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ABSTRACT

The epitaxial La(Cro2Mng2Feo2Co02Nip2)O3 (L5BO3) thin films with varying oxygen vacancies were prepared on (001) SrTiO3 substrates in
this work. These thin films exhibit a high degree of crystallinity and prominent semiconductor characteristics. The valence state of the B-site
elements is influenced by the introduction of oxygen vacancies, which in turn affects the spin state. Electrical properties were investigated
across a broad temperature range (150-400 K), demonstrating significant resistivity variations of up to 3 orders of magnitude as a function
of oxygen vacancies. The corresponding mechanisms of small polaron hopping and variable range hopping are discussed. This work explores
the effect of oxygen vacancies on the structure and performance of L5BO3 high-entropy oxide films prepared under various oxygen pressures,
offering foundational insights into the compositional manipulation of high-entropy oxides.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0267185

I. INTRODUCTION Isovalent cation doping is a common method for altering
perovskite properties. This technique induces internal chemical

Perovskite oxides of chemical formula ABO3; (where A and B pressure, which can enhance carrier concentration, alter the
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are the cations with different sizes) exhibit strong electron corre-
lations due to their specific cation compositions, resulting in the
unusual magnetic properties of long and balanced carrier diffusion
length, high defect tolerance, and readily tunable bandgap. These
unique properties arise from the local bonding between A- and B-
site cations. In addition, the corner-sharing oxygen octahedral units
in perovskites allow for structural control. The structural diver-
sity of ABOs offers possibilities to manipulate electronic, catalytic,
and magnetic properties through modification techniques such as
changing the microstructure, doping elements, and controlling the
interfaces.”

valence banding states, and modify magnetic ordering.”” However,
increasing dopants in a single cation sublattice can destabilize
the phase structure due to the higher formation enthalpy from
multiple atomic species.” This challenge has been addressed by
high-entropy oxides (HEOs), which stabilize structures through
entropy-driven processes. In HEOs, the entropy provided by
multiple elements overcomes formation enthalpy, leading to
a single homogeneous structure with randomly distributed
cations.

The formation and stabilization of single-phase HEOs can be
quantitatively understood through the Gibbs free energy equation,
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AG = AH - TAS, (1)

where AG is the Gibbs free energy change, AH is the enthalpy of
formation, T is the absolute temperature, and AS is the entropy
change, primarily dominated by the configurational entropy in mul-
ticomponent systems. For an ideal solid solution with N equimolar
components, the configurational entropy can be expressed as Eq. (2)

N
ASconfig = —RY_ xi Inxi =RIn N (for equimolar mixtures), (2)
i=1

where R is the gas constant and x; = 1/N is the molar fraction of each
component.

In conventional binary or ternary oxides, a positive enthalpy of
mixing (AH > 0) often leads to phase separation. However, in HEOs
composed of five or more cations, the large positive configurational
entropy can dominate the Gibbs free energy at sufficiently high tem-
peratures. As a result, the —TAS term becomes significant enough to
render AG < 0, thereby thermodynamically favoring the formation
of a single-phase solid solution despite a positive enthalpy.

This entropy-dominated stabilization mechanism was exper-
imentally demonstrated by Rost et al. in their seminal work on
(MgCoNiCuZn)O, where a single-phase rock-salt structure was
observed to form above a critical temperature due to high configura-
tional entropy and was retained upon cooling.” Therefore, the phase
stability of HEOs is not merely an outcome of favorable enthalpy
but rather a result of entropy-driven thermodynamic stabilization,
particularly effective at high temperatures.

Recent advancements in material synthesis'”'' have enabled
the fabrication of high-entropy perovskites—single-phase metal
oxides with five or more metal cations at the A or B sites. This dis-
covery has increased configurational complexity in single crystals
and introduced novel design methodologies. The unique structural
characteristics of HEOs also help to reveal the internal mecha-
nisms of electrical behavior in strongly disordered systems. Oxygen
vacancies, in particular, can influence the electrical properties of
HEOs; however, their underlying mechanism remains unclear. This
research applies similar techniques to perovskite oxides to study
the underlying principles. High-entropy perovskites exhibit signif-
icant lattice distortion due to the mismatch of atomic sizes and
various bonding characters, impacting electronic properties and
leading to unique mechanical behaviors such as enhanced hard-
ness and resistance to thermal expansion. The electronic structure
in high-entropy perovskites is complex and highly localized due
to the presence of multiple atoms. This localization can result in
novel electronic behaviors, such as small polaron hopping, vari-
able range hopping, and unique electric properties not found in
simple perovskites. Enhanced configurational entropy in these mate-
rials increases crystal stability at high temperatures and introduces
intriguing mechanical properties.

