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A B S T R A C T

The utilization of configurational entropy in materials design has accelerated the tailoring of oxides for
a variety of technological applications. So called ‘‘high entropy’’ oxides (HEO) have more recently been
investigated for their use in magnetocaloric refrigeration due to tunability of the spin glass phase. To advance
our understanding of these magnetic interactions, we have grown single crystals ( 5 mm diameter, 3 cm length)
of the multicomponent perovskite SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 using the laser diode floating zone technique.
This material deviates from its parent SmMO3 (M=Co, Cr, Fe, Mn) magnetic behaviors by having two broad
transitions with a large bifurcation in the zero-field cooled vs field cooled measurements. Measurements
of magnetization as a function of field show spin canting of the transition metal ions, with exchange bias
emerging as a function of temperature. Heat capacity measurements are utilized alongside the non-magnetic
rare earth analog LaCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 to understand the low temperature superexchange interactions.
Such comparison supports the two magnetic sublattices operating at different energy scales. Overall single
crystal growth of such HEO should be utilized due to the ease of growth using the floating zone technique
and insight it gives into the magnetic characterization.
1. Introduction

High entropy materials, multicomponent systems with a high con-
figurational entropy term, i.e., a large positive 𝛥𝑆 due to compositional
disorder, have received an explosion of interest in the recent years due
to the impact the disorder can have on the properties, an example seen
in Ni super-alloys and coatings to protect from corrosion [1–3]. In the
area of high entropy oxides (HEO), in particular systems with multiple
components on the cation sublattice, there are intriguing questions
regarding the presence of the local order/disorder in accordance with
the single-phase structure present in these ceramics [4–6]. This natu-
rally impacts the magnetic exchange interactions and gives rise to the
question of whether there is complete disorder or does new behavior
emerge distinct from the parents’ ala a ‘‘cocktail effect’’ [7,8]. The
perovskite structure serves as an attractive target thanks to its flexibility
to accommodate a wide range of cations in the lattice [9]. Bulk single
rystals are essential in these studies to allow for more characterization
ools in both crystal structure and magnetism. Currently bulk single

∗ Corresponding author at: Department of Chemistry, The Johns Hopkins University, Baltimore, 21218, MD, USA.
∗∗ Corresponding author.

E-mail addresses: lpj@ornl.gov (L.A. Pressley), mcqueen@jhu.edu (T.M. McQueen).

crystal growth for high entropy/multicomponent materials has only
been briefly explored [10–14].

We report the first synthesis of bulk single crystals of HEO per-
ovskite SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 using a laser diode floating zone
furnace. Single crystal X-ray diffraction data (SCXRD) shows the ma-
terial crystallizes in a distorted orthorhombic perovskite structure in
the space group Pnma. DC magnetization measurements show anti-
ferromagnetic ordering with spin glassiness suggested according to
differences in zero-field and field cooled measurements. Magnetization
as a function of field shows temperature dependent hysteresis indicative
of spin canting of the transition metals with ferrimagnetic interactions.
Compared to the parent SmMO3 (M = Co, Cr, Fe, Mn) perovskites, these
transitions occur at different temperatures, with the HEO lacking the
complete reversal in magnetization seen in SmFeO3 due to the ferri-
magnetic behavior between the disordered transition metals [15]. The
non-magnetic rare earth analog of LaCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 shows
that Sm interaction with the transition metal sublattice increases as
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temperature decreases, with heat capacity measurements used to ex-
tract out the Sm magnetic contribution from the phonon behavior.
Overall, this paper supports the use of the floating zone technique in
synthesizing bulk single crystals of high entropy materials of interest
and shows the impact disorder can have even for a ‘‘low entropy’’ HEO.

