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ABSTRACT

The ability to accommodate multiple principal cations within a single crystallographic structure makes high entropy oxides (HEOs) ideal
systems for exploring new composition–property relationships. In this work, the high-entropy design strategy is extended to strained single-
crystal HEO-manganite (HEO-Mn) thin films. Phase-pure orthorhombic films of (Gd0.2La0.2Nd0.2Sm0.2Sr0.2)MnO3 were deposited on three
different single-crystal substrates: SrTiO3 (STO) (100), NdGaO3 (110), and LaAlO3 (LAO) (100), each inducing different degrees of epitaxial
strain. Fully coherent growth of the thin films is observed in all cases, despite the high degree of lattice mismatch between HEO-Mn and
LAO. Magnetometry measurements reveal distinct differences in the magnetic properties between epitaxially strained HEO-Mn thin films
and their bulk crystalline HEO counterparts. In particular, the bulk polycrystalline HEO-Mn shows two magnetic transitions as opposed to a
single one observed in epitaxial thin films. Moreover, the HEO-Mn film deposited on LAO exhibits a significant reduction in the Curie tem-
perature, which is attributed to the strong variation of the in-plane lattice parameter along the thickness of the film and the resulting changes
in the Mn–O–Mn bond geometry. Thus, this preliminary study demonstrates the potential of combining high entropy design with strain
engineering to tailor the structure and functionality of perovskite manganites.

VC 2024 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/10.1063/5.0206767

High entropy oxides (HEOs) represent a rapidly emerging class
of functional materials, which has attracted considerable research
interest over the past few years.1–3 A notable strength of HEOs lies in
their remarkable capacity to maintain phase-purity despite accommo-
dating multiple principal cations in a single sublattice, thereby offering
an expansive compositional space for exploring opportunities to tailor

properties.1–3 The realm of HEOs already encompasses diverse oxide
classes and compositions, such as transition metal (TM)-based rock
salt, TM-based spinels, rare-earth (RE)-based fluorite, RE-TM-based
perovskite, etc.4–6 As a result, numerous functionalities, for instance,
electrochemical cyclic stability, catalytic activity, thermal insulation,
narrow bandgap, etc., have been reported for different HEOs.7–13
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The magnetic phase separation phenomenon observed in crystallo-
graphic single-phase systems is an occurrence common to several clas-
ses of HEOs.14–16 This phenomenon arises from the presence of many
different metal cations, each with different valence states, spin states,
and radii, within a single sub-lattice of HEOs. Among other conse-
quences, this results in different metal–oxygen–metal (M–O–M) bond
distances and angles.17,18 Thus, the magnetic exchange interactions,
influenced by the M–O–M bond geometry and the specific types of
metal cations, exhibit strong local variations. This leads to a complex
magneto-electronic free-energy landscape in HEOs, determined by
competing magnetic states, often resulting in magnetic phase separa-
tion.17 In a recent study, the consequences of such magnetic phase sep-
aration were observed in perovskite-type HEO manganites (Gd,La,Nd,
Sm)1�xSrxMnO3, including the enhancement of colossal magnetoresis-
tance and the occurrence of dual magnetic transitions.19 Standard
hole-doping by varying the amount of Sr was utilized to control the
structure and magneto-electronic phase-space of HEO-manganites.19

In this study, we use an external stimulus, specifically substrate-
induced epitaxial strain, to manipulate both the structure and magnetic
properties of thin films of HEO-manganites.

Epitaxial films of (Gd0.2La0.2Nd0.2Sm0.2Sr0.2)MnO3, henceforth
referred to as HEO-Mn, were deposited utilizing pulsed laser deposi-
tion (PLD) on three different single crystal substrates: LaAlO3 (LAO),
NdGaO3 (NGO), and SrTiO3 (STO). These specific substrates, each
with varying lattice parameters, were selected to induce different types
of epitaxial strains. Throughout the manuscript, the lattice parameter
values are consistently presented in terms of their pseudo-cubic equiv-
alence (apc) to facilitate a direct comparison between films deposited

on orthorhombic and cubic substrates. The apc of orthorhombic bulk
HEO-Mn is 3.875 Å, while that of STO, NGO, and LAO substrates is
3.90, 3.86, and 3.79 Å, respectively. Figure 1(a) represents the degree of
lattice mismatch (in-plane) between the substrates and bulk HEO-Mn.
Keeping in mind the relationship between cubic and orthorhombic
structures, crystals of (100) orientation were used for cubic LAO and
STO substrates, while (110) orientation was used for the orthorhombic
NGO substrate. The thin films on different substrates were deposited
simultaneously to ensure identical growth conditions crucial for com-
parison. Detailed investigations have been performed to evaluate the
strain states and distinct structural features at the interfaces. The
results of magnetometry measurements underline prominent strain-
driven changes in the magnetic transition of HEO-Mn. Experimental
details are provided in the supplementary information.

