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We present a study on the structural and magnetic properties of thin films of the high entropy per-
ovskite Dy(Fe0.2Mn0.2Co0.2Cr0.2Ni0.2)O3 (Dy5BO). An element-sensitive investigation was performed using
synchrotron-based x-ray absorption spectroscopy, employing x-ray magnetic circular and linear dichroism. The
results reveal that the moments residing on the 3d transition metal ions and the rare-earth Dy ions produce
a saturation magnetization one order of magnitude larger than any previously studied high-entropy oxide
perovskite. Employing temperature-dependent x-ray magnetic linear dichroism, we see clear features of a spin
reorientation at the Mn and Fe sites, occurring around 18 K, likely driven by the interaction of the corresponding
transition metal ions and Dy.

DOI: 10.1103/PhysRevB.109.134422

I. INTRODUCTION

Over the past few decades, a considerable amount of re-
search has been devoted to rare-earth transition metal oxide
perovskites, denoted by the general formula ABO3, where
A represents a rare-earth ion and B denotes a 3d transition
metal ion, due to their intriguing multiferroic properties and
functionalities [1,2]. Recently, a new class of materials known
as high-entropy oxides (HEOs) has emerged [3,4]. In these
materials, the presence of a large number of cations present at
the same lattice site in equiatomic proportions significantly
enhances the configurational entropy. This leads to single-
crystal stabilization, notwithstanding the radii, charge, atomic
mass, and magnetic properties of the ions, and enables for
many design possibilities [5]. HEOs hold promise as potential
sources for the realization of large-k dielectrics [6], multi-
functional semiconductors [7], relaxor ferroelectrics [8], and
materials with low thermal conductivity [9].

The entropy-driven stabilization concept has been applied
to the development of rare-earth transition metal oxide per-
ovskites, resulting in the emergence of a class of complex
oxides referred to as high entropy oxide perovskites (HEOPs).
These materials, which can be synthesized in both bulk [10]
and thin-film configurations [5,11], exhibit a wide range of
intriguing properties, including high magnetoresistance [12],
metal-insulator transitions, thermoelectric properties [13], and
multifunctional behavior [7]. Due to the immense design po-
tential entropy-driven stabilization and the interplay of lattice
and orbital degrees of freedom, HEOPs have been identified
as ideal candidates for the study and development of multi-
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functional properties. It has also been shown that the growth
of thin HEOP films, achieved through methods like pulsed
laser deposition (PLD), is especially interesting as it facilitates
single-crystal stabilization mechanisms that extend beyond
the entropy-driven process due to its near instantaneous
quench time. Such mechanisms encompass substrate-driven
stabilization, oxygen pressure, growth temperature, and laser
fluence. This growth-induced stabilization allows the realiza-
tion of HEOP thin films that may not be feasible in the bulk.

Our recent element-sensitive x-ray absorption spec-
troscopy study on Tb(Fe0.2Mn0.2Co0.2Cr0.2Ni0.2)O3 (Tb5BO)
[14] and Lu(Fe0.2Mn0.2Co0.2Cr0.2Ni0.2)O3 (Lu5BO) [15] shed
light on the diverse magnetic behavior exhibited by HEOPs. In
the case of Tb5BO thin films, analysis revealed the presence
of long-range ferromagnetic order, likely driven by an en-
hanced presence of Co2+ [14]. Conversely, the investigation of
Lu5BO thin films demonstrated dominant antiferromagnetic
ordering below 100 K marked by a significant reduction in
the presence of Co2+, possibly due to the lack of tensile
strain and the relaxed nature of Lu5BO thin films grown on
SrTiO3 (STO) (001) substrates [15]. The intricate magnetic
interactions in these systems are highly influenced by the
collective electronic configuration of the transition metal ions,
which, in turn, are determined by the specific rare-earth ion
occupying the A sublattice. One of the fascinating phenomena
that is driven by A-site ordering in perovskites is that of
spin reorientations, for example in DyFeO3 [16,17]. The spin
reorientation transition in orthoferrites is important for new
applications and it provides insight into magnetic interactions
and phase transitions [18].