High-entropy perovskite ceramics represent a promising fron-
tier in materials science, offering opportunities for developing mate-
rials with superior performance in demanding applications. The
latest entropy-stabilized synthesis methods overcome the limitations
of traditional doping, enabling the realization of high uniformity
in disordered states and further advancing the development of
functional materials. Ongoing research is crucial for understand-
ing the mechanisms underlying their properties and exploiting their
potential in various technological applications.

ARTICLE pubs.aip.org/aip/adv

The multi-element synergy in high entropy perovskite induces
severe lattice distortion, which promotes the spontaneous formation
of oxygen vacancies with rich concentrations. The oxygen vacancy
can enhance the electronic conductivity of the material, decrease
the charge transfer resistance (R = 0.44 Q), and facilitate rapid
charge transfer at the interface between the electrode and the elec-
trolyte.!” These vacancies exhibit exceptional thermal stability due
to the high-configurational entropy (ASconsg > 1.5 R), suppressing
vacancy clustering even at 1300 °C."

Just like oxygen, sulfur is also a Group-6 element. While sulfur
vacancies in high entropy sulphides [e.g., (CuAgZnCoMnInGa)S$]
are rich, their stability is limited by sulfur volatilization above
600 °C, leading to vacancy coalescence and phase segregation.'*"”
In addition, sulfur vacancies in traditional chalcogenides (e.g., ZnS,
MoS,, and Sn$S;) are prone to passivation by ambient oxygen or
moisture, severely degrading carrier mobility.'® High entropy per-
ovsk can regulate oxygen vacancies to endow high-entropy mate-
rials with higher thermal stability and better electrical transport
properties.

In 2020, Sharma successfully fabricated
La(Cry,Mng,Fep2Co002Nig,)O03(L5BO3) thin films on (001)
SrTiO; substrates, which exhibited strong magnetic anisotropy.
The magnetic properties could be manipulated by adjusting lattice
symmetry.'” Brahlek compared the structure of L5BO3 between
theoretical calculations and experimental results, finding a relatively
homogeneous orthorhombic structure with weak disorder, contrary
to the theoretical average of all doped materials. The principle
determining L5BO3’s structure remains unclear.'® In 2023, Mohana
investigated the electrocatalytic properties of L5BO3 for water oxi-
dation. The B-site cations exhibit a wide range of binding energies,
which benefits oxygen evolution reaction (OER) activity. Changes
in the valence of surface B-site elements suggest a cooperative effect
during OER processing, potentially enhancing OER activity."”

While these studies have provided important insights into the
structure, magnetism, and catalytic activity of L5BO3, they primar-
ily focus on intrinsic electronic or compositional features without
deliberate control over oxygen stoichiometry. Oxygen vacancies,
which are known to critically affect electron distribution, structural
distortion, and overall functionality in perovskite oxides, remain
insufficiently explored in the context of entropy-stabilized systems.
In contrast to the aforementioned works, this study systematically
investigates the role of oxygen vacancies as a tunable parameter in
the high-entropy perovskite system L5BO3. By carefully regulating
oxygen partial pressure during thin-film deposition, we directly con-
trol the vacancy concentration and explore its effect on the local
structure and electrical transport properties. This approach not only
provides a new understanding of defect-mediated behavior in high-
entropy oxides but also introduces a novel pathway for functional
property modulation through vacancy engineering—a direction not
addressed in previous studies.

