crystals

Article

Spin-Phonon Coupling in A;BMnOg (A = La, Pr, Nd, Sm, Gd;
B = Co, Ni) Double-Perovskite Thin Films: Impact of the A-Site

Cation Radius

Christoph Meyer !, Philipp Ksoll !, Vladimir Roddatis 23

check for

updates
Citation: Meyer, C.; Ksoll, P;
Roddatis, V.; Moshnyaga, V.
Spin-Phonon Coupling in A;BMnOg
(A =La, Pr,Nd, Sm, Gd; B = Co, Ni)
Double-Perovskite Thin Films:
Impact of the A-Site Cation Radius.
Crystals 2021, 11, 747. https://
doi.org/10.3390/ cryst11070747

Academic Editors: Charles Rosenblatt,
Helmut Colfen, Abel Moreno,
Stawomir Grabowski and

Shujun Zhang

Received: 18 May 2021
Accepted: 23 June 2021
Published: 26 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Vasily Moshnyaga 1-*

Erstes Physikalisches Institut, Georg-August-Universitit Gottingen, Friedrich-Hund-Platz 1,
37077 Gottingen, Germany; christoph.meyer@phys.uni-goettingen.de (C.M.);

philipp ksoll@stud.uni-goettingen.de (P.K.)

Institut fiir Materialphysik, Georg-August-Universitat Gottingen, Friedrich-Hund-Platz 1,
37077 Gottingen, Germany; vladimir.roddatis@gfz-potsdam.de

GFZ German Research Centre for Geosciences, Helmholtz Centre Potsdam, Telegrafenberg,
14473 Potsdam, Germany

Correspondence: vimosnea@gwdg.de

Abstract: Two series of B-site ordered, double-perovskite AyCoMnOg and A;NiMnOg (A = La, Pr,
Nd, Sm, Gd) epitaxial films with thickness d ~ 100 nm were grown on SrTiO3(111) substrates via
metalorganic aerosol deposition. Polarization and temperature-dependent Raman spectroscopy
were carried out in order to determine the spin-phonon coupling constant, A, and the impact of the
A-site cation radius on the phonon properties. The reduction of the A-site cation radius from La3*
down to Gd3* systematically shifts the Raman modes to lower wavenumbers, and decreases the
magnetization-induced softening of the Ag breathing mode, described by the spin-phonon coupling
constant, A, which changes from A = 1.42 em™! (LayCoMnQg) and A = 1.53 cm ™! (La,NiMnOg) down
to A =0.58 cm~! (GdyCoMnOg) and A = 0.44 cm ! (GdyNiMnOg). A similar effect of the A-cation
radius was established for the c-lattice parameter and Curie temperature, TC, in this series of double-
perovskite films. Our observations directly demonstrate a strong impact of the lattice structure on
the ferromagnetic superexchange interaction in double perovskites. Moreover, the AyCoMnOg and
ApNiMnOg series exhibit very similar behavior of spin-phonon coupling due to the only moderate
difference of Co?* and Ni?* cation size.

Keywords: double perovskites; thin films; Raman spectroscopy; spin-phonon coupling

1. Introduction

Double perovskites of the family A;BMnOg (A = rare earth, B = Co, Ni), with a monoclinic
P124/n1 structure, are promising materials for spintronic applications due to the presence
of ferromagnetic ordering, magnetodielectric coupling, and multiferroic behavior [1-7].
Furthermore, they represent an attractive model system, in which the fundamental coupling
between spin, charge, and lattice degrees of freedom—and, thus, their electromagnetic
properties—strongly depend on the A-site cation radius [5-7], on the oxidation state of
B-site cations [2,8,9] and, finally, on the degree of the B-site ordering [8-13].

