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In order to estimate theoretical stability of the perovskite structure for synthesized Ca;_,GdyMnOs3
(x =0.05, 0.1, 0.15, 0.2) nanopowders, the Goldschmidt tolerance factor G; and global instability index GII
were calculated. Furthermore, we have performed structure prediction of Ca;_xGdyMnOs3 perovskites and
found several possible perovskite-related phases. The influence of gadolinium amount on Mn—O bond
angles and distances, tilting of MnOg octahedra around all three axes and deformation due to the
presence of the Jahn—Teller distortion around Mn>* cation, as well as the influence of the amount of
Mn>* cation on Ca;_xGdyMnO3 compound, was examined. Ion Mn valence states were determined by
bond valence calculations (BVC). Infrared active phonon modes in Ca;_xGdyMnO3 were studied by
infrared reflection spectroscopy and magnetic properties were studied by using EPR (electron para-
magnetic resonance) measurements.
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1. Introduction

Manganese oxides with perovskite structure, Aj_xRexBO3 (A:
alkaline earth element, Re: rare earth element, B: Mn, respectively),
have become a matter of great scientific interest, because of their
physical, electronic and magnetic properties, and many intriguing
phenomena, such as colossal magnetoresistance (CMR) involving
potential applications in magnetic memory devices and sensors
[1-3]. This series of solid solutions with perovskite type of struc-
ture is characterized starting from cubic symmetry, usually as a
result of small displacements of the oxygen ions and rare earth
element from their positions in the ideal cubic unit cell. The com-
pounds of chemical composition Ca;_,GdyMnOs3 crystallize in the
orthorhombic space group Pnma. Smaller Mn ions occupy octahe-
dral 4b (1/2,0,0), while the larger ions, Ca and Gd, take 4c (x,1/4,z; x
= 0, z = 0) positions and are surrounded by 12 oxygen atoms
residing in the two crystallographic unequivalent positions: O1 in
4c(x,1/4,z;,x =0,z=1/2)and 02in8d (x,y,z;,x = 1/4,y =0,z =
1/4) [4].

* Corresponding author.
E-mail address: mrosic@vinca.rs (M. Rosic).
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In Ca;_xGdyMnO3 compound, valence of Ca, Gd and O ions
are +2, +3 and -2, respectively, while Mn ion can be in +3 or +4
valence state. Replacement of Ca** by Gd>* causes reduction of
Mn** to Mn®" in order to maintain Ca?*, Gd3*Mn?t Mn3+0%~
crystal electroneutrality, which has a significant impact on the
physical, and especially on the magnetic properties of these ma-
terials. An Mn>* ion has 4 electrons in d orbital (3d*), while an
Mn** ion has 3 electrons in d orbital (3d>), and the Mn3*/Mn**
ratio influences magnetic behavior of the system.

Goldschmidt tolerance factor (G;) has been used as one of the
criteria for the degree of distortion of the perovskite lattice. G; is
defined as Gt = (r4 +710)/V2(rg +1,) [5], where the ra and rp
correspond to the averaged radii of cations placed in position A
(Ca®* and Gd3*) and B (Mn ions), respectively, while ro represents
radius of the oxygen ions. Equation ra = (1—x)ra' + xrq gives radius
of cation A as the sum of the radius of doped cation ra’ and radius of
the dopant rgq [6—8]. The relationship between the concentration of
dopant x and G is Gt = ((1 — x)ra, + Xrg + 1o)/V2(rg + o). Any de-
viation from ideal value Gt = 1, reduces the elementary cubic
perovskite cell and leads to formation of a unit cell of lower sym-
metry. Small difference in the radii of cations placed in positions A
leads to a less pronounced rhombohedral distortion, while larger
differences give rise to a significant MnOg octahedron deformation
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which leads to orthorhombic structure. This deformation of the
MnOg octahedron causes anomaly, also known as the Jahn—Teller
effect. Namely, removing the degeneracy of the d level of Mn>* ions
will lead to the displacement of ions in octahedral MnOg, where the
octahedron will elongate/shorten in certain direction [9]. Perov-
skite structure can be stable in the oxides where 0.89 < Gy < 1.02 [9].
Cation will occupy the position in which G is closer to 1.