The global structure and surface morphology information of
HEO-Mn on various substrates, obtained from high-resolution x-ray
diffraction (XRD), x-ray reflectometry (XRR), and atomic force
microscopy (AFM), are provided in Figs. 1(b) and 1(g). Figure 1(b)
along with the full range h�2h XRD scans (Fig. S1) indicates epitaxial
growth of the HEO-Mn films on the respective single crystalline sub-
strates. The differences in the out-of-plane (OOP) XRD peak positions
[Fig. 1(b)] between the films represent the different degrees of sub-
strate induced strain. In the case of HEO-Mn deposited on LAO, a
shift in the XRD peak toward the lower angle [in Fig. 1(b)] represents
a considerable elongation of the OOP lattice parameter and an accom-
panying in-plane (IP) compressive strain. Conversely, the smaller
OOP lattice parameter in the case of STO indicates IP tensile strain.
The negligible difference between the bulk HEO-Mn and film peak

FIG. 1. (a) Schematic of lattice mismatch
between HEO-Mn and the underlying sub-
strates (in-plane). (b) XRD indicating the
phase purity of HEO-Mn thin films depos-
ited on various substrates, LAO (100),
NGO (110), and STO (100). The asterisk
marks represent the film peaks. (c)
x-scan of HEO-Mn deposited on various
substrates. (d) XRR of HEO-Mn deposited
on various substrates confirming the thick-
ness of 25 nm. (e)–(g) AFM images indi-
cating the smooth surfaces of HEO-Mn
(with root mean square roughness below
0.33 nm) deposited on LAO, NGO, and
STO, respectively.
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positions highlights the small degree of OOP strain induced in the case
of NGO. Additionally, the clear thickness oscillations observed in the
XRD pattern [Fig. 1(a)] highlight the superior epitaxial quality of the
film deposited on NGO. The thickness of the HEO-Mn films is around
25nm, as estimated from the periodic oscillations as observed in XRR,
Fig. 1(c). Rocking curve measurements (x-scans) are performed to
further evaluate the strain states in the HEO-Mn films, Fig. 1(d). The
x-scans of HEO-Mn deposited on LAO exhibit the broadest full width
of half maximum (FWHM) of 0.427�. This highlights the relaxation
and mosaic nature of the HEO-Mn deposited on LAO, which is under-
pinned by the high degree of lattice mismatch. Films on STO and
NGO show narrow FWHM of 0.068� and 0.058�, respectively, indicat-
ing their good crystalline quality. Apart from the strain influenced
global structure of HEO-Mn, the strain related surface morphology
has been investigated using AFM. In general, all the HEO thin films
exhibit smooth surface morphology with a root mean square surface
roughness (Ra) of less than 0.5nm. The smallest lattice mismatch and,
correspondingly, the lowest epitaxial strain in the case of HEO-Mn
film deposited on NGO results in a significantly smoother surface with
Ra¼ 0.171 nm. On the other hand, the films deposited on LAO and
STO show Ra¼ 0.330 nm and Ra¼ 0.223 nm, respectively. HEO-Mn
on STO also featured atomically flat terraces separated by periodic
steps as anticipated after etching treatment of the STO substrate.

The x-ray reciprocal space mapping (RSM) measurements
(Fig. 2) were performed in order to assess the coherence of the HEO-
Mn films with the underlying substrate and the accompanying strains
(IP: exx and OOP: ezz) in the films. The RSM measurements were per-
formed in the vicinity of the asymmetric (204) Bragg reflection of cubic
LAO and STO, while (332) was used for the orthorhombic NGO. The
large compressive strain due to the significant lattice mismatch and the
resulting relaxation in the case of the LAO substrate is evident from
the large difference in the qz value along with the lack of proper vertical
alignment (difference in the qx value) between the film and substrate
reflections. The exx and ezz in the case of the HEO-Mn/LAO film are
�1.31% and þ2.05%, respectively. Conversely, in the case of the NGO
substrate, a perfect vertical alignment between the (332) substrate and
the film peak is observed with a small difference in the qz value. This
indicates high epitaxial quality and no sign of strain relaxation.
Consequently, a small degree of IP compressive strain is induced in
the films deposited on NGO, with exx¼�0.36% and ezz¼ 0.52%. In

