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Abstract The Co-doped bilayered LaSroMn,0O7 mangan-
ite at low Co concentrations (0-0.15) was synthesized by
the sol-gel process. The X-ray diffraction (XRD) technique
confirms phase formation for all the samples under investi-
gation. The results of ac magnetic susceptibility measure-
ments indicate the effect of Co doping on the magnetic
ordering phases. The indications of charge ordering (CO)
transitions were observed in all the prepared compounds.
The CO magnetic phase transition temperature was ob-
served systematically shift to lower temperatures as the Co
concentration increases. There was an anomalous oscillat-
ing magnetic behavior in all samples with a few peaks be-
fore the CO temperature in the paramagnetic (PM) region so
that with an increasing Co doping, the number of peaks and
amplitude were decreased. Also, the ac susceptibility mea-
surements were performed in the presence of an applied dc
magnetic field to further study of this oscillating behavior.
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1 Introduction

It is well known that Mn-based Ruddlesdon—Popper (RP)
compounds with the general formula (La,Sr),,, {Mn, 03,41
have a layered-type structure. In this formula, » is the num-
ber of MnO; layers that are separated by an additional
(Laj—xSry)202 blocking bilayer. The bilayered (n = 2)
manganites Lay_»,Sri42,MnyO7 have attracted much at-
tention due to a variety of emerging phenomena such
as the colossal magnetoresistance effect, tunneling mag-
netoresistance, and fascinating electronic and magnetic
properties [1, 2]. In such compounds, MnO; layers have
ferromagnetic (FM) metallic interactions, arising from a
double-exchange (DE) mechanism through Mn*3-O-Mn**
bonds [3]. There are also different antiferromagnetic (AFM)
phases between the adjacent layers in variation of the dop-
ing level x and temperature. Besides, the DE mechanism,
Jahn-Teller effect, phase separation (PS) [4], AFM superex-
change, charge-orbital ordering, and spin fluctuation [5] also
play an important role in manganite systems. Also, due to
the reduced dimensionality in these materials, considerable
anisotropic properties have been observed [6]. LaSroMn; 07
that has an equal amount (50 %) of Mn™> and Mn** ions,
similar to the 50 % doped charge ordered three-dimensional
(3D) manganites (n = 00), is also expected to show simi-
lar spin/charge ordering phenomena according to the Good-
enough model [7]. In the half-doped bilayered manganite
LaSrpMn;,07, there is a transition into the CE-type charge-
orbital ordered state at ~225 K. This state starts melting at
~170 K, where the A-type AFM spin ordering begins to
form. Below this temperature, magnetic spins are ferromag-
netically aligned in the a—b plane; however, they coupled
antiferromagnetically along the c-axis. In addition, the mi-
nor CE-AFM state was reported to coexist with the major
A-AFM ordering state below 145 K and suppressed below
~100 K, but not completely [8—10].
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Beside the above mentioned studies, the bilayered man-
ganites Lay_p,Sr142,MnyO7 offers another unique oppor-
tunity to investigate the Mn-site doping by magnetic and
nonmagnetic ions. It is known that Mn-site doping in per-
ovskite manganites dramatically changes the magnetic and
electrical properties due to the crucial role of Mn ions in
manganites. The effect of doping by the transition elements
(TEs) Cr, Fe, Co, Ni, Cu, and Zn on the electronic transport
and magnetic properties in Laj 4Sr; ¢Mn>O7, has clearly
been referenced [11]. These results have shown that except
for Cr, all other doping, significantly shifts the magnetic
and insulator-metal transition temperature (71v) to a lower
temperature. Also, the effect of Cr doping on the bilayered
manganite Laj 4Sr; ¢Mn>O7 has been investigated by Yu et
al. [12]. They have observed that at low dopant values, Cr
doping enhances the 3 dimensions (3D) magnetic transition
temperature, Tc, as well as a slight decrease in the resistiv-
ity and saturation magnetization. Mn-site doping by a non-
magnetic ion such as Cu and Al in Laj 4Sr; gMn;O7 and
LaSr;Mn,O7 has shown that DE interaction between the
mixed-valance Mn ions is suppressed, and transport behav-
ior as well as magnetic properties are changed [13, 14].

Thus, study of the effects of Mn-site doping by the transi-
tion elements in bilayered manganite could be an interesting
phenomenon. Among transition elements, Co doping can be
more remarkable since Co may substitute at different spin
stats, i.e., low spin (LS), intermediate spin (IS), and high
spin (HS) states. Some reports on the effect of Co doping on
the cubic perovskite manganite have been published [15-18]
and a few reports on such studies have also appeared in the
case of the bilayered LaSr;Mn;O7 manganite prepared by
solid state reaction methods [19].

