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ABSTRACT

We conducted first-principles Density Functional Theory (DFT) calculations using the CASTEP
software package to investigate the crystal structure and mechanical properties of Fe®*-doped
Lao7Bao3sMnOsz material at the Mn®* site, with doping concentrations ranging up to 50%. Through
geometry optimization, we simulated the X-ray diffraction (XRD) pattern. We observed that the
doping of Fe did not result in a shift in the peak positions of the diffraction pattern. However, it led
to an increase in intensity at the [012] peak and the splitting of peaks [104] and [110]. Regarding the
mechanical properties, we examined the elastic constants and observed a reduction in the Bulk,
Shear, and Young's modulus values. The Shear and Bulk modulus and Poisson's ratio indicated that
Lag.7BaosMnaxFexOs becomes less ductile with increased Fe** doping content. Furthermore, we
performed calculations for the Debye temperature, which revealed a decrease in the thermal
conductivity of the Lao7Bao.sMn.xFexOs material.
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INTRODUCTION

Perovskite manganite is a versatile material with a wide range of properties, including
structural, magnetic, electrical, and absorber properties, that can be deliberately engineered and
manipulated™. Perovskite materials are characterized by the chemical formula ABOs. In the
case of manganate perovskite materials, they are extensively engineered using the formula A-
x»BxMnOs. The A element represents a trivalent rare earth element, while the B denotes a
bivalent alkaline earth metal®*l. This deliberate engineering profoundly influences the crystal
structure and the resulting magnetization value of the material. Recent research in doping
Lanthanum-based perovskites 81 strengthens the argument that explained doping on the La
site of lanthanum manganate material induces the presence of two valence states for Mn ions,
namely Mn®* and Mn**, due to double exchange interaction events. Furthermore, doping on the
Mn site influences the double exchange interaction, altering the material's structural properties.
The changes in properties are also highly dependent on the doping concentration.

Efforts to engineer materials by doping cite A with Ba and cite B with Fe have been made to
investigate perovskite's structural, magnetic, photocatalytic, and electronic properties®8l, Fe
is an exciting dopant in tandem with Mn because their ion radii are not much different!*®l, so
doping does not significantly alter the crystal structure. Consequently, lattice effects on
electrical and magnetic properties can be neglected, and effects due to variations in the electron
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configuration of the different ions can be accessed. Fe can be used as a control parameter to
vary this manganite's magnetic and transport properties 61, The obstacle is that the synthesis
of Lao.7Bao.3sMn(-x)FexOs, which is purely single-phase, becomes difficult. Some research that
comes close is Lag.7-xYxBao2MnixFexOs (x = 0 — 0.3)17] LagsBao 2MnixFexOs (x = 0 — 0.1)[8],
and Lao7BagsMnixFexOs (x = 0, 0.02)12% this motivates us to conduct a theoretical study to
determine the structural properties of Lao.7BaosMn-xFexOs at high doping content.

Researchers have undertaken multiple endeavors to forecast the value of perovskite lattice
parameters by examining a comprehensive database of perovskite compounds 22-?21 and using
SPuDS?®. In this study, we performed simulations on the XRD pattern of lanthanum
manganate perovskite material, specifically Lao.7Bao.sMn-xFexOs, to investigate the effects of
doping. The study encompasses five variables with varying constant x values (0, 0.1, 0.2, 0.3,
0.4, and 0.5). Subsequently, we compared the simulation results with experimental findings.
The simulations were conducted using first-principle calculations using the Cambridge Serial
Total Energy Package (CASTEP) Academic program!?4,

METHOD

The basic structure we reference is LaMnO3[?!, which has a space group R-3c trigonal with the
hexagonal axis. This determination is based on the results of calculations using the
Goldsmidtch factor (t,)[?%?7,

0.771q+0.3rga+70
1)

onet, = ,
G T V2I(A-X)Tyn+xTpe+T0)

where r is the atomic radius, for r;,, 54, Tymn, Tre, and ry values are 117.2, 149, 72, 69, and
128 pm 91 The calculation result of Equation (1) for the range of x = 0 — 0.5 values is t; =
0.891 — 0.898, which is known to be in the range of rhombohedral or orthorhombic structures
reaching stability in the range of 0.89 < ¢, < 1.2 [26-%8],