The La(Cro2Mng 2 Fep2Co0.2Nio2)O3 thin film, as an ABO3 per-
ovskite transition-metal oxide, exhibits strong electron correlations
and diverse functionalities. By doping with different cations, one
can manipulate charge, orbital, and spin characteristics, thereby
influencing macroscopic behaviors such as electrical and magnetic
properties. Researches indicate that this material holds signifi-
cant potential in structural and mechanistic studies, opening new
avenues for exploration. Although extensive research has provided a
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solid understanding of L5BO3’s fundamental properties, the role of
oxygen vacancies remains unclear. In conventional perovskite
oxides, oxygen vacancy density often dictates electron distribu-
tion and functionalities. In this paper, by adjusting the proportion
of oxygen vacancies in the entropy-stabilized perovskite system,
L5BO3 thin films were grown on (001) SrTiO3; (STO) substrates,
and vacancy states and their effect on the structural and electrical
properties were investigated.

Il. MATERIAL AND METHODS
A. Thin film preparation

The L5BO3 PLD target was synthesized by standard solid-state
reaction. High purity (>99.9%) La,O3, Cr,03, NiO, Fe;03, MnO,,
and Co304 powders were mixed according to the stoichiometric
ratio with a ball milling machine for 8 h. The mixed powder was cal-
cined at 1000 °C in air for 12 h. Upon pressing into a pellet, sintering
of the pellet was performed at 1300 °C for 12 h. Prior to film depo-
sition, (001) SrTiOs (STO) substrates were subjected to leaching
and thermal treatment for atomically flat TiO,-terminated surfaces:
substrates were leached in distilled water and annealed in the air
at 1250 °C for 2 h.”’ The L5BO3 thin films (thickness = 30 nm)
were deposited on STO at a substrate temperature of 700 °C. Dif-
ferent oxygen partial pressures (Po, = 1, 10, 100, 200 mTorr) were
used.

B. Thin film characterization

The L5BO3 films were characterized by an x-ray diffractome-
ter (XRD, Rigaku SmartLab) for the crystallinity and atomic force
microscopy (AFM, Bruker Multi-Mode 8) for the surface morphol-
ogy. As the films were prepared under different Po,, elemental
composition and valency of the constituents were estimated by x-ray

pubs.aip.org/aip/adv

photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB XI+).
The sample surface was cleaned by in situ ion milling before mea-
surements to eliminate surface contamination. Binding energies
in this work were calibrated with C 1s peaks (284.8 eV). The
microstructure of the films was characterized with transmission elec-
tron microscopy (TEM). TEM specimens were prepared by using
the focused ion-beam (FIB) technique. High-angle annular dark-
field (HAADF) and integrated differential phase contrast (iDPC)
images were acquired to identify locations of cations and oxygens.
The energy-dispersive x-ray spectroscopy (EDS) was used to identify
the distribution of elements.

To perform electrical measurements on the films, Ti/Au striped
electrodes were patterned with stainless steel mechanical masks and
deposited with electron-beam evaporation. Electrical measurements
were performed with a physical property measurement system
(PPMS, Quantum Design).

lll. RESULTS

Figure 1(a) presents the XRD 6-26 profiles around the (002)
reflections of the 30 nm L5BO3/STO (001) thin films grown under
oxygen pressures ranging from 1 to 200 mTorr. All scans clearly
show the STO (002) substrate peaks and the L5BO3 film peaks. The
dots represent the STO (002), while the rhomboids indicate the 26
positions of L5BO3 (002) for films prepared under different Po;.
The film peaks exhibit a distinct shift toward smaller angles as the
oxygen deposition pressure decreases, indicating an increase in the
out-of-plane lattice parameter from 3.87 to 3.95 A.

The literature reports a lattice parameter of 3.871 A for
bulk L5B03,"” while our L5BO3 film grown at 200 mTorr
(L5BO3200mTorr) shows a comparable out-of-plane lattice parameter
of 3.87 A, suggesting that it is close to the bulk material.

