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Structural and Microhardness Studies of
Rare-Earth Doped Ruddlesden—Popper Manganites
Sevgi POLAT ALTINTASY
Abstract

We investigate the explicit role of the A-site doping by Pr and Sm on the mechanical and
structural features of the lanthanum based double-layered manganites. The polycrystalline
samples of the Ruddlesden-Popper (LaiyREy)1.4CaisMn207 phase with RE: Pr and Sm are
elaborated by the solid-state synthesis route. Powder X-ray analysis reveal that the samples
structure is tetragonal (I4/mmm space group) and the lattice parameters do not change
significantly with the rare-earth substitution. However, the scanning electron microscopy
analyses demonstrate that the substitution with Pr and Sm affects the microstructure,
significantly. Vickers micro-hardness measurements are performed on both samples to evaluate
several structural parameters such as the stiffness, creep, micro-hardness, etc. We compare and
construct the mechanical and microstructural changes due to the Smand Pr doping with La site.
The detailed explanations for the observed mechanical changes by Pr and Sm doping is given.

Keywords: Ruddlesden-Popper phase, rare-earth substitution, microhardness, 11C and HK
models

1. INTRODUCTION

Due to the potential applications in technology
and exotic physical properties, perovskite
manganites have been devoted much attention,
recently. For instance, magnetic manganite
materials have been used as the key ingredient for
building some technological devices such as
magnetic recording and readout equipment,
highly sensitive magnetic-field sensors, solid
oxide fuel cells, and refrigerators [1-3]. The

* Corresponding Author: sevgialtintas@ibu.edu.tr

general formula of the chemical compound given
as (RE, A)n+1MnnOsn+1 is the well-known rare
earth-doped perovskite ~manganite of the
Ruddlesden—Popper series [4]. Here RE denotes a
trivalent rare earth ion, while A represents the
divalent alkaline earth ion, and n is the number of
MnO- layers per unit cell. The simple perovskite
manganites with n = oo have been deeply
investigated which have a three-dimensional Mn-
O networks and exhibit several novel physical
phenomena [5-7]. The double layered manganite
series with n=2, the MnO: sheets are isolated by
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two (RE, A)O planes which keeps the bilayer
slices of MnOs octahedra. The reduced
dimensionality and  structural  anisotropy
introduce great effect on the physical properties
of these manganites. The double layered
manganite series have been found to exhibit an
anisotropic reduction in the one-electron (eg)
bandwidth. The magnetic, electronic and
structural features of the double layered
manganite series are very interesting and
apparently different from the those of exhibited
by cubic perovskites [8-12]. In general, the mixed
Mn**/Mn**  valence state causes magneto-
transport phenomena. One may expect interesting
magneto-transport properties exhibited by the
manganites in terms of anisotropic transport and
exchange interactions [13,14].

Application of strong magnetic fields during
magnetoresistance (MR) measurements is shown
to induce large stresses in  colossal
magnetoresistance materials. Recent studies
showed that determining the elastic moduli of the
polycrystalline materials is crucial to reveal the
binding forces and to understand thermodynamic
features of the solid materials [15-20]. Beside the
magnetic and the electric property investigations,
exploration the elastic properties are also
important to find the convenient material in the
use of polycrystalline materials applications in
technology.

Recent studies have been mainly focused on the
transport, electrical and structural properties or
the technological applicational area of the mixed
valence manganites. On the other hand, there are
few studies that investigates the elastic features of
the layered manganites [15-17,21]. Specifically,
a recent study [21] have been shown that the Nd
and Gd rare earth doping with La site have
prominent effects on the mechanical and
structural features of LaCaMnO7 compound. In
this study [21], the apparent micro-hardness
values of the Nd and Gd doped samples shows an
enhancement with increasing the external load (an
effect known as reverse indentation size effect
which will be elaborated later in the text). In the
present contribution, we investigate the role of Pr
and Sm substitution with La on the mechanical
and structural properties of the double layered
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manganites with chemical formula (Lai-
yREy)14Ca1sMn207 (y: 0.857, 0.5). The explicit
role of the external load force on the apparent
micro-hardness values for the Pr and Sm doped
compounds have been revealed. The true micro-
hardness values under different external loads for
the considered rare-earth substitution elements
have also been investigated.

