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Intergrowth perovskite type complex oxides LagsLng,Sro>MnCrO7.s (Ln=La, Nd, Gd, and Dy) have been
synthesized by sol-gel method. Rietveld profile analysis shows that the phases crystallize with tetragonal unit
cell in the space group /4/mmm. The unit cell parameters a and ¢ decrease with decreasing effective ionic radius
of the lanthanide ion. The magnetic studies suggest that the ferromagnetic interactions are dominant due to
Mn*~O-Mn*" and Mn**~O-Cr*" double exchange interactions. Both Weiss constant (6) and Curie temperature
(Tc¢) increase with decreasing ionic radius of lanthanide ion. It was found that the transport mechanism is
dominated by Mott’s variable range hopping (VRH) model with an increase of Mott localization energy.
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Introduction

Layered mixed valence manganites (La, Sr)sMn,O; of
Ruddlesden-Popper phases (# = 2) have been in the focus of
research efforts for the last two decades due to their ability to
exhibit a wide variety of interesting functional properties,
such as the colossal magnetoresistance effect, the tunneling
magnetoresistance and fascinating magnetic properties.'” In
this system, two ferromagnetic MnO, layers are separated by
a rock-salt-type block layer (La, Sr),O,, keeping the quasi-
two-dimensional networks of the MnOs octahedra. The
perovskites (La, Sr)MnO; and layered perovskites (La,
Sr)sMn,O7 are the n = o0 and #» = 2 members of the series of
Ruddlesden-Popper (RP) phases An+1BnOsn+1, respectively.
The layered structure, and the corresponding two-dimen-
sional Mn—O-Mn network of the layered perovskites make
them show some interesting properties different from the
well known perovskites. In the particular context of the
manganites the mixed valency (Mn®>"/Mn*") leads to strong
ferromagnetic (FM) interactions arising from the Mn**—O—
Mn*" bonds due to double-exchange (DE) mechanism.*> In
addition to DE interactions the lattice distortion is also
believed to play an important role through strong electron—
phonon coupling which arises from the Jahn-Teller (JT)
distortion around the Mn** ions.®’

During the past several years, there have been increasing
reports on the effects of Mn-site element substitution. Among
these doping elements, Cr-doping at Mn site in manganites
has attracted more attention because Cr-doping has a specta-
cular effect.!° However, very few reports have appeared on
the effect of Cr-doping at Mn site for bilayered perovskite
manganites. Recently, the effect of Cr-doping on charged-
ordered (CO) state of the bilayered manganite LaSr.Mn,0O7
is investigated through the measurement of electrical trans-
port and magnetic properties.'"""* Since the properties of
perovskite oxides are strongly affected by chemical factors,

such as the average cationic radius (r,) in the A-site'*'® and

the A-site cationic size mismatch,'”!® it was thought interest-
ing to make partial substitution at La site by other rare-earth
ions in chromium substituted manganites. In view of this,
bilayered manganites of composition Lagsl.ng>Sro-MnCrO-
(Ln=La, Nd, Gd, and Dy) have been synthesized by sol-gel
method. Their crystal structure has been determined by
Rietveld analysis of the X-ray diffraction data. The electrical
transport and magnetic properties have been investigated as
a function of temperature.

