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ABSTRACT

Detailed magnetic properties of polycrystalline Big3Cag7Mng75Cro2503 are investigated. It is observed
that this compound exhibits negative magnetization below the compensation temperature (Tcomp) When
magnetization-temperature (M-T) curves are measured in a field-cooled mode with low applied fields
(H<10300e). Furthermore, the compound shows a canted-antiferromagnetic transition at 120K and a
peak with positive sign at 98 K. Below 98 K, M decreases with decreasing temperature, passes through
a zero value (M=0) around Tcomp =78.5K, and continues to decrease steeply until 5K. The maximum
absolute value of M below Teomp was about 15 times as large as that above Teomp. Considering the fact that

PACS: . . o .
75.60JK the observed behavior is similar to that in GdCrOs;, the phenomenon of the magnetization reversal in the
71.27.+a Cr-doped manganite Bip 3Cag7Mng75Crg2503 is suggested to originate from the antiparallel coupling of
71.30.+h the Cr** moments and the canted Mn3*/4* moments.

75.47.Lx © 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Mn-site substitution in charge ordered (CO) manganites have
been shown to be a very powerful tool to gradually control the
collapse of the CO regions into either ferromagnetic (FM) metal-
lic or weakly FM insulting (FMI) regions [1-4]. Since Cr3* has a
tggeg configuration which is identical to that of Mn**, the Cr doping
manganites have been extensively studied in previous literatures
[2,5-7]. Bi;_xCaxMnOj3 is an interesting but less-studied CO sys-
tem. Early works reveal that the CO temperature Tcg is much
higher than that in the La;_yCaxMnOj3 [8]. It is believed that the
6s2 lone pair of Bi3* ions which orients toward a surrounding
anion 0%~ can produce a local distortion or even an hybridiza-
tion between Bi:6s% orbitals and 0:2p orbitals. This effect will
reduce the mobility of eg electron, thus favor CO [9,10]. Modula-
tion of the CO by substituting Cr, Fe, V, and Ni in Bi;_yCaxMnO3
has been reported [11-14]. In this work, the phenomenon of the
magnetization reversal (MR) is reported in the Cr-doped mangan-
ite Big3Cag7Mng 75Crg2503. The subject of magnetization reversal
in oxides has received considerable attention in recent years, which
is usually achieved by applying a large enough magnetic field in a

* Corresponding author. Tel.: +86 551 559 5185; fax: +86 551 559 1149.
E-mail address: zhangrr@hmfl.ac.cn (R.R. Zhang).

0925-8388/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2011.12.119

direction opposite to the aligned moments. This property forms
the basis of most magnetic recording and storage devices. But the
phenomenon of the MR in response to a change in temperature
(in a small magnetic field) is seldom observed. This effect occurs
in some ferrimagnetic materials, which contain two or more dif-
ferent types of magnetic ions, or one magnetic ion occupies at
different crystallographic sites, the magnetization is partially can-
celled due to the antiferromagnetic (AFM) coupling of the magnetic
sublattices with unequal values of magnetization. If the tempera-
ture dependence of the magnetization of the antiferromagnetically
coupled sublattices is different, a MR can be observed some-
times.

Luan et al. studied the different evolution of CO with Cr con-
tent between Bi-rich and Bi-poor samples, and they found that 20%
Cr doped Bi-poor sample Big24Cag76MnO3 showed a large nega-
tive magnetization value at low temperature [15], but they did
not focus on it. Since no detailed magnetization studies exist for
Cr doped Bi-poor compounds, we have performed detailed mag-
netization measurements on Big 3Cag7Mng75Crg2503. The results
show clear evidence for a MR, resulting in a negative magnetiza-
tion for low fields (<1010 0e) at low temperature in the process
of field-cooling (FC) measurements. Moreover, the compensation
temperature, corresponding to the temperature at which magne-
tization value is zero, strongly depends on the magnitude of the
applied field. The results are analyzed within the frameworks of
the available models.
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Fig. 1. XRD patterns at room temperature for Bip 3Cap7Mng75Cro2503. The observed
and calculated patterns are shown as the cross markers and the top solid line, respec-
tively. The vertical markers stand for the angles of calculated Bragg reflections. The
lowest solid line represents the difference between the calculated and observed
intensities. The fit was done assuming the space group Pnma.