2. EXPERIMENTAL DETAILS

We wused the standard solid-state reaction
technique to prepare the polycrystalline bulk
samples which are formulated as
(Lao.142Progs7)14Car6Mn207  (LPCMO)  and
(LaosSmos)14CarsMn207  (LSCMO). In  the
formulation, the A-site average ionic radius is
kept constant at <ra>=~1.32 A. The average ionic
radii for rare earth and calcium ions are computed
according to Shannon’s ionic radii with twelve-
coordination number (La®* (1.36 A), Sm*" (1.24
A), Pr** (149 A) and Ca®" (1.34 A)). The
precursor powders were first heated 2 hours at 800
°C. The stoichiometric amounts of LayOs, Pr.03,
Sm203, CaCOz and Mn,O3 (Alfa Aesar, >99.9%)
were thoroughly mixed for 4 hours with acetone
to homogenize the mixture preliminary to the
solid-state formation of manganite. Then they are
calcined at 1150 °C for 24 hours with two
intermediate grindings.  The powders were
consolidated into pellets of approximate
dimensions 13 mm (diameter)x1.5 mm
(thickness) by using a hydraulic press with an
applied pressure of 3000 psi at room temperature.
The final sintering was done at the temperature
1250 °C for 24 hours by slowly heating and
cooling rate.

X-ray diffraction was used to carry out the
structural characterization. The XRD instrument
uses CuKa radiation at 1.5418 A wavelength
(Rikagu D/Max - IIC diffractometer). The
diffraction angle (20) was changed from 20° to 80°
with 0.01° step size. The count time for each step
was 1 s. Rietveld method in Jana2007 software
package was used to analyze the experimental
outputs [22]. Scanning electron microscope (Jeol
6390-LV) was used to investigate the role of the
rare earth doping on the changes in the grain size,
growth and morphology. 10 measurements (in
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average) at random points were performed by the
energy dispersive X-ray (EDX) spectrometer
inside the scanning electron microscope in order
to make a good prediction on the La, Pr, Sm, Ca
and Mn contents. The indentation measurements
were performed with a UMT—-Bruker SYS2 coded
mechanical tester which uses a Vickers type
indenter. We aim to elucidate the effect of the
applied loading force during the indentation.
Therefore, an increasing loading force, such as
(800, 1200, 1600, 2000) mN, was implemented
during 10 seconds at room temperature
(approximately 300 K).

3. RESULTS AND DISCUSSIONS
3.1. XRD and SEM Analysis

The powder XRD patterns for the polycrystalline
(Lao.142Progs7)14Ca16Mn207 and  (LaosSmos)1.4
Ca16Mn;07 recorded at room temperature are
demonstrated in Fig. 1. XRD data were analyzed
using Rietveld refinement in Jana2006 program.
Refinements were carried out in the Sr3TiO7-type
with a body-centered tetragonal unit cell (space
group l14/mmm, JCPDS card no. 41-1488).
Legendre polynomials consisting of 36 terms
were used to model the background. Here the
peak shape is identified by the pseudo-Voight
function. Fig. 2 demonstrates the X-ray
diffraction patterns which includes the fitted
profile, the raw data as well as the difference
profile for the rare earth doped samples. We
observe an agreement between the observed and
calculated intensities and positions of the lines
which suggest that the considered samples have
SrsTiO7-type perovskite structure [23]. We
would like to remark here that a small amount of
ABO3-type structure is found in X-ray pattern
which can be considered as an additional phase in
the multiphase refinement (see the phase 2 in Fig.
2). Table 1 summarizes the relevant structural
parameters and the quality factors obtained from
Rietveld analysis.
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Figure 1 Powder X-ray diffraction pattern of the
LPCMO and LSCMO samples.
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Figure 2. (Color online.) Rietveld profiles considering
14/mmm space group for the samples (a) LPCMO and
(b) LSCMO. Here the red line corresponds to the
observed XRD pattern, while blue line indicates the
calculated XRD pattern. The black vertical bars
represent the Bragg positions, and the green line (at the
bottom) shows the difference between the calculated
and the observed XRD diagram.
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Table 1

Refined structural parameters, unit cell volume, R-
factors and average crystallite size of bilayered
manganites.