In the octahedral crystal field, fivefold degenerate 3d orbitals of
manganese are split into two groups, threefold ¢ (of lower energy)
and twofold eg (of higher energy) [9]. In accordance with Hund's
rules and with fulfillment of the Pauli exclusion principle, 3d
electrons in the Mn** ion have the same spins orientation and filled
three g orbitals, while the Mn3" ion has one electron more, which
fills one of the e; orbitals and has the same spin orientation as
electrons in the tpg orbitals. The Jahn—Teller effect causes additional
splitting of d energy levels (eg and tyg) of the Mn3* ions in order to
remove their degeneracy, where the splitting of t>¢ levels is so small
that the Jahn—Teller effect in this case is negligible [9—11]. In an
octahedral environment manganese tg orbitals (dyy, dy,, dzx) are the
oxygen 2p orbitals weakly overlap with, unlike eg orbitals (d,z_y.,
ds,2_,2), which are directed towards the neighboring oxygen 2p
orbitals and a strong overlapping of these orbitals leads to a high
probability of transfer of electrons between manganese and oxygen
orbitals [9—11]. This transfer largely determines the magnetic
properties of manganites.

Magnetic properties of this mixed valence system are deter-
mined by a double exchange between Mn>* and Mn*" ions through
the Mn—O—Mn path. The double exchange is ferromagnetic for
Mn—O—Mn angle above ~160° [12—17]. When the system is doped
with different Gd3* concentrations, it develops ferromagnetic
interaction concurrently with antiferromagnetic one and compe-
tition of the interactions causes magnetic moments frustration.

In this study we have combined two research methods: struc-
ture prediction of Ca;_xGdyMnOs (x = 0.05, 0.1, 0.15, 0.2) perov-
skites by using computational SPuDS software, and
characterization of the studied perovskites. We have shown various
possible modifications of Ca;_xGd,MnOs3 (x = 0.05, 0.1, 0.15, 0.2)
perovskites, unknown so far. Also, we have investigated the influ-
ence of Gd doping on octahedral tilting, relation between the
crystal structures which have been predicted, and structural and
magnetic behavior we have experimentally observed.

2. Material and methods
2.1. Experimental section

2.1.1. Theoretical methods

Our general approach to the crystal structure prediction and
determination of structure candidates has been given in detail
elsewhere [18—20]. This is usually followed by calculation of ma-
terial's properties [21,22]. Here, we use restricted structure pre-
diction within the perovskite-related structures. An outline of the
main steps of the method and information specific to this study are
provided first.

The Structure Prediction Diagnostic Software (SPuDS) [23] has
been used to produce new structure candidates of Ca;_xGdyMnOs3
perovskites. The SPuDS program was developed to predict the
crystal structures of perovskites, including those distorted by tilting
of symmetric octahedra or caused by the Jahn—Teller distortions
[20,24]. Stability of the perovskite structures is determined by
comparing the calculated bond-valence sums and ideal formal
valences.

The SPuDS program requires minimum amount of input data:
the composition and oxidation state of each ion. Afterwards,
structure optimization has been performed by restricting the

octahedra to remain rigid during calculation, with six equivalent B-
X distances and all X-B-X angles equal to 90°. In this way, a full
crystal structure can be generated from the size of the octahedron
and magnitude of the octahedral tilting distortion. Furthermore,
SPuDS calculates the fractional position of each atom at each tilt
angle step over a wide range of octahedral tilt angles [23].

The size of the octahedron and magnitude of the octahedral
tilting distortion are calculated by using the bond valence model, s;;,

Sij = el(Riji—dij)/B] (1)

where dj; is cation—anion distance, B parameter is empirically
determined as a universal constant with a value of 0.37, and Rj; is
empirically determined for each cation—anion pair, based on bond
distances measurements. The overall structure stability is deter-
mined by comparing the calculated bond valence sums with the
ideal formal valences (equal to oxidation state). This quantity is
known as the global instability index (GII). It is calculated according
to relation [23]:

Gll = { {i(d?)}/w}l/z (2)

Variables involved in the GII equation are discrepancy factor d;,
which is a measure of the lattice strains present in the compound,
derived as a difference between formal and calculated bond va-
lance, and N is the number of atoms in the asymmetric unit. For the
perovskite ABO3, N = 5. Higher values of d; and N indicate stressed
connections which can lead to instability in the crystal structure.

Theoretical determination and identification of the predicted
structures was performed by using the KPLOT program [25]. Sym-
metry of the predicted structures was analyzed by the algorithms
SFND (,,Symmetry FiNDer” [26]) and RGS (,,Raum Gruppen Sucher*
or space group seeker [27]). Duplicate structures are removed by
using the CMPZ-algorithm [28] and the CCL algorithm has been
used in the investigation of nanosized structures [29]. The inves-
tigated structures were visualized by using KPLOT [25] and VESTA
[30] software.

2.2. Experimental methods

2.2.1. Materials synthesis

The method of preparation, conditions of synthesis, obtained
values for the calcination temperature, and crystal-structural
characteristics of the Ca;_xGd,MnOs (x = 0.05, 0.1, 0.15, 0.2) sam-
ples are described in [31] and [32]. The unit cell parameters of this
series of samples were identical to the values obtained in [32].