In this context, Raman spectroscopy as a nondestructive tool represents a powerful
way to distinguish between the monoclinic P12;/n1 B-site ordered and the orthorhombic
Pbnm B-site disordered A;BMnQOg variants; this is possible due to the different symmetry
and selection rules of the corresponding Raman modes [1,14]. As a consequence, polar-
ized Raman spectroscopy has been extensively applied to A,BMnOg double-perovskite
bulk samples [6,15-17] and thin films [1,10,14,15,18-22]. In addition, the spin-phonon
coupling [1,10,14,16,17,19-21] and structural changes [10,15,22] of the double perovskites
can be directly elucidated from the temperature development of the Raman spectra.
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Here, we report the impact of the A-site cation size on the structural, magnetic, and
phonon properties of AyCoMnOy and A;NiMnOy (A = La, Pr, Nd, Sm, Gd) epitaxial films
grown on (111)-oriented SrTiO3; (STO) substrates via a metalorganic aerosol deposition
(MAD) technique [23]. The easy stoichiometry control within MAD is very useful for
the growth of high-quality epitaxial films with different compositions. Polarization and
temperature-dependent Raman spectroscopy carried out for temperatures T = 80-300 K
allow us to relate the characteristic changes in the Raman spectra, induced by the A-cation
size, to the changes in structure and magnetism. We observed the systematic reduction of
the spin-phonon coupling by decreasing the A-site cation radius, and discussed it in the
framework of variation of the internal chemical pressure induced by A-site cations.

2. Experimental Details

Double-perovskite AyCoMnOg and ApNiMnOg (A = La, Pr, Nd, Sm, Gd; B = Co, Ni)—
further referred to as Co- and Ni-series, respectively—epitaxial thin films with thickness
d ~ 100 nm were grown on SrTiO3; (STO) substrates with (111) orientation by means of
MAD [23], using a solution of acetylacetonates for the A- and B-site cations in dimethyl-
formamide (DMF) under ambient oxygen partial pressure (pO; ~ 0.2 bar), with growth
rates of r ~ 6 nm/min, substrate temperature of Ty, ~ 900-950 °C, and a heating/cooling
rate of ~50 K/min before and after deposition [10,11,24]. X-ray reflection (XRR) and X-ray
diffraction (XRD, Cu-K,, radiation, Bruker AXS D8 Advance) were used to determine the
thickness, the quality, and the out-of-plane lattice parameters of the films. Temperature-
dependent magnetization was measured using a SQUID magnetometer (MPMS 3, Quan-
tum Design) at temperatures of T = 5-400 K and under an external magnetic field of
H =1000 Oe. Raman spectra were recorded using a LabRAM HR Evolution (HORIBA Jobin
Yvon) spectrometer in the backscattered top-illumination geometry. A Linkam THMS350EV
thermal vacuum stage, cooled by liquid nitrogen, was used for temperature-dependent
measurements in the temperature range T = 80—400 K. The sample illumination and the
collection of backscattered light was conducted using a 50 x magnification long working
distance objective (Olympus, NA = 0.5). The excitation was carried out using a linear polar-
ized Nd:YAG laser (A = 532 nm, Laser Quantum torus 532, second harmonic generation)
with an effective incident power of P ~ 2 mW at the film surface and a laser spot size of
~1 um? laterally. Polarized Raman spectra were recorded in a sample reference system with
X||[112] parallel to the incident laser polarization, Y||[110] perpendicular to it, and Z||[111]
in the direction of light propagation. The scattered light polarization was filtered by an
analyzer with two configurations (x and y) in front of the detector. Consequently, XX im-
plies parallel scattering with the analyzer aligned parallel to the incident laser polarization,
while XY is a cross-scattering polarization configuration with the analyzer aligned perpen-
dicular to it. Transmission electron microscopy was performed using a FEI Titan 80-300 G2
environmental transmission electron microscope (TEM) operated at an acceleration voltage
of 300 kV.

