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ABSTRACT
Magnetic interfaces and the phenomena arising from them drive both the design of modern spintronics and fundamental research. Recently,
it was revealed that through designing magnetic frustration in configurationally complex entropy stabilized oxides, exchange bias can occur
in structurally single crystal films. This eliminates the need for complex heterostructures and nanocomposites in the design and control of
magnetic response phenomena. In this work, we demonstrate through hole doping of a high entropy perovskite oxide that tuning of magnetic
responses can be achieved. With detailed magnetometry, we show magnetic coupling exhibiting a variety of magnetic responses including
exchange bias and antiferromagnetic spin reversal in the entropy stabilized ABO3 perovskite oxide La1−xSrx(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3
family. We find that manipulation of the A-site charge state can be used to balance magnetic phase compositions and coupling responses.
This allows for the creation of highly tunable exchange bias responses. In the low Sr doping regime, a spin frustrated region arising at the
antiferromagnetic phase boundary is shown to directly couple to the antiferromagnetic moments of the film and emerges as the dominant
mechanism, leading to a vertical shift of magnetization loops in response to field biasing. At higher concentrations, direct coupling of anti-
ferromagnetic and ferromagnetic regions is observed. This tunability of magnetic coupling is discussed within the context of these three
competing magnetic phases, revealing critical features in designing exchange bias through exploiting spin frustration and disorder in high
entropy oxides.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0142224

INTRODUCTION

Exchange bias and other magnetic responses resulting from
coupled interaction of ferromagnetic (FM) and antiferromagnetic
(AFM) constituents, have garnered a continuing interest in both
fundamental and applied research. Fundamentally, for example,
interfacial coupling,1,2 training effects,3,4 reversal mechanisms,5 and

different loop asymmetries6,7 resulting from field biasing are all of
the interest. Functionally, as the number of applications and demand
for complex magnetic systems grows, the use of artificial het-
erostructures and nanocomposites is flourishing in fields from quan-
tum computing8–10 to pharmacology.11 However, the limitation of
nanocomposites is often the high degree of disorder due to rough-
ness, inhomogeneous stoichiometry, size effects, and symmetry,
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which each can diminish the magnetic moment and affect the
coupling of magnetic phases. Similarly, artificial heterostructures
have limitations with small growth windows and range in compo-
sitions for which they can be precisely synthesized. By combining
the single crystal uniformity of heterostructures with the range of
compositions available in the synthesis of nanocomposites, unprece-
dented control over magnetic phase and magnetic response should
be possible. As a mechanism for such control, we explore the
newly emerging entropy stabilized oxide materials class, which hosts
a wide variety of magnetic microstates in uniform single crystal
films.12,13

Entropy-stabilized oxides,14 which quench in a random compo-
sitional distribution of atoms on a uniform lattice, have been shown
to stabilize in several structures, including spinel,15–18 rocksalt,13,19

Ruddlesden–Popper,20,21 and perovskite.22–26 Within the perovskite
class of materials, interesting physics revolving around the magnetic
spin and exchange disorder inherent to a configurationally mixed
B-site has resulted in phase competition enabling a surprising mono-
lithic exchange bias (EB).27 This La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3
was a demonstration of two fundamental ideas: (1) the average
exchange value dictates the magnetic order parameter and (2)
magnetic exchange and spin disorder lead to magnetic phase com-
petition in these structurally perfect systems. The latter is an enticing
result not only in magnetic frustration but also in EB applica-
tions where precise control of the magnetic response is a necessity.
Furthermore, the demonstrated FM/AFM competition appears to
exhibit a clear third magnetic phase, likely glassy in nature, which
arises from the magnetic frustration and disorder in the system.28

These results further garner interest in the EB response as recent
studies29 suggest a close relationship between glassy dynamics and
exchange bias through AFM/FM/spin-glass interactions. Expand-
ing on this idea, La1−xSrx(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3 (LS5BO) is
particularly promising in exploring tunable magnetic phenomena,
as there is precise control over phase competition between AFM
and FM components through hole doping. If considering the local
effects of hole doping, it is instructive to investigate the ternary
parents, which each exhibit either a suppressed TN

30–32 or a tran-
sition from AFM to FM ordering33–35 with increasing Sr. It has been
shown that in this series the 0% Sr sample exhibits a large verti-
cal shift of the loop upon field biasing.27 However, the remaining
Sr > 0% samples have not been explored. Given the role of
charge doping in manipulating the magnetic phases of the parent
oxides, LS5BO is an astounding candidate to investigate the role
of hole doping in manipulating magnetic phase competition and
interaction.