Experimental

The polycrystalline samples Lag sL.ng>Sr-MnCrO7 (Ln=La,
Nd, Gd, and Dy) were synthesized by standard sol-gel
technique. 99.9% pure chemicals of LayOs;, Nd»O3, Gd20s3,
Dy203, SI‘CO3, CI‘(NO3)3‘9H20, and Mn(CH3COO)2-4H20
were used as starting materials. Prior to use, La,Os, Nd>Os3,
Gd,0s3, and Dy»Os3 were calcined at 1000 °C for 10 h in air
to remove any hydrogeno-carbonate impurities. Stoichio-
metric amounts of La,Os;, Nd,O3, Gd»O3, Dy>0s, SrCOs3,
Cr(NOs)3'9H,0, and Mn(CH3COQ),-4H>,O were dissolved
in a minimum quantity, typically 150 mL, of a 1:1 solution
of analar 6 M nitric acid and distilled water. The mixed
solutions were thoroughly stirred using magnetic stirrers for
about 2 h and then citric acid was added with a molar ratio of
citric acid to total metal ions being set at 3:1. The pH of each
solution was adjusted to neutral value using the aqueous
NHj3 solution to avoid precipitation. The solutions were then
slowly evaporated at 95 °C on a hot plate to get gel. The gels
were further dried at 300 °C until each self-ignited and burnt
into soft black powder. The black precursor powders were
then ground and heated at 650 °C for 3 h. During this process
a number of gases, viz. CO, CO,, organic products, water
vapors, efc. evolve as a result of decomposition of mainly
citrates. The resulting powders were micro-milled and press-
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ed into pellets at a pressure of 20 MPa and then calcined at
1280 °C for 40 h with a number of intermediate grindings
and pelletizings. Finally, the samples were cooled down
slowly to room temperature in the furnace.

Room temperature X-ray diffraction data of the phases
were recorded with Bruker AXS diffractometer type D
76181 (Karlsruhe, Germany) using CuK,, radiations in the
20 range 20-80°. Rietveld refinements of the crystal struc-
ture were performed using GSAS program.'® The line shape
of the diffraction peaks was generated by a pseudo-Voigt
function. The background was chosen by interpolation bet-
ween selected points in regions devoid of Bragg reflections.

The electrical resistivity of the sintered pellets of the phases
was recorded by four probe method in the temperature range
150-350 K. Thin copper wires were attached to the surface
of pellet for the purpose of electrodes with silver epoxy.
The densities of the sintered pellets were determined by
Archimedes method. The magnetic susceptibility of the
polycrystalline phases was measured by Faraday technique
in the temperature range 100-300 K using Hg[Co(SCN)4] as
calibrant. All magnetic susceptibility values were corrected
for diamagnetism of the constituent ions.

Results and Discussion
XRD patterns for all the samples of LagsLng>Sr>MnCrO7
(Ln = La, Nd, Gd, and Dy) are presented in Figure 1. All
diffraction peaks were indexed using Sr;Ti,O7-type tetra-
gonal structure in the space group /4/mmm, indicating a

single phase of bilayer structure. The Rietveld refinements
were carried out in the space group /4/mmm starting with
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Figure 1. X-ray powder diffraction patterns of LaSroMnCrO~(1),

LapsNdo2SrxMnCrO7 (2), LaosGdo2SroMnCrO7 (3), and Lag sDyo .-
Sr_MnCrO7 (4).
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Table 1. Structural parameters obtained from the Rietveld refine-
ment of X-ray diffraction pattern for samples Lag sLng>SroMnCrOs.
The atomic sites are: Ln/Sr(1) 2b[0, 0, 0.5]; Ln/Sr(2) 4e[0, 0, z];
Mn/Cr 4e[0, 0, z]; O(1) 2a[0, 0, 0]; O(2) 4e[0, 0, z]; O(3) 8g[0, 0.5,
z] in the space group I4/mmm

Ln La Nd Gd Dy
a(®) 3.8486(1) 3.8454(1) 3.8434(1) 3.8418(1)
c(A) 20.0709(3) 20.0191(7) 19.9596(9) 19.9216(8)
V(A% 297.28(6) 296.02(4) 294.84(4) 294.03(7)
z Ln/Sr(2) 0.3143(2) 0.3156(1) 0.3141(2) 0.3119(3)
Mn/Cr  0.0967(5) 0.0984(3) 0.0987(4) 0.0968(8)

0(2)  02065(2) 0.2003(7) 0.2009(8) 0.1937(9)
03)  0.0891(2) 0.0917(6) 0.0919(9) 0.0892(9)
Ln/Sr(1) 0.0168(4) 0.0189(4) 0.0209(3) 0.0197(4)
Ln/Sr(2) 0.0208(6) 0.0251(5) 0.0235(5) 0.0239(6)
Mn/Cr  0.0258(9) 0.0308(7) 0.0273(2) 0.0262(2)
Oo(1)  0.0313(5) 0.0408(1) 0.0610(2) 0.0690(7)
0(Q2)  0.0594(9) 0.0471(2) 0.0447(9) 0.0461(3)
0B3)  0.0615(3) 0.0535(4) 0.0471(7) 0.0536(4)

Uso (A?)

