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The effect of Gd-doping on the charge ordering (CO) state in perovskite-type manganates
Bip 3_xGdyCapg7sMnO3 with x = 0, 0.02, 0.05, 0.1, 0.3 has been investigated by transport and magnetic
property measurements. It is found that CO temperature (Tco) and antiferromagnetic (AFM) ordering
temperature Ty occurring below T¢o decrease obviously with increasing Gd-doping level. Accompanying
the variation of T, the increased magnetization and the decreased resistivity are observed. In addition,

PACS: the increased magnetic inhomogeneity has been also observed in the samples based on the difference

71.27+a between the zero-field-cooling (ZFC) magnetization Mz and field-cooling (FC) magnetization Mg,

71.30.+h which is ascribed to the competition between ferromagnetic (FM) phase induced by Gd-doping and CO

75.471x AFM phase. The experimental results indicate that the Bi*>* lone pair electron with 6s? character plays a
dominating role on the CO state of Big3Cap7MnOs.
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1. Introduction

Manganese oxides with perovskite structure have been the
subject of vivid interest in recent years because of their exotic
electronic and magnetic properties [1-3]. These manganites
present a colossal magnetoresistance (CMR) effect and many
theories have been proposed to explain the mechanism about
CMR such as double exchange (DE) [4], polaronic effects [5] and
phase separation combined with percolation [6]. Besides CMR
effect, CO phenomenon [7,8] present in those compounds has also
attracted a lot of attention. CO in the manganites is generally
characterized by the direct space ordering of Mn3* and Mn** ions
[8]. Many studies show that CO state and concomitant spin and/or
orbital ordering (OO) are favored when the long-range coulomb
interaction and/or a strong electron-lattice interaction due to
Jahn-Teller (JT) distortion overcome the Kkinetic energy of e,
electrons [9-11].

The one electron bandwidth tuning mechanism has been
widely used to quantitatively justify Tco variation in the
Ln; _.AxMnO3 family of compounds [12,13]. Wide e, bandwidths,
i.e., large mean size of the A-site cations {4, favor the mobility of
the itinerant electrons through the lattice which results in the
decrease of Tco, while narrow bandwidths induce an opposite
variety. For bismuth based manganites, there is a Bi>** lone pair
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with 6s? character in them, which is proposed to justify the strong
tendency of the charges to localize and order, so bismuth based
manganites may do not follow the dependency of Tcp on <(rs)
mechanism as the lanthanide ones. An orientation of the 6s* lone
pair toward a surrounding anion (O 2p) can produce a local
distortion or even hybridization between Bi-6s-orbits and O-2p-
orbits [14]. As a result, the movement of e, electrons through the
Mn-0-Mn bridges can be severely reduced and the charge order
tendency is strongly favored. As we known, although several works
have reported the Bi doped effect on different manganite samples
[15-18], the physical feather of CO is still unclear. Additionally,
previous studies focused on the large ion size of lanthanides and
many of the end compounds were hole doped samples with FM
state, while the electron doped ones were rarely studied. To
understand the influence of the (r,> and the Bi3* lone pair with
6s2 on Tco of Bip 3Cag7MnO3, we have substituted Gd>* ions for Bi**
ions because the Gd>" ion has smaller ion size than the Bi*>* ion and
the quenching of orbital angular momentum. In this paper, we
have systemically studied the influence of the Gd-doping on the
structural, magnetic and electronic transport properties of
Bigp3_xGdxCap7MnO3 (x = 0, 0.02, 0.05, 0.1 and 0.3) (BGCMO) and
found that Tco decreases with increasing Gd content.

2. Experimental

Samples with composition Big3_xGdyCag7MnOs (x =0, 0.02,
0.05, 0.1 and 0.3) were synthesized by a common solid state
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reaction. A stoichiometric mixture of Bi,Os;, Gd,03, CaCOs; and
MnO, was ground and pressed into pellets, which were heated in
air at 1023 and 1223 K for 20 h with intermediate grinding. Then
the homogenized powders were pressed into cylindrical pellets,
and were subjected to heat treatment for 20h at 1273 K. After
calcinations, the samples were reground, pelletized again, and the
final heat treatment was performed for 20h at 1373 K in air for
x<0.1, at 1473K for x = 0.3.

Powder X-ray diffraction measurement was performed using a
Philips X’pert PRO X-ray diffractmeter with Cu K, radiation at
room temperature. The temperature dependence of magnetiza-
tion was measured using a quantum design superconducting
quantum interference device (SQUID) MPMS system (5 K<T<400
K, 0OA/m<H<3979kA/m). The resistivity p was measured by
means of a quantum design physical properties measurements
system (PPMS) (5K<T<400K, 0A/m<H<7162 kkA/m) using the
standard four-probe method.

