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We present a study on the structural and magnetic properties of Lu(Fey,Mng,Co,Cry2Nip2)O3 (LuSBO)
high-entropy oxide perovskite thin films. We use synchrotron-based x-ray absorption spectroscopy employing
x-ray magnetic circular and linear dichroism (XMCD and XMLD) to perform an element-sensitive study on
single-crystal epitaxial LuSBO thin films. Together with XMCD magnetometry, the results reveal dominant
antiferromagnetic order with a transition temperature around 100 K.
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I. INTRODUCTION

The recent introduction of high-entropy oxides (HEOs) has
attracted a significant amount of research activities [1-3], as
a source for new promising dielectrics [4], multifunctional
semiconductors [5], and materials of low thermal conductiv-
ity [6]. The key ingredient in high-entropy stabilization is
the combination of a large number of cations in equiatomic
proportions, resulting in single-phase crystallization. This
concept has recently been expanded to high-entropy ox-
ide perovskites (HEOPs), both in the bulk [7,8] and thin
film [9-12]. HEOP thin films are particularly attractive, as thin
film growth, for example via pulsed laser deposition (PLD),
offers single-crystal stabilization mechanisms that go beyond
the entropy-driven process. This includes substrate-driven
stabilization, laser fluence, oxygen pressure, and growth tem-
perature. Growth-induced stabilization enables HEOP thin
films that would potentially not exist in the bulk. Taking the
general perovskite formula ABO;3 (A: rare-earth ion and B:
3d transition metal ion) into account, it provides a seem-
ingly unlimited freedom to tune the structural and magnetic
responses by varying stoichiometries within the transition
metal B-site or rare-earth A-site ions, as demonstrated for
La-based HEOP thin films [11,12]. Our recent x-ray absorp-
tion study on Tb(Fey,Mng,Cog2Cry2Nig2)03 (TbSBO) thin
films revealed the emergence of long-range ferromagnetic
order, mostly driven by X-O-Y superexchange interac-
tions involving primarily Mn** such as Mn*"-0-Co** and
Mn**-O-Ni?*, which is supported by the presence of high-
spin Co>* populating up to 23% of the Co sites and a 100%
proportion of Ni** [13]. This raises the question how the
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overall electronic configuration of transition metal ions
changes, when replacing Tb on the rare-earth A sites with
another rare-earth element.

Here, we aim to shed light into this question by placing Lu
on the A sites, thus growing Lu(Fey ,Mng »Cog »Crp»Nig2)O03
(Lu5BO) thin films on (001)-oriented SrTiO; (STO) sub-
strates, providing a direct comparison to the previously grown
Tb5BO thin films on STO (001) [13]. Lu, being the rare-earth
ion with the smallest ionic radius within the lanthanide series,
provides an interesting case, regarding HEOP thin films, for
multiple reasons. First, Lu-based perovskite thin films such as
LuFeO; or LuMnOj3 exhibit multiferroic properties [14—16].
Second, due to the small atomic radius of Lu, it is known that
the stabilization of other Lu-based perovskites, for example
LuNiO3, requires growth under high-pressure conditions [17],
thus posing the question whether single-crystal LuSBO thin
films can be grown at all, using simple growth conditions
similar to those employed in recent studies on other HEOP
thin films [9,10,13].

The paper is organized as follows: We begin with a Meth-
ods section, where all experimental aspects are discussed,
starting from thin film growth to structural and magnetic
characterization. This is followed by a section where all exper-
imental results are presented and discussed, before the paper
is concluded with a summarizing section.