2.2.2. Materials characterization

XRD patterns of the samples were recorded at room tempera-
ture by using X-ray diffractometer Siemens D500 with nickel
filtered CuKa radiation, and the step-scan mode (26 range: 10° - 80°
in a continuous scan mode with a step width of 0.02° and exposure
of 10 s/step).

The infrared reflectivity measurements were performed at room
temperature with a BOMEM DA-8 Fourier-transform IR spectrom-
eter. A Hyper beamsplitter and a deuterated triglycine sulfate
(DTGS) pyroelectric detector were used to cover the wavenumber
region from 80 to 650 cm~ . Infrared reflectivity spectra were
collected with 2 cm™! resolution and with 500 interferometer scans
added for each spectrum.

EPR experiments were performed on an X-band Magnettech
MS300 spectrometer operating at a nominal frequency of 9.5 GHz.
The microwave power was 3.16 mW (microwave attenuation
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15 dB), with a modulation amplitude of 0.2 mT. The Magnettech g-
factor ZnS:Mn standard was used as the reference sample.

3. Results and discussion

3.1. Crystallographic analysis of XRD the results and investigation of
octahedral tilting

Octahedral tilting is most common in the perovskites with space
group Pnma. Perovskite structure which crystallizes in this space
group is of great interest for geologists and materials science [33].
Pnma space group belongs to the a'b*a™ octahedron tilting system.
Octahedra are rotated by the same value of the angle around axes a
and ¢, whereas the angle of rotation around axis b varies. Rotations
of two adjacent octahedra along axis b are always in the same di-
rection, and along axes a and c in the opposite direction. There are
two types of deformations in the space group Pnma, denoted as
Pnma-1 and Pnma-2. Both of them have the same symmetry, but
Pnma-1 is much less deformed and only slightly deviates from the
cubic structure. Pnma-2 contains more distorted octahedra due to
the Jahn—Teller effect caused by Mn>* ions, which leads to elon-
gation of the MnOg octahedron [8]. Our obtained results suggest
that investigated samples have the Pnma-1 structure.

In order to analyze the impact of Gd upon magnitude of the
octahedral tilting, we have analyzed values of the Mn—O distances
and angles. The characteristic distances and angles between Mn, O1
and 02 atoms are shown in Table 1. Average values of interatomic
distances Mn—O vary with the amount of Gd in the structure. The
highest value has the CapgGdp>MnO3 sample, where the content of
Gd is the highest. In our previous work we have published data on
the unit cell parameters and volumes depending on Gd concen-
tration [32], and in the following Table 1 we have further investi-
gated interatomic distances and bond angles of CaMnO3; doped
with different concentrations of Gd.

Octahedra nets for each of the investigated samples are given in
Fig. 1. As one can see from Fig. 1, structural changes related to the
change of angle values lead only to a slight octahedral tilting. In an
ideal cubic structure the Mn—O1—Mn and Mn—02—Mn angles are
180°. Because of the octahedral tilting around all three axes in the
space group Pnma the angle values will be different. Mn—01—Mn
angle represents tilting around axis b and for the obtained samples,
the closest to 180° is the value for Cag gGdg>MnO3 sample (Table 1).
On the other side, Mn—02—Mn angle represents octahedral tilting
around axes a and c and the magnitude of octahedral tilting (angle)

is in accordance with the a’b*a tilt system. In the structure, with
increasing Gd amount, the deviation from 180° and octahedral
tilting magnitude are higher (Table 1). In the cube centers, oxygen
ions tend to move toward that center reducing da_o, because A ions
are too small to fill that space. At the same time dy,-o also changes,
and the Mn—O—Mn angle becomes smaller than 180° as a result of
the reduced A-site radius [11].

The properties of manganites strongly depend on geometrical
quantity G; [11], which is related to the displacements and de-
formations in the structure. Difference in the lengths of A—O and
B—O bonds has been used as a measure of G; change:
Gt = (A—0)/v2(B - 0). In the case when bonds B—0 are length-
ened and A—O shortened, G; < 1 [8]. Since G; for all investigated
samples is less than 1 and close to 0.93 (calculation based on the
bond lengths obtained by Rietveld analysis given in Table 1), we can
conclude that in our system occurred elongations of Ca—O and
shortenings of Mn—O bonds. The structure alleviates these strains
by BOg octahedron rotation, which leads to a reduction of
symmetry.

