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Abstract

Double-perovskite GdBaCo,0, exhibits remarkable magnetic properties, including half-
metallicity, high magnetic anisotropy, and photoinduced magnetic phase transition. While
manipulating these properties through cation arrangement is attractive, addressing the thermodynamic
stability of the Gd/Ba order necessitates an unconventional synthesis approach. Herein, we report the
synthesis of both A-site-ordered and -disordered GdBaCo,0¢ films employing a combination of
substrate-induced strain and low-temperature topochemical oxidation reactions. Both types of films
displayed metallic and ferromagnetic behaviors. Interestingly, the A-site-disordered film exhibited
superior magnetization (11.5 uB/f.u. at 40 kOe), a higher Curie temperature (7¢ = 165 K), and lower
resistivity compared to the A-site-ordered film (9.5 uB/f.u. at 40 kOe; Tc = 115 K). Theoretical
calculations predicted that the alterations in the magnetic and conductive properties of the A-site-
disordered film stem from a change in its Co spin states associated with a change in ion arrangement.
This mechanism diverges from conventional double perovskites, where magnetic properties primarily
stem from alterations in the combination of nearest-neighbor magnetic elements or lattice parameters
without affecting the spin state. Our results highlight the potential of unconventional synthesis
strategies in broadening the tunability of functionalities in double-perovskite materials and

manipulating spin states through cation-placement control.
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1. Introduction

Double perovskites, AA’BB’Og¢, which feature two types of ordered A-site (A/A’) or B-site
(B/B’) cations, exhibit fascinating properties that exceed those of single perovskites. These distinctive
properties, including the ferrimagnetic half-metallicity of Sr,FeMoOg and the extremely high
magnetoresistivity of NdBaMn,Oq, arise from complex lattice distortion and magnetic coupling
between the ordered cations [1-3]. In particular, A-site-ordered double-perovskite cobaltites
GdBaCo,0O, (x = 5—6) exhibit a rich variety of magnetic and electronic features, including high
magnetoresistance [4,5], spin-crossover-associated metal-insulator transition [5], high magnetic
anisotropy [5-7], half-metallicity [6], and magnetic field (H)- or photoinduced phase transitions from
antiferromagnetic to ferromagnetic states [4,5,7-10]. Furthermore, GdBaCo,O, exhibits excellent
electrochemical properties, including fast oxygen-ion conductivity, anisotropic oxide-ion and proton
conductivity, and efficient catalytic behavior [11-16].

The Gd/Ba order along the c-axis in GdBaCo,O, arises from the significant difference in ionic
radius between Gd3* (1.05 A) and Ba?* (1.42 A) [17]. Because this order is thermodynamically stable,
achieving a different ion arrangement to modify the functionalities of this type of perovskite requires
an unconventional synthesis approach. Previous studies have reported A-site-disordered
GdjsBagsCoO3 perovskites [18-21]. However, these studies employed high-temperature (above
1000 °C) sintering methods and the obtained lattice parameters closely resembled those of A-site-
ordered GdBaCo,0,, thus suggesting the presence of a Gd/Ba order. In addition, the low-temperature
insulating and antiferromagnetic behaviors observed in these studies starkly contrasted the expected
characteristics of A-site-disordered GdBaCo,Og, as discussed later. To the best of our knowledge, the
synthesis of both A-site-ordered and -disordered structures in the RBaCo,04 family (R = rare-earth
element) is limited to LaBaCo,O¢. Since La** has a larger ionic radius (1.16 A) than Gd3", the
thermodynamic energy difference between A-site-ordered and -disordered structures is very small for

LaBaCo,0¢, and, in fact, the A-site-disordered structure is obtained through conventional high-
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temperature processes [22,23].