Structure
Tetragonale
Space Group 14/ mmm
<ra>=1.3213 A
LPCMO LSCMO

a(A) 3.869816 3.857851
Aa 0.000509 0.000347
c(A) 19.38771 19.29455
Ac 0.00287 0.00166
V(A3 290.3403 287.1611
AV 0.0687 0.0338
GOF 1.44 1.14
Rp 9.53 9.21
Rwp 15.65 12.89
<D>(nm) 61 53

We calculate the average crystallite size by using
the Scherrer formula through measuring the full
width at half maximum of the diffraction line in
the XRD patterns. The Scherrer formula is given
by D =kM/PB cosb. Here D is the measure of the
average crystallite size, k is the shape factor
(which is 0.89), A= 1.5418 A is the wavelength of
X-ray source, © is the diffraction angle for the
highest intense peak (with Miller index (106) on
the Bragg angle 26=32.79° ) and B is the full-
width at half maximum of each diffraction peak
in the radian unit [24, 25]. The refinement values
are tabulated in Table 1.

The SEM micro-graphs shown in Fig.3 explicitly
demonstrate that the surface morphology and the
grain size are uniform, homogenous and also
dense for the Pr and Sm doped samples. The
measurements of the average grain sizes of the
samples were performed from several SEM
micrographs by using the ImageJ software. Based
on Gaussian fitting method, average grain size is
obtained to be 1.61 um for LPCMO and 1.43 um
for LSCMO samples. The energy dispersive
analysis of EDX spectrums of both samples are
presented in the below of the SEM pictures in Fig.
3. The elemental concentrations of the considered
samples are checked by using EDX analysis and
no impurity peaks are observed.

Sakarya

" Group ILPCMO

Ma

20kV  X5,000 Spm 0000 AIBU

Figure 3 SEM micrographs for (a) LPCMO and (b)
LSCMO bilayered manganites revealing surface
morphologies.

3.2. Dynamic micro-hardness measurements

The aim of the present contribution is to
investigate the changes in the mechanical
properties of LPCMO and LSCMO composite
samples via the Pr and Sm substitution. Along
this aim, we measure the load dependent contact
length. Using the Vickers hardness tester, micro-
hardness measurements are performed for the
applied loads between 400 mN and 2000 mN
values. The dynamic indentation measurements
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give the loading and unloading penetration depth
relation [26, 27]. It is well known that during the
loading and unloading stages, the materials are
subject to a process where plastic and elastic
deformations occur. In a similar way, we expose
our samples to elastic and plastic deformation
processes during the loading and unloading
stages. The mechanical properties of the samples
are calculated by using techniques introduced by
the Oliver and Pharr in Ref. [28].

Figs. 4 and 5 show the applied load and unload
forces as a function of the contact depth for
LPCMO and LSCMO samples, respectively. In
addition, we present a contact depth, hc, extracted
from the unloading curve for Pr substituted
sample in the inset of Fig. 4. The same method is
used to evaluate the value of hc for the LSCMO
sample for each load and tabulated in Table 2. We
calculate the values of hc for the LPCMO sample
as 8.8992 um and 22.469 um at applied unloading
force 400 mN and 2000 mN, respectively.
Morover, the similar values for LSCMO sample
are 10.9221 pm and 17.9106 um at the unloading
force 400 mN and 2000 mN, respectively. The
variation in the hc for the LPCMO sample is
obviously greater than that of the LSCMO
sample. This result indicates that the Pr
substituted sample has more plastic deformation
and less elastic recovery than that of the Sm
substituted sample.

2.4

LPCMO
2.0 4

Load (N)

* 04N
= 08N
" 12N
* 16N

20N

0 5 10 15 20 2 20
Depth (um)
Figure 4 Loading/unloading versus depth curve for the

LPCMO sample. Inset shows the contact depth, h,
extracted from the unloading curve.
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Figure 5 Loading/unloading versus depth curve for
the LSCMO sample.