3. Results

To characterize the impact of the A-site cation size on the structure, we performed the
XRD measurements on all of the grown films (see Supplementary Materials (SM), Figure S1
for details). XRD and TEM (SM, Figure S2) evidence an epitaxial growth for both series
of samples, in good agreement with previously reported MAD-grown, double-perovskite
films [10,11,18]. In Figure 1a we present the evaluated pseudocubic out-of-plane lattice
parameters cpe = c(111)/ \/3 of the Co- and Ni-series on STO(111) as a function of the A-site
cation radius, taken from Ref. [25] for coordination number CN = 8. One can see that cp.
systematically deceases with the decrease in the A-site cation radius, and the data for both
film series can be quite well described by linear fits. Note that the A;CoMnOj series shows
slightly larger lattice parameters than the A;NiMnOg series, which can be attributed to the
slightly larger B-site cation radius of Co?* compared to the Ni?** cation—i.e., 74.5 pm for
high-spin (HS)-Co?* vs. 69 pm for Ni?*; CN = 6, Ref. [26]. Related to the corresponding
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polycrystalline bulk samples of both double-perovskite series [5-7], the pseudocubic out-
of-plane lattice parameters are slightly decreased due to an in-plane tensile epitaxy strain
from the STO substrate, having a larger in-plane lattice parameter agyo = 0.3905 nm [25],
and resulting in a lattice compression in the out-of-plane direction. As the lattice parameter
shrinks further by reducing the A-site cation size, the out-of-plane compressive strain
€ = (Cpc — agup)/agyp Of the films systematically increases from ¢ = —0.77% for La,CoMnOg
(LCMO) and ¢ = —0.87% for LapNiMnOg (LNMO) to € = —3.76% for Gd,CoMnOg4 (GCMO)
and € = —3.99% for Gd,NiMnOg (GNMO).
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Figure 1. The pseudocubic out-of-plane lattice parameters, cp, (a) and the Curie temperatures, Tc,
for the paramagnetic-to-ferromagnetic phase transition (b) of the B-site-ordered A;CoMnOg and
A;NIiMNOg double-perovskite thin film series on STO(111) as a function of the A-site rare earth
cation radius. Both developments exhibit an almost linear behavior in this context.

In Figure 1b, the values of Curie temperatures, Tc, for the Co- and Ni-series as a
function of the A-site cation radius are presented; the corresponding magnetization M(T)
curves are shown in Figures S3 and 54 in SM. T¢ values were calculated from the minimum
of the temperature coefficient of magnetization, TCM = (1/M) (dM/dT). In addition, a
systematic and almost linear reduction (solid lines for the linear approximation) of T¢ was
observed here by decreasing the A-site cation size from Gd** to Gd>*. A similar decrease
of Tc with decreasing r4 was obtained in recent studies on polycrystalline A;CoMnOg
and Ap;NiMnOg bulk samples [5-7], and was assigned to the successive reduction of the
Co?*-O?~-Mn** and the Ni**-O?~-Mn** bond angles; this reduces the overlap of Mn(eg)
and O(2p) orbitals, and causes the apparent reduction of the ferromagnetic superexchange
interaction between the two B-site cation species [5-7]. The higher Curie temperatures, Tc,
for the ApNiMnOyg series compared to the ACoMnOQOg films with the same A-site cation
also indicate a stronger orbital overlap of the bonds between the (Ni/Mn)Og octahedra
compared to those of the (Co/Mn)Og octahedra [6], although the differences in T¢ decrease
by reducing the A-site cation size; this also displays the strong impact of the cations and the
internal chemical pressure on the magnetic properties of the A,BMnOg double-perovskite
system. In addition to the optimally high values of T¢ in films of both Co and Ni series,
the saturation magnetization measured at T = 5 K was found to be close to the theoretical
values of 6 pg/f.uand 5 ug/f.u for the Co- and Mn-series, respectively. All of this indicates
a high degree of B-site ordering in studied samples.

The Raman spectra recorded at T = 300 K of the Co- and Ni-series of double-perovskite
thin films are shown in Figure 2a,b, respectively, in the parallel XX-scattering configuration,
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whereas Figure 2c,d show the corresponding Raman spectra in the crossed XY-scattering
configuration. All films exhibit very similar Raman spectra, with two significant fea-
tures: first, a strong and sharp mode at a Raman shift of ~630-675 cm~!, and second, a
broader and less intensive band at around ~470-530 cm ™. Theoretical lattice dynamical
calculations (LDCs) for LCMO [14] assigned the sharp mode to a symmetric stretching
of the (Co/Mn)Og and (Ni/Mn)Og octahedra (breathing mode), whereas the broader
band relates to a mixed type of antisymmetric stretching and bending of the octahedra
(mixed mode). For B-site-ordered double perovskites of AyCoMnOg and ApNiMnOg with
a monoclinic P12;/n1 structure, the breathing mode is predicted to have Ay symmetry,
which is allowed in the parallel XX-scattering and is forbidden in the crossed XY-scattering
configurations; the mixed mode shows a Bg symmetry with the opposite Raman selection
rules [14,15,18,20]. From the polarized Raman spectra in Figure 2a—d, it is evident that all
films follow this prediction for the monoclinic P12;/n1 structure. The additional observed
modes around ~1200-1350 cm~! represent second-order overtones of the breathing mode
and a breathing/mixed mode combination [18], confirming the high crystalline quality of
the grown films.
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Figure 2. Polarized Raman spectra (at T = 300 K) of the two double-perovskite AyCoMnOg (a,c) and
A;NiMnOg (b,d) thin film series on STO(111) in the parallel XX-scattering configuration (a,b) and
in the crossed XY-scattering configuration (c,d). The insets in (a,b) show the development of the
position of the Ag breathing modes of the AyCoMnOg and A;NiMnOg film series in the Raman
spectra with XX-scattering configuration as a function of the A-site rare earth cation size.