In this work, we investigate the magnetic response to field
biasing of LS5BO as a function of hole doping. With detailed magne-
tometry, we show magnetic phase disorder driven pinning (vertical
shift), traditional EB (horizontal shift), and antiferromagnetic spin
reversal (coercivity enhancement) coupling phenomena entirely
dependent on Sr fraction x. The observed magnetic anisotropy is
understood within the context of competing magnetic phases and
connected to the lattice anisotropy of the strained films. An impor-
tant feature of the EB response is the spin frustration of the system
which gives rise to a glassy region of uncompensated moments
which is the dominating feature of low-doped samples’ magnetic
responses. However, the dominant biased response shifts with x, a
result which is connected to the increasing FM character of the film

resulting in direct AFM and FM coupling. This provides the first
example of fine-tuned control of magnetic response–and interac-
tion of AFM and FM regions in samples - to field biasing in entropy
stabilized oxides.

RESULTS AND DISCUSSION

LS5BO can be characterized by magnetic frustration linked
to competing AFM and FM phases inherent to its configurational
disorder. This is largely driven by the magnetic exchange and spin
disorder on the positionally ideal single crystal samples.27 The par-
ent L5BO (x = 0) has an affinity for AFM while maintaining small
FM pockets. As the Sr concentration increases, these FM pockets
become more prevalent in the film. This is enabled by the open-
ing of double exchange pathways as the valence of, for example,
Mn and Co increase toward 4+. As a result, Sr doping increases
the total volume fraction and the magnitude of the ferromagnetic
moment.28 This increase in robust FM comes with the loss of a
glassy, soft magnetic feature observed primarily in Sr dopings of
under 10%. While the magnetic phase was shown to vary with x,
the interaction between the order types, and how they compete
cannot be inferred from traditional magnetometry alone. For this,
we turn to field biased measurements. Field bias measurements can
help to elucidate the relative energy scales of the effective Zeeman
energy of an FM (EFM), anisotropy energy of an AFM (EAFM), and
AFM/FM interfacial energy (EInt). The resulting EB, pinning, or
AFM spin reversal implies the energy scale and coupling of AFM
and FM components in LS5BO films. EInt in this generalization may
be one of the most interesting components of this interaction, as
a glassy magnetic region at the AFM/FM interface is believed to
emerge in LS5BO.28 The ability to tune such a region gives rise to
immediate applied interest as the uncompensated spin glass can
couple to the AFM which yields a magnetic response which can
far exceed standard heterostructured systems.29 Figure 1 generally
summarizes how the energy scales relevant to EB exhibit different
magnetic responses in magnetic systems. The bottom panel of Fig. 1
shows the expected change in loop shape as the relative energies
of EFM, EAFM, and EInt change. As EFM increases, first approaching
and then surpassing EAFM, the magnetization response changes from
displaying a vertical offset to displaying the horizontal shift charac-
teristic of traditional EB. EB results from the true coupling of FM
and AFM regions, unlike a vertical shift that can occur from the
pinning of uncompensated spins at phase boundaries by an AFM.
Generally, EB can be thought of as being driven by the manifes-
tation of an energetic cost to the switching of a ferromagnet. This
contrasts with pinning, which is seen when a soft magnetic compo-
nent has proximity to a robust AFM - thereby “pinning” interfacial
spins to the field bias direction resulting in a surplus magnetiza-
tion. With sufficiently large relative EFM and EInt, the spins of the
AFM pockets can be reversed as well, manifesting as an enhance-
ment to the coercivity in comparison to measurements done without
bias. This explanation is limited to the very local interaction of
magnetic phases in materials and the mechanism for exchange bias
in disordered materials is still a subject of debate. In our samples, for
example, the local interfaces between magnetic phases have no pre-
ferred orientation which could lead to a local effect being averaged
out globally. In the case of the biased responses reported here in gen-
eral, the assumption made is that as the films are single crystal and
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FIG. 1. The role of coexisting Zeeman energy of ferromagnet (EFM), anisotropy energy of antiferromagnetic (EAFM), and interface energy (Eint) in determining functional
magnetic response under field cooling and field reversal. The initial biased state is shown on the left (+H) and the response of spins in the FM (red) and AFM (blue) to
a switch in field direction (through H = 0 to −H as labeled) are connected to their manifestation in the changes in loop shapes. The biased state is labeled as (+H) for a
saturating +H field and the field reversal is labeled as (−H) for a saturating −H field. The relative energies of the magnetic phase of coexisting domains and domain walls
dictate field biasing’s effect on magnetic loop offset and hysteresis. For comparison zero field cooled (ZFC) loops are compared directly to field cooled (FC) loops.