We have also analyzed the effects of concentration of gadolin-
ium on octahedral deformations. For Ca;_GdyMnOs (x = 0.05, 0.1,
0.15, 0.2) samples, interatomic Mn—O distances inside octahedra
are shown in Fig. 2. In ac plane lies the shortest octahedral Mn—02
bond, which is represented by the first and third bar in Fig. 2. In b-
axis direction lies the intermediate octahedral Mn—01 bond, rep-
resented by the third bar. The octahedral deformation occurs as a
result of the Mn—O distances deviation. The deviation of the Mn—0
(dn) distances with respect to the average <Mn—0> (<d>) value
deﬁnes the distortion of the octahedra [34]:

= (1/6) 1 6[(dn — (d))/(d)?).

Here we observe that with an increase of Gd3* content in the
structure, difference between the longest and shortest distances
increases non-periodically (see Fig. 2). The octahedral deformations
indicate the presence of oxygen vacancies caused by reduction of
Mn** to Mn>* due to Gd doping. We note that 10% of the Gd in-
crease in the system has the highest A value, which has been used
as indication of the Jahn Teller distortion in the structure [34].

The Jahn—Teller effect can be observed by comparing the results
obtained for individual Mn—O bond lengths, leading to the
conclusion that there has been a change in the valence state of
Mn** ie. reduction to Mn3*. Rhombohedral and octahedral
distortion increases with Gd doping. Increase of Mn>* concentra-
tion with Gd doping increases the average Mn—O bond length in
the unit cell (for Mn>*—0 it is 2.04 A, and for Mn**—0, 1.88 A [35]).

Table 1
Interatomic distances and bond angles for investigated samples of Ca; _,Gd,MnO3 (x = 0.05, 0.1, 0.15, 0.2).
Sample Cap.95Gdo.0sMnO3 CapoGdp.1MnO3 Cap.g5Gdo.15sMn0O3 CapgGdp>MnO3
(Ca—0) 2.5759 2.5270 2.5798 2.5304
Ca—0 2x 2.635 (5) 2.6736 (3) 2.6612 (1) 2.7537 (3)
2x 2.340 (4) 2.3163 (3) 2.36131 (1) 2.3225(1)
2,970 (8) 2.9163 (6) 2.9626 (4) 2.9303 (4)
2.887 (9) 2.3073 (6) 2.9061 (3) 2.3237 (4)
2.380 (7) 2.4647 (5) 23791 (3) 2.4453 (4)
2x 2.557 (5) 2.5403 (3) 2.5252 (2) 2.4609 (1)
2.458 (8) 2.4544 (3)
(Mn—0) 1.91023 1.91321 1.90885 1.92102
Mn-0 2x 1.8978 (10) 1.84859 (5) 1.90684 (3) 1.88364 (4)
2x 1.9335 (9) 1.97726 (6) 1.91820 (3) 1.96677 (4)
2x 1.8994 (7) 1.91378 (5) 1.90151 (2) 1.91264 (3)
02—Mn—02 91.32 (9) 91.144 (5) 91.1051 (16) 90.6 (10)
01-Mn-01 180.00 (9) 180.000 (6) 179.972 (3) 180.000 (4)
Mn—01-Mn 159.21 (9) 155.092 (6) 159.294 (3) 162.592 (4)
Mn—02—Mn 157.16 (11) 156.603 (6) 157.147 (2) 155.6 (5)
Mn(BCV) 3.927 3.931 3.938 3.826
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Fig. 2. Interatomic Mn—O distances of the investigated samples of Ca;_yGdyMnOs
(x = 0.05, 0.1, 0.15, 0.2) perovskites. The values of A are given above bars.

In addition, for each sample the Mn—O distance systematically
increases compared to the average Mn—O distance, clearly indi-
cating that the octahedral expansion is essentially a result of the a-c
basal plane increase as a consequence of Gd>* entering Ca®*"

(d)

Fig. 1. Octahedral net of perovskite phase in a) Cagg5GdgosMnOs; b) CagoGdo1MnOs; ¢) CaggsGdp1sMn0Os; d) CaggGdo,MnO3 sample.

position. Of essential importance is the ratio of ionic radii and co-
valent nature of the Mn—O bond. There is clearly visible difference
between the apical (Mn—01) and equatorial (Mn—02) distances in
MnOg octahedron for all four samples. Difference in the Mn—0O
bond lengths indicates occurrence of oxygen vacancies. Further-
more, by comparing the apical and equatorial bonds with the re-
sults for undoped CaMnOs [36,37] we can conclude that there is an
octahedral tilting in the doped samples. With an increase of the
content of Gd in the structure, the deviations are increased pointing
at a significant tilting of octahedrons. Based on the previously
mentioned, in the Ca;_xGd,MnOs3 (x = 0.05, 0.1, 0.15, 0.2) samples,
MnOg octahedrons cannot be described by six nearly equal Mn—0O
distances. The octahedrons of doped samples are distorted and the
expansions are not the same in all three directions. As expected,
changes in the bond lengths with increased content of Gd are very
similar to the changes in the unit cell parameters [32]. These results
clearly show that there is a close connection between the unit cell
parameters and presence of the Jahn—Teller distortion due to the
presence Mn>*0g octahedron oriented in ac plane.