Occupancy O(1) 0.962(4) 0.959(4) 0.956(5) 0.960(4)
0Q) 1 1 1 1
0(3) 1 1 1 1
Rup 00813  0.0551  0.0753  0.0699
R, 0.0621  0.0404  0.0516  0.0432
7 1.19 2.37 5.39 5.01

atomic positions taken from Sr;Ti»07,%° with Ln/Sr(2), Mn/
Cr, O(2) and O(3) atoms situated at special positions 4e, 4e,
4e and 8g with coordinates (0, 0, z), (0, 0, z), (0, 0, z) and (0,
0.5, z) respectively. The Ln/Sr(1) atoms are located at (0, 0,
0.5) in sites 2b, and the O(1) atoms at (0, 0, 0) in sites 2a.
The refinement values, structural parameters and R-factors
along with the estimated standard deviation (ESD) for the
phases are given in the Table 1.

The results suggest that the occupancy of oxygen in
Lag sL.ng»Sr;MnCrO7 phases at the site (0, 0, 0) is less than
one, which shows that the phases are oxygen deficient with
composition Lag gLng>Sr>MnCrO~s. It may be noted that of
the three oxygen positions, the O(1) site is of course, the
preferred one for the oxygen loss in these type of phases.”!
The decrease in oxygen content suggest that manganese is
present in mixed valence state of Mn*"/Mn**. The temperature
factor (Uis) has comparatively large values for various ions,
especially the oxygen ions, signifying distortion of the ions
from their ideal positions. The reliable parameters R, R,
and y* (Table 1) for the phases are reasonable for assigning
the structure to the phases on the basis of the Rietveld
analysis. The observed, calculated, and difference profile for
the Rietveld refinement of LaSroMnCrO~_; phase is shown in
Figure 2, while its unit cell structure is shown in Figure 3.
The Rietveld refinement profiles of the other phases are
shown in Figures S1, S2 and S3 in supporting information.

The data in Table 1 suggest that both the unit cell para-
meters a and ¢ and cell volume decreases from La to Dy
compound which is consistent with the decrease in the ionic
radii of lanthanide ion. It has been observed that the decrease
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Figure 2. Rietveld refinement profile for the fit to the XRD pattern
of LaSr:MnCrO».

Figure 3. Unit cell structure of LaSroMnCrO».

in ¢ parameter from La to Dy is much larger than that of a
parameter. This can be attributed to the commulative effect
of reduced lanthanide radii along the ¢ direction where the
layers are stacked. The particle size (D) was determined
from XRD using the Scherrer equation®

_ KA
pcosd

where K is a constant equal to 0.90, A is the incident X-ray
wavelength (= 1.54 A), @ is diffraction angle and £ is full
width of the peak at half maximum in radians. The particle
sizes, as determined from peak with maximum intensity
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Table 2. Particle size, density and percentage porosity of LagglLng -
Sr,MnCrOy phases

Particle Experimental X-ray

Compound size density density P(())/:zfiﬁffy
(nm) (gem™)  (gem™)
LaSr-MnCrOy 40.54 5.576 5.947 6.24
Lao,gNdo,zsrzMnCrO7 38.35 5.657 5.992 5.59
Lag3Gdo2Sr-MnCrO;  36.30 5.773 6.047 4.53
Lao,gDyo,ZSrzMnCrO7 35.31 5.851 6.075 3.69

which corresponded to the Miller indices (105) in all XRD
patterns, are given in Table 2. The change in particle size
was attributed to the ionic radii of the constituent lanthanide
ion. The crystallites were more compact in the sample
LaosDy02SMnCrO; as Dy ion was smallest one. Sub-
stitution of lanthanide ion with larger ionic radius caused an
increase in porosity of grains and the grains were less com-
pact causing an increase in particle size.