the magnetic phases each has preferred crystallographic directions
(an easy axis relative to the crystal orientation of the film) which
avoid “averaging out” when considering the global system. This
contrasts with nanocomposites where crystallites themselves are
randomly oriented and any anisotropy along a crystal axis cannot
be measured. Each of these magnetic responses to field bias is rep-
resented also in the right panels of Fig. 1, which show a cartoon
representation of spins at an AFM/FM interface after field rever-
sal. In this representation the interface is shown to be sharp though,
as discussed later in the text, the interface may be dominant in the
biased response as was seen in recent reports of coupling between
AFM/spin glass magnetic layers.29 This is in some contrast to
heterostructured systems such as LaMnO3/LaFeO3 and LaMnO3
where a sharp interface exists between two otherwise magnetically
isolated phases.36,37

Considering the interplay of AFM/FM bonds in the LS5BO
system we perform field biased measurements ±7 T for both the
in-plane (IP) and out-of-plane (OOP) conditions. Samples are each

∼50 nm thick and an extensive summary of their structural proper-
ties and growth can be found in Refs. 12, 23, and 28 and discussed in
the methods section. Field cooled measurements collected at 2.1 K
with the field applied in-plane are summarized for all x in Fig. 2(a)
where the black colored loops are +7 T field biased, and the red are
−7 T field biased. Clearly, in each case a vertical shift is observed
but upon the subtraction of this vertical shift, EB also appears. These
results are importantly mediated by EInt, which is a measure of the
resistance of the interface in allowing the coupling of AFM and FM
in the film. In the OOP direction [Fig. 2(b)], EB is more appar-
ent for x = 0.3, 0.5 and diminished in lower dopings. The OOP
direction was found to be the axis that exhibits a strong anisotropic
(mixed soft/hard) loop shapes in the x = 0, 0.1 cases and is the easy
axis of the FM for all x in tensile strained films, suggesting EFM
would be strongest in this direction.28 EFM and EAFM both are sub-
ject to change due to field orientation, evident from the anisotropy
observed between IP/OOP directions, and as a function of hole
doping. EInt appears tunable with Sr, with a third glassy magnetic

FIG. 2. Magnetic responses of films after
field cooling to 2.1 K from 300 K under
±7 T fields applied (a) in-plane and (b)
out-of-plane directions.
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region associated with the AFM/FM interface emerging most clearly
in 0% and 10% samples and largely dissipating at higher concentra-
tions. This component is likely responsible for the vertical pinning
seen in the EB results and is closely tied to EInt for these dopings. As a
source of uncompensated spins in vertical pinning, the mechanism
which drives the biased response sheds light on the broader mag-
netic behavior of this component. A newly suggested mechanism for
exchange bias29 is consistent with this region being spin glass, arising
from a degenerate landscape that is known to exist in L5BO. It is this
spin glass/AFM coupling which may effectively be tuned by Sr dop-
ing as the region appears to collapse with increasing Sr, where the
anisotropic loop shape attributed to the uncompensated moments
in this region disappear for x > 0.1.28

Results of the field bias measurements (±7 T bias) at 2.1 K for
both IP and OOP directions are summarized in Fig. 3. Not included
in this summary is the enhancement of the coercivity observed with
increased Sr doping. This enhancement was also observed in unbi-
ased loops28 and supports the interpretation that there is an increase
in FM cluster density and domain boundaries between FM/AFM
portions of the film which allow for direct coupling between the
two magnetic phases. In the OOP direction, the EB is absent in both
x = 0, 0.1 and diminished in the x = 0.3, 0.5 cases. If we investigate
more closely, this reveals the delicate balance of the relevant ener-
gies in the system. In this discussion, it is important to note the
assumption that the exchange energy of the interface (EInt) is
isotropic. This is generally true in, for example, nanocomposites
despite magnetic and crystalline anisotropy.38,39 In the x = 0, 0.1