These previous results on DyFeO3 raise the question
whether spin reorientation transitions can occur in Dy-based
HEOP thin films, despite the disorder and randomness
of the transition metal ions occupying the B sublattice.
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FIG. 1. (a) XRD θ -2θ scan of a 12 nm thick Dy5BO film grown
on a (001)-oriented STO substrate. The film displays good crystal
quality without any secondary phases. (b) STEM image of the film
along the [100] direction, showing epitaxial growth. (c) EDX images
recorded in the same area as (b), revealing an isotropic and random
distribution of the transition metal elements.

To address this question, we report the growth of
Dy(Fe0.2Mn0.2Co0.2Cr0.2Ni0.2)O3 thin films on STO (001)
substrates. In addition to structural and macroscopic magnetic
characterization, we provide an x-ray absorption spectroscopy
(XAS) study, employing x-ray magnetic circular and linear
dichroism (XMCD and XMLD) at the L2,3 absorption edges of
all five transition metal elements within the perovskite B block
and we investigate the occurrence of a spin reorientation.

II. RESULTS AND DISCUSSION

A. Experimental methods

Thin films of Dy5BO were grown by pulsed laser deposi-
tion (PLD) on TiO2-terminated STO (001) substrates, using
a KrF excimer laser (λ = 248 nm) with a repetition rate of
5 Hz and fluence of 1.52 J/cm2. Optimal growth conditions
were obtained for a substrate temperature of 820 ◦C, a target-
substrate distance of 5.5 cm, and an oxygen partial pressure
of 0.14 mbar. We used 14 000 pulses to deposit thin films with
a thickness of 12 nm. Following the growth, the films were
cooled to 260 ◦C under an oxygen pressure of 100 mbar, at a
cooling rate of 4 ◦C/min.

The structural properties of the films were analyzed
by x-ray diffraction (XRD), using a Rigaku Smartlab
high-resolution four-circle x-ray diffractometer in reduced
fluorescence mode. The composition and microstructural
properties of the films were characterized using a JEOL

FIG. 2. SQUID-VSM magnetic hysteresis loops measured at dif-
ferent temperature on a 12 nm thick Dy5BO film, with (a) an in-plane
magnetic film and (b) an out-of-plane magnetic field.

2200FS scanning transmission electron microscope (STEM)
equipped with an electron dispersive x-ray spectrometer
(EDX). We recorded magnetic hysteresis loops utilizing a
Quantum Design superconducting quantum interference de-
vice (SQUID-VSM) magnetometer. Element-sensitive x-ray
absorption spectroscopy (XAS) by total electron yield (TEY)
was conducted at the XTreme beamline of the Swiss Light
Source [19]. X-ray circular and linear dichroism (XMCD and
XMLD) techniques were employed at the L2,3 edges [20,21]
of the five transition metal elements, and at the M4,5 edge
of Dy.

B. Structural, compositional, and magnetic characterization

The XRD θ -2θ scan depicted in Fig. 1(a) illustrates that
the Dy5BO film exhibits a (001)-oriented crystalline structure,
with an out-of-plane lattice parameter of c = 3.761 Å. Be-
cause the STO substrate has lattice parameters a = b = c =
3.905 Å, the Dy5BO film experiences strong tensile strain.
STEM imaging reveals a clean interface between the substrate
and the film, as shown in Fig. 1(b). Compositional analysis by
EDX shows that the transition metal elements are uniformly
distributed throughout the investigated area, without cluster-
ing [Fig. 1(c)].

The macroscopic magnetic properties of the Dy5BO film
were subjected to SQUID-VSM magnetometry. Figures 2(a)
and 2(b) depict hysteresis loops of a 12 nm thick Dy5BO
film, measured at 2 K, 10 K, and 20 K, for both in-plane
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FIG. 3. XAS spectra (upper panel) and XMCD spectra (lower panel) of (a) Ni, (b) Mn, (c) Fe, (d) Co, and (e) Cr recorded at 2.5 K. The
measurements are conducted in the out-of-plane geometry with a 6 T field.