2. Materials and methods

Starting rare earth oxides La2O3 (Alfa Aesar 99.99% E12W028) and
Sm2O3 (Alfa Aesar 99.99%, T24B047) were dried at T ∼ 1000 ◦C
overnight. Rare earth oxides were weighed out along with Co3O4
NOAH Technologies 99.5% 100541), CrO2 (Dupont), Fe3O4 (Cerac
9.5%, X8089), and MnO2 (NOAH Technologies 99.9% 211512) tar-
eting the formula 𝐿𝑛Co1∕4Cr1∕4Fe1∕4Mn1∕4O3 and mixed intimately in
an agate mortar and pestle. SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 were heated as
loose powder in an uncovered alumina boat in a horizontal tube furnace
at T ∼ 1450 ◦C for 12 h with a ramp rate of 100 ◦C/h and allowed to
cool to room temperature over 12 h. LaCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 powder
was prepared similarly, but with a dwell temperature of T ∼ 1350 ◦C
instead of T ∼ 1450 ◦C.

SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 were compacted into rod shapes using
rubber balloons, evacuated, and subsequently subjected to hydro-static
pressure (∼75 MPa). Upon removal from the balloon, the rods were
sintered in an open alumina boat in a box furnace at T∼ 1450 ◦C for 12 h
with a ramp rate of 100 ◦C/h and allowed to cool to room temperature
over 12 h. The sintered rods were mounted in a Laser Diode Floating
Zone (LDFZ) furnace (Crystal Systems, Inc., FD-FZ-5-200-VPO-PC) with
5 × 200 W GaAs lasers (𝜆 = 976 nm); the seed rod was affixed to an
alumina holder on the lower shaft using Nichrome wire while the feed
rod was suspended from a hook on the upper shaft using Nichrome
wire. An applied pressure of 2 bar of O2(g) was used flowing at 250
mL/min with lasers tilted at 5◦ above the plane. The seed rod was
melted, and the feed rod was joined to create a stable molten zone.
Both rods were translated downward through the hot zone. The steady
state conditions were found to occur when the upper and lower shaft
traveled at a rate of 5.5 and 5 mm/h respectively while counter rotating
at 10 rpm.

Heat capacity measurements from T = 2–300 K were taken with
a Quantum Design Physical Properties Measurement System (PPMS)
using the semi adiabatic pulse method with a 1% temperature rise.
Phonon subtraction of heat capacity using the La containing analog
was performed by scaling according to Hofmann and extrapolating to
𝑇 = 0 K [16,17]. Magnetization data were collected as a function
of temperature and field from T = 2–300 K and 𝜇0𝐻 = −7 to 7 T
on both powder and aligned crystals using a Quantum Design Mag-
netic Property Measurement System (MPMS). Energy dispersive X-ray
spectroscopy (EDS) to estimate transition metal ratios was performed
using a JEOL JSM IT100 scanning electron microscope (SEM) at 20 keV
operating in backscatter mode.

Laboratory-based X-ray diffraction patterns of the powder and
ground up single crystals were collected using a Bruker D8 Focus
diffractometer with Cu 𝐾𝛼 radiation and a LynxEye position sensitive
detector. Rietveld refinements to check phase purity were performed
using Bruker TOPAS software (Version 4.2, Bruker AXS). For the SCXRD
analysis, all reflection intensities were measured at 213(2) K using a
Rigaku Oxford Diffraction SuperNova diffractometer (equipped with
Atlas detector) with Mo 𝐾𝛼 radiation (𝜆 = 0.71073 Å) under the
program CrysAlisPro (Version CrysAlisPro 1.171.42.49, Rigaku OD,
2022). The same program was used to refine the cell dimensions and
for data reduction. The structure was solved with the program SHELXS-
2018/3 and was refined on 𝐹 2 with SHELXL-2018/3 [18]. Data were
corrected for absorption using an analytical numeric absorption cor-
rection using a multifaceted crystal model under CrysAlisPro. The
temperature of the data collection was controlled using the system
Cryojet (manufactured by Oxford Instruments). The occupancy of the
2

3d transition metals were fixed at 0.25 according to input stoichiome-
tries and absence of impurity phase in PXRD. Crystal structure were
visualized using VESTA [19]. Magnetic entropy change was determined
from interpolated magnetization data using code derived from Bocarsly
et al. [20] Point charge calculations for Sm3+ were performed using
PyCrystalField [21].