2. Experiment

Polycrystalline sample of nominal Big3Cag7Mng75Crg2503 (BCMCO) composi-
tion was prepared by a conventional solid state reaction method. Stoichiometric
mixtures of Bi, 03, CaCOs, Cr,03 and MnO, were ground and pressed into pellets,
which were heated in air at 1023 K and 1223 K for 20 h with intermediate grinding.
Then the homogenized powders were pressed into cylindrical pellets and subjected
to heat treatment for 20 h at 1273 K. After calcinations, the sample was reground,
pelletized again, and the final heat treatment was performed for 20h at 1373K in
air.

Powder X-ray diffraction (XRD) measurement was performed using a Philips
X'pert PRO X-ray diffractmeter with Cu K, radiation and its microstructure was
observed by field emission scanning electron microscopy (FE-SEM, FEI Sirion 200
type) at room temperature. The temperature dependence of magnetization was
measured using a Quantum Design superconducting quantum interference device
(SQUID) MPMS system (1.8 K<T<400K,0T<H<5T).

3. Results and discussion

The room temperature XRD pattern of the sample is shown in
Fig. 1. The result shows that the sample is single phase with no
detectable secondary phases. The XRD patterns of the sample can
be indexed by orthorhombic lattice with the space group Pnma. The
fitting between the experimental spectra and the calculated values
using the standard Rietveld technique [16] is rather good, based on
the consideration of low Ry value [R, =5.17 for Fig. 1]. The refined
lattice parameters of BCMCO are a=5.3577(5)A, b=7.5517(1)A
and ¢=5.3242(4)A. The cell parameters in the sample, indicat-
ing O-type distorted perovskite structure without the cooperative
Jahn-Teller (JT) effect due to the separate local distortion each
other induced by Cr doped. The resulting Mn—O bond lengths of
1.9237 A and 1.9310 A (basal plane) and 1.9250 A (apical distance)
at room temperature are observed. The calculated average bond
angle (Mn—0—Mn) is about 157.19°, which deviates from 180° in
ideal perovskite structure. The surface morphology and composi-
tion of the samples was examined by a SEM accompanied with an
energy dispersive spectrometer (EDS). The SEM micrograph shows
agranular structure for the sample with a highly dense morphology.
The EDS analysis indicates that the cationic ratio is in good agree-
ment with the nominal one within the limit of the experimental
error.

Fig. 2 shows the temperature dependence of the magnetization
of the BCMCO sample under zero-field-cooling (ZFC) and field-
cooling (FC) modes at H=100 Oe. No difference between the ZFC
(Mg(T)) and FC (My(T)) magnetization is observed down to 120K.
However, as T< 120 K, both M,z(T) and M.(T) curves begin to bifur-
cate following entirely different paths. For the sake of clarity, the
magnified M(T) curve is displayed in the inset of Fig. 2. In the
ZFC mode, M,(T) curve shows a small shoulder at 105K. As the

-100

-150 +

M(emu/mol)

-200

-250£ 0 40 80 120 160 200

T(K)

-300 1 1 1 1 1 1
0 50 100 150 200 250 300 350

T(K)

Fig. 2. Temperature dependence of magnetization for Big3Cag7Mng75Cro2503
under ZFC and FC modes, respectively. The inset is the magnifying of M(T) curves in
the part of the temperature range 5-170K.

temperature decreases, magnetization increases continually until
reaching a maximum at 45K. As temperature decreases further,
the M, (T) curve shows a kink at about 15K, implying that there
exists a complex magnetic interaction in the BCMCO. Similar phe-
nomenon was also reported by Sun et al,, it was attributed to
the developing of two distinctive AFM interaction (Mn3*—0—Mn3*
and Cr3*—0—Cr3*) with different coupling constants [17]. In a
similar manner, we can assign the double-step dropping feature
below 45K to two distinctive FM interaction (Mn3*—0—Mn** and
Mn3*—0—Cr3*). In contrast, the FC magnetization increases below
120K, goes through a maximum at Tp =98 K, then decreases and
passes a zero value of magnetization (M=0) at the compensa-
tion temperature (Tcomp =78.5K). As T<Tcomp, the magnetization
is negative down to the lowest temperatures. This is a typical MR
behavior. Moreover, no hysteresis behavior was observed as the FC
magnetization was measured in the process of cooling (FCC) and
warming (FCW) the sample (not shown here).