In this study, we explored synthesis approaches that could achieve cation placement beyond
thermodynamically stable sites and investigated the influence of cation position on the magnetic
properties of the resultant perovskites. Using a combination of substrate-induced strain and low-
temperature topochemical oxidation reactions, we successfully synthesized A-site-disordered
GdBaCo,0 films in which the thermodynamically stable Gd**/Ba”* order was disrupted. Surprisingly,
the A-site-disordered GdBaCo,0¢ film exhibited metallic and ferromagnetic behaviors, including
higher magnetization (11.5 uB/f.u. at 40 kOe), a higher Curie temperature (7¢ = 165 K), and lower
resistivity (p) compared with the A-site-ordered film (9.5 uB/f.u. at 40 kOe; T = 115 K). Theoretical
calculations predicted that the alterations in the magnetic and conductive properties of the A-site-
disordered GdBaCo,0q film stem from a change in its Co spin states associated with a change in ion

arrangement.

2. Experimental

As-grown GdBaCo,O, films were fabricated using pulsed laser deposition (PLD). SrTiO3(001)
(STO) and LaSrGaO4(001) (LSGO) substrates were used in this study. STO and LSGO have square
in-plane lattices with a = 3.905 and 3.843 A, respectively. Bulk GdBaCo,0s s has an orthorhombic
structure with lattice parameters of a = 3.879, b/2 = 3.910, and ¢/2 = 3.768 A; therefore, the lattice
parameters of the materials show the order /2 (bulk) > a (STO) > a (bulk) > a (LSGO) > ¢/2 (bulk).
During the deposition, the substrate temperature and oxygen partial pressure were set to 900 °C and
200 mTorr, respectively, as described in our previous report [7]. A KrF excimer laser (wavelength =
248 nm) with an energy of 1 J cm™ shot™! and repetition rate of 2 Hz was used to ablate GdBaC0,04_
s ceramic pellet. The as-grown films were reacted with an aqueous NaClO solution at 80 °C for 40 h
to obtain the x = 6 phase. At present, stoichiometric A-site-ordered RBaC0,0¢ (R = Pr, Gd, and Y) is

prepared via low-temperature topotactic oxidation using NaClO solution [6,24—27]. The film thickness
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obtained is typically 3040 nm. The crystal structures of the films were evaluated using X-ray
diffraction (XRD) measurements. Their magnetic properties were analyzed using a superconducting
quantum interference device magnetometer (MPMS XL, Quantum Design Co.). Magnetization versus
temperature measurements were conducted at magnetic field of 500 Oe. The thickness of the films was
determined through X-ray reflectivity measurements, while the area of the films was evaluated from
photographs taken from the out-of-plane direction of the film. The resistivities of the films were
measured using the four-probe method with Au electrodes.

Theoretical density functional theory (DFT)-based calculations were performed using the
Vienna ab initio simulation package [28] to investigate the electronic structures of the films. The
generalized gradient approximation method developed by Perdew et al. [29] was employed for the
exchange-correlation functional. The localized nature of d (f) electrons in Co (Gd) was treated using
the GGA + U method with a U value of 5.0 eV [30]. Valence states were described using the plane-
wave basis method with a cutoff energy of 800 eV, while core electrons were considered using the
projector-augmented wave method [31,32]. Brillouin zone integration was carried out in the
Monkhorst—Pack scheme [33] with a I'-centered 9 X 9 X 6 k-point mesh. The calculations were
performed for a doubled unit cell. The experimental lattice constants were used and the atomic

positions were relaxed such that the residual force on the atoms was less than 0.01 eV/A.

3. Results and discussion
3.1. Synthesis of disordered and ordered phases

Figure 1(a, b) shows the out-of-plane XRD 26— patterns for the as-grown GdBaCo,O, films
on the STO and LSGO substrates. Both films show superlattice (SL) peaks at 260 = 11-12°. For bulk
GdBaCo,0:s 5, two types of superlattice (SL) peaks appear at 26 = 11-12°, which could be indexed to