In this paper, we report the effects of low Co doping on
the magnetic properties of the LaSro,Mn;_.Co,07 (z = 0-
0.15) bilayered manganite prepared by the sol—gel method.

2 Experimental Procedure

LaSrpMn;_,Co,07 (z = 0.00, 0.05, 0.10 and 0.15) fine
powders were prepared by the Pechini sol-gel method. All
the chemicals required (analytical grade reagents) were pur-
chased from Merck Company, and used as received without
further purification. Highly pure powders of the nitrate pre-
cursor reagents La(NO3)3-6H>,0, Mn(NO3);2-4H,0,
Co(NO3),-4H,0, and Sr(NOs3), were weighted in appro-
priate proportions. The details of experiment was reported
in references [20, 21]. The precursors were calcined twice
in a Carbolite tube furnace at 1000 °C for 10 h and then
at 1200 °C for 10 h. The black powder obtained was cold-
pressed into pellets of 10 mm diameter and thickness of
about 2—3 mm under the pressure of 20 ton/cm?. Finally, the
pellets were sintered for 6 h at 1450 °C.
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Fig.1 XRD patterns for the LaSr,Mn;_,Co, 07 (z = 0.00, 0.05, 0.10,
and 0.15) samples

Structural properties of the samples were studied by
XRD (ADVANCE-D8 model). The ac susceptibility mea-
surements were performed using a Lake Shore Ac Sus-
ceptometer Model 7000. The dc magnetization was mea-
sured by using SQUID magnetometer. The measurements
of Infrared transmission spectra were performed by the
IR method using a SHIMADZU FT-IR spectrophotometer
model 8400s in KBr pellets.

3 Results and Discussion
3.1 Structural Properties

Figure 1 shows the XRD patterns for the samples at room
temperature. The XRD data was analyzed with Rietveld re-
finement using the FULLPROF software and pseudo-Voigt
function. It was found that all the diffraction peaks could
be indexed using the Sr3Ti;O7-type (327-type) tetragonal
structure with I4/mmm space group without any trace of sec-
ondary phase or impurity. Co-doping does not change the
crystal structure. However, Co-doping affects the Bragg an-
gle position a little that is a common behavior arising from
the difference between Mn and Co ionic radii. Rietveld re-
finement patterns for the samples z = 0 and z = 0.10 are
shown in Fig. 2, and the results of this analysis are collected
in Table 1.

As one can see from Table 1 and Fig. 3, there is no sys-
tematic change in the lattice parameters of doped samples
compared to the parent one. Variation in the observed lat-
tice parameters can be related to the difference in the size of
substituted cobalt ions (Co> (0.61 A), Co*t (0.54 A), or
even Co*t 0.74 10%)). Also, it should be mentioned that the
radius for Mn ions are Mn>* = 0.6 A and Mn** = 0.53 A
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Table 1 Lattice parameters, unit cell volume, bond length, and angle obtained from Rietweld refinement
Sample name a(A) c(A) c/a V (A) Mn-O(1) Mn-O(2) Mn-O(3) Mn-O-Mn
A) (A) A) (A)
z=0.00 3.8575 19.9771 5.1788 297.2654 1.973 1.999 1.967 165.41
z=0.05 3.8787 20.0415 5.1671 301.5106
z=0.10 3.8732 20.0297 5.1714 300.4791 1.975 2.013 1.977 165.98
z=0.15 3.8526 19.9884 5.1883 296.6784
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[22]. Therefore, it seems that the possibility of the substitu- e &8 e = ae &0
tion of Co?* is less than others, although some papers report 2.86. *. {5008
it for 3D manganites [18, 23-25]. Thus, small cobalt ions \* <
compress the neighboring Mn3*—0-Mn** bonds, and large z \0 g
cobalt ions stretch the neighboring Mn3t—O-Mn** bonds, & 10028
. . g 3871 £
and this affects the unit cell volume of compounds. 2 £
In fact, Co-doping at the Mn site is very complicated. E zuqu’.
It is possible that in the low doped samples (z = 0.05 and S 5
£ 3.86-
0.10), Co™3 ions exist and in other samples Co ions sub- S o *
stitute as Co™2. The same behavior was reported to oc- J1s.98
cur in the Co-doped 3D manganites Lag 9Teg 1 Mn;_,Co, O3 25 @
(0 < x < 0.25) by Zheng and coworkers [18]. -0.05 0.0 0.05 ) 0.10 0.15 0.20
consentration(x)

FT-1IR spectra for samples are shown in Fig. 4. MnOg in
the crystalline structure of manganite has nearly ideal octa-
hedral symmetry with six vibration modes, but only two of
them are IR-active. The band around 600 cm™" corresponds
to the stretching mode (v3) of Mn—O-Mn or Mn—-O bonds,
while the bending mode (v4) around 400 cm~! is due to
changes in the Mn—O—-Mn bond angle [26-30].