3. Results and discussion

The room temperature XRD patterns of BGCMO are shown in
Fig. 1. It indicates that all the samples are single phase with no
detectable secondary phases. All diffraction peaks can be indexed
by orthorhombic lattice with the space group Pnma. The lattice
parameters can be obtained by fitting the experimental spectra
using the standard Rietveld technique [19]. The results are shown
in Fig. 2. Clearly, with the increasing of Gd content, the unit-cell
volume decreases monotonously, this is consistent with the fact
that the Gd3* jon (1.053 A) has a smaller ionic radius than that
of the Bi*>* ion (1.17A). Additionally, the cell parameters of the
samples obey the relation b/+/2<c<a (shown in the inset of
Fig. 2). The combination of octahedral tilting and a cooperative JT
distortion is known to produce such O’-type distorted perovskite
structures [20].

The temperature dependence of the dc magnetization M(T)
measured in the zero-field-cooled (Mzrc) and field-cooled (Mgc)
modes at a magnetic field of 7958 A/m for all the samples is
shown in Fig. 3. At high temperature, all of the samples are in
the paramagnetic (PM) state. In order to study the magnetic
interaction in PM region, M(T) data have been fitted according to
the Curie-Weiss law, y = C/(T—0p), as shown in Fig. 4. The effect
magnetic moment pe; can be obtained as 5.88, 5.09, 5.16, 6.06,
6.64 and 6.65 5 for the samples with x = 0, 0.02, 0.05, 0.1, 0.2 and
0.3, respectively and the PM Curie temperature 0p are 95, 118, 123,
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Fig. 1. X-ray diffraction patterns for BGCMO samples at room temperature.

80 and 82 K. Subtracting the contribution of the Gd ions, the effect
magnetic moment g for Mn ions are 5.88, 4.96, 4.84, 5.52, 5.61
and 5.03y; for the samples with x = 0, 0.02, 0.05, 0.1, 0.2 and 0.3,
respectively. According to mean field approximation, the expected
effective magnetic moment g5 can be calculated as 4.18 ug, which
is smaller than the values of the experiment, implying that the
possible appearance of magnetic clusters in PM region due to the
short range FM interaction [21]. With the decrease of temperature,
the M(T) curves of all the samples exhibit distinct maximum
at certain temperatures (Tco). According to the studies of
neutron diffraction reported in previous literatures [22,23],
these maximum can be attributed to the CO-paramagnetic (PM)
transition. For the x =0 sample, Tco = 287K, is similar to the
result reported by Bokov et al. [24]. With the increasing of the
Gd-doped level, Tco decreases from 287K for x =0 to 237K for
x = 0.3, as shown in Fig. 5. It is well-known that the long-range
coulomb interaction and the strong electron-lattice coupling
induced by JT distortion favor the CO state in manganites.
Therefore, the decreasing of Tco may be induced by many
factors, such as JT Mn>* ion and the character of A-site ions. In
our case, the carrier concentration (Mn3*/Mn*"* ratio) keeps to be
fixed by the equivalent substitution Gd>* ions for Bi>* ions, so the
above phenomena may be induced by the characteristic difference
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Fig. 2. Gd-doping level dependence of the unit cell volume V. The inset shows the
lattice parameters a, b/~/2and c.
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Fig. 3. Magnetization as a function of temperature M(T) for BGCMO measured
under H = 7958 A/m.
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Fig. 4. The temperature dependence of the inverse of the magnetic susceptibility
for BGCMO samples. The lines are the calculated curves according to the
Curie-Weiss law.
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Fig. 5. The charge-ordering temperature (Tco) variation versus x in the BGCMO
system. Tco(M) is the CO temperature defined from M(T) curves. Tco(R(0 A/m)) and
Tco(R(3979 kA/m)) are the CO temperature defined from p(T) curves measured at 0
and 3979KkA/m, respectively. The inset shows the antiferromagnetic order
temperature Ty variation versus x.

between Gd>* and Bi®* ions. First, Gd>* and Bi>* ions have different
jon sizes, where the effective ion size of Gd** (r; = 1.053A) is
smaller than that of Bi** (r;= 1.17 and 1.24A when lone pair
character is constrained or dominant respectively) [25]. Thus,
with the increasing of the Gd** content, the (r,> decreases.
Previous literatures proved that Ty increased with the decreasing
of the (rs> [12,26-28]. That is to say, the change of the <{(rs>
cannot be considered as the reason giving rise in the decrease of
Tco observed in our studied samples. Secondly, the Gd3* ion with a
half-filled 4f shell is a magnetic ion while the Bi>* ion is not. In
order to investigate the Gd ions’ magnetic effect on the Tco, the
PM M-T curves of Gd>* have been calculated by Brillouin function:

= JgugBy(x),

where Bj(x) = (1+1/2])coth[(1+1/2])x]—(1/2])coth(x/2]) and x =
JgusB/kgT neglecting the weak crystal field effect as shown by
circle symbol in Fig. 6. To take x = 0.1 sample as an example,
through subtracting the PM moment of Gd>* ions from the M-T
curve, we can obtain M-T curve as shown by trigonal symbol in
Fig. 6. The result displays that the Tp does not change, meaning
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Fig. 6. Temperature dependence of the magnetization of x = 0.10 sample (hollow
square symbol) measured under a field of 7958 A/m from 5 to 380K by warming
process in zero-field-cooled mode and Gd** (hollow circle symbol) calculated by
Brillouin function. The M-T curve after subtracting moment of Gd ions is present
by hollow trigonal symbol.

that the magnetism of Gd>* ions has no effect on CO behavior in
the studied manganites. This result is reasonable since the
magnetic interactions of the 4f ions are much weaker (the
ordering temperature is usually <10K) than those of Mn ions.
Moreover, the value of M-T curve with subtracting moment of Gd
ions is negative at low temperatures, indicating that Gd>* ions are
not completely PM at low temperatures. The similar results were
also reported in other systems in previous literatures [28-31].
Thirdly, Bi>** ion has a lone pair with strong 6s® character.
Theoretical calculation has showed that off-center shifts of the
ions with ns? electronic configuration (hence, the structural
distortion in a crystal) can take place to reach an energy
reduction [32]. Many previous experiments proved that bismuth
based manganites such as Bi;_,SryMnOs have high T, related to
this 6s® lone pair which can induce a large distortion in the
structure. Therefore, the decrease of Tcp may be attributed to the
weakening of the distortion due to the reduction of 6s2 lone pair
because of the Gd ions substitution for Bi ions. Additionally, it is
found that the magnetization increases with the increasing of
Gd-doping level in the measured temperature range as shown in
Fig. 3, which is also suggested to originate from the same reason.

As it is well-known, for manganites, the appearance of CO state
usually accompanies the occurring of AFM interaction. For all of
the samples, below Tco, AFM superexchange interaction dom-
inates [24], leading to an AFM ordering at a temperature Ty. Fig. 3
shows that Ty also decreases with increasing Gd-doping level,
which is similar to the behavior of T¢,. The monotonous reduction
behavior of Tco and Ty with increasing Gd-doping content is
plotted in main panel and inset of Fig. 5. Moreover, it is found that
the Mygc curves of all of the samples begin to deviate from the Mgc
ones below Ty and the difference become larger with the
increasing of Gd content as shown in Fig. 3. Similar phenomena
were also reported in other manganites [33,34], which were
suggested to stem from the existence of small magnetic clusters
and magnetic anisotropy, respectively. For our samples, the
difference between Mzrc and Mgc curves is suggested to originate
from the magnetic inhomogeneity due to the competition
between DE FM and CO AFM interactions. As described above,
the increasing amount of Gd>* ions, i.e., the decreasing of Bi>* ions,
the distortion related to 6s? lone pair of Bi>* ions is weakened,
which results in the enhancement of itinerant ability of e,
electrons and DE FM between Mn>* and Mn*'. In addition, from
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Fig. 3, it is found that all M-T curves of the samples except for the
x = 0 one display a distinct upturn behavior at low temperature,
and the upturn temperature range increases with increasing x,
which is suggested to be related to the increased PM moment of
Gd ions.

To investigate the effect of Gd-doping on the magnetic
properties further, the magnetization hysteresis loops of all the
samples measured at the temperature of 5K are shown in Fig. 7. It
shows that the x =0 sample has an almost linearly field-
dependent magnetization, implying that the AFM property of no
Gd-doping sample at low temperatures. However, for Gd-doping
samples, the M(H) curves behave as an obvious nonlinear behavior
and tend to be saturated under high field. In order to find out
the origin of this abnormal behavior, we fitted the experimental
data of the x = 0.3 samples according to Langevin theory. In
Langevin theory

M = NuL(o),
L(o) = cotha — 1/, 00 = uB/kgT.