the SL 010 and SL 001 peaks [5]. The SL 010 peak originates from the CoO¢/CoOs order along the b-
5
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axis, whereas the SL 001 peak originates from the Gd/Ba order along the c-axis. Therefore, the
diffraction peak at 260 = 11-12° for the as-grown films indicates the existence of the CoO¢/CoQOs or
Gd/Ba order in the out-of-plane direction. The calculated out-of-plane lattice constants of the films on
the STO and LSGO substrates are 7.529 and 7.837 A, respectively, which closely match the c- and b-
axis lengths of bulk GdBaCo,0s5 (7.535 and 7.820 A, respectively) [5]. This result suggests that the
films on the STO and LSGO substrates are oriented along the c- and b-axis, respectively. Reciprocal
space mapping (RSM) measurements confirmed the coherent growth of the films on the substrates,
with in-plane lattice constants of 3.905 A on the STO substrate and 3.843 A on the LSGO substrate
(Fig. S1). Unlike the out-of-plane XRD patterns, the in-plane XRD 26-6 patterns showed no SL peaks
(Fig. S2), indicating the absence of a long-range ionic order in the in-plane direction. This lack of ionic
ordering is attributed to the substrate-induced orthorhombic-to-tetragonal transformation of
GdBaCo,0,. However, we utilized our laboratory's XRD equipment without employing techniques
such as synchrotron radiation. Therefore, while the degree of ordering is low, there is a possibility that

the films still have some short-range ionic ordering (Fig. S2).
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Figure 1. Out-of-plane 26—-6 XRD patterns for the as-grown and oxidized films on (a) STO and (b)
LSGO. (c, d) In-plane magnetization (M)—temperature (7) curves for the samples. The insets show the
magnified images. Schematic crystal structures of (e, g) x = 5.5 (as-grown) and (f, h) x = 6 (oxidized)

films on the (e, f) STO and (g, h) LSGO substrates.

The magnetic properties of perovskite cobaltates are strongly influenced by the oxidation state
of Co. Figure 1(c, d) shows the in-plane magnetization (M)—temperature (7) curves for the as-grown
films on STO and LSGO. The M-T curves for both films exhibit positive peaks at approximately 250
K (T, in the figures), similar to the behavior observed in bulk GdBaCo,O, with x = 5.33-5.55 [5],

which is attributed to the ferromagnetic-to-antiferromagnetic phase transition. This result suggests that

7



Journal of Materials Chemistry C Page 8 of 23

the as-grown films have an approximate x value of 5.5. Subsequently, the as-grown films were oxidized
by treatment with NaClO solution at 80 °C for 40 h, following the same procedure reported for the
fabrication of A-site-ordered GdBaCo,04 films [6]. In contrast to the as-grown films, the oxidized
films exhibit ferromagnetic behavior below 7. Moreover, the M values of the oxidized films are
significantly higher than those of the as-grown films, which confirms successful oxidation via NaClO
treatment. The oxidation state of Co ions was also evaluated using X-ray absorption spectroscopy
measurements (Fig. S4), showing that the Co ions exist as Co’" in the as-grown film and a mixture of
Co*" and Co*" in the oxidized films. Hereafter, the as-grown and oxidized films are referred to as x =
5.5 and 6 films, respectively. It is noted that there is no direct evidence proving the oxygen content is
exactly six in the oxidized film. This issue arises from the nature of oxide thin films, and obtaining
such evidence is extremely difficult as long as oxide thin films are used. There are two main reasons
why accurately quantifying the oxygen content in oxide thin films is difficult: first, the film has a very
small volume, and second, the substrate also contains oxygen.

Figure 1(a, b) also depicts the out-of-plane XRD patterns of the x = 6 films. The x = 6 film on
the STO substrate retains its SL 001 peak at 26 = 11°, indicating the maintenance of the Gd/Ba order
during oxidation. It is noted that in the case of GdBaCo,0s s, the presence of superlattice peaks suggests the
possibility of two types of ordering: Gd/Ba or oxygen defects. However, in the case of GdBaCo,04, oxygen
vacancies do not order, and the superlattice peaks solely originate from Gd/Ba ordering. By contrast, the SL
peak at 20 = 11° disappeared for the x = 6 film on the LSGO substrate, indicating the disappearance
of the CoO4/Co0Os order during oxidation. This finding is reasonable because CoOs is transformed into
CoOg during oxidation. The out-of-plane lattice constants of the x = 6 films on the STO and LSGO
substrates are 7.538 (=2 x 3.769) and 3.900 A, respectively. Conversely, the in-plane lattice constants
measured using RSM (Fig. S3) are consistent with those of the as-grown films and substrates (3.905
and 3.843 A, respectively). However, in the RSM pattern, a g, tail was also observed, indicating that

partial relaxation appears in the film on LSGO during the oxidation process. Compared to the RSM
8