Now we investigate the area of the indent imprint
which describes the cross-sectional area of the
indenter in a given distance at the back of its tip.
The area can be calculated as [28],

Ac = T[hcztanz(l (1)

where a is 70.3° for a Vickers or Berkovich
indenter. Therefore, the area Ac is given as
24.5hc2. The Ac values are calculated by using Eq.
(1) for the Pr and Sm substituted samples and are
tabulated in Table 2. It is seen here that the Ac
values for the both samples are monotous with the
applied loads. In other words, A; decreases with
the decreasing loads.
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he, hmax, Ac, Creep, S, H and E; values as a function of applied load for the samples LSCMO and LPCMO. All

parameters are defined in the text.

Sample Pmax (N) he (um) hmax (um)  Ac(m?) Creep S(MN/m) H (GPa) Er
(um) (GPa/m)

LPCMO 0.4 8.89 10.64 1.93E-09 1.97 0.229 0.206 4.619
LPCMO 0.8 15.07 17.00 5.56E-09 2.89 0.413 0.144 4,913
LPCMO 1.2 19.0 21.04 8.84E-09 253 0.589 0.136 5.549
LPCMO 1.6 22.68 24.9 1.26E-08 2.15 0.723 0.127 5.706
LPCMO 2.0 22.46 24.33 1.23E-08  1.89 1.074 0.162 8.561
LSCMO 0.4 10.92 12.98 2.92E-09 254 0.193 0.136 3.174
LSCMO 0.8 16.97 19.62 7.06E-09  2.22 0.303 0.113 3.192
LSCMO 1.2 17.49 20.72 7.50E-09  2.48 0.372 0.159 3.807
LSCMO 1.6 17.69 20.89 7.67E-09  2.25 0.500 0.208 5.063
LSCMO 2.0 17.91 20.86 7.85E-09  1.94 0.678 0.254 6.776

Creep (also called cold flow) of a solid material is
a proper quantity to indicate its response under
persistent mechanical stress. Therefore, the creep
behavior of the two samples at all loads are
computed and tabulated in Table 2. The creep
within material can exist under indentation
loading and reveals itself as a change of the
indentation depth with a fixed applied loading
force [29]. It is interesting to note that while the
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creep of a Pr doped sample has a non-monotonous
behavior, the Sm doped one has a linear response
to the applied load. When we compare the creep
values for the two doped samples, we observe that
the Sm doped results, in general, higher creep
values than the Pr doped one. The two samples
encounter the same loading process and
experimental conditions. The differences in the
creep values as given in Table 2 is, therefore,
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caused by the different doped sample with La
side.

The sudden displacement discontinuity in the
indentation loading and unloading curves
evidences the effect of pop-in and pop-out in the
materials, respectively [30]. However, the pop-in
and pop-out behaviors for the LPCMO and the
LSCMO samples are not obtained at any applied
loads in our experiment. Therefore, we conclude
that Sm or Pr substitution with La-site
significantly effects the crystal structure in a way
which  prevents the sudden mechanical
discontinuities in the indentation processes.

We have also calculated the micro-indentation
hardness by using the following formula [31]:

PmaX PmaX
H:Ah T 245%n? (2)

where Pmax is the maximum value of the applied
load force for each cycle and A is the contact area
values as defined in Eq. (1). Using Pmax values in
Figs. 4 and 5, the hardness values are plotted in
Fig. 6 as a function of applied loads and the
numerical values are tabulated in Table 2. It is
clear that the apparent hardness values
significantly affected by the applied loads as well
as the nature of the rare-earth element. As can be
seen from Fig. 6 that the hardness values of
LPCMO sample decrease with the increase in
load. On the contrary, the H values for LSCMO
sample increases linearly with load. The linear
increase of the hardness values as a function of
load is the indication of reverse indentation size
effect (RISE) for Sm doped sample [32, 33]. On
the other hand, the decrease of H values with the
increase in applied loads shows the presence of
indentation size effect (ISE) in the Pr doped
sample [34]. It is recently shown that plastic,
elastic and mixed plastic-elastic deformation
response of the material under external loads are
the prominent mechanisms that might cause ISE
[35-38]. More specifically, the dislocation loops
formed by indentation [35, 36] and dislocations
due to strain gradients [37] are the examples of
such mechanisms that result in ISE. Moreover, the
indenter or specimen friction resistance
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interacting with the elastic resistance of a material
are another source example of the ISE [38]. On
the other hand, the effect of distortion zones [39],
bluntness of the indenter and clipping of the
specimen around the indentation region [40] are
some example mechanisms that might cause
RISE behavior. We would like to mention here
that a recent study [21] investigated the explicit
role of the Nd and Gd doping with La site on the
mechanical and structural features of LaCaMnO7
compound. In this study, the apparent micro-
hardness values of the considered compounds
enhance with the applied load. In other words, the
Nd and Gd substitution results in RISE. Our
results demonstrate that the Pr doped sample, on
the contrary, results in ISE.