The temperature dependence of inverse molar magnetic
susceptibility is shown in Figure 4. The linearity of plots
suggests that the Curie-Weiss law is followed in the temper-
ature region of investigation. The values of magnetic moment
(tLep), estimated from high temperature region of ;(,_,,1 versus
T plot (Fig. 4), are given in the Table 3. The theoretical spin
only magnetic moments for the phases have been calculated
from the relationship®

[ 2 2 2
Hear = NI M T LT 0310

where 71, n» and n3 are the relative molar fractions of Ln’",
Mn*" and Cr** ions, while 24, 1 and 3 are their respective
theoretical magnetic moments and are given in Table 3. The
higher values of g4 than ti.s show that manganese is partly
present in +3 valence state. The difference in the values of
My and ticq suggest that the phases contain about 20%
Mn*" and 80% Mn*", which is in good agreement with the
occupancy of oxygen determined by Rietveld analysis. The
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Figure 4. Plots of inverse molar magnetic susceptibility ( ;(:nl)
versus Temperature (K) of LaSr,MnCrO7, LagsNdy>Sr-MnCrO7,
Lao,ngo,ZSrzMnCrO% and Lao,gDyo‘ZSrzMnCrOm
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Table 3. Magnetic and electrical parameters of LagsLng>Sr-MnCrOy giving the values of Weiss constant (0), Curie temperature (Tc), Curie
constant (C), theoretical magnetic moment of rare-earth ion (prn3+), experimental magnetic moment (L), calculated spin-only magnetic

moment (Lear), and characteristic VRH temperature (T,)

Compound 0 Te C HLn3* Mefr Leal To x 1078
(K) (K) (Kemuw/mol) (B.M.) (B.M.) (B.M.) (K)
LaSr,MnCrO- 144 165 3.963 0.0 5.63 5.48 6.797
LaggNdo2Sr»MnCrO- 152 170 4.323 3.62 5.88 5.71 5.186
Lag3Gdo2Sr>-MnCrO7 165 185 5.563 7.94 6.67 6.53 3.820
LagsDy02Sr2MnCrO7 180 200 6.828 10.63 7.39 7.25 2.575

Weiss constant (0) is positive for all the phases suggesting
that the ferromagnetic interactions are dominant. Similar
results were also reported by Zhang et al for the doping of Cr
in bilayered LaSroMn,O7."" The ferromagnetic Curie temper-
ature (T¢) for the phases was determined from the plot of
molar magnetic susceptibility (y.) versus temperature (see
supporting information Fig. S4) as well as from the plot of
product of molar magnetic susceptibility and temperature
(ymT) versus temperature (see supporting information Fig.
S5) and its values are given in Table 3.

The magnetic properties of the manganites are determined
by the sum of contributions from several exchange interac-
tion mechanisms, more specifically, superexchange interac-
tion of manganese ions via oxygen ions, double exchange in
the presence of manganese ions in different valence states,
and indirect exchange via free carriers. The last two mech-
anisms are qualitatively similar and account for the ferromag-
netic coupling between the magnetic ions. Since in the
present phases, Mn is present in mixed valence state (Mn**/
Mn*"), there could be ferromagnetic DE interaction between
Mn*" and Mn*" ions. Moreover, the Cr** ion has the same
electronic configuration (tfge;) as the Mn*" ion, there may
exist a ferromagnetic DE interaction between Cr’" and Mn**
ions just as between Mn*" and Mn®" ions. The proposal has
been proved by some experimental results.”* Thus, the double
exchange couplings Mn**~O-Mn*" and Mn*~O-Cr** leads
to ferromagnetic interactions in these phases. Both Weiss
constant (6) and ferromagnetic Curie temperature (Tc)
increases with decrease in the ionic radius of lanthanide ion
(Table 3). Ln** (Ln = Nd, Gd, and Dy) ions will interact with
Mn/Cr ions and influence the alignment of Mn/Cr moments,
which could result in the weakening of FM interaction and
the frustration of long-range magnetic ordering. These
effects are negligible at low doping level and long-range FM
ordering is still strong.”> Moreover, in these phases, which
are quasi two-dimensional in structure, decrease in c-axis
brings the bilayers closer thereby strengthen the coupling
between them and result in the increase of three-dimensional
magnetic ordering and formation of FM clusters. This seems
to be the reason for increase in 6 and T¢ for the phase with
smaller unit cell.*®