Laue oscillations that originate from the incomplete destructive
interference of unit cells could be observed on the two sides of the
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FIG. 1. X-ray patterns of L5BO3/STO films prepared under 1-200 mTorr O, partial pressures. (a) 6~26 scan around the (002) reflections of L5BO3 and STO, with the
dashed line indicating the lattice of bulk L5BO3. (b) The out-of-plane lattice parameter and FWHM of the L5BO3 films. (c) An overview scan of an L5BO3 thin film grown at

1 mTorr O, partial pressure (L5BO31mtor)-
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film Bragg peak for all the films, suggesting good film crystallinity
with low defect density.'” A full-width at half-maximum (FWHM)
value of 0.100 to 0.087 in the rocking curve for the films indicates
a low mosaic spread of the film crystals [Fig. 1(b)]. The increasing
trend of FWHM values [Fig. 1(b), right axis] suggests a slight degra-
dation in film quality with decreasing oxygen pressure. It should
be noted that even with the slight degradation, film grown under
1 mTorr oxygen partial pressure shows a FWHM value of 0.100,
which supports the good film quality. The film was subjected to an
overview scan [Fig. 1(c)]. Only diffraction peaks corresponding to
(002) could be observed, indicating the film with a promising single
phase with the absence of secondary phases and incomplete reaction
from constituent elements.

In addition, with the decreasing oxygen pressure, the L5BO3
(002) peak shifts to lower angles; it may indicate the increased oxy-
gen vacancy contents in the L5BO3. As all the films were grown on

(1)

100 mtorr

10

pubs.aip.org/aip/adv

the same type of substrate, STO, and with the same deposition tem-
perature, the strain induced by the substrate on the films is expected
to be identical. The only modified parameter was oxygen deposition
pressure. A trend of increasing oxygen vacancies would be expected
for films prepared at lower oxygen deposition pressures, resulting
in a reduction of the valence of the B site elements. With the fact
that ions with lower valence states have larger ionic radii, the XRD
peak would shift to alower angle according to Bragg’s rule. Our XRD
measurements indicate well-identified single crystals for all the films
made with various oxygen vacancies.

Figure 2 shows the TEM images of films grown in oxygen-rich
[Figs. 2(al) and 2(a2)] and deficient [Figs. 2(b1) and 2(b2)] environ-
ments. From the low magnification HAADF images in Figs. 2(al)
and 2(bl), both films show a sharp film-substrate interface. The
inset shows the highly regular atomic periodic arrangement of both
the A and B site atoms. The lattice constants of 100 and 1 mTorr

(as)

B site

(0]
(Co,Cr,Fe,Ni,Mn) ;

o o (+] o o o o o
(b3)
B site o O vacancies

(Co,Cr,Fe,Ni,Mn) g 4
"IN

FIG. 2. Cross-sectional TEM images of L5BO3gomtor and L5BO3 1o films: Panels (a1) and (b1) show the TEM images, while panels (a2) and (b2) show the iDPC images
of selected areas. Line profiles in panels (a3) and (b3) display the average intensity of B-site atoms and oxygen (O) atoms over the regions highlighted by yellow and green
dotted-line squares. The yellow and blue circles indicate the positions of B-site elements and oxygen atoms, respectively, while the transparent blue circles denote the
oxygen vacancies. EDS images of 100 mTorr (d1) and 1 mTorr (d2) partial pressure grown L5BO3 films.
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are around 3.90 and 3.97 A, respectively, which are close to the data
calculated by XRD [Fig. 1(b)]. Owing to the better atomic contrast
of both heavy and light elements of the iDPC technique, oxygen
atoms could be identified in the iDPC TEM images. Intensity pro-
files [Figs. 2(a3) and 2(b3)] were extracted from the selected area
as highlighted in Figs. 2(a2) and 2(b2). The intensity profile from
the L5BO31gomtorr clearly shows the oxygen atoms lying between
B-site atoms [Fig. 2(a3)], while missing oxygen (forming oxygen
vacancies) was found in L5BO3imtor [Fig. 2(b3)]. The oxygen at
the selected area in Fig. 2(b2) has significant positional shifts com-
pared to the L5BO310omTorr» @s shown in Fig. 2(a2). The high peaks
with their shoulders are the B-site elements and their neighbor oxy-
gen atoms, as indicated by the solid arrows [Fig. 2(a3)]. In addition,
the dotted arrows are pointed at the vanished shoulder peaks, which
correspond to the oxygen vacancies. The oxygen vacancy concen-
trations are compared based on the absence of peaks at O-sites,
which are presented as lighter blue circles in the B site-O sequences.
It is confirmed that the concentration of oxygen vacancy in the
L5BO3imTorr is higher than that in the L5BO310omTorr- EDS map-
pings of the L5BO310omTorr [Fig. 2(d1)] and L5BO3imrorr [Fig. 2(d2)]
demonstrate homogeneous distributions of La, Co, Cr, Fe, Mn, and
Ni elements.