(a) and out-of-plane (b) magnetic field orientations. The in-
plane hysteresis loop at 2 K exhibits a small opening, and it
saturates around 2 T. The saturation magnetization is close to
4.0 µB/u.c., which is almost an order of magnitude larger than
previously studied HEOPs [10,14,15]. The magnetic response
softens with increasing temperature [see red and blue curves
in Fig. 2(a)]. The hysteresis curves recorded with out-of-plane
magnetic field show a small opening and the magnetization
does not saturate at 6 T. Furthermore, the hysteresis loops
do not exhibit the distinctive “wasp shape,” which has been
observed for Tb5BO [14], Lu5BO [15], and La5BO [10]. Mea-
surements of the in-plane magnetization versus temperature
after cooling under zero or applied field are available in the
Supplemental Material [22].

C. XMCD spectroscopy and sum rule analysis

Element-sensitive XMCD spectroscopic measurements
were carried out at the L2,3 edges of the five transition metals
elements in the B block of Dy5BO (Ni, Fe, Cr, Mn, Co) by
subtracting the spectra obtained using x-rays with circular
right (c+) and circular left (c−) polarization. The measure-
ments were carried out at 2.5 K, 25 K, 50 K, 75 K, 100 K, and
125 K in both grazing geometry, with the x-rays impinging
on the sample at a grazing angle of 30◦, and the out-of-plane
geometry, with the incoming x-rays normal to the film surface.
The magnetic field is always applied parallel to the incoming
x-rays in XMCD measurements. Figure 3 shows normalized
XAS and XMCD spectra collected at 2.5 K in the out-of-plane
geometry with a 6 T field. These spectra are fitted to calcula-
tions based on ligand field theory in CTM4XAS 5.5 software
[23]. The calculations are executed by first selecting the elec-
tronic configuration and the site symmetry of the absorbing
element. Then, different parameters are tuned, drawing com-
parisons from the literature [24–28], including the crystal field
spitting, to accommodate the octahedral symmetry, spin-orbit
coupling, and the reduction of Slater integrals, and to account
for screening and mixing effects. Lifetime effects are con-
sidered by introducing an intrinsic broadening of each edge,
which enters the calculation as the convolution of the calcu-
lated spectra with a Lorentzian [29]. Moreover, to account
for experimental broadening effects, an additional Gaussian
broadening of 0.2 eV is applied. The calculated spectra are

then shifted by −2.15 eV in the photon energy to match the
energy scale of the experimental spectra.

The detailed values of the parameters employed in the
calculations are provided in the Supplemental Material [22].
By fitting the experimentally recorded spectra, we conclude
that the measured data can be replicated with an octahedral
environment, as expected in a perovskite. Additionally, we
determine the oxidation states of the transition metals in the
Dy5BO film, which are Ni2+, Fe3+, Cr3+, and Mn4+. The
XAS and XMCD spectra of Co reveal the coexistence of
Co2+ and Co3+ oxidation states, constituting approximately
13% and 87% of the total composition, respectively. Despite
the higher concentration of Co3+ compared to Co2+, the
XMCD spectra primarily reflects the contribution from high-
spin Co2+, due to the negligible signal generated by Co3+,
indicating its low-spin state. The concentration of Co2+ com-
pared to Co3+ in the Dy5BO sample presents an intermediate
situation between the findings observed in Tb5BO (23%) and
Lu5BO (2%) [14,15]. The peaks observed at 848 eV in the
XAS spectra of Ni and at 782 eV and 797 eV in the XAS
spectra of Co are indicative of the presence of low concen-
trations of La and Ba impurities, respectively. Based on the
relative intensity of these peaks, it can be estimated that the
relative content of La with respect to Ni is approximately 3%,
while the relative impurity content of Ba with respect to Co is
less than 1%.

Notably, Cr XMCD is opposite in sign with respect to
the XMCD signal measured for other transition metal ele-
ments, suggesting that the magnetic moments of Cr have a
magnetic response that opposes that of all other transition
metal ions [30,31]. The substantial compositional disorder
inherent in high-entropy perovskites is known for inducing
spin frustration. For instance, in La-based HEOP thin films, Cr
exhibited a disappearing XMCD contrast attributed to com-
pensating competing ferro- and antiferromagnetic interactions
[32]. Therefore, the notable XMCD contrast observed in Cr
within Dy5BO films implies that these competing interactions
may not completely cancel each other out in this system.