FIG. 3. Summary of the field biased measurements at 2.1 K for all Sr
concentrations for in-plane and out-of-plane geometries.

cases there are tthatenarios which allow the disappearance of EB
OOP: if we assume EB implies EFM > EInt and EAFM > EInt, the
absence of EB in the OOP direction can be due to either (1) a reduc-
tion of EFM such that EFM < EInt, resulting in a pinning response or
(2) a decrease in both EFM and EAFM in the OOP direction. Since
there is a small reduction to the pinning response OOP, the second
scenario with a reduction in both EAFM and EFM seems the likely
consequence of the films’ magnetic anisotropy. This leads to EFM
< EInt and, if EAFM < EFM, spins are free to rotate yet unable to
overcome the interfacial energy barrier to have a response to field
biasing. With diminished EAFM, the uncompensated spins of the
glassy region can freely rotate which allows the observed contribu-
tion to the uncoupled soft/hard loops [Fig. 2(b)] shapes seen at small
Sr concentrations and especially prevalent in the 10% Sr films, where
the soft response is believed to be dominated by these free spins. This
is likely tied to magneto-crystalline effects which drive anisotropy in
both FM and AFM materials.40

The higher hole doping samples exhibit a different mechanism
for anisotropy in the magnetic response. In the x = 0.3 case EB is
also diminished OOP as compared to IP but to a very small degree
as compared to x = 0, 0.1. However, the dramatic increase in EB in
the OOP as compared to 0% and 10% Sr samples supports the idea
that the FM clusters become more robust and the regions containing
uncompensated spins at the edges of AFM regions begin to dissipate
with hole doping and allow direct coupling of AFM/FM regions of
the film. For the x = 0.5 film, the change in EB is not the complete
story. IP the x = 0.5 sample shows a large coercivity enhancement in
the FC loops compared to ZFC loops. At 2.1 K for the x = 0.5 case the

FIG. 4. AFM spin reversal response is the present with field applied in-plane (top)
but is absent in the out-of-plane geometry (bottom) for the x = 0.5 at 2.1 K.
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coercivity enhancement is a factor of nearly 2 higher in comparison
to ZFC measurements by AFM spin reversal (AFR) seen in Fig. 4(a).
As we see AFR in the IP direction, we must have EAFM < EInt, EFM
> EInt and (therefore) EAFM < EFM. However, in the OOP direction
[Fig. 4(b)], along with the diminished EB, the AFM spin reversal
disappears. This suggests again the case of EAFM < EInt and EFM
< EInt coupled with EFM > EAFM, implying only a drop in EFM in the
OOP direction as we cannot directly observe if EAFM varies. How-
ever, given the direct relationship of EAFM and EFM in each of the
other x it is believed that the hey are both largest IP with a reduction
in energy for both appearing in the OOP direction. This is consis-
tent with their lattice anisotropy, which is along the OOP direction,
being the driving force in the magnetic anisotropy of the films via
magneto-crystalline effects. These changes are linked with a large
increase in coercivity, mentioned above. This large enhancement
of the coercivity merits future study toward the potential for the
frustrated magnetic nature of high entropy oxides (HEOs) yielding
extremely hard magnetic behaviors.

A qualitative summary of the evolution of the magnetic
response of films and how the balance of energies giving rise to
EB changes as a function of x is shown in Fig. 5. As an impor-
tant note, this is a qualitative representation of the changes observed
as a function of hole doping and therefore the magnitudes of the
changes of each of the energies in Fig. 5 should not be compared. It
is the interplay of these energies that we are able to probe. Remark-
ably, through this range of hole doping, we have unique and fine
control of the magnetic response of the films. However, given this
fine-tuned control, regions of the film still seem to lag. For example,
as shown in Fig. 3, the x = 0.3 and 0.5 cases still show a vertical
shift despite being dominated by EB and AFM spin reversal. This
suggests that while the films are structurally uniform, the magnetic
structure is remarkably disordered with a clear mix of FM, AFM
and a glassy region of uncompensated spins. This spin frustration