. .
024 = LPCMO
—e—LscMO

H (GPa)
°
N

T T T T T
0.4 0.8 12 16 2.0
Load (N)

Figure 6 The apparent hardness values as a
function of load for the samples LPCMO and
LSCMO.

The true hardness values for our considered
compounds are evaluated by using the
experimental data. The methods known as
indentation induced cracking (11C) and the Hays-
Kendall (HK) are appropriate to evaluate the true
hardness values for the samples that exhibits
RISE and ISE behaviors, respectively [39, 41].
The LSCMO sample exhibits RISE behavior as
noted above. Therefore, we fit the experimental
data to 11C model which is given as:

Hic = K(P5’3/h§)m (3)

Here m and K values are constants and
independent of the type of the material and the
load. In Fig. 7, we plot Ln(H) versus Ln(P%3/h3)
graph for the Sm doped sample. The slope gives
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the extracted m values which is calculated as 0.56
for the LSCMO sample. It explicitly proves that
doping with Sm results in RISE behavior. The
vertical intercept in the figure gives the true
hardness value of the LSCMO sample which is
approximately 2.82 GPa. We would like to
mention here that the applied load (2N) shown in
Fig.6 is not sufficient to approach the plateau
region.

® | SCMO

T T T T T T
Linear Fit /

o] .

-2.0 n -
d

-1.44

LnH (GPa)

-2.24

T T T T T T T T
-9.0 -8.8 -8.6 -8.4 -8.2 -8.0 -7.8 -7.6 -7.4
5/3 3,
Ln(P*h %)

Figure 7 Ln(H) versus Ln(P5/3/h§) graph for the
LSCMO sample. The fitted line is obtained by using
the 11C model as defined in the text.

For the LPCMO sample, we use the HK model to
show the ISE behavior which is given as:

P-POHK = K1h§ (4)

Here Ponk is the value of the minimum applied
load and K; is the hardness constant which is
independent of the applied load. It is obvious from
the equation that the effective indentation load (P-
Ponk) is directly related to the square of the
indentation diagonal length. In the considered
model, true hardness, Hw, is calculated as

Huk = 1854.4K; (GPa) (5)

Fig. 8 shows the applied load F as a function of
d? with the aim to examine the data using the HK
model. Here we obtain a linear dependence of F
on d? for the Pr substitution. Huk and linear
regression coefficent (LRC) fit parameters are
calculated as 0.125 GPa and 0.9994, respectively.
As can be seen from Fig. 6 that while the apparent
hardness value of LPCMO sample reaches almost
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the plateau region, the true hardness value is
indeed in the plateau region.

16J| ®™ LPCMO
Linear Fit of P

T T T T T
0 100 200 300 400 500
2 2
h,? (um’)

Figure 8 Load versus the squared of contact depth for
the LPCMO sample. The fitted line is obtained by
using the HK model.