We use CASTEP Academic version 20.11[24. CASTEP is software implemented with density
field theory (DFT) by solving the Khon-Sham equation to perform theoretical simulations
of material properties from the first principles. In the calculation initiation process, we use the
functional GGA+PBERY, ultrasoft pseudopotentials®!, and the BFGS algorithm!®2. For the
doping technique, we mix the doping atoms at the host atom site by modifying the occupancy
or weight according to the doping proportion or mixture atoms; these changes are added in the
.cell file as input to the CASTEP file. Note that in performing doping, it is more advisable to
expand the unit cell with supercells and replace the atoms directly at certain positions for more
realistic calculation results because the periodicity is better preserved than the atom mixture.
However, the computation becomes more expensive and longer, so this research uses the atom-
atom mixture doping technique. In the .param input file, CASTEP is set to use the Geometry
Optimization task for unit cell relaxation with a cut-off energy configuration of 340 eV and k-
points of 5x5x2. CASTEP will stop calculating if it reaches the convergent criteria: sixnendsy
5 x 107¢ eV/atom, maximum force 0.01 eV/A, maximum stress 0.02 Gpa, and maximum
displacement 5 x 107* A.

Next, the elastic constant is calculated using CASTEP to determine the mechanical properties
of a crystal structure, employing the finite strain theory method [, where the elasticity
constant is calculated by assigning the strain value (¢;) to calculate the stress (o;) which is

proportional to the elastic stiffness coefficient (C;;). Furthermore, the values of Bulk Modulus
(B), Shear (G), Young (E), Poisson's ratio (v), and Hardness (H) can be calculated using the
information from C;; with the formulas of Voigt®!, Reuss®®, dan Hill*°!.
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RESULTS AND DISCUSSION

The output of the geometry optimization task is information on the relaxed lattice parameters
for each doping concentration. We used the Mercury program® to simulate the diffraction
pattern with a parameter set of step scan 0.001° A.,, and full-weight half maximum 0.3°.
Furthermore, we used Vesta®® to model the 3D unit cell crystal. The Equation (2) used to
describe the XRD diffraction pattern simulation is

Ikt = Xil Frwal? X pi X PL(6) X B X M; + Iy, 2

with Fy; is the structure factor, p is multiplicity, PL(6) is Lorentz polarization, g is full-
weight half maximum, M is the temperature factor, and I, is background. In this case, we set
I,cqg = 0 (pure crystal without amorphous) and excluded the temperature factor (M = 1) to

simplify the calculation.

[214]
[012] [024] [018]

N T

A
thmﬁ ;\__:: Jk
N TR S

20 30 40 50 60 70 80 28 30 32 34 36 38
20 (°)

Intensity (a.u.)

Figure 1. XRD simulation pattern of Lag7BagsMng.xFexOsz (x = 0 - 0.5)

Figure 1 shows the simulated diffraction pattern of Lao.7BaosMnu-x)FexOg, is a very significant
difference can be seen from hkl [012], whose relative intensity of the diffraction pattern gets
higher as the value of doping concentration increases; this happens because the slices in hkl
[012] are dominantly about O ions, as shown in Figure 2(a), and it can be seen in Table 2 and
Figure 2(b) that the consequence of doping Fe** content on Mn®* causes the position of O
atoms to shift in the low x-coordinate, thus making the O content approach and hit the hkl
[012] slice. Splitting occurs at high peak positions, namely at hkl [104] and [110]. More details
can be seen in Table 1.
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Table 1. Positions (20) and intensity peaks of Lao7BaosMnaxFexOs (x = 0 — 0.5) at six prominent peaks,
including experimental data as a comparison.

hki
[012] [104] [110] [024] [030] [214]
20 2340 3324 3341 4786 59.22 59.69

Simulation Data

x=0 Intensity  7.32 100 89.39 3940 18.73 45.62
=0 20. 2340 3323 3340 4785 59.19 59.68
Intensity 11.84 100 8793 4090 18.81 46.13

X =02 20_ 23.39 3321 3341 4784 59.16 59.67
' Intensity  18.00 100 86.50 4226 18.93 46.64

X =03 26’_ 23.38 33.18 3342 4782 59.08 59.64
' Intensity  26.69 100 83.94 4440 19.02 46.79

X = 0.4 20_ 23.37 33.14 3343 4780 5899 59.63
' Intensity  38.43 100 8126 46.77 19.12 46.49

X =05 20 2338 33.14 3346 4781 5898 59.65

Intensity 53.26 100  79.69 48.48 19.25 46.63

Experimental Data
LaMnOs 291 260 2296 3253 3286 46.91 58.04 58.25
Intensity 31.03 97.98 100 5742 1943 3456
LaosBap2MnOs 26 22.74 3233 3242 46.44 5767 57.73
[17] Intensity 28.97 9969 100 6159 17.22 3357