3. Results and discussion

3.1. High entropy classification

In the discussion of HEO, there is a distinction of entropy stabilized
vs high entropy that should be noted [22,23]. The family of HEO
LnMO3 are shown to be phase pure when cooled slowly, so the config-
urational entropy is not decisive to the stability of the phase, compared
to other systems such as the HEO rock salt Co0.2Cu0.2Mg0.2Ni0.2Zn0.2O
[24,25]. Commonly in designing HE materials, a 5-component equimo-
lar substitution is instituted on the sublattice and has been done for
previously synthesized HEO perovskites [26]. Initial attempts to synthe-
size the 5-component Sm(Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)O3 were successful
for powder form but crystal growth using the floating zone method
resulted in an impurity of NiO in PXRD of the grown crystal. This is
due to Ni3+ requiring high oxidizing conditions for crystal growth, as
seen in the rare earth nickelates [27,28]. Given the multiple valence
states optional for many of these transition metals, it is likely that each
element is in the 3+ state based on this experiment, further supported
by the calculated bond valence sums approximating 3 [29].

Much discussion has been had concerning label of ‘‘high entropy’’
for materials and its impact [30,31]. For this material for example,
the configurational entropy per formula unit is 1.39R, where is the
R molar gas constant. This traditionally places it in the category of
medium entropy. If one accounts for the other sublattices and calculate
this per atom, the categorization drops to 0.28R, firmly in low entropy.
If one uses an entropy metric to account for different sublattices, the
calculated value is 0.84, keeping it under the classification of low
entropy [32]. In the case of HEO LnMO3, we see that the configura-
tional entropy likely is not the leading contribution to its behavior but
instead the chemically complex exchange interactions occurring. Due
to familiarity, we will keep the using the term HEO to emphasize the
design concept rather than the inherent classification.

3.2. Crystal structure and composition

Single crystal structure solution of HEO SmMO3 shows the material
crystallizes in space group Pnma with the structure type GdFeO3, with
the resulting parameters shown in Table 1 [33]. This is a distorted
orthorhombic perovskite as visualized in Fig. 1a with Glazer notation
𝑎+𝑏−𝑏− [34]. The as-grown crystal is visualized in Fig. 1b. Due to the
high fluorescence of the transition metals, analysis of the crystallinity
by use of Laue diffraction was not feasible. Precession images were
digitally reconstructed from raw SCXRD data and show no sign of
twinning or streaking as shown in Fig. 1c along the (0𝑘𝑙) plane. Powder
samples of both HEO SmMO3 and LaMO3 as well as the ground
up crystal are seen as phase pure (both impurity free and a single
perovskite phase) in PXRD. Due to the multicomponent substitution,
occupancy was checked using EDS, results shown in Table 2, although
the real error bars are likely larger due to the closeness in peak location.
Mapping of the powder in Fig. 2 shows homogeneous distribution, evi-
dence of a single-phase perovskite. Measurement of sample mass before
and after firing showed a loss of 0.3%, discouraging the likelihood of
offstoichoimetry by means of volatilization of starting materials. There
was presence of vapor condensed on the quartz tube used for the LDFZ
post crystal growth. PXRD of the vapor (Figure S1) can be indexed to
CoCr2O4, which could account for the slight deficiency of Cr in the EDS

measurements.
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Table 1
Crystallographic parameters of the SXRD for floating zone grown SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3.