Fig. 3 The lattice parameters (a and c) versus Co-doping level (x)

Appearance of the stretching and bending modes in the
transmission spectra for all samples indicate that the struc-
ture of manganites is formed. It is worth mentioning that
a shift and splitting is seen in the transmission spectra of
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Fig. 4 The FT-IR spectra of samples

Table 2 The stretching and bending modes of samples

Samples v3 (cm™) v (cm™)
v31 v32 V4
z=0.00 525 613 429
z=0.05 519 630 436
z=0.10 525 633 438
z=0.15 528 635 433

samples. The stretching and bending modes of samples are
collected in Table 2.

As one can see, there is a shift in wavelength of the
bending mode as well as a splitting in stretching mode. It
seems that, by the increasing of doping level, the splitting
enhances more. There are some reports about the stretching
mode shifting to a lower wave number [28, 30, 31], and they
have attributed this to the Jahn—Teller effect caused by the
Mn3* ion.

In layered manganites with a tetragonal space group
I4/mmm, oxygen resides in three positions labeled; Mn—
0O(1), Mn-0O(2), Mn-0O(3), (see Fig. 5) [2]. The struc-
tural study of single crystal half-doped layered mangan-
ites (LaSrpMnyO7) showed that all Mn—O bonds lengths
are the same [2], however, it seems there is difference be-
tween Mn—O bonds lengths in polycrystalline samples of
LaSrp,Mn, 07 [14, 32].

In doped samples, cobalt cations would be settled ran-
domly over octahedral positions. Due to the changing of
cobalt ions sizes with valance, the structure of the compound
experiences distortion because of tilt in octahedra. So, the
length of (Mn, Co)-O(1), (Mn, Co0)-O(2), and (Mn, Co)-
O(3) bonds change and probably the (Mn, Co)-O(2) chang-
ing is remarkable, because this oxygen resides in the out of
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the plane. According to v3 and v4 values, it can be deduced
that the stretching mode changes more remarkably than the
bending mode. So, cobalt substitution changes the lengths
of the bonds and the variation of v3 and v4 values indicate
a strong coupling between (Mn, Co)-O vibration frequency
with the bond lengths. These results support the XRD results
discussed above. So, these results may reflect JT distortion,
due to the fact that the JT distortion basically influences the
MnOg octahedra.

3.2 Magnetic Properties

As mentioned in the Introduction section, recent reports [10]
show CE-type CO and A-type AFM spin ordering occurs be-
low 210 K in the LaSr;Mn0O7 compound. The ground state
is the CE-type, and the AFM phase appears at 145 K [8].
The CE-type charge ordering is expected to be favored in
the localized d3,2_,2/3,2_,2 type orbital order. In the half-
doped manganite case, Mn*3 and Mn™* ions are ordered
alternately in the MnO» bilayers and the orbital of the addi-
tional e, electron at the Mn*3 site becomes ordered in the
checkerboard (zigzag) pattern [7], while the A-type one is
in the metallic d,>_ 2 ,2_ > type order. For this reason, gen-
erally, the CE-type system is insulating, and in contrast, the
A-type system has a metallic behavior.

For investigation of the magnetic phase transition, the
ac magnetic susceptibility, x (T) = x’ +ix”, measurements
were performed in the weak magnetic field of rms strength
10 Oe, and at a frequency of 333 Hz. Figure 6 shows tem-
perature dependence of the ac susceptibility for the samples.

Actually, an oscillating magnetic behavior can be seen
as a few peaks above CO transition around Tco = 220 K
in the high temperature, in the paramagnetic phase for
the parent compound. The amplitude of these oscilla-
tions increases near the CO phase, and they disappear in
the CO phase. The origin of this strange behavior has
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Fig. 6 Ac susceptibility versus temperature plots for the samples

not understood yet, but it has previously been reported
for single crystal compounds Laj;,Sro_xMnyO7 (x
0—0.4), Lallz(srl_xcax)l_ganom Lal.ZSrl_ganO% and
Laj 33511 66Mn207.12 [6, 33-35]. It has been predicted that
rotation of Mn spins probably creates such an unusual be-
havior. Mitchell et al. have stated that this feature does not
originate from the impurity phase since the single layer
(La, Sr),MnO4 compounds are paramagnetic at 7 > 150 K
[6], and they believe it is related to the spin correlations on a
short-range length scale, and might be intrinsic to this class
of 2D materials.