The XAS and XMCD spectra of the Dy5BO film depict a
scenario largely consistent with that observed for Tb5BO [14],
with the most notable difference being the concentration of
Co2+ ions and the antiparallel alignment of the Cr magnetic
moment. However, the saturation magnetization of Dy5BO
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TABLE I. XMCD sum rule analysis for the elements in the Dy5BO film obtained from XAS and XMCD spectra collected at 2.5 K in the
out-of-plane x-ray configuration under the application of a 6 T field.

Element (corr. Factor) Number of holes mS (µB) mL (µB) mL/mS

Ni (0.92) 2 −0.33(7) −0.12(2) 0.39
Mn (0.59) 7 −1.7(2) 0.034(4) −0.02
Co (0.89) 3 −0.26(1) −0.032(6) 0.12
Fe (0.68) 5 −0.24(1) 0.0039(7) −0.01
Dy 5 −1.07(5) −1.7(5) 1.6

is almost an order of magnitude larger than that of Tb5BO.
To understand the difference in saturation magnetization, we
proceed to estimate the spin (mS), orbital (mL), and total
magnetic moment (mL + mS) per average transition metal ion.
To evaluate the magnetic moments, we apply the XMCD sum
rule analysis [33–35] to the XAS and XMCD spectra. Sum
rules can be applied when the L2 and L3 are well separated;
for early transition metal ions where this condition is not met,
significant correction factors must be considered [36]. Con-
sequently, sum rules are not applied to Cr, and its magnetic
moment is estimated to be −0.05 µB based on comparison
with [30].

We determined the spin, orbital, and total magnetic mo-
ment per average transition metal ion by applying formula
(S1) and (S2) reported in the Supplemental Material [22]
on the XMCD signal collected at 2.5 K in the out-of-plane
measurement geometry, with a 6 T field. The results of the
sum rule analysis are summarized in Table I. Mn exhibits the
highest mS with a value of −1.71 µB, while Ni shows the high-
est ratio of orbital magnetic moment (mL) to spin magnetic
moment (mS) with a ratio of 0.39. To probe the in-plane mag-
netic moments, XAS and XMCD spectra were also recorded
with x-ray incident at a 30◦ grazing angle and a 6 T field.
Table II summarizes the sum rule analysis of these measure-
ments. For both measurement configurations, the extracted
spin and orbital magnetic moments are within experimental
error. Averaging the magnetic moments of all transition metal
ions in the Dy5BO unit cell gives 0.51 µB/u.c., which does not
fully account for the 2.8 µB/u.c. measured by SQUID-VSM
magnetometry at an equivalent field (Fig. 2). Therefore, we
recorded XMCD spectra at the M4,5 edge of Dy, using the
out-of-plane geometry and a 6 T field. By applying already
established sum rules [33,34,37], which are given in the Sup-
plemental Material [22], we attained the results presented
in Table I. We find that the Dy ions exhibit a substantial
magnetic moment, which, together with the magnetic moment
of the transition metal ions, adds up to 3.4 µB/u.c.. This
result derived from element specific XMCD measurements

is in reasonable agreement with the macroscopic SQUID-
VSM data in Fig. 2. Sum rule integrations for the grazing
and out-of-plane geometry are given in the Supplemental
Material [22].

D. Element sensitive magnetometry

To investigate the individual contribution of each transition
metal element to the overall magnetic response of the Dy5BO
film, further element-sensitive XMCD hysteresis loops were
acquired at the L3 edges in the 5B block. The measurements,
shown in Fig. 4, were conducted in both the grazing and
out-of-plane configurations by sweeping the magnetic field
between −6 T and 6 T in steps of 0.1 T. The XMCD loops
were recorded at 2.5 K and 25 K. Ni exhibits the most promi-
nent opening in the hysteresis loop. The opening is more
pronounced in the grazing configuration and it diminishes
with increasing temperature. The XMCD measurements on
Mn, Co, and Fe show smaller hysteresis and reduced sig-
nal in saturation. Cr shows a small hysteresis in the grazing
configuration at 2.5 K but not in the out-of-plane measure-
ment. Corresponding to the recorded Cr XCMD signal, its
hysteresis loop exhibits an inverted trend compared to the
other transition metals, reflecting its opposite response to an
external magnetic field. By comparing the hysteresis loops
obtained with a grazing and out-of plane magnetic field we
conclude that the easy axis of the magnetization lies in the
plane, which is consistent with the SQUID-VSM magnetom-
etry measurements depicted in Fig. 2. The magnetic behavior
of the transition metals, as illustrated by the XMCD hysteresis
curves, closely mirrors that observed in Tb5BO thin films
[14], which is noteworthy considering the contrasting overall
magnetic behavior of the two films in terms of anisotropy and
intensity of the magnetic moment.