The fitting parameters are the number N and average effective
moment x4 of magnetic ions in the manganite per gram. The fitted
result is consistent with the experimental result quite well as
shown in the inset of Fig. 7. This indicates that the magnetization
at 5K mainly comes from the PM contribution of the system. The
fitting parameters N and p are 0.0032 mol and 4.2 respectively.
It is noticed that there are only 0.0022mol Gd** ions in the
Gdo3Cap7Mn0O3 manganite per gram, which is smaller than the
fitting parameter. This fact means that the PM behavior of both
Mn3* and Mn*" ions makes the contribution to magnetization as
well, and p = 4.2y is the average effective moment for Mn>",
Mn#*, and Gd®* ions. It is well-known that only when o<1
Langevin function L(o) = uH/3kT, and the M-H curve behaves as a
straight line. This is just the reason why M-H curve at 5K deviates
from a straight line. Based on the above experimental results, it
can be concluded that the magnetization in M-T curve at low
temperatures originates from the PM contribution of magnetic
ions. Similar result was also reported by Ling et al. [35].

To investigate the effect of Gd-doping on the transport
properties of the samples. The temperature dependence of
resistivity p(T) of the samples has been measured in the
temperature range from 5 to 380K at zero field. The measuring
results are plotted in Fig. 8. It shows that all samples exhibit
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Fig. 7. Field dependence of the magnetization M(H) for BGCMO measured at
T = 5K. The inset shows the x = 0.30 sample measured under applied magnetic
field up to 3581kA/m and the fitting of magnetic field dependence of
magnetization at 5K by Langevin theory.

insulating behaviors over whole measuring temperature range
and the resistivity decreases with the increasing of Gd-doping
content blow the temperature of Tco. Using d(Inp)/d(1/ksT) as a
function of temperature [36], we can define the T¢o (the peak of
the curve, not shown here), which decreases with the increasing
of Gd-doping content(as shown in Fig. 4). The resistivity of all
samples at 3979 kA/m has been also measured and Tco almost
does not change for the applied and without magnetic fields,
which indicates that magnetic field does not change Tco. The
resistivity can be best fitted with the small polaron hopping
conduction (SPC) model p~Texp(E,/T) and the Mott’s variable
range hopping (VRH) model p~exp(Ty/T)!/4 in the high measuring
temperature range and low temperature range, respectively,
consistent with the reported results in the literatures [37,38].
The fitting results are shown in the inset of Fig. 8 and the fitted
parameters are summarized in Table 1. The results show that Ty
decreases with the increasing of Gd-doping level, and Ty is related
to the localization length & by the relation kgTy = 24/(nN(Ef)E3)
[39], provided N(Er) does not change, meaning that the
localization length & increases with the Gd-doping content. This
is to say, the carriers become less localized with the increasing of
Gd-doping content. For our samples, the substitution of Gd>* ions
with a smaller ion size for Bi>* ions not only reduces the ¢, >, but
also induces disorder of A site, which is expected to cause the
increase of the resistivity of the samples. However, the observed
results are opposite to the expected ones. The origin of this
phenomenon is also suggested to ascribe to the weakening of the
distortion due to the reduction of 6s2 lone pair because of the Gd
ions substitution for Bi ions as mentioned above. The conclusion
obtained from the electronic transport is consistent with that
from the magnetization. That is to say, for Bi-based manganites
with CO state, the Bi>* lone pair electron with 6s? character plays a
dominating role on the electronic and magnetic properties.
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Fig. 8. The temperature dependence of resistivity p(T) for BGCMO samples and the
up-right inset and down-left inset display the fitting curves of p(T) by SPC and
VRH, respectively.

Table 1
Parameters of the studied samples in this work.

X 0 0.02 0.05 0.10 0.30
Eq (eV) 0.127 0.127 0.122 0.132 0.120
To (108K) 2.408 2.407 2.331 2137 1.688

x stands for the Gd-doping level (x). E, is the fitting parameter of p(T) curves
according to the SPC model. Ty, is the fitting parameter of p(T) curves according to
the VRH model (see text).
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4. Conclusions

In summary, structural, magnetic and electronic properties of
BGCMO samples with CO state have been studied systematically.
With increasing Gd-doping level T decreases and it is indepen-
dent of the moments of the Gd3* ions. Accompanying the variation
of Tco, the increased magnetization and the decreased resistivity
are observed. Considering the effective ion size of Gd>* is smaller
than that of Bi** and the lone pair with strong 6s2 character of Bi>*
ions, the decreasing of Tco and complex magnetic properties result
mainly from the effect of the 6s? lone pair of Bi** ion on the e,
electrons transport from Mn>" to Mn*" through the O 2p in
Mn-0-Mn bonds. In a word, the experimental results show that
although the 6s? lone pair of Bi* is strongly screened in the
calcium doped bismuth based manganites, it plays an important
role in the CO state of Big3Cag7MnOs.
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