Formula SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3
Crystal system Orthorhombic
Space group Pnma (no. 99)
a (Å) 5.5568(2)
b (Å) 7.6367(3)
c (Å) 5.3679(2)
V (Å3) 227.790(15)
Z 1
Radiation Mo 𝐾𝛼 , 𝜆 = 0.71073 Å
Temperature (K) 213
Absorption coefficient (mm−1) 31.21
F(0 0 0) 446
Reflections collected/unique/internal data agreement 6196/459, 𝑅𝑖𝑛𝑡 = 0.048
Data/parameters 459/29
Goodness-of-fit 1.18
𝑅 =

∑

||𝐹𝑜| − |𝐹𝑐 ||∕
∑

|𝐹𝑜| 0.017
𝑤𝑅(𝐹 2) = [

∑

𝑤(𝐹 2
𝑜 − 𝐹 2

𝑐 )
2∕

∑

𝑤(𝐹 2
𝑜 )

2]1∕2 0.040
Largest dif. peak/hole 1.660/−1.921 e Å−3

Occ. Wyckoff positions x (Å) y (Å) z (Å) Uiso (Å
2
)

Co 1/4 4a 0.5 0 0.5 0.00380(14)
Cr 1/4 4a 0.5 0 0.5 0.00380(14)
Fe 1/4 4a 0.5 0 0.5 0.00380(14)
Mn 1/4 4a 0.5 0 0.5 0.00380(14)
Sm 1 4c 0.94341(4) 0.25 0.48773(4) 0.00560(10)
O1 1 4c 0.4746(6) −0.25 0.4096(7) 0.0081(6)
O2 1 8d 0.7018(4) 0.0470(3) 0.2008(4) 0.0084(4)

U11 (Å2) U22 (Å2) U33 (Å2) U12 (Å2) U13 (Å2) U23 (Å2)
Co=Cr=Fe=Mn 0.0039(3) 0.0040(3) 0.0036(3) −0.0003(2) 0.00007(19) −0.00008(19)
Sm 0.00531(14) 0.00585(14) 0.00565(15) 0 0.00077(7) 0
O1 0.0086(15) 0.0095(14) 0.0062(15) 0 0.0019(12) 0
O2 0.0100(11) 0.0086(9) 0.0065(10) 0.0019(8) −0.0015(9) 0.0014(8)
Fig. 1. (a) Crystal structure of SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 with Glazer notation 𝑎+𝑏−𝑏− for the tilted transition metal octahedra. Atomic displacement parameters are visualized at
80% probability (b) Floating zone grown crystal of SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 (c) Digitally reconstructed precession photograph from SCXRD data along the (0kl) plane.
Table 2
Elemental ratios for single crystal SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 as determined by EDS.

Element Atom %

Co 6.09(21)
Cr 3.92(17)
Fe 4.70(23)
Mn 6.32(22)
3

3.3. Magnetization

Magnetization as a function of temperature in Fig. 3 shows a bifur-
cation occurring between the field cooled (FC) and zero field cooled
(ZFC) at T∼150 K for powder samples of SmMO3. Two transitions,
independent of cooling method, are seen to occur below room tem-
perature, one around the bifurcation, the second being a broad hump
with its maxima centered around T∼12.5 K. Application of increasing
field (up to 𝜇 𝐻 = 7 T) is shown in Fig. 3b to suppress this second
0
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Fig. 2. SEM image of SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 powder with EDS mapping of the transition metal elements colored. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)
Fig. 3. Field cooled (FZ) and zero field cooled (ZFC) magnetization as a function of temperature for (a) SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 powder, (b) SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 powder
nder multiple fields, (c) SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 parallel to crystal length, and (d) SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 perpendicular to crystal length.
m
n
Z
t

ransition. Measurements with field both parallel and perpendicular to
ingle crystal in Fig. 3c and d show presence of anisotropy, indicated
y differences in magnetic susceptibility, with divergence occurring
round T∼200 K. These values both differ from those of the powder,
4

s expected given a distribution of crystalline axes in the latter. Both L
agnetic transitions are still visible, with the perpendicular transitions
ow manifesting as broad humps under ZFC. Further, the bifurcation of
FC and FC occurs at higher temperatures for both directions compared
o the powder. A comparison with the non-magnetic rare earth analog

aMO3 shows similar behavior at high temperatures among ZFC and
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Fig. 4. Curie Weiss fit to the paramagnetic region of zero field cooled (ZFC) LaCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 powder. Inset shows the field cooled (FC) and zero field cooled (ZFC)
agnetization as a function of temperature.
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C measurements, shown in Fig. 4. Measurement below the bifurcation
hows the downturn occurring at higher temperatures than the Sm as
ell over a larger temperature range.
Attempts to fit the upper magnetic region to the Curie Weiss law for

he Sm variant requires the use of a Van Vleck contribution [35]. The
ata can be fit as:
−1 =