Furthermore, a clear impact of the A- and B-site cations on the Raman spectra can
be seen. Namely, the position of all Raman modes of the A;NiMnOy series is shifted by
~20-30 cm~! to higher wavenumbers compared to those in the corresponding A,CoMnOg
series, due to the larger degree of covalence of the A-O and Ni/Mn-O bonds in the
A,NiMnOg system [6]. Moreover, the radius of the A-site cation has a significant impact
on the position of the Raman modes as well. For both film series, a systematic softening
of all Raman modes when decreasing the A-site cation radius was observed, indicating
an increase in the Co(Ni)/Mn-O bond length [9,27]. For the Ag breathing mode in the
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parallel XX-scattering spectra, the development for both series is illustrated in the insets of
Figure 2a,b. A similarity of the phonon behavior with that of the c-lattice parameter (see
Figure 1a) and T (Figure 1b) as a function of the A-site cation radius evidences a strong
interconnection of the structural, magnetic, and lattice properties.

In Figure 3a,b the temperature dependences of the Raman shift w(T) of the Ag mode
in the Raman spectra for the Co- and Ni-series, with different A-site cations—A = La, Pr,
Nd, Sm, and Gd—are shown. In general, the temperature dependences of the positions
of the Raman modes result from the anharmonic contribution to the potential energy of
the atomic vibrations. By considering cubic anharmonic constants on the potential energy,
the scattering can be characterized by a three-phonon process, such that the Raman mode
position as a function of the temperature can be described as [28,29]:

Wanh (T) = wo+C <1 + exp(ﬁwo/ZZkBT) — 1) @)
where wy is the position of a Raman mode at T = 0 K, and C is an anharmonic constant,
both of which were taken as adjustable parameters to fit the temperature dependence of
the experimentally determined position of the Ag mode. One can see in Figure 3a,b that
the anharmonic model (red curves) of the Ag mode position w(T) fits the experimental data
(black data points) for temperatures T > T¢ within the paramagnetic phase of the double-
perovskite thin films nicely. However, for all films of the Co- and Ni-series, a distinct
deviation from the anharmonic model approximation occurs for 80 K < T < Tc—namely,
one can see a significant softening of the A breathing mode, initiated by the transition into
a ferromagnetic phase at T¢ and continuously increased by a subsequent cooling to lower
temperatures. Comparing the position of the Ag mode at the lowest temperature T = 80 K
with that given by anharmonic approximation for different films, it is evident that the extent
of the softening appears to be coupled to the radius of the A-site cations—i.e., the largest
A-site cation Gd** results in the strongest softening, which then decreases systematically
by reducing the A-site radius to Gd**. This is very similar to the above-shown effects of
the A-site cation radius on the c-lattice parameter (Figure 1a), on the T¢ (Figure 1b), and on
the softening of the breathing mode with decreasing ra, as shown in Figure 2a,b. Taken
together, these data offer a clear indication of the connection between the mode softening,
the lattice structure, and the magnetic properties.

The softening of the Ag breathing mode at T < T¢ originates from a phonon renor-
malization induced by ferromagnetic ordering, also observed for ferromagnetic mangan-
ites [29,30] and cobaltates [31], resulting in a coupling between magnetism and lattice
known as a spin-phonon coupling. Considering the nearest-neighbor interaction, the
phonon renormalization Aw(T) = w(T) — wann.(T) is proportional to the spin—spin corre-
lation function (S;-S;) of the spins at the ith and jth sites, which is proportional in a molec-
ular mean-field approximation to the normalized average magnetization M?(T)/M?max
per magnetic ion at temperature T [14,29-31]. As there are four nearest B’-site cation
neighbors for each B-site cation in the A;BB’Og double perovskites with a rock-salt-type
B-site ordering, the phonon renormalization Aw(T) can be written as [30-32]:

@

Within this model, the spin-phonon coupling is quantified by the spin-phonon cou-
pling constant, A, whereas Mpax is the saturation magnetization at T = 0 K. In
Figures 4a—e and 5a—e we present the softening Aw(T) = w(T) — wann (T) of the Ag
breathing mode plotted against squared normalized magnetization M?(T)/M? .y for the
Co- and Ni-film series, respectively. An excellent agreement between the Aw(T) and
magnetization data for all films at temperatures of T < T verifies that the Ag mode soft-
ening arises from the spin-phonon coupling. It is evident that the softening, starting at
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Tc, increases with increasing magnetization in the film by cooling; hence, a significant
spin-phonon coupling is present for all of our films in their ferromagnetic phases.
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Figure 3. Temperature dependence of the Ag breathing mode position in the A;CoMnOg (a) and the
A,NiMnQOg (b) thin film series (thickness d ~ 100 nm) with A = La, Pr, Nd, Sm, and Gd on STO(111) in
the Raman spectra (unpolarized). The red solid lines denote the approximation from the anharmonic
three-phonon model, which fits nicely for T > T¢ in the paramagnetic phase of the films.

The shift Aw(T) of the Ay breathing mode, plotted against the magnetization
M2(T)/M2 4, can be described by a linear approximation—as shown for both film se-
ries in Figures 4f and 5f—and the spin-phonon coupling strength is determined by the
corresponding slope S = 4A. [10,16,19,31] One can see a systematic decrease in the slope
and, hence, in the spin-phonon coupling constant when the A-site cation radius is re-
duced from the largest cation Gd3* to the smallest cation Gd** within the A,CoMnOg and
ApNiMnOg film series. The corresponding values for the spin-phonon coupling strength,
A, are presented for both series as a function of the A-site cation radius [26] in Figure 6.
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For the A,CoMnOg film series, the maximal value of A = 1.42 cm ™!, obtained for LCMO,
reduces systematically with the decreasing size of the A-cation, down to A = 0.58 cm ™!
(GCMO). For the A,NiMnQj films, the maximal value of A = 1.53 cm~! (LNMO) reduces
to A = 0.44 cm~! (GNMO). Note that the A values for GCMO and GNMO are likely un-
derestimated, since these films show an enhanced saturation magnetization (see Table
S1 in the SM) due to the strong contribution of the magnetic moment of Gd. Hence, a
systematic and similar decrease in the spin-phonon coupling strength, A, by reducing the
A-site cation radius is observed for both series. A similar behavior was observed recently
for ApCoMnQg/LaAlO3(001) films (A = Pr, Nd, Sm) [19] and polycrystalline bulk samples
(A =La, Pr, Nd) [16]. Remarkably, very different A-values were determined in thin films
and bulk samples: a PCMO film and a bulk sample show A = 1.61 cm~! and A = 0.51 cm ™},
respectively. As for the A;NiMnOg series, no influence of the A-site cation radius on the
spin-phonon coupling was detected in bulk samples for A = La, Pr, Nd, Gd, Y [17], in
contradiction to our results for A)NiMnOg/STO(111) films (see Figure 6).
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Figure 4. The development of the deviation Aw(T) of the Ag breathing mode position from the anhar-
monic approximation (phonon renormalization; black data points) and the squared magnetization
M? (T)/M? 55 with the temperature T for the LCMO (a), PCMO (b), NCMO (c), SCMO (d), and
GCMO (e) double-perovskite thin films on STO(111). Additionally, in (f), the corresponding linear
approximation between the phonon renormalization Aw(T) and the magnetization M2 (T)/M?,4x is
presented for each of the different A;CoMnQOg/STO(111) thin films of the series.
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Figure 5. The development of the deviation Aw(T) of the Ag breathing mode position from the anhar-
monic approximation (phonon renormalization; black data points) and the squared magnetization
M?(T) /M2, with the temperature T for the LNMO (a), PNMO (b), NNMO (c), SNMO (d), and
GNMO (e) double-perovskite thin films on STO(111). Additionally, in (f), the corresponding linear
approximation between the phonon renormalization Aw(T) and the magnetization M? (T)/M? 4y is
presented for each of the different AyNiMnOg/STO(111) thin films of the series.
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Figure 6. The spin-phonon coupling strength, A, of the B-site-ordered ACoMnOg and A;NiMNOg
thin film series on STO(111) as a function of the A-site cation radius. The values were extracted from
the phonon renormalization of the Ag breathing mode in the ferromagnetic phase below Tc.
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4. Discussion