Figure 3(a) presents the temperature (T)-dependent resistiv-
ity (p) curves of L5BO3/STO thin films grown under different
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oxygen pressures. All the films exhibit typical semiconductor behav-
ior, with the resistivity decreases as the temperature rises from 150 to
400 K. Figure 3(a) also shows that the resistivity of the films increases
with decreasing oxygen partial pressure (Po, ), which correlates with
an increase in oxygen vacancy concentration.

The resistivity p of the samples depends on T and the activation
energy (E,), as described by the following equation:

T

EPCTChY )

p

where kg is the Boltzmann constant, p,, is the pre-exponential factor
(dependent on the material’s intrinsic properties but independent of
temperature), and E, can be calculated from the slope of the lin-
ear fitting curves in Fig. 4(b). As the oxygen deposition pressure
decreases, E, increases from 240 to 310 meV. This is attributed to
oxygen vacancies, which act as hole dopants, reducing the Fermi
level and enhancing the activation energy with increasing oxygen
vacancy concentration.’!

Two conduction mechanisms, small polaron hopping (SPH)
and Mott’s variable range hopping (Mott-VRH), are commonly used
to explain electrical conduction in insulating materials.”” The SPH
conduction is described by Eq. (4)
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FIG. 3. (a) Temperature-dependent resistivity curves of L5BO3 films grown under different oxygen partial pressures. (b) Plot of In(T/p) as a function of 1/(kgT). (c) Plot
of In(p/T) as a function of 1/T. (d) Plot of In(p) as a function of T=". The lines in panels (b)-(d) represent the linear fitting curves based on Egs. (3)—(5), respectively.
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function decay constant, and vy, is the optical phonon frequency
(estimated as hvph = kpflp, where 0p is the Debye temperature).”

)1/3

trons (polarons) between lattice sites in systems with strong
electron-phonon coupling and local lattice distortions. The acti-
vation energy E, represents the energy required for polarons to
overcome local barriers, leading to an increase in conductivity with
rising temperature, following an exponential relationship. When the
concentration of oxygen vacancies increases, the resistivity of the
oxide also increases.”*
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The common Mott-VRH expression is Eq. (5),

e

To
T

p= poe( ) ©)

p, is a pre-exponential parameter, and Ty is a parameter that
depends on the state density at the Fermi level. Compared to the
SPH, the Mott-VRH usually exists in the disordering system and
provides an energy-efficient method to transport electrons. At low
temperatures, electrons thermally excite localized states that are
lower in energy but spatially distant, thereby enabling electrical
conduction. This process relies on the density and distribution of
localized states within the material.” "

From the measured resistivity of the L5BO3/STO thin films at
room temperature, they present the Mott-VRH conduction mecha-
nisms. By plotting In(p/T) as a function of T™" [Fig. 3(c)] and In(p)
as a function of 1/ T4 [Fig. 3(d)], a certain linear relationship of
the curves can be observed in Fig. 3(d), which corresponds to the
Mott-VRH conduction mechanism for L5BO3.

However, based on the trend of resistivity changes with
growth oxygen pressure, it should ideally align more with the SPH
model. However, data analysis shows that the relationship between
temperature and resistivity better fits the Mott-VRH model.

Oxygen vacancies introduce localized states into the bandgap
of the material. These localized states can serve as hopping sites for
electrons, thereby affecting the effectiveness and frequency of the
hopping process, which means reducing resistivity. Consequently,
as the concentration of oxygen vacancies increases, resistivity
decreases.