Page 9 of 23 Journal of Materials Chemistry C

results of the films on STO and LSGO substrates, the full width at half maximum (FWHM) values of
the curves in the g, direction for the 103 diffraction peak was different (Figs. S1 and S3). The FWHM
values for the as-grown films on STO and LSGO substrates were 0.002 and 0.007 nm!, respectively,
while those for the oxidized films on these substrates were 0.003 and 0.016 nm-!, respectively. This
result suggests that the crystallinity of the films on LSGO substrates is worse than that of the films on
STO substrates.

We also performed structural optimization of A-site ordered GdBaCo0,055 and GdBaCo,0g
thin films using DFT calculations. Figure S5 shows the relationship between the c-axis length and
energy of GdBaCo,0ss and GdBaCo,0q. Here, the a- and b-axis lengths were fixed at 3.905 A.
Comparing the c-axis lengths at the energy minima, it was observed that the c-axis length of
GdBaCo,0g is slightly longer than that of GdBaCo,0s s, consistent with the trends observed in the
films on STO substrates. This behavior is not typically observed in perovskite oxides, where the
volume tends to decrease when oxygen vacancies are reduced. Indeed, the volume of the A-site
disordered films on LSGO substrates decreases with increasing the oxygen content. As for the bulk A-
site ordered GdBaCo,0,, c-axis length increases but cell volume decreases with increasing x when 5.5
< x < 5.77 [5]. Hence, the presence of Gd/Ba ordering and the epitaxial strain from the substrate is
crucial for modifying the cell volume during oxidation.

Table S1 shows the intensity ratio of the 001 to 006 peak ({y91//y0s) for the as-grown and oxidized films
on STO substrates, together with the simulation results (see Reply2-4). In both the experiment and simulation,
the Zoo1/loos value increases with oxidation. However, there is a difference between the experimental and
simulation results; the /yy/1ys values for the x = 5.5 and 6 films were 84% and 59% of the theoretical values,
respectively. Based on the obtained values, the ordering ratio is estimated to be 92% and 77% for the as-grown
and x = 6 films, respectively. However, the ordering ratio may differ from the actual value because the DFT
calculation assumes 0 K, whereas the XRD measurements were conducted at room temperature.

Figure 1(e—h) shows schematic images illustrating the synthesis process and crystal structures

9



Journal of Materials Chemistry C Page 10 of 23

of the films. The x = 5.5 films on the STO and LSGO substrates exhibit Gd/Ba and CoO¢/CoQOs orders,
respectively, along the out-of-plane direction. However, no long-range ionic orders are observed along
the in-plane direction owing to the strain induced by the substrates. After their reaction with NaClO,
the films undergo oxygen-ion insertion. The x = 6 film on STO maintains its Gd/Ba order along the
out-of-plane direction. By contrast, the x = 6 film on the LSGO substrate lacks long-range orders,

indicating an A-site-disordered structure.

3.2. Magnetic properties

Figure 2(a, b) shows the M—H curves for the A-site-ordered and -disordered x = 6 films as a
function of the H direction. Both films display distinct magnetic hysteresis loops, thus confirming their
ferromagnetic nature. The M value at H = 40 kOe of the A-site-ordered x = 6 film is 9.5 pg/f.u., which
is 2 pp/fiu. smaller than that of the A-site-disordered x = 6 film (11.5 pg/fu.). This result suggests a
difference in Co spin states between the A-site-ordered and -disordered x = 6 films. These films show
magnetic anisotropy. As for the A-site-ordered x = 6 film, the remnant magnetization (M,) and coercive
magnetic field (H,) in the in-plane direction, 4.8 pg/f.u. and 0.5 kOe, respectively, are much larger than
those in the out-of-plane direction, 0.5 pg/f.u. and 0.2 kOe, showing the strong magnetic anisotropy
along the in-plane direction. On the other hand, M, of the A-site-disordered x = 6 film in the in-plane
direction (4.9 pp/f.u.) is smaller than that in the out-of-plane direction (3.0 pg/f.u.), indicating the
perpendicular magnetic anisotropy. This indicates that the magnetic anisotropy properties of the A-
site-disordered film are not determined by the film's shape because the thin film geometry typically
result in in-plane magnetic anisotropy. However, in the A-site disordered film, the H, value in the in-
plane direction is similar to that in the perpendicular direction, suggesting that the magnetic anisotropy
is small. The magnetic anisotropy constant (K,) was evaluated from the area enclosed between the in-
plane and out-of-plane M—H curves below 50 kOe (Fig. S4). The K|, value of the A-site-ordered x =6