To elucidate the origin of the A-site cation influence on the spin-phonon coupling
in double-perovskite films, the intrinsic and extrinsic mechanisms should be considered.
In general, the systematic decrease in the spin-phonon coupling strength, A, for smaller
A-site cations reflects the impact of chemical pressure on the structure—property (magnetic
and phononic) relationship. Initially, the orbital overlap and the apparent ferromagnetic
superexchange depend on the Co?*-0%*~-Mn** or Ni?*-O?~-Mn** bond angles between
the B-site cations [5-7]. This is shown in Figure 1b for the A;CoMnOg¢ and the A;NiMnOg
series, for which a reduction in the A-site cation size from Gd3* to Gd®* leads to a sys-
tematic decrease in T¢ due to the chemical-pressure-induced decrease in the bond angle.
Simultaneously, the reduction of the A-site cation radius modifies the internal bond lengths,
yielding a decrease in the pseudocubic c-lattice parameter [5-7,33] (Figure 1a), an increase
in the lattice mismatch and, finally, an enhancement of the epitaxy stress in films grown
on the STO(111) substrates. As a result, the force constants of the perovskite lattice [30,32]
also increase, and the lattice gets stiffer, as evidenced by the significant shift of the Ag
breathing mode in the Raman spectra towards larger wavenumbers (Figure 2a,b). As a
consequence, the decrease in the A-site cation radius results in a systematic reduction of
both the magnetic superexchange interaction and the spin-phonon coupling, as the latter
connects magnetic and phonon properties. A similar behavior was seen also for the rare
earth RMnOj3 manganites [30,32].

Comparing the AyCoMnOg and the A;NiMnOg double-perovskite film series, the
spin-phonon coupling strength, A, for the same A-site cation exhibits only small differences,
indicating a weak impact of the Co?* and Ni?* cations on the spin-phonon coupling. In
general, the A;CoMnOg film series shows slightly larger A values (the only exception being
A = La) than the Ay)NiMnOg film series, although T¢ values are significantly higher for the
A,NiMnOg series (Figure 1b). As the cation size of Co?** and Ni?* is comparable (74.5 pm
for HS-Co?* vs. 69 pm for Ni2*; CN = 6, Ref. [26]), and the lattice parameters are also similar
(Figure 1a), the different spin contributions of HS-Co?*/Ni?*, and their impact on the
bonds, force constants, and phonon properties (Figure 2a—d), must be involved. Obviously,
the overall interplay results in a comparable spin-phonon coupling for both series. Recent
studies on the A;CoMnQOg series showed similar values for the coupling strength, with
A=1.61cm™! for PCMO, A = 1.20 em ™! for NCMO, and A = 1.16 em ™! for SCMO for films
on LAO(100) substrates [19], and A ~ 1.4-2.1 cm !, depending on the substrate, for LCMO
thin films [10], whereas for polycrystalline bulk PCMO with A = 0.51 cm ™!, a significantly
lower coupling was obtained [16]. For the A;NiMnOg series, no comparative values are
available. Recent studies on polycrystalline A;NiMnOg bulk samples showed no A-site
cation influence, but from the Ag breathing mode softening, the coupling strength can be
estimated roughly to A ~ 0.6-0.7 cm ™! for the whole series [17], which is again significantly
lower than for our AyNiMnQg thin films.