𝑇 − 𝛩𝐶𝑊
𝜒0 ∗ (𝑇 − 𝛩𝐶𝑊 ) + 𝐶

(1)

Attempting such a fit still results in no linear portion of the inverse
usceptibility, excluding the meaningfulness of any extracted constants
rom the Curie–Weiss analysis. Fitting of the La analog gives 𝐶 =
.645(1) emu K mol−1 Oe−1, assuming 1 total magnetic ion per formula
nit. As transition metal compounds can experience spin transition
etween low and high spin states as temperature crosses the spin gap
nergy, one must consider different situations depending on the crystal
ield splitting [36–38]. If all high spin, 𝐶 = 3.06 emu K mol−1 Oe−1,
low spin (i.e. Co3+ is 𝑆 = 0), 𝐶 = 0.813 emu K mol−1 Oe−1, both out
of range of our extracted value. An more likely intermediate spin state
(𝑆𝐶𝑜 = 0, 𝑆𝐶𝑟 = 3∕2, 𝑆𝐹𝑒 = 5∕2, 𝑆𝑀𝑛 = 1) gives 𝐶 = 1.81 emu K mol−1
Oe−1, close to our value. We see from this that even in complex disor-
dered systems that CW analysis if applied carefully can serve to help
understand the likely spin configuration, with further experiments such
as X-ray magnetic circular dichroism (XMCD) available to investigate
the systems magnetic behavior.

Measurements of magnetization as a function of field in Fig. 5a show
no saturation in magnetic moment up to 7 T, with hysteresis emerging
and closing between the two magnetic transitions. This ferromagnetic
behavior is likely to arise from spin canting in the transition metal
sublattice, as discussed further below. Further the hysteresis is often
not centered around the origin, and changes position with temperature.
The exchange bias and coercive field are defined as:

𝐻𝐸𝐵 =
𝐻1 +𝐻2

2
(2)

Plotting this as a function of temperature is shown in Fig. 5b. Two
items of interest are seen in this plot. One, the coercive field does
not decrease with increasing temperature but instead goes through
two peaks near the magnetic transitions. Second, this behavior is also
supported by the variation in exchange bias, indicating interactions
5

Table 3
Summary of magnetic behavior of parent compounds of HEO SmMO3, where T𝑁 , T𝑆𝑅2,
T𝑆𝑅1, T𝑆𝑆𝑊 , and T𝐶𝑜𝑚𝑝 are the Neel temperature, spin reorientation temperatures 1 and
, spin switching transition, and compensation temperature respectively.

T𝑁 T𝑆𝑅2 T𝑆𝑅1 T𝑆𝑆𝑊 T𝐶𝑜𝑚𝑝

SmCoO3 [45] – – – – –
SmCrO3 [46] 191 K 34 K – – –
SmFeO3 [15] 680 K 480 K 450 K 278.5 K 3.9 K
SmMnO3 [47] 60 K – – – 9 K

between the two magnetic sublattices at different energy scales. The
ability to have a tunable exchange bias with varying disorder and
temperature is highly desired for spintronic applications and has been
demonstrated for systems exhibiting antiferromagnetic and spin glass
coupling [39,40]. Current research has explored this in other high
entropy perovskites due to the high degree of disorder, with such
systems also investigated for their magnetocaloric behavior [41–43].
The temperature dependent magnetic entropy change was calculated
based on interpolated MvH behavior. Figure S2 shows transitions at
a wide range of temperatures, but no peak surpasses or matches the
magnitude of commonly chosen magnetocaloric candidates [44].