film (1.7 x 107 erg/cm?) is five times larger than that of the A-site-disordered x = 6 film (3 x 10°
10
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erg/cm?). Notably, the magnetization of the A-site ordered film doesn't reach its saturation point even
when subjected to a magnetic field of 50 kOe. This is probably because of the differing magnetic
anisotropic properties between the Gd and Co magnetic moments. We estimate that 50 kOe isn't

sufficient to fully align the Co ions' magnetic moment in the out-of-plane direction. This finding

Journal of Materials Chemistry C

highlights the effectiveness of the A-site-ordering system in enhancing magnetic anisotropy.
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Figure 2(c) shows the M-T curves for the A-site-ordered and -disordered x = 6 films. The 7¢
of the A-site-ordered x = 6 film is 115 K, which is lower than that of the A-site-disordered x = 6 film
(165 K), indicating the importance of cation disordering in 7c. In the disordered x = 6 film, the M
values exhibit an abrupt increase below 60 K, which is denoted as 74 in the figure. This behavior
arises from the difference in the temperature dependence of the sublattice magnetization at the Gd3* 4f
7 and Co33* 3d 3 sites; the sublattice magnetization at the Gd sites decreases above Tgq, while that at
the Co sites decreases above T¢.

Figure 2(d) shows the p—T curves for the A-site-ordered and -disordered x = 6 films. The A-
site-ordered x = 6 film displays metallic behavior (dp/dT > 0) below 7 and semiconducting behavior
(dp/dT < 0) above T¢. By contrast, the A-site-disordered x = 6 film exhibits only metallic behavior
below 300 K. The p values of the A-site-disordered x = 6 film are lower than those of the A-site-
ordered x = 6 film. Notably, in the p—T curve of the A-site-disordered x = 6 film, two kinks appear near
the magnetic phase transition (74 and 7¢). Some cobaltites exhibit charge ordering. For instance, in
YBaCo,0s, Co?" and Co3" are indeed ordered [34]. However, such charge ordering typically occurs in
the insulating state. On the other hand, GdBaCo,0¢ exhibits a metallic state, indicating that electrons
at the Fermi energy can move freely between adjacent Co orbitals. Therefore, we do not expect charge

ordering in the film.

3.3. Effect of ion arrangement on magnetism

Table 1 shows a comparison of the lattice constants and magnetic and conductive properties of
the A-site-ordered and -disordered x = 6 films. The A-site-ordered x = 6 film on the STO substrate has
a tetragonal structure, in which the out-of-plane lattice constant is 3.5% smaller than the in-plane lattice
constant. By contrast, the out-of-plane lattice constant of the A-site-disordered x = 6 film on the LSGO

substrate is 1.4% larger than the in-plane lattice constant. In terms of magnetism, the A-site-disordered

12
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x = 6 film demonstrates a higher 7¢ and larger M at 40 kOe than the A-site-ordered x = 6 film. Moreover,

the A-site-disordered x = 6 film exhibits lower p and maintains its metallic behavior even above T¢.

Table 1. Structural, magnetic, and electric properties of the A-site-ordered and -disordered x = 6 films.