II. EXPERIMENTAL METHODS

Lu5BO thin films were grown on TiO,-terminated STO
(001) substrates using a KrF excimer laser (A = 248 nm) at
a fluence of 1.42 J/cm? and a repetition rate of 5 Hz un-
der an oxygen partial pressure of 0.14 mbar. The substrate
temperature was set at 840 °C. The target-to-sample distance
was 5.5 cm. We used 14 000 laser pulses to grow thin films

©2023 American Physical Society
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FIG. 1. (a) XRD scan of a 12-nm-thick Lu5BO film grown on a (001)-oriented STO substrate. The XRD scan indicates good single-crystal
growth without the presence of secondary phases. (b) Scanning transmission electron microscopy (STEM) image of the same sample along
the [100] direction revealing proper epitaxy with some defect structures near the interface. (c) Fast Fourier transform (FFT) of the same
section shown in (b), highlighting dislocations emerging at the substrate/film interface. (d) Electron dispersive x-ray spectroscopy (EDX)
revealing an isotropic and random distribution of the transition metal elements within the same field of view as shown in (b). (e) and (f)
In-plane lattice parameter a and out-of-plane lattice parameter ¢ extracted for a region along the white box highlighted in (b).

with a thickness of 12 nm. Following growth, the films were
cooled down under an oxygen pressure of 100 mbar with
a cooling rate of 4°C/min. X-ray diffraction (XRD) pat-
terns were recorded using a Rikagu Smartlab high-resolution
four-circle x-ray diffractometer. Microstructural characteriza-
tion and elemental mapping were performed using a JEOL
2200FS scanning transmission electron microscope (STEM)
with an electron dispersive x-ray (EDX) spectrometer. Mag-
netic hysteresis loops were recorded, using a superconducting
quantum interference device (SQUID) magnetometer from
Quantum Design. Element-sensitive x-ray absorption spec-
troscopy was performed at the XTreme beamline of the Swiss
Light Source [18], employing x-ray magnetic circular and lin-
ear dichroism (XMCD and XMLD) at the L, 3 edges [19,20]
of all five transition metal B-block elements within
Lu5BO.

III. RESULTS and DISCUSSION

A. Structural, compositional, and magnetic characterization

The XRD pattern shown in Fig. 1(a) reveals that the
Lu5BO thin film on STO (001) is single crystalline with an
out-of-plane lattice parameter ¢ = 3.717 A. A comparison to
the lattice parameter of the underlying cubic STO (001) sub-
strate (a = b =c = 3.905 A) indicates a lattices mismatch
of around 5% and the likely growth of a relaxed film. This

agrees with the STEM image displayed in Fig. 1(b) and the
extracted in-plane and out-of-plane lattice parameters near
the STO/Lu5BO interface [Figs. 1(e) and 1(f)]. The STEM
measurement indicates that the large lattice mismatch between
the STO substrate and LuSBO film relaxes rapidly through
defect formation within the first three unit cells of the film,
also seen from a fast Fourier transformation (FFT) analysis
[see the highlighted region in Fig. 1(c)]. After this, LuSBO
grows as a single-crystal relaxed film onto STO (001) with
an average c/a ratio of 0.989 + 0.003. Elemental mapping
with EDX within the imaged area of the film reveals a ho-
mogeneous distribution of the transition metal elements (Fe,
Ni, Co, Mn, and Cr), without signs of clustering of individual
elements [see Fig. 1(d)].

Following structural characterization, the thin films were
forwarded for macroscopic magnetic characterization with
SQUID magnetometry. In Fig. 2 we show magnetic hysteresis
loops of a 12-nm-thick Lu5BO film recorded at 2.5 K with
the magnetic fields applied in plane [see Fig. 2(a)] and out
of plane [see Fig. 2(b)], with respect to the surface of the
substrate. While the in-plane hysteresis remains practically
closed, we observe a wasp-shaped hysteresis loop for the
out-of-plane field configuration. The shape of the out-of-plane
hysteresis loop resembles that of previously studied high-
entropy oxide perovskite thin films such as LaSBO [9] and
Tb5BO [13]. However, the magnetic moment per unit cell is
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FIG. 2. SQUID magnetic hysteresis loops measured at 2.5 K on
a 12-nm-thick Lu5BO film, with magnetic fields applied (a) in plane
and (b) out of plane, with respect to the substrate surface.

more than two times smaller in LuSBO compared to Tb5BO
thin films grown on the same substrate [13].

