnetization and nor-
malized magnetization M�t��M�0� curves for La0.46Sr0.54Mn0.98-
Cr0.02O3 at 20 and 210 K. The sample was cooled down to
the measured temperature without applying magnetic field. The
magnetization data were collected immediately after setting the
field to 100 G.
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the blocking mechanism in the RSG state originates from
the frustration of the AFM phase induced by the random
distribution of Cr impurities on the Mn-site [15,27].

Based on the magnetic data described above, we con-
struct a generalized phase diagram of the Cr-doped com-
pounds La0.46Sr0.54Mn12yCryO3 (0 # y # 0.08) shown in
Fig. 5. In this phase diagram there is an apparent RSG
state that occurs in the low Cr-doped samples. With de-
creasing temperature the system undergoes multiple tran-
sitions from PM to RSG via FM and AFM phases. When
the Cr concentration increases, the FM phase gradually
overwhelms the AFM ground state. Similar connection
between impurity concentration and spin glass has also
been found in other conventional spin glass systems such
as �FexNi12x �75P16B6Al3 and FexMg12xTiO3 [16,18]. We
thus conjecture that the RSG state in the Cr-doped man-
ganite can be explained by the random-field approach sug-
gested by Aeppli et al. [28]. In the Cr-doped sample the
random field is induced by the interaction between the Mn
ion and the randomly distributed Cr impurity.

The RSG state via multiple magnetic transitions in the
Cr-doped manganite with the A-type spin structure ap-
pears to be comparable with the relaxor ferromagnet in the
CE-type AFM manganite Nd0.5Ca0.5Mn0.98Cr0.02O3 [5]. In
the latter the quenched random field originating from the
Cr impurity is responsible for the relaxor FM behavior,
in which the fraction of FM microembryos increases in
the CE-type AFM insulating matrix by increasing the Cr
concentration or by applying the annealing field. On the
other hand, in the A-type AFM manganite the randomly
distributed Cr impurity that induces a competing magnetic
interaction between the FM and AFM states is the most
likely cause of the RSG state. One common feature is
that both phenomena are ascribed to the frustration of a
long-range AFM spin ordering induced by the Cr impurity.
However, their resulting properties are quite different and
highly relevant to the magnetic ground states, namely, the
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FIG. 4. The temperature dependence of remanent magnetiza-
tion MR and coercive field HC for La0.46Sr0.54Mn0.98Cr0.02O3.
The inset shows the magnetic field dependence of the magneti-
zation M�H� at selected temperatures.
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FIG. 5. Phase diagram of temperature versus Cr content (x)
for the Cr-doped manganites La0.46Sr0.54Mn12yCryO3. PM, FM,
AFM, and RSG represent paramagnetic, ferromagnetic, antifer-
romagnetic, and reentrant spin glass, respectively.

charge ordered CE-type and dx22y2 orbital ordered A-type
AFM states.

As discussed above, the AFM manganite with small W
displays the CE-type AFM spin and d3x22r2 �d3y22r2 orbital
ordering, accompanied by a large lattice distortion along
the three axes [3,5]. The Cr doping into the Mn site in-
duces a short-range FM phase with mobile charge carriers
in the insulating AFM matrix. An important feature is
that the induced carriers tend to be confined only in the
short-range FM domains due to three-dimensional nature
of both the AFM background and the large lattice distor-
tion. Theoretical study, in that charge carriers are likely
to be localized when the Jahn-Teller distortion is large in
the AFM manganite, supports this conjecture [29]. Ac-
cordingly, the relaxor ferromagnet behavior can be realized
in the CE-type AFM matrix due to the localized FM mi-
croembryos. On the other hand, in the A-type AFM com-
pound with the enhanced bandwidth the induced mobile
charge carriers freely move within the FM layers because
its spin structure has a two-dimensional nature and lattice
distortion is not severe [3,30]. Therefore, the FM phases
induced by the Cr doping prefer to diffuse widely in the
AFM matrix rather than localize. The competing interac-
tion between the diffused FM phase and the host AFM state
eventually results in the spin glass state in the A-type AFM
manganite.

In conclusion, we have revealed that the RSG state ac-
companied by anomalous multiple magnetic transitions in-
deed exists in the low Cr-doped AFM manganites with the
027202-4
A-type spin structure. The resulting RSG state is mainly
ascribed to the competing interaction between the FM and
AFM phases. We have also found that the effect of Cr
doping on the AFM manganite is heavily dependent upon
the magnetic ground state. It brings the RSG state in the
A-type AFM manganite, but leads to exhibit the relaxor
ferromagnet behavior in the CE-type AFM compound.
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