A-site-ordered x = 6 film on STO A-site-disordered x = 6 film on LSGO
Out-of-plane and in-plane 7.538 (= 2 x 3.769) and 3.905 3.900 and 3.843
lattice constant (A)
Te (K) 115 165
M at 40 kOe (ug/fu.) 9.5 11.5
K, (erg/cm?) -1.7 x 107 3 x 109
dp/dT >0 (below T¢) and <0 (above T¢)

EJ

- e
Spin-up % 9 Spin-down Spin-up

Spin-down

Schematic representation
of the DOS of Co orbitals

PDOS of Co at Er 3d e, (spin-up) 3d e, (spin-up) and 3d #, (spin-down)

DFT calculations were performed to elucidate the origins of the difference in magnetism
between the films. A-site-ordered GdBaCo,0g has a structure in which the GdO and BaO layers are
stacked along the c-axis (Fig. 3(a)), and this arrangement is uniquely determined. However, for the A-
site-disordered x = 6 film, experimental ion ordering was not observed. In such cases, the most
appropriate approach is to prepare an extensive cell size, randomly place Gd and Ba ions, and perform
calculations. However, DFT calculations require a significant amount of time because of the
substantial number of atoms. Therefore, we performed DFT calculations for the three different Gd/Ba
configurations depicted in Fig. 3(b—d) by setting the same lattice constants as those for the A-site-
disordered x = 6 film. Hereafter, the structures shown in Fig. 3(b—d) are referred to as 0D-, 1D-, and
2D-GBCO, respectively. Among these structures, the total energy of 2D-GBCO is the lowest; thus,
this structure is the most stable. This finding may probably be attributed to the shift of Co ions away

from the center of CoOg. In this study, we obtained a GdBaCo,0¢ film not through direct growth but

13
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by the low-temperature oxidation of a GdBaCo,0s 5 film with the CoO¢/CoO5 order. We speculate that
the presence of the CoO4/Co00O5 order in GdBaCo,0s 5 also causes a Co-ion shift, which stabilizes the
structure even when the cation arrangement does not match that of 2D-GBCO. However, our DFT
calculations indicate that as the oxygen content reaches x = 6, the off-center displacement of Co-ions

decreases with decreasing of A-site ordering degree.

(a) flmon STO film on LSGO |
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Figure 3. Crystal structures and partial densities of states (DOS) of Co orbitals for (a, e, f) GdBaCo0,04

films on STO and (b, g, h) 0D-, (¢, 1, j) 1D-, and (d, k, 1) 2D-GBCO films on LSGO.

Figure 3(e, f) shows the partial densities of states (DOS) of the Co orbitals calculated for the

A-site-ordered x = 6 film grown on the STO substrate. In accordance with the difference in the spin-

14
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up and spin-down DOS spectra, the total magnetization was calculated to be 10.5 ug/f.u., which closely
agreed with the experimental results (M = 9.5 ug/f.u. at 40 kOe, Fig. 2(a)). Notably, only the spin-up
Co 3d ez and O 2p orbitals exhibit a finite DOS at the Fermi energy (Er), indicating the half-metallicity
of the film. The total magnetization consists of two types of sublattice magnetizations: Gd 4/’ and Co
3d°~. Considering that the sublattice magnetization of Gd 47 is 7 ug/f.u., the Co orbital represents a
mixed state of intermediate-spin Co** and low-spin Co**, resulting in half-metallicity through a double-
exchange interaction.

Figure 3(g—1) shows the partial DOS of the Co orbitals as a function of the ion arrangement.
The calculations were performed using the same lattice constants as those of the experimental film on
the LSGO substrate. The total magnetization values for 0D-, 1D-, and 2D-GBCO are 13.6, 12.4, and
9.9 up/f.u., respectively, indicating the significant influence of ion arrangement on the Co spin states.
For example, in 2D-GBCO, similar to the film on the STO substrate (Fig. 3(e, f)), the spin-down d,,
orbital is unoccupied, whereas the spin-down d,. and d., orbitals are occupied by electrons, resulting
in a hybrid state of intermediate-spin Co** and low-spin Co**, which contributes to the half-metallic

character of the film. Conversely, in 0D-GBCO, in which the d,,,

d

., and d_ orbitals possess the same

energy, the DOS for the spin-down 3d t,, orbitals appears at Er. Therefore, the Co ions in 0D-GBCO
adopt a mixed state of high-spin Co*" and intermediate-spin Co*". In general, Co spin state strongly
depends on the energy of the Co 3d orbitals. When CoOg has high symmetry, where the lattice constants are a