For comparison, we show the experimental results of LaMnO3z and Lao.7Bao3sMnQOs. Overall,
the difference in peak position (20) between the experimental and simulation results is as far
as one order of magnitude, and the most significant is in the position of the maximum relative
peak, where in the experimental results, the relative maximum peak is at hkl [110] and [104]
in the simulation. However, these two positions are prone to maximum peak alternation
because the difference in intensity height is not too significant, so any change in content in the
unit cell will affect the condition of the two peaks, in this case, O2. Overall, the doping
concentration significantly influences. This discrepancy directly affects the value of the
structure factor, which, in turn, impacts the intensity height. In contrast to the peak position
(20), the alterations in the unit cell lattice parameters have a more pronounced association with
the observed peak height.

Table 2 shows that the value of lattice parameters has increased not so significantly, which is
only on the order of magnitude 10 for the a-direction and c-direction as the doping value of
Fe increases. Similar results are shown in the experimental results of Ghodhbane et al.l*l on
Fe doping x = 0.1, which only increased by 0.001 in the a-direction and 0.004 for the c-direction
when compared to the experimental results of Kallel*”] et al. Moreover, Baazoui et al.[*®]
reported that the volume of the cell in Lao.s7Bao.3sMni-xFexOz (x = 0, 0.15) samples exhibits a
minor fluctuation, ranging from 358.86(3) to 359.71(2) A3, as the iron content increases, which
iron is incorporated into the samples in the form of Fe3*. Given that Mn®* and Fe®* possess
nearly identical ionic radii, the structural impact of Fe doping is not significant and, thus, hard
to detect.
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Figure 2. (a) 3D models of the crystal structure of Lag7BaosMnxFeux0s, (b) atomic position of O2ions in a unit
cell at the x-axis.

Significant differences occur at the B-O-B angle, which impacts the bandwidth (W)&2€l.

_ COSE(T[—C[)B—O—B)]

T ©

with ¢5_o_p Is the angle formed from site B atoms, in this case, Mn and Fe towards O, dgz_,
is the distance between atoms in sites B and O. It can be seen in Table 2 that the high doping
content does not affect the inter-atomic distance.

Table 2. The lattice parameter of Lag7BaosMn(1.xFexOs (x = 0 —0.5) included experimental data as a comparison.

« a c V p dg_o ¢B-0B w
A) A) (A>  (gem®)  (A) °) (0%
0 5.3532 13.246 328.727 11.492 2.001 143.357 3.002
0.1 5.3533 13.254 328.937 13.176 2.000 143.486 2.998
0.2 5.3534 13.260 329.105 13.170 1.999 143.596 2.995
0.3 5.3541 13.278 329.622 13.149 2.000 143.724 2.981
0.4 5.3530 13.297 329.971 13.135 1.999 143.888 2.974
0.5 5.3498 13.300 329.662 13.147 1.999 144.030 2.964

Experiment data
Lao7Bap3MnOs 2] 5551 13.479 359.72 12.025 1.973 165.103 9.262
Lao7BagsMnogFeg1031181 5554 13.483 360.20 12.014 1.974 165.101 9.251

Although the experimental and simulated bandwidth values are very different, both have the
same trend, namely, the value of W decreases with the high doping content at the Mn site.
Bandwidth physically explains the double exchange in the perovskite unit cell. Although, Fe3*
ions do not participate in the double exchange interaction phenomenon towards Mn3*B%, Thus,
in line with Troyanchuk et al. reports that the ferromagnetic double exchange interaction
weakens and strengthens the super-exchange interaction that supports the antiferromagnetic
coupling between Mn*—O-Mn**, Mn*—-O—Fe*", and Fe3*—O—Fe3* [*l. The reduction of the
double exchange interaction can be seen from the decrease in the bandwidth value (441,
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Table 3. Elastic stiffness Coefficien of Lag7BaosMn(xFexOs (x = 0—0.5).