For electrical resistivity measurements, a very dense ceramic
is required. The powders were fabricated into pellets (10 mm
in diameter and 1 mm thick) using uniaxial pressing (20
MPa), and then sintered at 1200 °C in static air atmosphere
in an electric tube furnace for about 12 h. The experimental

densities of the sintered pellets were about 95% of the
theoretical density. The percentage porosity of the samples
was calculated using the relation.?’

p=[1—(‘2ﬂ“ﬂ x 100

cal

where dy., is the measured density and d.w is the X-ray
density. The measured density of the sintered pellets, X-ray
density and the percentage porosity are given in Table 2.

The temperature dependence of electrical resistivity of
Lay sLng2SroMnCrOy.5 phases is illustrated in Figure 5, where
log p is plotted against temperature (T). The plot shows that
the temperature coefficient of resistivity of all the phases is
negative suggesting that the materials are insulators with no
anomalous features in the entire temperature range of 150-
350 K. The insulating behavior arises from localization of
charge carriers. It has been observed that the electrical re-
sistivity of the phases decreases with decreasing ionic radius
of lanthanide ion. This could be attributed to enhancement of
three-dimensional magnetic ordering because of coming
closer of (Mn/Cr)O; and (Ln,Sr)O layers along the c-axis as
a result of the decrease in the ionic radii of lanthanide ions.*®

The temperature dependent resistivity can be best fitted
with the Mott’s variable range hopping (VRH) model, p = p,
exp(To/T)"*, where p, is the pre-exponential factor and T, is
the characteristic VRH temperature which is proportional to
Mott localization energy. T, is related to localization length
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Figure 5. Plots of log p versus Temperature (K) of LaSro-MnCrO-,
Lao_gNdoAzsrzMnCI‘OL Lao_ngoerzMnCrO% and LaoAgDyo_zsrzMIl-
CI‘O7.
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(¢) by the relation, T, = 24/nksN(Er)&’, where kg is
Boltzmann constant and N(Er) is the density of states at
Fermi level. The linearity of log p versus T™'* plot (see
supporting information Fig. S6) in the temperature range of
investigation shows that the electronic conduction occurs by
a 3D variable range hopping (VRH) mechanism, which is
generally observed in such perovskite-related phases.'!?
The values of T,, calculated from the slopes of plots of log p
versus T, are given in Table 3. The values of T, increase
with increasing size of lanthanide ion thereby increasing
Mott localization energy and thus makes the transport behavior
more and more insulating.

Conclusions

Ruddlesden-Popper phases, LagsLng>Sro-MnCrO7s with
Ln = La, Nd, Gd, and Dy, were synthesized by sol-gel
method. The Rietveld refinement of the powder X-ray
diffraction data shows tetragonal symmetry with space
group /4/mmm for all the phases. Both the cell parameters a
and ¢ decrease from La to Dy, consistent with the decrease in
the ionic radii of lanthanide ion. The phases are oxygen
deficient indicating the presence of mixed valence state of
manganese (Mn>"/Mn*"). The resistivity measurements sug-
gests that the phases are insulators and the electrical conduc-
tion in the phases occurs by Mott’s variable range hopping
mechanism. The polycrystalline materials are ferromagnetic
due to double exchange coupling between Mn**—O-Mn*"
and Mn**~O-Cr*". The increase in 0 and T¢ with decreasing
ionic radius of lanthanide ion could be due to enhancement
of the three-dimensional magnetic ordering because of
coming closer of (Mn/Cr)O; and (Ln,Sr)O layers along the
c-axis as a result of the decrease in the ionic radii of
lanthanide ions.
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