Conventionally, according to the Mott-VRH model, an increase
in oxygen vacancies is expected to introduce additional free carriers
and defect states, thereby enhancing carrier hopping and reduc-
ing resistivity. However, in our L5BO3 thin films, an increase in
oxygen vacancy concentration is accompanied by a rise in resis-
tivity. The multi-valence of transition metal and high-spin-state
ions may inhibit the conductivity of Mott-VRH materials through
mechanisms such as spin-related scattering. These effects make
the electron hopping process more difficult, thereby increasing the
material’s resistivity. This anomalous behavior can be attributed to
the complex interplay between oxygen vacancies and the valence
state evolution of the five B-site cations (Cr, Mn, Fe, Co, Ni) in
the high-entropy perovskite structure. XPS analysis (Fig. 4) confirms
that with increasing oxygen deficiency, significant changes occur in
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the oxidation states of these transition metals, leading to the forma-
tion of higher-spin-state ions (e.g., from high-spin Co’* to low-spin
Co?*, Fe’* to Fe?t, etc.),”’ reducing the effective density of localized
states,”® and increasing activation energy.”’

High-spin ions introduce magnetic disorder, increasing
spin-flip scattering events and thereby suppressing coherent elec-
tron hopping.*’ In addition, according to Mott’s law,’!

1

NEe @

TO 1/4
p(T) =po exp((?) ), where Ty o<

The hopping activation energy T is inversely proportional to N(Er)
and the localization length &; a decrease in N(EF) or shrinkage of ¢
due to enhanced electron-lattice interactions can substantially raise
To, leading to higher resistivity.”> Thus, even though oxygen vacan-
cies nominally supply more carriers, the concomitant valence and
spin state transitions dominate the electronic transport by reducing
N(Er) and increasing scattering, ultimately overriding the vacancy-
induced conductivity enhancement and resulting in a net increase in
resistivity.

Therefore, we used XPS to detect the valence change of L5BO3
films grown at 1, 10, and 100 mTorr oxygen partial pressures,
identifying high-spin-state ions. Table I summarizes the elemental
composition, electronic structure, and valence changes of B-site ele-
ments, as well as the lattice oxygen (Oj) to oxygen vacancy (Oy) ratio.
The surface elemental distribution, particularly for Mn, Cr, Ni, Co,
Fe, and O, is shown for films grown at 1, 10, and 100 mTorr. Figure 4
compares the XPS spectra for films grown at 1 and 100 mTorr.

Figure 4(a) shows the binding energy range from 90 to 50 eV,
which includes Mn 3s, Cr 3s, Ni 3p, Co 3p, and Fe 3p XPS peaks.
The peak splitting (AE) is significant evidence for identifying the
Mn oxidation state. According to Fig. 4(a), the AE values are 4.53
and 4.69 eV for L5BO31gomTorr and L5BO31mTorr, respectively. These
values, between 4.5 and 5.3 eV, indicate that Mn valence states lie
between 3+ and 4+.

Figure 4(b) details the distribution of Mn** (643.2 eV), Mn®*
(641.0 eV), and Mn*" (639.8 €V).* In the L5BO3gomTorr Sam-
ple, the ratio of Mn®":Mn**:Mn?** is 29.6%:57.9%:12.5%, while
for L5BO31mTorr, Mn?t increases to 25.5%, and Mn*™ and Mn**
decrease to 52.1% and 22.4%, respectively. These results suggest that
increasing oxygen vacancies induces multivalent Mn states (Mn**,
Mn’*, and Mn**) due to electron transfer through O 2p orbitals to
Mn outer orbitals.

TABLE 1. Data of distribution of multi-valence of Mn, Cr, Co, Fe, Ni, and O ions; w is the changing value of the B®* between

1 and 100 mTorr.

Oxygen partial pressure for film growth

Element Valence ratio 100 mTorr 10 mTorr 1 mTorr w%
Mn Mn*":Mn*":Mn*" 29.6%:57.9%:12.5% 24.6%:55.9%:19.5% 22.4%:52.1%:25.5% —14.7
Cr crrtCrtt 80.8%:19.2% 76.9%:23.1% 68.5%:31.5%  —12.3
Co Co**:Co** 61.3%:38.7% 65.7%:34.3% 67.1%:32.9% 5.8
Fe Fe’t:Fe?* 71.1%:28.9% 61.6%:30.4% 45.4%:54.6%  —25.7
Ni Ni**:Ni?* 53.9%:46.1% 54.8%:45.2% 61.2%:38.8% 7.3
0 0;:0, 79.4%:20.6% 78.1%:21.9% 76.3%:23.7%
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The Cr 3s spectrum [Fig. 4(a)] shows peaks at 73.31 and
77.38 eV for L5BO3imTorr, With AE = 4.07 eV, and at 73.12 and
77.62 eV for L5BO310omTorr, With AE = 4.5 eV.>* The smaller AE in
L5BO3imtorr indicates charge transfer from Cr to other elements,
reducing the overlap of Cr 3s and 3d orbitals. Figure 4(c) highlights
the Cr’* and Cr®" proportions. As oxygen pressure decreases, the
Cr’* ratio drops from 80.8% to 68.5%, indicating enhanced charge
transfer to Cr®*. Cr®* introduces high-energy empty orbitals that act
as trapping centers for electrons or holes, significantly influencing
carrier mobility and increasing resistance.”