the case of films deposited on STO, the difference in the qx value,
although small, indicates certain degree of IP mismatch and relaxation.
The qz value of the film is larger than that of the STO substrate, con-
firming the IP tensile strain and accompanying OOP compression.
The corresponding exx and ezz in this case are þ0.20% and �1.52%,
respectively. The Poisson ratio (�) of the thin films can be roughly esti-
mated using �¼ ezz/(ezz � 2 exx). The � of HEO-Mn thin films ranges
from 0.4 to 0.8. � is highest in the case of STO, which is well above the
range of 0.3–0.5 typically observed in the perovskite oxides.20,21

Atomic-scale scanning transmission electron microscopy (STEM)
with energy-dispersive x-ray spectroscopy (EDS) was used to gain
insight into the local structure, especially at the film-substrate interface.
Given the superior quality of the HEO-Mn film deposited on NGO
and the large compressive strain induced by LAO resulting from the
large lattice mismatch, these systems were selected for further investi-
gation using STEM. The STEM results for the HEO-Mn film grown on
NGO are shown in Fig. 3, while those for LAO are presented in Fig. S2.
High-angle annular dark-field (HAADF) STEM images of the HEO-
Mn film deposited on NGO [Fig. 3(a)] and LAO (Fig. S2) show excel-
lent crystallinity with fully coherent interface between film and the
substrate, which is in good agreement with the XRD results. Notably,
despite the large lattice mismatch and relaxation observed from RSM,
the film grown on LAO is fully coherent without any presence of misfit
dislocations. This proves the superior ability of HEO-Mn films for
accommodating high degree of elastic strain without any formation of
dislocations. The fast Fourier transforms (FFTs) of the HAADF images
(shown in the insets) confirm the orthorhombic phase in both films.
EDS maps of HEO-Mn film deposited on NGO [Fig. 3(b)] as well as
LAO (Fig. S2) confirm the nanoscopic elemental homogeneity without
any observable chemical segregation throughout the thin film.

To fully understand the evolution of strain across the thickness of
the films, both IP and OOP lattice parameters (apc) were calculated
from the atomic-scale HAADF images, which are presented in Fig. 4.
Significant differences can be observed in the variation of the IP apc
with the thickness of the deposited film. The results confirm the high
compressive strain in the HEO-Mn film on LAO (compared to that of
NGO) showing a smaller IP apc of around 3.79 Å (compared to 3.86 Å
on NGO). In the case of HEO-Mn deposited on NGO, the IP apc
remains largely constant throughout the thickness. In contrast, the IP
apc of the film deposited on the LAO substrate gradually increases up
to 10-unit cells, then decreases up to 15-unit cells, and finally levels off.
This variation of the IP apc across the thickness in the case of LAO is
intriguing and provides a plausible mechanism by which the system
accommodates a substantial amount of epitaxial strain without exhibit-
ing apparent interfacial mismatches. Such variation of the IP apc across
the thickness can also account for the pronounced mosaicity of the
sample deposited on LAO, as indicated by the large FWHM in the
x-scans [Fig. 1(d)].

The applied epitaxial strain is known to have a profound effect
on the magnetic properties of manganite perovskites due to the strain-
induced change in the Mn–O–Mn bond geometry.22,23 Consequently,
temperature (M-T) and external magnetic field (M-H) dependent
magnetization measurements were performed. Figure 5 represents the
in-plane field cooled (FC) part of the M–T plots. Figure S3 presents
the in-plane M-H data taken at different temperatures along with the
out-of-planeM-H taken at 5K. HEO-Mn thin films, irrespective of the
underlying substrates and strain states, exhibit a single magnetic

FIG. 2. RSM of HEO-Mn on different substrates: LAO, NGO, and STO. Arrows
denote the diffraction peaks of HEO-Mn thin films. Intensity is presented in logarith-
mic scale.
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transition. However, the transition temperature varies as a function of
the straining. The corresponding low temperature M–H data for
HEO-Mn deposited on LAO and STO are shown in Fig. S3, which
ascertain the ferromagnetic ground state of the thin films. It should be
noted that the M-H measurement of HEO-Mn deposited on NGO
(not shown here) is dominated by the strong paramagnetic behavior of
the NGO substrate, which limits precise estimation of the saturated
magnetic moment (MS) per formula unit ( f.u.) of the sample; never-
theless, the ferromagnetic ground state can be unambiguously con-
firmed by the presence of the hysteresis loop.