The occurrence of MR in perovskite structures is not without
precedents. For example, MR phenomenon occurring in LaVOs is
ascribed to the combined effects of Dzyaloshinsky-Moriya (D-M)
interaction [18,19] and a magnetostrictive distortion induced by
orbital moments [20], whereas the MR occurring in the isostruc-
tural YVOs is suggested to originate from the competition between
single ion anisotropy and D-M interaction [21]. However, for MR
appearing in both NdVO3; and SmVOs, it is explained according to
N-type ferrimagnetism arising from the imbalance of the quench-
ing rate of the orbital moments of V3* ions [22,23]. For MR occuring
in LnCrOs, it is attributed to the polarization of the paramagnetic
(PM) moments of the Ln ions which align opposite to the canted Cr
moments [24]. Besides of MR observed in the studied BCMCO, this
phenomenon was also found previously in different manganites,
such as (Dy,Ca)MnOs3 [25], Gdge7Cag33Mn0O3 [26], La;_xGdxMnO3
[27], NdMnOs,s [28], Nd;_,CaxMnOy, [29], and (Nd,Ca)(Mn,Cr)0s3
[30]. The MR phenomenon in these compounds was interpreted as a
manifestation of a ferrimagnetic-like behavior due to the interplay
of two magnetic antiferromagnetically coupled sublattices (rare-
earth sublattice and Mn sublattice). According to the orbital/energy
level structure of Bi (5d196s26p3), the outer orbital/energy level of
Bi3* has a 5d196s? structure, in which a 6s2 lone pair exists. As
a result, Bi3* ion is not a magnetic ion, ruling out the competi-
tion between the Bi and Mn/Cr sublattices as the origin of negative
magnetization. Moreover, no difference of the FCC and FCW M(T)
curves (lower inset of Fig. 3) and no peaks in the specific heat tem-
perature dependence curve indicate that there does not exist any
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Fig.3. FC magnetizations normalized to the measuring field as a function of temper-
ature at different fields. The upper inset shows the plot of compensation temperature
as a function of measuring field. The lower inset shows the magnetization versus
temperature for low applied fields (H < 100 Oe).

structural phase transition in our sample, excluding the mechanism
explaining the origin of MR occurring in LaVOs as possibility inter-
preting the origin of MR appearing in our studied sample. What is
the mechanism for MR in the BCMCO compound? To make clear
this question, we measure the magnetization of BCMCO sample in
detail.

Fig. 3 shows the Mpg(T) curves (normalized to the mea-
suring field) measured under different applied fields. At low
field (H<1000e), the negative component of the magnetization
increases with the increasing of applied magnetic field accom-
panied by nearly no change of Tcomp, as shown in the inset of
Fig. 3. However, as H> 100 Oe, both the negative component of the
magnetization and Tcomp decrease with increasing applied fields.
The variation of Tcomp with the applied field can be reflected
as in the inset of Fig. 3. The actual compensation temperature
(Tcomp =78.5K)is taken as the extrapolated value at H= 0. Moreover,
between 120K and Tcomp, the value of the M/H decreases with the
increasing of the applied fields. This observation of non-linear field
dependence in the magnetization has also been previously reported
by Sudyoadsuk et al. [31], it was explained as a small remanence
arising from the presence of a FM clusters. For H> 1030 Oe, one can
observe only positive FC magnetization. In order to clarify the vari-
ation of M(T) with applied fields, some M(T) curves under typical
fields are plotted in Fig. 4. When H>900 Oe, magnetization shows
a plateau in the narrow temperature range of 20K below 104K,
then decreases with the decreasing of temperature. As H> 1030 Oe,
the M(T) curves show a peak at around 104 K, which corresponds
with the peak at 105 K in the M,¢(T) curve. This result indicates that
the transition at 105K may be of feature of AFM transition. Then
the magnetization increases with the decreasing of temperature.
Subsequently, with the decreasing of temperature, magnetization
starts to decrease at a certain temperature T;, which shows in the
inset of Fig. 4. However, when the field is large enough, for example,
H=1T, the transition temperature T; disappears and the magneti-
zation increases with decreasing temperature.

To elucidate the magnetization behavior, isotherm magnetiza-
tion curves were measured at some typical temperatures between
5 and 300 K. For each measurement, the sample was cooled to the
measured temperature from 300 K under the zero field, the results
were shown at Fig. 5. It shows that magnetization rises sharply
with the increase of the applied field at low fields and does not
saturate up to 45kOe as T<45K. In addition, Fig. 5 displays that
the magnetization value of 15K at high fields is larger than that
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Fig.4. FC magnetization normalized to the measuring field as a function of temper-
ature at fields H > 900 Oe. The inset shows the data of FC curves at field H=1100 Oe.
The arrow indicates the two characteristic temperatures.

of other temperatures, which is consistent with the above result
that a double-step occurs below 45 K in the M, (T) curve. For both
T=98K and 105K, there is a large Hc¢ can be observed in the inset
of Fig. 5, but the magnetization does not saturated up to 45 kOe
and shows only a linear variation with H as expected for an antifer-
romagnet. At high temperature (T > 120K), the M(H) plots become
linear indicating a typical PM behavior. The M(H) results reveal that
the magnetic properties of the sample occur some complex change
below 45 K. Even the weak FM moment appears below 120K, the
clear FM hysteresis loop (that is, having square like form) is devel-
oped only below 45 K. Additionally, as the temperature increases,
the hysteresis loop shrinks and the coercive field Hc decreases. The
temperature dependence of Hc is shown in the inset of Fig. 5.