Cij (GPa)

Cu Cs3 Cus Co Cuis Cu

0 313.343 201.921 59.913 185.338 142.427 -1.177
0.1 309.763 217.745 55.772 182.495 134.394 0.494
0.2 301.296 204.243 53.048 174.642 132.065 1.460
0.3 268.026 182.560 49.602 141.656 103.699 2.730
0.4 259.364 182572 54.281 138.071 99.493 3.168
0.5 256.842 174.894 54151 141.189 93.755 3.221

X

The elastic constant is a significant parameter to determine the mechanical property of a
material through the elastic stiffness coefficient, C;; . In this case, the C;; values for
Lao7BaosMnuxFexOs (x = 0 — 0.5) crystal structure are summarized in Table 3. The
rhombohedral crystal system has eight values of C;j, C11, C33, Ca4, C12, Ci3, C14, C15 and Cqg
[21. The rhombohedral structure has only six Ci; values since Cy4 = Cy5 and Cee = (C1q —

Ci2)/2. The simulated structure is in a stable state as it fulfills the stable condition for
rhombohedral structures(*:

Ci1 > [Ci215C44 >0
Cf3 < C33(Cy1 + C13)/2 : (4)
CEy + Cfs < C4q(Cyq — C13) /2 = ChyCes

The Fe** doping content greatly affects the value of C;;. The higher value of x decreases the
elastic stiffness coefficient of C,;, Cs3, C44, C12, and C, 5. Nevertheless, the opposite is true for
C14. Our results align with those of Koriba et al. [l the values of C;; and C;5 are significantly
larger than the other elastic stiffness coefficients, resulting in elastic anisotropy of the structure.
C;, is greater than C53, indicating that the compressibility along the a and b axes is greater than
the ¢ axis. Hence, the coupling along the a and b axes is powerful for rhombohedral LaMnOsa.
As a result, Fe doping has little effect on the lattice parameter a, as shown in Table 2.

Some mechanical properties that can be calculated from the elastic stiffness coefficient are
Bulk (B), Shear (G), and Young (E) moduli, as well as Poisson's ratio (v) and hardness (H).
The calculation of these properties uses the Voigt and Reuss approach, namely for Bulk and
Shear modulus.[3+351:

By = =[2(Cy1 + Ci3 + 2C43) + C33], (%)

O | =

1
Gy = o [C11 + Ciz + 2(C33 — 2Cy3) + 12(Cyq + Cge) ], (6)

By = (C11+C12)C33—-2CE; (7)

C114+C12+2C33—4Cq3’

_5 [(C11+C12)C33—-2CF5]CasCos (8)

R 2 3ByC44Ce+[(C11+C12)C33—2C13| (Caa+Cos)’

for Hill approximation 18 can be calculated as the average value between Voigt and Reuss:

By = %(BV + Bgr), Gy = %(GV + Gg). %)
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Bulk and Shear modulus can be used to calculate Young's modulus and Poisson's ratiol*4l :

p— 986 | _ 382 (10)

" 3B+G’ " 2(3B+6G)’

Vickers hardness is calculated based on Tianl*®! with the following formula
1.137
H, = 0.92 (%) GO708, (11)

The results of the mechanical property calculations are summarized in Table 4. The Bulk,
Shear, and Young's modulus values decrease as the Fe doping content increases. While for
Poisson's ratio, there is no significant difference. On the other hand, Hardeness experienced a
significant increase, as we know that material with an enormous Bulk modulus value has a
powerful bond between atoms on average. A large shear modulus indicates that the material
has a high resistance to reversible deformation, and the higher the Young modulus value, the
stiffer the material. So doping Fe content makes the Lao7Bao3MnOz Perovskite material
weaken its atomic bonds, the range of deformation occurs, and the more flexible. According to
Ikhsan et al., increasing the concentration of iron (Fe) doping in Lanthanum perovskite induces
structural deformation. Furthermore, doping can also modulate the material's flexibility, owing
to its capability to modify the electronic structure, thereby influencing its mechanical
propertiest6l,

Table 4. Mechanical properties of Lag7BaosMna-xFexOs (x = 0 — 0.5) were calculated using the Voigt (V),
Reuss (R), and Hill (H) approach.