To begin the discussion of the M–T data, we first refer to the
magnetic properties observed for the bulk polycrystalline HEO-Mn

counterparts.19 Indeed, all of the thin films studied here exhibit a single
transition temperature, in contrast to the two transition temperatures
(143 and 105K) observed for the bulk polycrystalline counterparts.19

The two magnetic transitions observed in the bulk HEO-Mn were pre-
sumed to arise from the magneto-electronic phase separation, which
was promoted by the local A-site cation disorder.19 The presence of
multiple A-site cation with different ionic radii creates a non-uniform
environment around the Mn–O–Mn resulting in locally fluctuating
Mn–O–Mn bond angle.17–19 On the one hand, the prevailing magnetic
state and the subsequent transition temperature in HEO-Mn are pri-
marily determined by the average Mn–O–Mn bond angle, but at the
same time, the locally distorted Mn–O–Mn bonds facilitate the gradual
onset of magnetic ordering within a finite and measurable temperature
range. Based on this paradigm, it is interpreted that 143K is the onset
of short-range correlation effects in the bulk where the magnetically
ordered phase coexists with a paramagnetic phase. This process
extends over 40K, leading to the robust transition to the ground

FIG. 3. STEM analysis of HEO-Mn film on NGO (110) substrate. (a) High-resolution HAADF-STEM image showing the epitaxial growth of HEO-Mn thin film on NGO. The fast
Fourier transform (FFT) in the inset showcases the orthorhombic nature of the HEO-Mn film. (b) HAADF image and elemental distribution maps confirming the homogeneous
distribution of the constituent elements in the HEO-Mn film.

FIG. 4. Variation of the in-plane (IP) and out-of-plane (OOP) lattice parameters
along the thickness of HEO-Mn films deposited on NGO and LAO, as obtained from
STEM images. The faded region around the curves shows the standard deviation.

FIG. 5. (a) In-plane field cooled (FC) M-T curves of HEO-Mn films deposited under
various substrates. The derivative (dM/dTFC) shown in the inset (a) is used for esti-
mating the TC. (b) Comparison of the change in TC as a function of lattice mismatch
in HEO-Mn vs conventional manganite (LSMO).23,24
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magnetic state at 105K, which is further used for comparison with the
studied films. In the case of strained HEO-Mn thin films, there are two
factors which affects the Mn–O–Mn bond geometry: one is the afore-
mentioned intrinsic non-uniformity resulting in locally varying
Mn–O–Mn bonds and the other one is the induced epitaxial strain
that is uniform, hence changes the Mn–O–Mn bond geometry in a
coherent manner. The fact that the strained HEO-Mn thin films
exhibit a single Curie temperature (Tc) illustrates that epitaxial strain
dominates over the local fluctuations arising from A-site disorder.
Essentially, the Mn–O–Mn bonds appear to have a more uniform
alignment, a property attributed to the coherent nature of the epitaxial
strain.

We consider the impact of the applied strain on the magnetic
critical temperatures by estimating the Tc of the HEO-Mn films from
the derivative (dM/dTFC) of the FC M-T curves, as shown in the inset
of Fig. 5(a). For the samples deposited on the STO and NGO sub-
strates, which are subjected to a relatively small amount of strain, dis-
tinct magnetic transitions are observed. In both cases, the TC is slightly
lower than that of the bulk counterpart, 90 and 95K for the STO and
NGO substrates, respectively. Conversely, the magnetic transition of
HEO-Mn on LAO substrate, which occurs about 40K lower than that
of bulk HEO-Mn, is gradual and covers a wide temperature range
[inset in Fig. 5(a)]. Significant reduction in the MS also accompanies
the lowering of the Tc in the case of films deposited on LAO (as shown
in Fig. S3). One of the plausible reasons is that the high degree of
induced epitaxial strain starts favoring the antiferromagnetic phase at
the expense of the ferromagnetic one resulting in the drop of MS to 1.5
lB/f.u. for the film deposited on LAO.