In Figs. 6(a)—(d), one can clearly see the effect of Co-
doping on the real x’(T) and imaginary x”(T) parts of ac
susceptibility for the samples. Co-doping destroys the order-
ing arrangement of Mn™> and Mn** ions, resulting in weak-
ening of the AFM state in LaSroMn»O7. Tco decreases from
220 K (z =0) to 102 K (z = 0.15). Also, although the pat-
tern of oscillating behavior is changed by Co doping, but this
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behavior still exists in the paramagnetic background even in
z =0.15 sample.

For further investigation of the oscillating behavior, we
focus on the z = 0 sample and the susceptibility measure-
ment under the extra applied dc field was carried out.

As one can see in Fig. 7, the amplitude of the oscillat-
ing trend is decreased by the dc applied field. So, this be-
havior should not come from structural inhomogeneity or
defects. As Wu and coworkers [33] have predicted, this be-
havior may be related to rotation of Mn spins. A weak dc
applied field may pin the Mn spins and the oscillating be-
havior disappears but not completely.

For further study and getting the magnetic information,
the dc magnetization M (T) for the parent sample was
also carried out in both Zero-field-cooling (ZFC) and field-
cooling (FC) modes at an applied magnetic field of 50 Oe,
100 Oe, and 1000 Oe.

Figure 8 shows the temperature dependence of magneti-
zation (M-T), field dependence of magnetization (M—H)
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measured at a few selected temperatures, as well as differ-
ential of magnetization (d M /dT) for the parent sample.
By decreasing the temperature, the ZFC curve shows a
peak about ~225 K in applied field of 50 Oe correspond-
ing to the Tco. The peak shifts to lower temperatures by
increasing of the magnetic field strength. As one can see in
Fig. 9, the hysteresis loop measurements at some selected
temperatures indicate that the magnitude of magnetization
increases drastically in low applied fields and does not reach
saturation up to 5 Tesla, indicating the existence of AFM
background in this sample. Also, one can observe that by
increasing the applied field the discrepancy of ZFC and FC
decreases. This means that there is an AFM interaction com-
peting with the dominant FM interaction. Also, the observed
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Fig. 9 Field dependence of magnetization for the z = 0 sample

weak ferromagnetic hysteresis loops at 20 K and 110 K is
related to interlayer FM interactions.

The results of dc magnetization are in agreement with
our ac susceptibility results. From dc magnetization mea-
surements, we can claim the oscillating behavior still exists.
The dM /dT versus T curves, which is shown in the inset of
Fig. 8, confirms this opinion.

To the best of our knowledge, there is not any exact ex-
planation for the origin of this anomalous behavior. In our
study, the FT-IR results confirm the existence of distortion in
crystal structure of samples so that it increases by increasing
the cobalt doping level. The results of our ac susceptibility
measurement under a weak dc applied field and dc magneti-
zation show that probably the rotation of Mn ions spins and
fluctuation in short range ordering of them can cause this
oscillating behavior. So, it seems that although the origin of
this behavior is not obvious; however, it may be concluded
that this behavior is an intrinsic nature in layered manganites
as Mitchell has stated regarding these materials [6].

4 Conclusion

The LaSrpMn;_,Co,07 (z = 0-0.15) polycrystalline com-
pounds were synthesized by the sol-gel method. The Ri-
etveld refinements of samples show that all adopt a Sr3Tiy
O7-type (327-type) perovskite structure. FT-IR studies show
a small splitting in the stretching mode for the undoped sam-
ple and a clear splitting is seen for doped samples. These are
due to distortion in the crystal structure caused by the Jahn—
Teller effect. The ac and dc magnetic measurements by Sus-
ceptometer and Squid equipment exhibit an antiferromag-
netic phase transition, which is accompanied by charge or-
dering state occurs around 220 K for an undoped sample and
it shifts to lower temperatures by increasing the CO doping
level. The ac susceptibility measurements show an anoma-
lous oscillating behavior. This behavior is suppressed by
increasing the CO doping level, but does not completely dis-
appear. The amplitude of these oscillations is reduced by ap-
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plying the dc field. Therefore, the oscillating behavior may
be due to the Mn spin rotation and fluctuation in short range
spin ordering and is an intrinsic nature of layered mangan-
ites and not caused by impurity.
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