E. X-ray magnetic linear dichroism and spin reorientation

To investigate possible antiferromagnetic contributions
to the overall ordering in Dy5BO, we conducted

TABLE II. XMCD sum rule analysis for the elements in the Dy5BO film obtained from XAS and XMCD spectra collected at 2.5 K in the
grazing x-ray configuration under the application of a 6 T field.

Element (corr. Factor) Number of holes mS (µB) mL (µB) mL/mS

Ni (0.92) 2 −0.59(1) −0.098(7) −0.16
Mn (0.59) 7 −1.3(1) −0.11(8) −0.08
Co (0.89) 3 −0.16(1) −0.027(6) 0.16
Fe (0.68) 5 −0.50(1) 0.016(3) −0.03
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FIG. 4. XMCD loops collected at the L3 edge of the transition metal elements in the 5B block of the Dy5BO film. The loops were collected
at 2.5 K and 25 K, in both the grazing and out-of-plane geometry by sweeping the magnetic field between −6 T and 6 T in 0.1 T steps.

element-sensitive x-ray magnetic linear dichroism (XMLD)
spectroscopy at the L2,3 edge for the 5B transition metal
elements. The measurements were performed with the x-ray
impinging on the sample at a grazing angle of � = 30◦
and zero magnetic field. XAS spectra were recorded with s-
and p-polarized x-rays, as shown in Fig. 5(a), and XMLD
was obtained by subtracting the spectra measured with
p-polarized x-rays form the spectra measured with s-polarized
x-rays. XAS with linearly polarized x-rays is sensitive to
the alignment of the antiferromagnetic spin axis and the
incident polarization. The sign of the XMLD signal in our
measurements thus indicates whether the antiferromagnetic
spins are oriented in-plane or out-of-plane in the Dy5BO
film [38–40]. If the higher energy peak at the L2 edge
of a transition metal [the D peak in Fig. 5(b)] exhibits
higher intensity, the antiferromagnetic spins are oriented
parallel to the x-ray s-polarization [38,41]. To distinguish
the antiferromagnetic contributions to the XMLD signal
from natural dichroism caused by crystal-field-induced

charge anisotropy, we measured XMLD spectra as a
function of temperature. As an example, Fig. 5(c) shows
the XMLD spectra recorded at the L2 edge of Fe for
different temperatures. The sign reversal of the XMLD
signal [Figs. 5(c) and 5(d)] between 18 and 25 K indicates a
reorientation of the antiferromagnetic spin axis from in plane
at low temperature to out of plane at higher temperature [19].
A similar temperature-induced spin-reorientation transition
is also measured for Mn [Fig. 5(f)]. The compositional
disorder on the B site gives rise to various local environments,
which may result in not all Mn and Fe ions undergoing this
spin reorientation. The temperature dependence of the XMLD
signal of Cr is different, showing a strong decline from around
25 K [Fig. 5(h)]. The XMLD signal of Ni does not show a
clear variation with temperature [Fig. 5(e)]. In contrast, the
XMLD signal for Co exhibits a peak at around 18 K, before it
remains constant at higher temperature, a behavior that seems
to correlate to the observed spin reorientation at the Fe and
Mn sites.