3.2. Structure prediction of Ca;_xGd,MnOs3 perovskites

After performing the structure prediction calculations for
Ca;_xGdyMnOs3 by using SPuDS software, we obtained the equilib-
rium Pnma structure and ten additional perovskite-related modi-
fications, presented in Tables A.1—A.4 (see the Supporting
Information). Each of the calculated Ca;_xGdyMnOs modifications
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(marked by 1—10) was sorted by its space group and GII values (see
Tables 2—5). Here we would like to point out that instability of the
CaMnOs system grows with increase of Gd doping (See Fig. 3). Fig. 3
shows the stability of the most favorable perovskite-related struc-
tures with Gd increasing the content of Gd in the CaMnOs3 system.

The Pnma phase is the most stable form of Caj_xGdyMnOs,
which is in agreement with our experimental findings [32].
Furthermore, we have observed that in the case of a low Gd doping
(less than 15%), the R3 ¢ modification (Cag.95Gdg05Mn03-(2)) is the
most stable form next to the equilibrium Pnma structure, according
to the GII values. With an increase of Gd in the system (>20%, see
Table 5), we have observed possible orthorhombic
(CapgGdp2MnOs3-(5), Pnma) — tetragonal (CaggGdo2Mn0O3-(5), P4,/
nmc), rather than orthorhombic (CapgGdg,MnOs-(5), Pnma) —
trigonal (CapgGdp2MnOs-(5), R3 c¢) phase transition. After
analyzing the Ca;_yGdyMnOs predicted structures in Figs. 1 and 4,
we observed that Gd was homogeneously distributed over the
crystal structure. Also, we noted that in the sample doped with 5%
of Gd, the most wunstable form was orthorhombic
Cag.95GdgosMn0s3-(10) (I4/mmm) modification, whereas with a
larger amount of doping, the cubic perovskite (Cag.gGdg2Mn03-(8))
became the most unstable form of Ca;_,GdyMnOs3 (see Tables 2—5
and Fig. 4). Similar trends were observed in the previous research
with pure CaMnOs; compound by using ab inito methods [20]. This
change of symmetry is due to distortions away from the ideal
perovskite structure that occur at different tilt systems.

Bond valence calculations (BVC) often resulted in a Mn valence
state higher than the nominal value and the reason being strong
Mn—O bond [38]. For the Ca;_xGdxMnOs system we have also
noticed higher values for BVC than expected, in view of the pres-
ence of Mn>* in these perovskites, which could reduce valence
state of Mn. In the next step we have compared our calculated and
experimentally observed Pnma structure in the Caj_xGdyMnOs
system (see Table G6). Our SPuDS calculations show slight decrease
of unit cell volume, whereas in the experiment we observed quite
the opposite result, a slight increase of cell volume. This discrep-
ancy originates from the appearance of Mn>* and, as it was pointed
out before, these results clearly show that there is a close connec-
tion between the unit cell parameters and the presence of the
Jahn—Teller distortion due to the presence Mn3*0g octahedron.

Furthermore, following these results, we have managed to
calculate the amount of Mn** and Mn>3* in the doped perovskite
compound which, to the best of our knowledge, has never been
calculated before, at least not in this way. Due to the fact that cell
volume is connected to the presence of Mn>* in the system (see
above), at first, we have calculated change of the equilibrium vol-
ume as a result of Gd doping. The results showed that total cell
volume of the investigated perovskite system has been increased by
~0.01% in the sample doped with 5% of Gd (see Table 6).

Table 2
Calculated values of the global instability index (GII) for ten CaggsGdoosMnO3
modifications using SPuDS software.

Name Space group Tilt system Gl (a.u.)
Cap.95Gdg osMn0O3-(1) Pnma abta 0.03969
Cap.95GdposMn0O3-(2) R3 ¢ aaa 0.08593
Cap.95Gdo,0sMn03-(3) P4/mbm a%a’c 0.09058
Cag95Gdo 0sMn0O3-(4) 14/mcm a%a’c 0.09058
C30_95Gd0_05MH03-(5) P42/I’HT[C atatc 0.10742
Cag.95Gdo 0sMn0O3-(6) m3 atatat 0.12980
Cag.95Gdg.0sMnO5-(7) Cmcm atb’c 0.14282
Cap.95Gdo.0sMnO3-(8) Pm3 m a%a%a° 0.15494
Cag.95Gdg,0sMn03-(9) Imma a’b’b” 0.16295
Cap.95Gdo.0sMn0O3-(10) 4/mmm a’btb 0.16468

Table 3
Calculated values of the global instability index (GII) for ten Cag9Gdp1MnO3 modi-
fications using SPuDS.