3d

= b= c and the Co position is at the center of CoOs, the Co 3d orbitals in CoOg split into #,, (3d. s

x>

3d.,) and
e, (3dx-10, 3d,,) states. On the other hand, when the lattice constants change to a = b # ¢ with keeping the Co

position at the center of CoOy, further splitting occurs into 3d,,, (3d

e, 3d-), 3d\2-y0, and 3d,, states. Moreover,

when the Co position shifts from the center of CoQOg, this splitting widens further. In this study, DFT calculations
revealed that the arrangement of Gd/Ba orders leads to variations in the Co position within CoOg; unlike 0D-
GBCO, 2D-GBCO features Co ions that shift away from the center of CoOg. This change in symmetry

alters the energy of the Co 3d orbitals, consequently affecting the spin state.
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Table 1 provides schematic representations of the partial DOS for Co orbitals in A-site-ordered
and -disordered x = 6 films grown on the STO and LSGO substrates, respectively. The Co 3d t,, states
of the films differ because of variations in their ion arrangement. In the A-site-disordered film, the
appearance of spin-down f,, orbitals at £ enhances its electrical conductivity (Fig. 2(d)). Additionally,
the reduction in the DOS of the spin-down #,, orbitals below Er contributes to an increase in the
magnetic moment of the Co ions, leading to enhancements in magnetization and 7 compared with the
A-site-ordered film (Fig. 2).

The relationship between ion arrangement and magnetic properties for several double-
perovskite AA'BB'O4 systems has been reported [1-3,17,35-38]. For example, B-site-ordered
Sr,FeMoOg shows room-temperature ferrimagnetism owing to the magnetic coupling between Fe and
Mo ions [1]. The ion arrangement in A-site-ordered and -disordered RBaMn,Og influences the distance
between neighboring Mn ions as well as the anisotropic properties of Mn orbitals, resulting in the
modulation of magnetic properties [2]. In A-site-ordered RBaMn,Ogs (R = La, Pr and Nd),
ferromagnetic double exchange interaction is dominant, while the ground state is a mixture of
ferromagnetic and antiferromagnetic charge-orbital ordered phases for R = La and A-type
antiferromagnetic phase for R = Pr and Nd [39]. These ground state behaviors are explained by the
effect of Mn—O distance on the bandwidth and the two-dimensional character in the structure [39]. In
GdBaCo,0g, the ion arrangement affects the spin states of Co ions, leading to the modulation of its
magnetic and electric conduction properties.

Finally, we discuss the difference in K, between the A-site-ordered and -disordered x = 6 films.
In general, the direction of magnetic anisotropy in cobaltates is determined by the coordination
environment. In the A-site-ordered x = 6 film, the out-of-plane length of CoOg octahedra (/o) is much
shorter than the in-plane length one (/ip); (loop — ip)/lip = —3.5 %. By contrast, /o, is longer than /i, in
the A-site-disordered x = 6 film ((Zoop — /ip)/lip = 1.5 %). This change in the sign of (/,op — /ip)/Iip 1S the

origin of the difference in the direction of magnetic anisotropy between the films; the A-site-ordered
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x = 6 film shows in-plane magnetic anisotropy, whereas the A-site-disordered film shows
perpendicular magnetic anisotropy. Additionally, the large value of (/,op — /ip)/li, for the A-site-ordered

x = 6 film probably leads to the large K, value.

4. Conclusion

In this study, we investigated the effects of cation arrangement on the magnetic properties of
GdBaCo,04. Despite the thermodynamic stability of the Gd/Ba order, our synthesis method, which
included substrate-induced strain and low-temperature topochemical reactions, successfully produced
A-site-disordered GdBaCo,0¢ films. These films displayed notable enhancements in magnetic and
electrical properties, including higher M at 40 kOe and 7, perpendicular magnetic anisotropy, and
reduced p, compared with their A-site-ordered counterparts. Theoretical investigations confirmed that
changes in the Co spin states induced these property modifications. Our results highlight the potential
of unconventional synthesis strategies for expanding the tunability of functionalities in double-

perovskite materials and modulating spin states through cation-placement control.
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