To better understand the nature of this system’s magnetic behavior,
t is best put in context of the parent compounds it is derived from.
uch behavior is summarized in Table 3. SmFeO3 for example, orders
antiferromagnetically below 𝑇 = 680 K, with weak ferrimagnetism
present from the canted spins of the Fe sublattice [15]. As the system
is cooled further, a spin switching transition occurs, whereupon it later
reaches a compensation temperature by the increased magnitude of the
FM Sm moment opposite of the Fe moment. Similarly, for SmCrO3 and
SmMnO3, there exists a canted antiferromagnetic ordering along with
a spin reorientation of the Cr lattice and a compensation temperature
of the Mn and Sm moments, while SmCoO3 exhibits paramagnetic
behavior [45–52]. From these we can see that the first broad transition
in HEO SmMO3 is likely the AFM ordering of the TM sublattice, with the
second broad transition involving the orientation of the Sm sublattice,
supported by the weaker magnetic behavior for the La analog at low
temperature. We see that the ‘‘high entropy’’ effect has altered the
transition temperatures for this material compared to the parent as well
as removed this large reversal in magnetization seen for Fe, Mn, Cr.
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Fig. 5. (a) Magnetization as a function of field for SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 powder over multiple temperatures. (b) A plot of the exchange bias (𝐻𝐸𝐵 = [𝐻1 + 𝐻2]∕2) for
SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 powder over multiple temperatures.
Fig. 6. Heat capacity as a function of temperature for single crystal SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 and LaCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 powder.
.4. Heat capacity

Heat capacity data, specifically 𝐶𝑝∕T, give no sign of magnetic
rdering in the presence of sharp anomalies. A broad hump is seen
n 𝐶𝑝 as a function of temperature for Fig. 6, plotted below 𝑇 =
100 K to highlight the magnetic features. This hump occurs below
both ordering transitions seen in magnetic susceptibility and could
be a Schottky contribution. Comparison between the La analog shows
𝐶𝑚𝑎𝑔 being most evident below T∼20 K. After appropriate scaling is
applied, subtraction of the 𝐶𝑙𝑎𝑡 can be done using the La analog, upon
hich magnetic entropy can be obtained, extrapolating down to 𝑇 =
K with the assumption 𝐶𝑝∕T approaches 0. The entropy saturates
t approximately 7.5 J/mol K, exceeding Rln(2) by 30% as shown
n Fig. 7a. Point charge calculation performing using PyCrystalField
hown in Fig. 7b gives an effective 𝑆 = 1∕2 ground state. The entropy
ffset is unexpected but given the potential difference in stoichiometry
6

between the two analogs, as well as difference in local environment
and contributions of the transition metal spins. More work should be
pursued to understand proper use of effective analogs for high entropy
systems.

4. Conclusion

Overall, the usefulness of single crystals in the design process of high
entropy oxides for magnetic applications is demonstrated. We see the
presence of single ion anisotropy in the Sm-containing multicomponent
transition metal perovskite with magnetic behavior distinct from its
parents. The field dependent behavior is of particular interest due
to the variability at different temperature regimes for magnetocaloric
behavior and tunable exchange bias. Nonmagnetic analogs are utilized
to get a better understanding of the compared behavior, in heat ca-
pacity measurements specifically. Further directions should utilize this
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Fig. 7. (a) The magnetic entropy for SmCo1∕4Cr1∕4Fe1∕4Mn1∕4O3 obtained by integrated 𝐶𝑚𝑎𝑔/T data after subtracting the scaled La analog. (b) The computed single ion crystal
field for Sm3+ in the perovskite structure. Doublet states are indicated by d.
R
development in single crystal growth to undergo further measurements
such as single crystal pair distribution function to understand the
development of short-range order. XMCD can be used to get transition
element resolved information on the magnetic transitions and spin
canting, with electron microscopy characterization to look for atomic
scale homogeneity.
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