Name Space group Tilt system GII (a.u.)
Cap9Gdo1MnO3-(1) Pnma abta 0.05667
CapoGdo.1Mn0s-(2) R§ ¢ aaa 0.09777
Cag9Gdg1MnO5-(3) P4/mbm a%a%c 0.10236
CagoGdg1MnO3-(4) 4/mecm a%ac 0.10236
Cap9Gdo.1MnO3-(5) P4y/nmc atatc 0.10742
Cap.9Gdg1MnO3-(6) m3 atatal 0.12980
CageGdg1MnO3-(7) Cmcm atb’c 0.14282
CagoGdg1Mn03-(9) Imma a’b’b” 0.15765
Cap9Gdo.1Mn0O3-(10) 4/mmm a’b*b? 0.16468
Cag.9Gdo1MnO3-(8) Pm3 m a%a’a® 0.17129

Table 4
Calculated values of the global instability index (GII) for ten CaggsGdo1sMnO3
modifications using SPuDS.

Name Space group Tilt system GII (a.u.)
Capg5Gdo.15Mn03-(1) Pnma abta 0.07013
Cagg5Gdo.15Mn03-(2) R3 ¢ agaa 0.10740
Capg5Gdo.1sMn03-(5) P4y/nmc atatc 0.10742
Ca85Gdo.15Mn0Os-(3) P4/mbm a%a’c 0.11204
Cagg5Gdo 15Mn0O3-(4) 14/mecm a’a’c 0.11204
Cap.85Gdo.15Mn0O3-(6) m3 atata® 0.12980
Ca85Gdo.15Mn0O3-(7) Cmem a bc 0.14282
Cag85Gdo.15Mn03-(9) Imma a’bb 0.15304
Cags5Gdo.15Mn03-(10) [4/mmm a’b*b* 0.16468
Cap.85Gdo.15Mn03~(8) Pm3 m a%a’a® 0.18620

v/

Global instability index GII

— P4 ~/mnc

T T T T T 1

5 10 15 20
% Gd

Fig. 3. Phase transition from Pnma, R3 cto P4,/nmc with Gd ion increase in CaMnO3
compound.

Next, we have calculated different compositions of Mn** and
Mn>* for the same amount of Gd doping (see Table A.5 in the
Supporting Information). We have discovered that the cell volume
started to increase, as we obtained by the experiment (see Table 6).
In addition, we noted that the best fit for the volume cell increase
for 5% of Gd, was obtained for 5% increase of Mn>* in the system,
which is ~0.01%, the predicted volume increase and is in very good
agreement with our experimental observations. Therefore, we can
conclude that with 5% Gd increase in the Ca;_GdyMnOs3 system, we
could expect 5% Mn>* increase in the system. Finally, we show the
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Table 5
Calculated values of the global instability index (GII) for ten CaggGdo>MnO3 modi-
fications using SPuDS.

Name Space group Tilt system GlI (a.u.)
CapgGdo,Mn03-(1) Pnma abta 0.08188
CapgGdo,Mn0O3-(5) P4,/nmc atatc 0.10742
CapgGdo,Mn03-(2) R3 ¢ aaa 0.11544
CapgGdgoMn0s-(3) P4/mbm a%a’c 0.12018
CaggGdgoMnO3-(4) 14/mcm a®a’c 0.12018
CapgGdo2Mn03-(6) m3 atatat 0.12980
CaggGdg>Mn05-(7) Cmcm a*b’c 0.14282
CaggGdgoMnO3-(9) Imma a’b’b 0.14936
CaggGdg2Mn03-(10) 14/mmm a’btb* 0.16468
CapgGdoMn03-(8) Pm3 m a%a’a® 0.20001

phonon features at 286/336 cm ™, 416 cm™! and 556 cm ™, together
with a pronounced Drude-like contribution from free charge car-
riers, which dominates the reflectivity spectra in the range below
200 cm™, can be seen. The perovskite manganites usually have
three strong phonon bands, known as external, bending and
stretching modes, located at about 150—180, 350, and 550-
600 cm™! respectively [39—42]. For the ideal cubic perovskite
structure AMnOs3 (space group Pm3 m), the factor group analysis
predicts three 3-fold degenerated IR active modes of F;, symmetry.
The lowest energy Fi, mode (the external mode) originates from
vibrations of A cation against MnOg octahedra, and it is usually
found in 150—180 cm™! range. The medium energy F;, mode (the
bending mode) originates from bending of Mn—O bonds in the

(d)

Fig. 4. Visualization of several calculated perovskite-related structures a) CaggGdo>MnO3-(5), P4z/nmc; b) CagsGdo2MnO3-(2), R3 ¢; ¢) Capg5GdoosMn03-(10), (I4/mmm); d) cubic

perovskite CapgGdo,Mn03-(8), (Pm3 m).