Next, we discuss XMCD spectroscopy measurements on
Lu5BO around the L, 3 absorption edges of all involved
five transition metal elements (Fe, Ni, Co, Mn, and Cr) us-
ing both circular right (c+) and circular left (c—) polarized

(a) (©)

—
O
-

x rays (Fig. 3 upper panels). The XAS measurements were
performed by total electron yield (TEY) detection [18] at
2.5 K in an out-of-plane geometry, where both the magnetic
field (6 T) and x rays are perpendicular to the surface. In
addition to this out-of-plane geometry, we performed the
same measurements where the magnetic field (6 T) and x
rays are employed at a grazing angle of 30° (see Supple-
mental Material [21]). Subtracting ¢+ and c— spectra from
one another gives the normalized XMCD signal for all five
transition elements (Fig. 3 lower panels). Added to Fig. 3 are
comparisons of the experimental XAS and XMCD spectra
(black lines) and simulations performed with CTM4XAS [22]
using multiplet ligand field theory (red, green, and blue lines).
The computations are carried out by first selecting the elec-
tric configuration of the element. Then various parameters
are tuned, which are related to the crystal field splitting, to
account for the octahedral component, the spin-orbit coupling,
and the screening and mixing effects, simulated by a reduction
of the Slater integrals. The intrinsic broadening of each edge,
associated to lifetime effects, is simulated by convoluting the
calculated natural spectra with a Lorentzian [23]. Further-
more, a Gaussian broadening of 0.2 eV is used to account for
the experimental broadening and the simulation is shifted by
—2.15 eV in the photon energy.

This analysis delivers the following picture: The XAS and
XMCD spectra for Ni [shown in Fig. 3(a)] point towards a
pure presence of octahedral Ni’* (0,) [24,25] with a crystal
field splitting of 10Dg = 2.4 eV. The calculation is performed
considering the inclusion of the direct Coulomb Slater in-
tegrals Fy,; and Fy; and of the exchange Coulomb integral
Gpa, reduced to 80% to account for the interatomic mixing
and screening. Moving on to Co [see Fig. 3(b)], we see a
weak XMCD signal which emerges predominantly from a
low presence (up to 2%) of Co** [13,26]. The low concen-
tration of Co*t marks a significant shift of LuSBO, when
compared to recently studied TbSBO thin films, which fea-
tured a presence of up to 23% Co>* [13]. The crystal field
splitting used in the simulation is 10Dg = 1.75 eV for Co**
and 10Dg = 0.7 eV for Co®*. The Slater integral are reduced
to 70%, 80%, and 65%, respectively, for Fyq, Fpq, and G,
of Co’t and to 80% of Hartree-Fock values in Co>*. XAS
and XMCD spectra around the L, 3 edges of Fe indicate a
dominant presence of octahedral Fet [13,27]. A crystal field
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FIG. 3. X-ray absorption spectra recorded with an out-of-plane geometry (upper panel) and corresponding x-ray magnetic circular
dichroism spectra (lower panel) recorded at 2.5 K. Spectra are recorded for (a) Ni, (b) Co, (c) Fe, (d) Mn, and (e) Cr.
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splitting of 10Dg = 1.75 eV is used to simulate the octahedral
component of Fe’*. The Slater integrals are reduced to 80%
of the Hartree-Fock values. Fe appears to feature the weakest
XMCD signal of all transition metal elements within LuSBO
[see Fig. 3(c)]. In Fig. 3(d) the Mn spectra reveal a domi-
nant if not pure presence of octahedral Mn*t [13,28,29]. The
best match between experiment and simulation is obtained
with Mn** affected by crystal field effects associated with
octahedral symmetry, simulated by a crystal field splitting
of 10Dg = 2.3 eV. The Slater integral reduction amounts to
50% for Fyq, 40% for F,y, and 50% for G,4. Charge transfer
effects were taken into account in the simulations, through a
charge transfer energy A of 4.5 eV. The spectra around the Cr
L, 3 edges are consistent with a pure presence of octahedral
Cr** [13,30] and are fitted with a crystal field splitting in the
simulation of 10Dg = 2.0 eV. The Slater integrals Fyq, Fpq,
and G,y are all reduced to 80% of their Hartree-Fock values.
The charge transfer energy parameter A was set to 4.0 eV in
the simulations.