The variations in the Tc for differently strained HEO-Mn thin
films are illustrated in Fig. 5(b). Oxygen stoichiometry and resulting
Mn oxidation states have a strong influence on the magnetic properties
of manganites. Hence, spectroscopic studies were performed to distin-
guish the oxygen stoichiometry related effects from the strain mediated
ones. X-ray absorption spectroscopy and x-ray emission spectroscopy
(Fig. S4) indicated that the Mn oxidation state remains unaltered
among the HE-Mn films deposited on NGO, LAO, and STO. This sug-
gests that the changes in Tc observed in the different HE-Mn films
studied here are primarily caused by epitaxial strain. For comparison,
data from a conventional manganite system (La0.7Sr0.3MnO3, LSMO)
with similar lattice parameter (apc¼ 3.87 Å) deposited on identical
substrates with a similar degree of lattice mismatch are superimposed
in Fig. 5(b). For clarity, changes in the Tc are presented relative to their
bulk counterparts. The response of the Tc to strain is similar in the
case of the HEO-Mn on NGO and STO substrates, practically follow-
ing the behavior of conventional LSMO. In both cases, a small amount
of strain (either compressive or tensile), such as that induced by NGO
or LAO, causes the Tc to decrease with respect to the bulk. However, a
clear outlier in Fig. 5(b) is the marked decrease in Tc (a decrease in
�38%) for the HEO-Mn deposited on LAO. The modulation of the IP
lattice parameter as a function of the thickness, as indicated by the
TEM results (shown in Fig. 4), could be one of the underlying factors.
The fact that the Mn–O–Mn bonding angle varies locally remains valid
due to the presence of the multiple RE cations (which is true for even
HEO-Mn deposited on STO and NGO). However, in the HEO-Mn/
LAO case, the coherent straining also varies along the thickness of the
film. Hence, across the film thickness, the average IP Mn–O–Mn bond
angle changes from one unit cell to the other. The changes in the bond

geometry are expected to have a direct impact on the strength of the
Mn–O–Mn exchange interactions, which could be manifested in terms
of the drastic changes in the Tc. Nevertheless, further studies, especially
theoretical, are crucial to confirm the interpretations presented and to
understand the reasons, leading to the unique changes in the magnetic
properties of heavily strained HEO-Mn deposited on LAO substrate.

In summary, this work demonstrates the deposition of 25 nm
thick single crystal orthorhombic (Gd0.2La0.2Nd0.2Sm0.2Sr0.2)MnO3

films on cubic-STO (100), orthorhombic-NGO (110), and cubic-LAO
(100) substrates to induce varying epitaxial strains. A combination of
characterization techniques, at both macro- and nano-scales, clearly
demonstrates the phase purity and epitaxy of the HEO-Mn films. The
HEO-Mn film on NGO shows superior epitaxial quality, while the
strongly strained HEO-Mn film on the LAO substrate exhibits lattice
relaxation and significant mosaicity. Even for HEO-Mn/LAO, TEM
images display fully coherent film growth at the interface, albeit with a
clear variation in the in-plane lattice parameter across the film thick-
ness. The magnetic properties of all the HEO-Mn thin films notably
differ from the bulk polycrystalline HEO-Mn. Unlike bulk HEO-Mn,
which features two magnetic transitions, all the HEO-Mn thin films
exhibit a single magnetic transition. This phenomenon is attributed to
the cohesive nature of the epitaxial strain, which leads to a more uni-
form alignment of the Mn–O–Mn bonds in thin films. Irrespective of
the straining strength and type, a decrease in the Tc compared to the
bulk is observed in all the HEO films. Importantly, HEO-Mn/LAO
exhibits a remarkable lowering of the Tc (�38%). In the HEO-Mn/
LAO film, the strong variation of the in-plane lattice parameter across
the film thickness, which affects the Mn–O–Mn bond length and
geometry, is believed to significantly influence the magnetic double-
exchange interactions. Thus, this initial study highlights the potential
for manipulating the structure and properties of perovskite manganites
via combination of the high entropy design approach and epitaxial
strain engineering.

See the supplementary material for the experimental section, full
range XRD scans, TEM micrographs for sample deposited on LAO,
M-H plots, x-ray absorption spectroscopy, and x-ray emission spec-
troscopy data.
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