Mechanical X

properties 0 0.1 0.2 0.3 0.4 0.5
Bulk V19655 19332 187.15 157.41 152.82 14955
Modulus R 180.65 182.13 174.99 14801 14471 13957
(B) H 188.60 187.72 181.07 15271 148.77 14456
Shear V  60.66 60.77 5842 5712 5812 57.22
Modulus R  59.33 59.80 5724 5564 5720 56.18
(G) H 6000 6028 57.83 5638 57.66 56.70
Young V16500 16501 158.75 152.86 154.75 111.41
Modulus R 16044 16170 154.85 14832 15162 102.12
(E) H 16273 163.36 156.81 150.60 153.19 106.77

Poisson |V 036 036 036 034 033 033

Rasio R 035 035 035 033 033 032

) H 036 035 036 034 033 033

V 324 318 320 276 263 261

B/G R 304 305 306 266 253 248

H 314 311 313 271 258 255

Hard V 442 452 436 509 544 542

&erC;SS R 467 470 453 520 562 566

H 454 461 444 515 553 554

Poisson's ratio shows that the value of v < 0.15 is owned by materials with strong covalent
bonds, at 0.16 <v < 0.3 is a material with ionic-covalent bonds, and for v > 0.33 is
characteristic of metallic materials“’]. In this research, the Poisson's ratio value range of 0.36 <
v < 0.33 is obtained, indicating that doping Fe content up to 0.5 of Lao.7BaosMnq.xFexOs
material has metallic bonds and is heading towards the ionic-covalent bond. This result is quite
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confusing because we knew that typical perovskite has an ionic-covalent bond. However,
according to Huang et al., single crystal perovskite may have an unusual Poisson's ratio
depending on its crystal structure, for rhombohedral structure has a range of Poisson's ratio
—-0.421< v < 0.883181, Ergo, it is not accurate to say that Poisson's ratio can be used to directly
determine the type of bonding (covalent, ionic, metallic) in a material; for example, both a
metal with metallic bonding and a polymer with covalent bonding can have similar Poisson's
ratios, even though their types of bonding are different. Poisson's ratio is influenced by many
factors, including the material's crystal structure, defect structure, and temperaturel*®-501,
Further examination and addition of CASTEP parameters are needed for more accurate
calculation. The B/G ratio provides information on how brittle and ductile material is, with the
rule of the value range at 1.75 as a reference point, known as Pugh's criterion, where fragile <
1.75 < ductilelY. In this case, the material still has a ductile character. However, the increasing
value of x content makes the Lao7BaosMnOgz reduce their ductility.

The output of the elastic constant task also includes some interesting information, such as the
universal anisotropic index (4Y)P2, Speed of Sound (v,,), and Elastic Debye Temperature
(6,)B3, which can be calculated using the following Equation

AV =5 B o (12)
GR BR
1
1 2 1 3
= 3= + /] 13
Vm {3 [(GH/p)3/2 ((BH+4GH/3)/p)3/2B a3
_ h[3aNap]'/3
6o =[] vm (14)

with h as Planck constant, k as Boltzmann constant, N, is the Avogadro number, q is the
number of atoms in unit cells, M is molecule mass in the unit cell, p is density. The results of
the calculation of Equations (12) - (14) are summarized in Table 5.

Table 5. Speed of sound (v,,,), universal anisotropic index (AY), and Debye Temperature
for Lao_7Bao_3Mn(1.x)FexO3 (X =0- 0.5).

vm U 9D
X (m/s) 4 (K)
0 3213.00 0.20 430.25
0.1 3224.12 0.14 431.65
0.2 3155.31 0.17 422.37
0.3 3107.14 0.20 415.70
0.4 3146.19 0.14 420.78
0.5 3116.78 0.16 416.97

If AY = 0 indicates isotropic material. The higher than 0, the more anisotropic the material is,
so for Lao7BaosMnuxFexOz material is anisotropic, meaning that the representation of
mechanical properties is different in various directions. The last property that is no less
important is Debye temperature, which can be calculated from the speed of sound in the
material, where the higher the value of 6;, the higher the thermal conductivity. It is known that
there is a decrease in thermal conductivity when doping Fe content increases.
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CONCLUSION

We have conducted a theoretical investigation of Lao.7BaosMnOs material with Fe** doping at
Mn3* sites at x = 0 — 0.5 using the CASTEP Academic program to display the material's
structural properties regarding diffraction patterns and mechanical properties. Fe** content
doping affects the peak height of the diffraction pattern more than the shift in peak position,
with some peaks increasing in height due to Fe3* having a relatively higher atomic form factor
than Mn. However, Fe* doping decreases Mn®*" — O2 — Mn®* double exchange interaction
characterized by decreased bandwidth (W) value. From the mechanical properties point of
view, it is shown that Fe doping to Mn sites is responsible for the reduction of Bulk, Shear, and
Young's modulus values of Lao.7BaosMn-xFexOs perovskite. Furthermore, it is known that
Lao.7BaosMnxFexOz is anisotropic, and the Debye temperature as an indicator of thermal
conductivity also decreases as Fe3* doping increases.
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