Similar to our previous study on Tb5BO thin films, we are
able to extract estimates of the orbital (i), spin (mg), and to-
tal magnetic moment (my, + mg) per average transition metal
ion, by applying XMCD sum rules [13,31-33] to the recorded
XAS and XMCD spectra. The sum rules apply to the 2p and
3d level transition. The integrated x-ray absorption spectrum
over the whole L, 3 edge is directly proportional to the number
of holes 3d ny,. For L, 3 XMCD spectra, the recorded signal is
directly proportional to the magnetic moment of the excited
transition metal ion. The orbital magnetic moment is given by

4 fL3+L2 (I’L+1 - M*l)

mp = 1y )
3 Su

where p is the overall absorption coefficient consisting of
both the absorption coefficients with individual left- and right-
polarized x rays, w—_; and ., respectively. The spin sum
rule yields an integral consisting of an estimate for the spin
magnetic moment mg and contributions from spin-quadrupole

coupling, which we neglect to simplify the analysis [34]. The
spin sum rule is then given by

S G = ) =2 f (s = o)
h )
w

ms =n

This way, we are able to extract the orbital (m;) and spin
(mg) moments, in addition to the ratio (my/mg). Sum rules
require a good separation between the L, and L3 absorp-
tion edges, which for Ni, Co, and Fe is reasonable, while
early transition metal elements such as Cr and Mn require
significant correction factors [35]. Leaving Cr out for these
reasons, the results of these calculations are summarized in
Table I. Sum-rule integrations for spectra recorded in both the
grazing geometry and out-of-plane geometries for Mn, Fe, Ni,
and Co and overall out-of-plane analysis can be seen in the
Supplemental Material [21]). Similar to Tb5BO [13], Mn
features the largest spin magnetic moment (mg = —1.67up),
which is more than four times larger than the next largest spin
magnetic moment of Ni (mg = —0.35up). Ni appears to be
the element with the largest ratio of orbital and spin magnetic
moments (my/ms = 0.52), while Co occupies this spot in
Tb5BO thin films [13]. To complement the sum-rule analysis

TABLE 1. XMCD sum-rule analysis for four transition metal
ions in Lu5BO stemming from XAS and XMCD spectra recorded in
an out-of-plane geometry (6 T magnetic field employed out of plane
with respect to substrate surface). Due to the large overlap of the L,
and L3 absorption edges in Cr and the inaccuracies that come with it,
Cr was left out of the sum-rule analysis.

Element

(Corr. factor) Number of holes  mg (ug) my () mp/ms
Ni (0.92) 2 —0.35(2) —0.18(4) 0.52(3)
Mn (0.59) 7 —1.67(1) 0.16(7) —0.099(9)
Co (0.89) 3 —0.17(7) —0.06(3) 0.35(7)
Fe (0.68) 5 —0.16(8) 0.02(5) —0.14(8)

for the magnetic field applied out of plane, we recorded the
same XAS and XMCD spectroscopy data as in Fig. 3 with
a magnetic field of 6 T employed at a grazing angle of 30°
with respect to the sample surface and performed a sum-rule
analysis whose results are summed up in Table II. The mag-
netic moments derived from XAS and XMCD measurements
performed in the out-of-plane and grazing incidence geome-
try are identical within experimental error, demonstrating the
consistency of the sum-rule analysis. The only exception is
the m; value for Ni, which is small.