There are several successful methods to calculate
the stiffness of a sample [42-46]. A direct way to
calculate the stiffness is to make a linear fit to the
fraction of the highest portion of the unloading
curve. The slope of the fitted line gives the
stiffness of the specimen for a single load. The
stiffness (S) is computed as [43]:

_|dP| V2 E
S“%‘ﬂ'ﬂ ©®

Here E; indicates the reduced elastic modulus.
The S values are tabulated in Table 2. One can
note from the table that the S values depends on
the load significantly. The increase in the load
increases the S values for both samples. When we
analyze the dopant effects, we observe that Pr
doping results in higher S values than the Sr
doped sample at all loads. The reduced elastic
modules as a function of load can be evaluated by
using the Eg. (6) and are displayed in Table 2 and
Fig. 9. It is observed that the values for the
considered rare-earth samples increase as a
function of load.
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E, (GPa/m))

T T T T T T T T T
02 04 06 08 10 12 14 16 18 20 22
Load (N)

Figure 9 The elastic modulus as a function of applied
load for the samples LPCMO and LSCMO.

We can calculate the percentage elastic recovery
ratio (%), ERR, using the load and unload curves.

ERR = w.mo @)

max

The ERR provides us to quantitatively compare
the elastic features of the samples. One can
calculate the ERR as in Eq. 7 where hmax (Nmin)
values indicate the maximum (non-recovery)
contact depth in the indentation stage. In Fig.10,
the ERR values of the samples are shown. We
observe that while the ERR values of the LPCMO
are in the range 20-50%, the ERR values for
LSCMO sample recover more range
approximately 40-50%. This shows that the ERR
values for the LSCMO sample recovers better to
its original shape than that of the LPCMO one at
all the considered loads. Please remark here that
both samples possess the same ionic A site radius
(<ra>=1.32 A). However, we found here that the
considered samples have different responses to
the plastic deformation. Even the ionic radius of
the samples is the same, the mechanical
properties, such as the elastic modulus, hardness
and stiffness, are quite different. The differences
are due to the different microstructures and
average grain sizes. From the comparison of Sm
or Pr doping effects, we conclude that Sm doping
leads to denser surface, better grain connectivity
and smaller average grain size. Moreover, Sm
doped sample has the density of voids lower than
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the Pr doped one. We conclude here that the Sm
doped sample has higher hardness values.

ERR (%)
&

)
S

N
a

N
o

_||—=—LPCMO
—o— LSCMO|
T

T T T T T T T T
02 04 06 08 10 12 14 16 18 20 22
Load (N)

Figure 10 ERR values for LPCMO and LSCMO
obtained at different loads.

4. CONCLUSIONS

We have given a comprehensive analysis on the
mechanical and microstructural properties of the
Ruddlesden-Popper (LaiyREy)1.4Ca1.6Mn.07
phase with RE: Pr and Sm. The explicit role of the
Pr and Sm doping with La site has been revealed.
The X-ray diffraction measurements demonstrate
that all samples exhibit Sr3Ti,O7-type perovskite
structure with the 14/mmm space group. From the
SEM micro-graphs analysis, it is found that the
surface  morphology and the grain size are
uniform, homogenous and also dense for both
samples. The dynamic Vicker micro-hardness
measurements have been performed in order to
study the mechanical properties. We have used
the HK model for the LPCMO sample and the II1C
model for the LSCMO to compute the true-
hardness values. Our main conclusions can be
listed as follows. The stiffness values of both
samples depend on the load significantly which
can increase as a function of the load. The both
pop-in and pop-out behaviors for the samples are
not observed at the considered loads. This is the
indication that Pr and Sm doping have
significance on the mechanical discontinuities.
While the hardness value of the LPCMO sample
decreases from 0.21 to 0.16 GPa for the load
increasing from 400 to 2000 mN, the hardness
value of the LSCMO sample increases from 0.14
to 0.25 GPa in the same load range. A RISE
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behavior is observed for the LSCMO sample, in
contrast to the LPCMO sample which exhibits
ISE behavior. The true micro-hardness values of
the LSCMO sample (which is 2.82 GPa)
is considerably larger than that of the LPCMO
(which is 0.125 GPa). The large deviation in the
true micro-hardness values in the considered
samples is due to the different average grain sizes
and microstructures. The reduced elastic modules
of the samples have been found to increase as the
function of the load. The percentage elastic
recovery ratio of the samples has opposite
dependences on the load. While ERR values of
the LSCMO sample increase as a function of the
load, the values of the LPCMO decrease.
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