FIG. 5. Phase diagram of dominant magnetic response changes with Sr con-
centration, x. The energies are qualitatively drawn to show the evolution of the
dominant functional response associated with pinning, traditional exchange bias,
and antiferromagnetic spin reversal (AFR). The magnitudes of these changes are
not comparable.

at the interface arising from the magnetic exchange and spin disor-
der is unique in its contribution to understanding the mechanisms
for EB and possible avenues toward designing and manipulating
magnetic dynamics in high entropy oxides. As Sr concentration
increases, the AFM/FM interface containing a region of uncompen-
sated spins collapses and the vertical pinning appears to weaken.
This is likely due to the increasing FM nature with Sr, which can
be connected to local double exchange pathways being created by a
shift in the average charge of the perovskite B-site.28 It is this local
and significant increase in FM character that allows direct coupling
between AFM and FM phases in the films. The control over EB
exhibited here establishes the materials design strategy exploiting
magnetic frustration in high entropy oxides as a viable and intrigu-
ing path toward broad technological application, where disorder
of magnetic exchange interactions and spins can be tuned toward
the desired functionality. The monolithic EB response in a single
crystal rivals the applicability of nanocomposites in devices. In light
of the proposed glassy region, which plays a key role in the coupling
mechanism, this may be extrapolated into a larger picture to explore
dynamic responses within the materials class. This is especially perti-
nent as we demonstrate the ability to tune the AFM phase boundary,
which hosts this glassy region of uncompensated spins. This result
guides future exploration of phase competition in entropy stabilized
oxides and informs the importance of a robust FM phase, enhanced
in LS5BO by double exchange, in designing single-crystal materials
exhibiting EB.

CONCLUSION

In summary, hole doping in the ABO3 perovskite oxide
La1−xSrx(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3 is found to allow control over
magnetic couplings that are exhibited in a variety of magnetic
responses including exchange bias and antiferromagnetic spin rever-
sal. Manipulation of the A-site charge state can be used to balance
magnetic phase compositions and coupling responses, which allows
for the creation of highly tunable exchange bias responses. In the
low Sr doping regime, a spin frustrated region arising at the antifer-
romagnetic phase boundary that is shown to directly couple to the
antiferromagnetic moments of the film and emerges as the dom-
inant mechanism. This leads to a vertical shift of magnetization
loops in response to field biasing. At higher Sr concentrations, direct
coupling of antiferromagnetic and ferromagnetic regions is
observed. This tunability of magnetic coupling is discussed within
the context of three competing magnetic phases and reveal critical
features in designing exchange bias by exploiting spin frustration
and disorder in high entropy oxides.

METHODS

LS5BO films were synthesized using pulsed laser deposition
as described in Ref. 28. To briefly summarize, samples are synthe-
sized using pulsed laser deposition from stoichiometric single phase
ceramic targets. Each of the films are grown on SrTiO3 substrates
using a KrF excimer laser with a laser fluence of 0.85 J/cm2 and
a pulse rate of 5 Hz with a 5 cm distance between the target and
substrate. Samples are each grown in 90 mTorr with temperature of
625, 635, 635, and 700 ○C for 0%, 10%, 30%, and 50% Sr, respec-
tively, before being cooled in 200 Torr oxygen. X-ray diffraction28
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FIG. 6. Example showing the subtraction of the vertical shift for FC data at 2.1 K.
This subtraction was used to determine the pinned moment and exchange bias
reported in Fig. 3.

and electron microscopy23 were used to confirm the single phase,
cluster free nature of the films. After verification of sample qual-
ity, magnetometry measurements were performed using a Quantum
Design MPMS3 magnetometer. All data are corrected for substrate
background by subtracting the diamagnetic background signal. The
contribution of the substrate to the magnetization is subtracted by
measuring a SrTiO3 substrate (from the same manufactured batch
as those used to synthesize the samples) and directly subtracting the
resulting signal scaled to the relative mass of the sample. In each
case, the substrate background was found exhibit only a diamagnetic
signal, and therefore a linear subtraction is suitable. Subtraction of
the vertical shift in the magnetization to determine the magnitude
of the pinned moment and exchange bias is done by taking the dif-
ference in the saturation magnetization of the two field biased states.
An example of the subtraction is shown in Fig. 6 for the OOP FC
measurements at 2.1 K.
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