Table 6
Unit cell parameters and volumes of the experimentally observed and calculated (SPuDS) equilibrium Pnma structure in Ca;_yGd,MnOj3 system.
Sample Ca0,95Gd0,05Mn03 Cao'ngo'1Mn03 Cao'85Gd0'15Mn03 Cao',nggan03
Method Experiment SPuDS Experiment SPuDS Experiment SPuDS Experiment SPuDS
Unit cell parameters (A) a 5.2834 (5) 53576 5304 (1) 5.3569 53152 (9) 5.3562 5.3186 (5) 5.3555
b 7.4665 (6) 7.5407 7.475 (1) 7.5385 7.4795 (8) 7.5366 7.4792 (7) 7.5347
c 5.2994 (4) 5.3073 5293 (1) 5.3051 5.303 (1) 5.3030 5.3003 (7) 5.3011
Volume (A3) \ 209.03 (3) 214415 209.84 (7) 214.237 210.81 (6) 214.069 210.84 (7) 213.912
4

calculated structures for Ca1,dean1fon,3(+03 system obtained
by using SPuDS software. In Tables A.1—A.4 (see the Supporting
Information) we the present unit cell parameters for ten additional
perovskite-related modifications.

3.3. Infrared (IR) spectroscopy

IR reflectivity spectra of the Ca;_xGdyMnOs; samples in
80—650 cm™! spectral range are shown in Fig. 5. Several broad

MnOg octahedra, and is usually found around 350 cm~'. The
highest energy mode (the stretching mode) originates from Mn—0O
bond stretching and it is usually positioned in 550—600 cm™!
range. In the case of manganites of rhombohedral structure (R3 c),
which is of the lower symmetry, 8 IR active modes (3A, + 5E) can
be expected, among which three A, and three out of five E, modes
originate from splitting of the degenerated Fy, modes [43]. For the
orthorhombic structure (Pnma) of even lower symmetry, up to 25
IR active modes (9Bqy + 7B2y+9B3y) can be expected. There are
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Fig. 5. Infrared reflectivity spectra of the Ca;_xGd,MnO5; (x = 0.05, 0.1, 0.15, 0.2)
samples. The spectra are offset for clarity.

actually two variations of the orthorhombic structure, denoted as
Pnma-1 and Pnma-2. Both of them have the same symmetry, but
Pnma-1 is much less deformed.

Our samples have the Pnma-1 structure. In this case, due to
small deviation from the cubic structure, majority of the IR modes
have small strength and cannot be well resolved. In addition to the
previous work [44] on isostructural LaMnOs, we have assigned two
modes at 286/336 cm™! as Byy/Bsy, one mode at 416 cm™! as By,
and one mode at 556 cm™! as Byy,. With Gd doping, modes at 286
and 556 cm~! are shifted to higher energies due to the change in
the A-site ion radius with doping, and more importantly due to
replacement of Mn** by Mn3* as a consequence of Ca®* substitu-
tion with Gd3*. For higher doping contents, relative intensity of the
mode at 336 cm~! with respect to 286 cm~! mode increases. The
observed increase of 336 cm~! mode intensity can be a conse-
quence of higher sensitivity of this bending mode to the decrease in
the Mn—O—Mn angle [45,46]. The increase of 336 cm~! mode in-
tensity, together with the shift of 286 cm™! to higher energies, for
higher doping levels appears as a partial merging of these two
modes. The external mode, in manganites often found in
150—180 cm~! range, is strongly screened in our samples by the
Drude contribution, and is barely seen only in the 5% doped sample
at about 168 cm~! (Byy). Sopracase et al. [46] have theoretically
found that in the case of orthorhombic CaMnOs, the low-energy
external modes have a small dipole moment, resulting in small
strength of the experimentally observed modes, which, together
with strong Drude screening, can explain the absence of this mode
in most of our samples.

3.4. Electron paramagnetic resonance (EPR) spectroscopy

Replacement of Ca®* with Gd3* causes reduction of Mn** to
Mn3*. Mn>* (3d* with S = 2) is unlikely to have an observable EPR
signal as it exhibits a large zero-field splitting because of the in-
fluence of the Jahn—Teller effect on the 5Eg ground state in the
octahedral symmetry.

The observed EPR signal is due to Mn*", but it cannot be
attributed to isolated Mn** ions. EPR intensity and linewidth can be
explained by a model in which a bottlenecked spin relaxation takes
place from the constituent Mn** via the exchange-coupled Mn>*
Jahn—Teller ions to the lattice [47].