B. Element-sensitive magnetometry: XMCD hysteresis loops

Now, we aim to shed light into how each transition
metal element contributes to the overall magnetic response
in Lu5SBO. This is done by recording XMCD hysteresis
loops [13,36] at the L3 edge of all involved five transition
metal elements. In both out-of-plane and grazing geome-
try, we recorded XMCD hysteresis loops for magnetic fields
between —6 and +6 T with a step size of 0.1 T per mea-
surement point at temperature 7 = 2.5 K (Fig. 4). Similar
to Tb5SBO [13], it is Ni that exhibits the clearest hysteresis
of all elements. Interestingly, the out-of-plane XMCD hys-
teresis loops for Ni feature what appears to be a two-step
shape (see the Ni hysteresis loop in Fig. 4 upper panel), a
feature observed in systems exhibiting glassy behavior [37].
The two-step magnetic response disappears for Ni, when
recording XMCD hysteresis loops at the grazing angle (see
the Ni hysteresis loop in Fig. 4 lower panel). The anisotropic
magnetic response observed for Ni in Fig. 4 is similar to the
macroscopic SQUID data in Fig. 2. In comparison to Ni,

TABLE II. XMCD sum-rule analysis for four transition metal
ions in LuSBO stemming from XAS and XMCD spectra recorded
in a grazing incidence geometry (6 T magnetic field applied at an
angle of 30° with respect to the sample surface).

Element

(Corr. factor) Number of holes  mgs (up) my (up)  mp/mg
Ni (0.92) 2 —0.36(7) —0.03(5) 0.09(6)
Mn (0.59) 7 —1.41(3) 0.11(5) —0.08(1)
Co (0.89) 3 —0.093) —0.02(6) 0.28(2)
Fe (0.68) 5 —0.20(2) 0.00(7) —0.00
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FIG. 4. XMCD hysteresis loops recorded at the L; edges of all involved transition metal elements at 7 = 2.5 K. XMCD hysteresis loops
are recorded for magnetic fields applied out of plane (upper panel) and at a grazing angle of 30° with respect to the substrate surface (lower
panel). For Ni, Mn, and Co, XMCD hysteresis loops were also recorded at 25 K (orange and blue solid squares).

Mn features a rather small opening in its hysteresis loops,
both with fields applied out of plane and at a grazing angle
(see Mn hysteresis loop in Fig. 4). While not shown here,
these hysteresis curves disappear when heating the sample
up to 50 K. The most radical difference to TbSBO [13] is
that Co, Fe, and Cr in Lu5BO show little to no hysteresis
at all, down to 2.5 K (see Fig. 4). Even Mn shows quite a
weak hysteresis, when compared to what was obtained for
Tb5BO [13]. All together, these results correspond well to the
smaller macroscopic saturation magnetization, as confirmed
by SQUID magnetometry. The weaker XMCD signals for Co,
Fe, and Cr may indicate that LuSBO orders predominantly
antiferromagnetically at low temperature. To confirm this, we
characterize the Lu5SBO thin films using element-sensitive
x-ray magnetic linear dichroism (XMLD).

C. X-ray magnetic linear dichroism (XMLD)

We performed element-sensitive X-ray magnetic linear
dichroism (XMLD) spectroscopy [38] at the L3 absorp-
tion edges on LuSBO thin films [see example for Fe in
Figs. 5(b)-5(d)]. X-ray linear dichroism spectra usually
contain several contributions including antiferromagnetism,
crystal-field-induced charge anisotropy, and substrate-induced
effects that are generally described as natural linear dichroism.
This mixture is particularly strong at the L; edge making
it difficult to distinguish contributions from one another.
One strategy to separate magnetic contributions from other
effects is to perform temperature-dependent XMLD measure-
ments [39] and to compare the results to other measurements,
for example from macroscopic magnetometry. Furthermore,
contributions to linear dichroism at the L, edge are mostly
of magnetic origins [39,40]. For this reason, we performed
temperature-dependent XMLD spectroscopy focusing around
the L, edges of the five transition metal elements [see example
for Fe in Figs. 5(b) and 5(c)]. The XMLD spectra are recorded
by recording XAS spectra with vertically and horizontally
linear polarized x rays. Subtracting the two XAS spectra
from one another delivers the desired XMLD spectra. The
measurements are performed at zero magnetic field and a
grazing angle of 30° with respect to the sample surface.