By simple inspection of above results, the complicated magnetic
properties of present sample can be unambiguously assigned to
the introduction of Cr ions. It is well known that Cr3* ions sup-
press CO and OO in half doped manganites [32,33] and induce a
FM metallic state under zero magnetic field. This fact has been
ascribed to the possibility of these cationic species to exhibit itiner-
ant electrons in oxides with valence state that possibly participate
in the double exchange [17,32,33]. Conversely a superexchange
interaction between Cr3* and Mn3* have been suggested [2,34,35],
although some authors suggest a FM spin alignment, whereas oth-
ers think that Cr3* substitutes Mn3* with opposite spin. Recently,

M(10°emu/mol)

H(T)

Fig. 5. Magnetization as a function of field at different temperatures in ZFC mode.
The inset shows the coercivity as a function of temperature.
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Capogna et al. [36] and Martinelli et al. [37] present that only the
Mn ions are FM ordered along the z axis, whereas Cr3* ions act
as random impurities based on the result of the neutron powder
diffraction. For BCMCO sample studied here, the ground state of the
parent compound Big3Cag7MnO3 is a CO/O0 AFM insulator with
a Wingner-crystal (WC) mode, in which the real space ordering
of Mn3*/Mn*" ions takes place at Tcg ~ 287K [14]. Below ~133K,
local spin moments are antiferromagnetically ordered, which con-
sists of FM zigzag chains of Mn3*/Mn** cations and the 3d* atoms
placed as far apart as possible in the (ab) plane, and the coupling
between chains is AFM [38]. As the Cr3* substitutes Mn3*, because
Cr3* and Mn3* placed as far apart as possible in the plane, the FM
interaction between Cr3* and Mn3* is impossible. The suppression
of the CO state and the hysteresis loop at low temperature in the
system can be understood based on the breaking of the zigzag FM
chains and concomitant charge frustration. Considering first the
magnetic order, the WC phase consists of zigzag FM chains that are
easily cut down by lattice defects, leading to a substantial increase
in the kinetic energy. However, the competing FM phase has a two-
dimensional character, which is much more robust against lattice
defects. For a pure system, the JT coupling favors the long-range
staggered CO pattern. In real cases, the B-site substitution should
be randomly distributed between the B1 sites (with higher charge
density) and B2 sites (with lower charge density) with the same
probabilities. This randomness of B-site substitution can break the
original CO state, causing charge frustration. This frustration will
spread over the whole lattice and lead to the collapse of the long-
range CO. Hence, the lattice defects induced by this substitution
destabilize the WC phase, which will transform into (1) the FM
metallic competing state, (2) a regime with short-range FM clusters,
or (3) a spin-glass state, depending on couplings and on the B-site
substitution [39]. Thus we assume the Cr ions acting as random
impurities in our system.

As discussed above, the possibility for negative magnetization
may be supposed by the polarization of the PM moments in a
direction opposite to the direction of the applied magnetic field,
as observed in some LnCrO3 [24,40,41] and Sr, YbRuOg [42]. This
PM moment, arising from the unordered Cr moments, can polarize
against the canted field of Mn moments as in the case of LnCrO3
compounds. If we consider this polarization as the cause of MR,
then the measured magnetization M should follow equation [24]