The measured room-temperature EPR spectra are shown in
Fig. 6a. The six sharp lines in the EPR spectra are from the reference
sample ZnS:Mn. The spectra shapes are of Lorentzian profile and do
not saturate with EPR microwave power (I(P'/?) is linear), which is
indicated by homogenously broadened line, Fig. 6b.

The EPR linewidth seems to be a physical parameter that closely
follows the cell distortion [48]. A weak increase of the line width
(Table 7), with increasing Gd content is found, Fig. 7. The observed
increase is much lower than the increase of linewidth found in
Ca;_xYxMnOs with increasing Y concentration [48]. It is associated
with octahedral tilting that weakly depends on the concentration of
Gd content (Table 1), compared with larger octahedra tilting in-
crease observed in Caj_xYxMnOs3 [48]. The linewidth is inversely
proportional to the relaxation time, which depends on interaction
between Mn**—0—Mn>*, which, on the other side, is angle
dependent. The Mn—O—Mn angles are given in Table 1. Variation of
the angles for our samples is relatively small.

While the line widths show a wide variety of behaviors
depending on the temperature and concentration of divalent ions
[49], and even on oxygen content [50], the g-factors are nearly
constant and close to the free electron value. The g-factor of
Ca;_xGdxMnOs, presented in Fig. 7. is close to the free electron
value. The experimental error is estimated to be about 0.01 (due to
high linewidth), which is comparable with the measured variation
of g-factor.

Intensities of the lines in Fig. 6 were normalized for easier EPR
spectra comparison. The actual intensities reading error was of the
order of the expected trend of intensity change for various con-
centrations due to experimental issues [51], which prevented us
from making a conclusion related to intensity.

The magnetization measurements performed on these samples
showed that they are paramagnetic at room temperature and
obeyed Curie-Weiss law at temperature above ~110 K. The magnetic
moments obtained from Curie-Weiss law are in accordance with
the theoretical values expected for the Mn**, Mn>* and Gd>*, and
ratio of Mn**/Mn>* is close to Ca®*/Gd3* ratio. So, there are no
clusters of ions at room temperature, the EPR measurement tem-
perature [52]. Clustering and ordering were observed at lower
temperatures, T<~110 K. Samples with x = 0.05 or 0.10 show
ferromagnetic transition and samples with x = 0.15 or 0.20 show
antiferromagnetic transition [52].

The EPR signal, measured at liquid nitrogen temperature is not
observed, because intensity of EPR diminishes and linewidth rises
rapidly below ordering temperature Tcn [47,53].

4. Conclusion

We have used theoretical and experimental methods to inves-
tigate the octahedral tilting and related effects of Ca;_,GdMnO3
(x = 0.05, 0.1, 0.15, 0.2) compound. Both methods have shown that
orthorhombic-perovskite structure (space group Pnma) is the most
stable form and according to Glazer's classification belongs to
a’b™a tilt system. Our bond valence calculations (BVC) have shown
ten additional perovskite-related modifications of the equilibrium
Ca1_xGdyMnOs structure, and their stability has been investigated
as function of Gd doping. We have further studied the influence of
gadolinium amount on Mn—0O bond angles and distances, tilting of
MnOg octahedra around all three axes and deformation due to the
presence of Jahn—Teller distortion around Mn>* cation, and
calculated the amount of Mn3* in the system. Furthermore, our BVC
approach is a simple, fast and efficient way of calculating the
amount of Mn** and Mn3* in the doped perovskite compound,
which, to the best of our knowledge, has not been done before. The
infrared reflection spectra of Ca;_xGdyMnO3 samples confirmed
XRD results that Ca;_xGdyMnOs; nanopowders are of Pnma-1
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Fig. 6. (a) EPR spectra of Ca;_4GdyMnOs (x = 0.05, 0.1, 0.15, 0.2) samples; (b) EPR Intensity vs. square root of the microwave power, for the CaggGdo>MnO3 sample.

Table 7
Parameters obtained from the EPR spectra, g-factor, intensity and linewidth (peak-to-peak).
Sample Cap.95Gdp osMn0O3 CapoGdp1MnO3 Cag.g5Gdo.15sMn0O3 CapsGdooMnO3
g-factor 2.014 2.005 2.0015 1.992
Int/Mass 6.4 5.7 15.2 9.5
ABpp 123.6 149.8 158.6 158.7
T T T T 165 Appendix A. Supplementary data
" o——— o 1160 . .
— 155 Supplementary data related to this article can be found at http://
2014 ~—m— —*—AB dx.doi.org/10.1016/j.jallcom.2016.03.173.
| —=— g-factor s 1150
4145
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