Plotting the intensity of the L, XMLD signal at the
C and D peaks of the XAS spectra [see Fig. 5(b) and red and
black arrows in Fig. 5(c)] as a function of temperature, we
see an interesting picture emerging: The clearest temperature-
dependent trends of the XMLD signal as a function of
temperature are observed for Fe and Mn, with their XMLD
signals vanishing close to 100 K [sees Fig. 5(d) and 5(e)].
The temperature-dependent XMLD signal for Co appears to
remain constant throughout the explored temperature range
[see Fig. 5(f)], indicating that this can be largely attributed
to so-called natural or substrate-induced dichroism. The XLD
signal for Ni decays with temperature [see Fig. 5(g)], but more
slowly than the corresponding signals for Fe and Mn. Finally,
Cr exhibits a temperature-dependent XMLD that resembles
the trends observed for Mn and Fe [see Fig. 5(h)]. Recording
XMLD spectra with a magnetic field of 2 T applied in two
directions (see Supplemental Table 1 [21]), first along the z
direction (parallel to the incoming x rays), then along the
x direction [see schematic in Fig. 5(a)] yield no change
in the dichroism signals for Fe, Cr, and Mn, with mi-
nor changes observed at the L; edges of Ni and Co.
Overall, it confirms that the temperature-dependent trends
in the XMLD signals for Fe, Cr, and Mn correspond to
their antiferromagnetism resulting in dominant antiferro-
magnetic order in Lu5BO thin films grown on STO (001)
substrates.

IV. SUMMARY, CONCLUSIONS, AND OUTLOOK

In summary, we have performed a full-scale element-
sensitive x-ray absorption spectroscopy and magnetometry
study on Lu5SBO thin films grown on STO (001), adding
a member to the HEOP thin film family. Element-sensitive
XMCD and XMLD spectroscopy strongly hint towards
Lu5BO exhibiting an antiferromagnetic phase below 100 K.
A comparison to recently studied TbSBO [13] reveals that
Lu5BO exhibits a radically reduced Co?* concentration of up
to only 2%, which can be seen as a main driver for the smaller
net magnetic moment. This drastic reduction in the presence
of Co?* is likely driven by the lack of tensile strain and the
relaxed nature of Lu5BO thin films grown on STO (001)
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FIG. 5. (a) Sketch of the XMLD measurement geometry, with spectra recorded with vertical (¢« = 90°) and horizontal (o« = 0°) polarized
x-rays. The angle of incidence © is set at 30°. (b) Normalized XAS recorded with vertically (red curve) and horizontal (black) linear polarized
light and XMLD spectrum (blue curve) recorded at 2.5 K around the Fe L, 3 edges. (¢) XMLD spectra at the Fe L, recorded at various
temperatures between 2.5 and 250 K. The red and black arrows indicate the XMLD maxima C and D, respectively, which are then plotted
as a function of temperature for (d) Fe, (e) Mn, (f) Co, (g) Ni, and (h) Cr. The data are recorded at zero-field conditions. Complementary
XMLD measurements at 2.5 K and a magnetic field of 2 T applied along the z and x directions are summarized in Supplemental Table 1 and

Supplemental Table 2 [21].

substrates, similar to observations on the Co**/Co®* ratio
in LaCoOs thin films grown on various substrates [41]. This
notion opens up a viable route for tuning the presence of Co>*
in HEOP thin films via epitaxial strain. Other effects worth
exploring include a variation of the stoichiometry within the
transition metal 5B block [11] or the mixing of Tb and Lu with
other rare-earth ions at the rare-earth ion sites. Our findings
on the stabilization and element-sensitive characterization of
the magnetic order in Tb- and Lu-based orthorhombic HEOP
thin films provide a stepping stone towards the potential sta-
bilization of hexagonal h-LuSBO or h-Tb5BO, when grown
on selected substrates, in analogy to multiferroic parent com-
pounds such as h-LuFeOj; [14] or h-TbMnO; [42], and the
potential emergence of the first multiferroic HEOP thin films.
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