An explanation for this discrepancy can be given by the sample characteristics;
whereas the epitaxial thin films exhibit a high crystalline quality and are in-plane strained
due to the lattice misfit [10,12,19,24], the strain effects are absent for the polycrystalline bulk
samples, but problems concerning the oxygen stoichiometry can occur and play a crucial
role [8,9,16]. Furthermore, the degree of the B-site ordering of the double-perovskites must
be included for a complete discussion [10,12,20,21]. Beginning with the strain, it is argued
that for the case of AyCoMnOQOy films on LAO(100), the compressive biaxial strain has a
significant influence on the magnetic interaction and the spin-phonon coupling, due to a
reduction in oxygen vacancies and a higher degree of B-site ordering compared to bulk
samples [16,19]. Our recent study on the B-site-ordered LCMO thin films with a (111)
out-of-plane-orientation on various substrates also reveals a strong strain impact [10]. In
this context, the largest spin-phonon coupling strength of A ~ 2.1 cm~! was observed for
LCMO(111) films on Al,O3(0001) and on (LaAlOj3)g 3(SroTaAlOg)o.7(111)(LSAT) substrates,
actuating a small, compressive, in-plane strain. This coupling constant is significantly
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larger than A ~ 1.4-1.5 cm ! (see Ref. [10] and the present study), obtained on LCMO(111)
films grown on substrates with a larger lattice mismatch, such as LAO(111) and STO(111).

On the other hand, the spin-phonon coupling of the double-perovskite A;BMnOj
is affected by the degree of the B-site ordering, as it directly depends on structural and
magnetic properties [8-12]. For B-site-ordered LCMO and LNMO films, this is reflected by
a significant increase in the softening of the Ag breathing mode in the ferromagnetic phase,
and by the corresponding spin-phonon coupling for the B-site-ordered films compared
to partially or fully disordered systems [10,20,21]. For LCMO thin films on c-orientated
Al,O5(0001), this results in a spin-phonon coupling strength of A ~ 2.1 cm ! in the case of
B-site ordering, and a decrease to A ~ 1.7 cm ! for a partially B-site-disordered film [10].
Additionally, the B-site ordering in the double-perovskite films can be stimulated and
improved by a compressive in-plane strain, due to a different distortion of the B/B’Oq
octahedra [12]. In combination with the higher crystalline quality of the epitaxial thin
films, a higher degree of B-site ordering—and, hence, a stronger mode softening and
spin-phonon coupling compared to polycrystalline, double-perovskite bulk samples—is
achieved. For partially B-site-disordered or polycrystalline bulk double perovskites, this
also results in a decreased impact of the A-site cation on the coupling strength, as the
crystal quality, ordering, and strain have a significantly stronger influence [10,16,17,19-21].
Conversely, the spin-phonon coupling strength as an indicator of the crystal quality depicts
a direct way to characterize and improve the suitability of a double-perovskite material for
technological applications.

5. Conclusions

Epitaxial films of the B-site-ordered A;CoMnOg and A;NiMnOg (A = La, Pr, Nd,
Sm, Gd) double-perovskite series with a monoclinic P12;/n1 structure were grown on
SrTiO3(111) substrates using the MAD technique, in order to determine the impact of the
A-site cation size on the structural, magnetic, and phonon properties. By carrying out
polarization and temperature-dependent Raman measurements, the anomalous softening
of the breathing mode in the ferromagnetic phase, and its dependence on the size of A-site
cations, were revealed in both film series. The results were discussed within the influence
of the A-site-induced variation of internal chemical pressure on the spin-lattice interaction,
quantified by the corresponding spin-phonon coupling strength, A. We observed a sys-
tematic reduction in A by decreasing the size of the A-cation, which is very similar to the
changes in the c-lattice parameters and Curie temperatures actuated by the A-cation size.
Thus, the spin-phonon coupling constant—correlating structural, magnetic, and phonon
properties together—displays the strong impact of the A-site cation size in the AyCoMnOgq
and A;NiMnOg double perovskites, and depicts a promising way to improve the material
suitability of various double-perovskite systems for technological applications.
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around the STO (111) reflex; Figure S2: XRD spectra of the A;NiMnOg/STO (111) (A =La, Pr, Nd,
Sm, Gd) double perovskite thin film series (thickness d~100 nm) together with a STO (111) pattern
around the STO (111) reflex; Figure S3: Temperature dependent M(T) magnetization curves (FCC and
ZFC, H = 1000 Oe) of the A;CoMnOg/STO (111) (A = La, Pr, Nd, Sm, Gd) double perovskite thin film
series. Figure 54: Temperature dependent M(T) magnetization curves (FCC and ZFC, H = 10000 Oe)
of the ApNiMnQOg/STO (111) (A = La, Pr, Nd, Sm, Gd) double perovskite thin film series. Table S1:
Magnetic characteristics of Co- and Ni-series films.
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