Figure 4(d) shows Co’*, Co®*, and two shake-up satellites fitted
via the Co 2p spectrum, with peaks at 778.6 eV (Co**) and 780.7 eV
(Co™).*" Figure 4(c) shows the Fe 2p spectrum, with Fe?* at
709.6 €V and Fe’* at 711.6 eV.”” In L5BO319omTorr> the Co™* ratio
is 61.3%, lower than the 67.1% in L5BO3imTorr, Whereas the Fe**
ratio is 71.1%, higher than the 45.4% in L5BO3imTorr. This indicates
electron transfer from Co orbitals to Fe orbitals as oxygen vacancies
increase.

Due to the overlap of Ni 2p peaks with La 3d, Ni 3p peaks
were analyzed instead. The blue curves in Fig. 4(a) show Ni** and
Ni** fitting spectra at 68.3 and 67.6 eV, respectively.” The Ni**
proportion increases from 53.92% in L5BO31gomTorr to 61.2% in
L5BO3imTor> Suggesting electron transfer from Ni 3d orbitals to
other elements in a low-oxygen environment. However, Co?* (3d7),
Fe** (3d°), and Ni** (3d®) in their high-spin states induce local mag-
netic variations that increase resistance.”” Although the Co** and
Ni?* content decreases in 1 mTorr, the increase in Fe’*, Cr®", and
Mn?* outweighs this, resulting in overall increased resistance.

In summary, in the L5BO3m1or, electrons transfer from Cr,
Co, and Ni to Fe and Mn via O 2p orbits, as compared to the
L5BO310omTorr- This valence change indicates oxygen vacancies in
the L5BO3 thin film. Figure 4(f) shows that the L5BO3imtorr has
23.7% O vacancy and 76.3% O lattice, compared to 20.6% O vacancy
and 79.4% O lattice in the L5BO310omTorr> confirming more oxygen
vacancies in the L5BO3 mrorr.'” With the decreasing oxygen pres-
sure, the L5BO3 thin film will form more oxygen vacancies. From
an overall macroscopic perspective, the oxygen vacancy makes the B
site elements move to lower valence and higher spin-orbit. Through
the effect of the Mott-VRH mode, a higher spin state of B-site ele-
ments can also cause an increase in resistivity. In the same period,
ions with a lower valence states have larger radii, and according to
Bragg’s formula, the lattice peak shifts to a lower angle, which is
shown in Fig. 1(a).

IV. CONCLUSION

In this work, we successfully fabricated
La(Crg2MngFey2Co02Nig2)O3 single-crystal thin films on STO
(001) substrates with varying oxygen vacancy densities. The samples
demonstrated excellent crystallinity, surface electronic structure,
short-range order, and uniform B-site element distribution, as
confirmed by XRD, XPS, and TEM analyses.

Our study reveals that the increased oxygen vacancy concen-
tration and the charge transfer pathways between transition metals
are key factors governing the significant rise in the resistivity of
L5BO3 and its electron conduction mechanism (Mott-VRH). The
multi-valence states of B-site elements disrupt electron localiza-
tion in L5BO3 thin films, impeding electron transport and further
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validating the material’s adherence to the Mott-VRH mechanism.
This work provides insights into defect engineering and electronic
behavior in complex oxides. These findings pave the way for opti-
mizing the performance of high-entropy perovskites in functional
applications, such as resistive switching devices, thermoelectrics,
and energy-efficient semiconductors. Such advancements could
unlock new opportunities for next-generation electronic and energy
materials.
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