Ccr(Hi + Ha)
T-6

where My, is the canted moment of Mn, H; is the internal field due
to the canted Mn moment, Hy is the applied field, Cc; is the Curie
constant and 6 is the Weiss constant. The limitation of this analysis
is the assumption that My, and Hj are independent of temperature,
which is usually true if T« Ty. In the present case, this may not be
true and hence the value obtained will only be an approximation.
The solid line in Fig. 6 shows the fit to the M(T) curve (H=100Oe)
using the above equation. The parameters obtained from the fit
are My =299 + 34 emu/mol, H =-10061 4+ 1797 Oe and 8=-50K.
These values are comparable to those obtained for GdCrO5; [40]
and Sr,YbRuOg [42]. The value of Cc; (=3.87) used in the analy-
sis was obtained from the free ion Cr3* PM susceptibility above Ty.
The good fitting to the equation in Fig. 6 indicates the presence
of a considerable fraction of Cr moments that are PM and con-
tribute to the polarization against the canted Mn moments. The
positive value of My, is consistent with the result that the FC mag-
netization goes through a positive maximum before reaching the
compensation point. The negative value of the internal field H; high-
lights its direction against both the applied field and the canted Mn
moments. Moreover, the M(T) curve shows a strong deviation from
the fitting curve at low temperature. That is, the Cr moments start
ordering at 98K due to the large internal field from the ordered
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Fig. 6. FC magnetization of BCMCO for 100 Oe. The solid line is the fit to Eq. (1) in
the text. Variation of the canted Mn moment (My,,) and the internal field (H;) due
to ordered Mn moments obtained from the fit for different applied fields are given
as insets.

Mn moments, but complete the ordering at 20 K. For other applied
field values, the good fitting of M(T) to Eq. (1) is also found (not
shown here). The inset of Fig. 6 shows the variation of My, (lower)
and H; (upper) at H< 1050 Oe. The variation of these components
is in good agreement with the observed magnetization behavior.
The absolute value of internal field shows an initial increase with
the applied field, but decreases at higher fields. The initial increase
is consistent with the increase in negative magnetization for low
magnetic field (shown in the inset of Fig. 3). The good fitting is
consistent with our previous hypothesis, which proves that only
the Mn ions have canting spin structure, whereas Cr3* jons act as
random impurities in our compound.

The consistency between the theory and the experimental data
should be attributed to two important aspects. First, the coercivity
is very large at low temperature. For example, at 45 K where the FC
magnetization decreases drastically, the coercivity Hc with 0.118 T
is much larger than the applied field (0.01 T). In this case, it isimpos-
sible that the magnetic domains which are antiparallel with the
applied field flip to the H direction under the action of the applied
field. Secondly, we believe that My, is parallel to the H direction
while Mc; is antiparallel to it. Thus the fitting will be adaptable.
When the system is cooled down to 120 Kin the process of FC, which
is below the magnetic ordering temperature, the sample exists FM
cluster induced by Cr-doping. As the temperature decreases, the
disordered Cr3* ions become to polarize against the canted field of
Mn moments. As a result, the net magnetization of the system is
Mjs = My, — M. Keeping these two aspects in mind, we can under-
stand the M(T) curves clearly. As the temperature decreases from
98 K, Mc; increases much faster than Myy,. The 78 K correspond-
ing to M =0 is the compensation point of the magnetization of the
two sublattices. As T>78 K, My, is larger than Mc; because Mc; is
induced by My, which results in the net magnetization Ms >0 in
the temperature range from 98K to 78 K (see Fig. 2). Below 78K,
Mc; is much larger than My,. Since the coercivity of the system is
much larger than the applied measuring field (as shown in the inset
of Fig. 5), the magnetic domains are locked in the original direction
and Mc; remains antiparallel to the applied field. Therefore the net
magnetization should be a negative value. At low temperature, the
fitted curve deviates from the experimental data because of the
magnetic ordering of Cr moments. Taking into account this situa-
tion, the variation of Mg(T) curves under higher applied field can be
explained reasonably. For example, in the process of ZFC process,
the magnetic ions are locked in random directions during cooling



96 R.R. Zhang et al. / Journal of Alloys and Compounds 519 (2012) 92-96

in zero field. When a measuring field of 0.01 T is applied at 5K, the
magnetic ions are aligned along the applied field. Therefore, the
M,f(T) curve exhibits a kink 15K and a peak at 45K instead of the
MR phenomenon in the Mg(T) curve at low temperature.

4. Conclusions

In summary, the MR phenomenon below the magnetic order-
ing temperature is observed in BCMCO sample in the process
of FC magnetization measurement as the applied field is below
1030 Oe. Meanwhile, both compensation temperature and nega-
tive magnetization are also found in My (T) curve. The analysis of
magnetization measurement results clearly indicates the presence
of two components in the magnetic ordering, which is suggested
to come from the contribution of Mn3*/Mn#** and Cr3*moments.
The MR phenomenon observed in BCMCO sample is suggested to
stem from the antiparallel coupling of the Cr3* moments and the
canted Mn3*/4* moments. However, in order to provide an exact
explanation for the observed anomalous behavior, detailed neu-
tron diffraction and field-cooled X-ray magnetic circular dichroism
measurements will be necessary.
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