FIG. 5. (a) Measurement geometry for the recording of XMLD spectra. The incident angle of x-rays is � = 30◦. (b) Normalized XAS
spectra recorded with s- and p-polarized x-rays. (c) XMLD spectrum (blue curve) obtained at 2.5 K at the Fe L2 edge. Panels (d)–(h) show the
trend with temperature of the XMLD L2 peaks C and D, respectively, for (d) Fe, (e) Ni, (f) Mn, (g) Co, and (h) Cr. The spectra are obtained at
zero-field conditions.
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FIG. 6. XMCD hysteresis loops collected at the M5 edge of Dy.
The loops recorded at 2.5 K and 18 K in both (a) the grazing and
(b) out-of-plane x-ray geometry.

F. Dysprosium XMCD hysteresis loops

Spin reorientation transitions in rare-earth orthoferrites
such as DyFeO3 are known to be driven by the the Dy
anisotropy, the Dy-Fe interaction and the corresponding inter-
atomic distances [17,42]. Bulk DyFeO3 orders below 645 K
into a G-type antiferromagnetism with antiparallel nearest-
neighbor Fe moments [43]. Strong spin-orbit coupling results
in spin canting and the emergence of weak ferromagnetism,
which transitions to a C-type antiferromagnetism below a
spin-reorientation transition that is driven by an increasing
role of Dy-Fe interactions.

Considering the suspected important role of the Dy mag-
netic anisotropy in the observed spin reorientation in Dy5BO,
we recorded XMCD hysteresis loops at the Dy M5 edge at
2.5 K and 18 K, both with the magnetic field applied at grazing
incidence and out of plane. An interesting first impression is
that the 2.5 K measurements show similarities to the macro-
scopic SQUID-VSM measurements, with the grazing XMCD
hysteresis loop featuring a hysteresis with a small opening
[see inset in Fig. 6(a)] and near saturation at 6 T, while the out-
of-plane XMCD hysteresis appears to be weaker and mostly

closed [see black curve in Fig. 6(b)] and remaining far from
saturation at 6 T. At 18 K, Dy5BO features a paramagnetic
linear form for the out-of-plane XMCD hysteresis measure-
ment [red line in Fig. 6(b)], while the grazing measurement
at 18 K exhibits a nearly linear remnant hysteresis [orange
line in Fig. 6(a)]. All together, these results reveal that long-
range order of the Dy moments disappears above 18 K, which
coincides with the spin reorientation transition temperature
extracted from temperature-dependent XMLD measurements.
It suggests that the emergence of ordered Dy moments and
their interaction with the Fe moments and Mn moments is
a likely driver of the aforementioned spin reorientation. It is
interesting to note that the shape of the Dy XMCD hystere-
sis loops closely resemble the macroscopic hysteresis curves
measured with SQUID magnetometry (compare Fig. 6 with
Fig. 2), thus further confirming that Dy is the dominant con-
tributor to the overall magnetic response in Dy5BO.

III. SUMMARY AND OUTLOOK

In summary, we conducted a comprehensive investiga-
tion of a spin reorientation occurring in Dy5BO thin films
grown on STO (001) substrates, using magnetometry and
element-sensitive x-ray absorption spectroscopy. The mag-
netic moment per unit cell of the film is stronger compared
to other high-entropy perovskite thin films, which can be
attributed to the substantial moment of Dy, as estimated
through the sum rule analysis. Additionally, transition metal
XMCD hysteresis loops in both Tb5BO and Dy5BO ex-
hibit strong similarities, while their macroscopic magnetic
responses recorded via SQUID magnetometry differ signif-
icantly. Moreover, the Dy XMCD hysteresis loop bears a
striking resemblance to the SQUID magnetometry curve for
Dy5BO. Taken together, these observations strongly suggest
that the observed magnetic anisotropy in Dy5BO is driven by
Dy ordering. Furthermore, our examination through XMLD
supported with XMCD hysteresis loops revealed a spin-
reorientation transition for Mn and Fe, likely linked to a Dy
anisotropy emerging at temperatures below 18 K. Interest-
ingly, compared to other HEOPs [14,15], Dy5BO features a
nonzero Cr XMCD signal opposing that of the other tran-
sition metal ions, hinting toward an overall ferrimagnetic
order. Future studies involving neutron scattering techniques
[5] combined with cryogenic magnetic imaging [44,45] might
deepen the understanding of the exact magnetic structure of
Dy5BO and the observed spin reorientation.
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