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ABSTRACT: High-entropy oxides containing more than five different cations have A
emerged as platforms for diverse functionalities, including magnetism. We synthesized a a%‘,g% ﬁ” {
high-entropy oxide with an ilmenite-type structure (Mg,,Mn,,Coy,Nij,Zn,,)TiO5 and S ¥4§°
revealed that it undergoes long-range antiferromagnetic ordering below Ty ~ 9.5 K 3 %’I :
despite strong cation disorder. Neutron diffraction measurements showed that the :%ﬂ}j 5

magnetic structure comprises ferromagnetic honeycomb planes that stack antiferromag- (Mg,\j T ;l\
netically, analogous to those of the parent CoTiO; and NiTiOj; ilmenites. Derivatives of

the high-entropy ilmenite were obtained by substituting one of the divalent cations of T 2 7 e ¥
(Mgy,Mng,Cog,Nig,Zny,)TiO; with an equimolar amount of Li* ions and trivalent 4)\ /{i\
cations. The antiferromagnetic order remains robust against aliovalent doping that \T T 1 \/
introduces extra disorder owing to cations with different valence states. In contrast, when  \jagnetic Order Spin Glass
the cation ratio was tuned to a Mn-rich composition of (Mgy,Mng3CoqsNig;5Zn,,)-

TiOs;, spin-glass freezing was observed, most likely because of the enhanced competition between the in-plane magnetic interactions.
This suggests that long-range magnetic ordering in high-entropy materials is formed by a subtle balance of competing interactions,
and fine-tuning of constituent magnetic ions provides control over their magnetic ground states.

1. INTRODUCTION undergo long-range antiferromagnetic ordering below ~120
K'"'2, The presence of long-range magnetic order in such a
disordered material is surprising, and the wide variety of
compositional spaces in HEOx should enable the fine control
of their magnetic properties and functionalities. Following the
discovery of the long-range magnetic order in the rocksalt
HEOx, the magnetic properties and functions of other HEOx
have been extensively investigated.'*™"¢

One of the key features of HEOx in terms of magnetism is
the presence of multiple magnetic cations with different
electronic configurations, which should result in the coex-
istence of different magnetic exchange interactions, namely,
bond-disorder in magnetic interactions. In the case of the
rocksalt (MgCoNiCuZn)O, the dominant magnetic exchange
coupling is antiferromagnetic between the second-nearest
neighbor cations in the 180° bond."” This dominant exchange
path is identical to that of binary rocksalt oxides such as CoO

The entropy stabilization of complex, multi-component
materials was initially proposed for alloys, giving birth to a
class of materials called high-entropy alloys."”” The concept of
entropy stabilization was later applied to other classes of
materials, such as oxides. A rocksalt-type oxide with more than
five different cations, (Mg,,Co,,Niy,Cuy,Zny,)O (denoted as
(MgCoNiCuZn)O hereafter), has appeared as the first high-
entropy oxide (HEOx).” The successful synthesis of rocksalt-
type HEOx has prompted the search for other complex HEOx,
such as perovskite, spinel, and fluorite-type compounds.4 In
parallel with the development of materials, HEOx have been
shown to display unexpected functionalities. For example, the
rocksalt HEOx exhibits a colossal dielectric constant’ and high
ionic conductivity upon alkali-metal doping.’ In addition,
various properties ranging from high-performance electro-
chemical functions,”® catalytic activities,” and thermoelectric
properties'® have been reported for high-entropy oxides and
other high-entropy ceramics. Received:  June 30, 2026
As HEOXx often contain magnetic cations such as Co*" and Revised:  August 28, 2026
Ni**, they may display unique magnetic properties. At a glance, Accepted: August 31, 2026
the strong cation disorder of HEOx would be considered to
simply lead to spin-glass freezing. As opposed to this view, the
rocksalt-type HEOx (MgCoNiCuZn)O was revealed to
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and NiO, which reasonably explains why the high-entropy
rocksalt oxides have a similar magnetic structure to the binary
oxides.""'> To explore potential rich magnetic ground states of
HEOx, complex magnetic interactions, distinct from those of
the parent compounds containing a single magnetic ion, may
need to be incorporated.

We therefore focused on MTiO; ilmenite-type oxides
(Figure 1la), where M represents a collection of various
divalent cations. In ilmenite MTiO;, different magnetic
structures are observed depending on the nature of the M*"
cations; MnTiO; forms a Neéel-type antiferromagnetic order,18
whereas the magnetic moments in CoTiO; and NiTiO; order
ferromagnetically within the honeycomb ab-planes and the
ferromagnetic planes stack antiferromagnetically along the c-
axis,'®'” which is often called A-type antiferromagnetic order.
This difference is attributable to the distinct magnetic
exchange coupling of the M*" cations. The magnetic moments
of Mn** ions with a 3d° high-spin configuration (S = 5/2)
couple antiferromagnetically through the direct exchange of t,,
electrons across the edges of the MnOy octahedra in the
honeycomb lattice. On the other hand, the ferromagnetic
interaction of ¢, electrons in the 90° M—O—M bonds is
predominant for Co** (3d” high-spin configuration) and Ni**
(3d®) ions. Therefore, by forming a high-entropy configuration
at the M-site of the ilmenite MTiO; phase, competing
magnetic exchange interactions can occur within the M
honeycomb lattice.

We synthesized a high-entropy ilmenite
(Mg ,Mng,Co0,Nig,Zn,,)TiO; (hereafter denoted as
(MgMnCoNiZn)TiO5). This high-entropy ilmenite undergoes
long-range antiferromagnetic ordering below 9.5 K, despite the
chemical disorder and the resultant bond-disorder in the
magnetic interactions. Our neutron diffraction measurements
revealed that the magnetic structure of (MgMnCoNiZn)TiO;
is similar to that of CoTiO; and NiTiO;, suggesting that
ferromagnetic super-exchange interactions are dominant in the
honeycomb planes. Furthermore, a wide variety of high-
entropy ilmenites have been synthesized by replacing one of
the M cations of (MgMnCoNiZn)TiO; with an equimolar
amount of Li* and a trivalent cation, which retains long-range
magnetic order, albeit with enhanced chemical disorder. By
contrast, spin-glass behavior was observed in the non-
equimolar sample of (Mgy,Mn,3Coq;5sNig;5Zny,)TiO;,
where the competition between the in-plane antiferromagnetic
and ferromagnetic interactions is likely the most pronounced.
This suggests a subtle balance of magnetic interactions and the
high tunability of the magnetic ground states of high-entropy
materials.

2. EXPERIMENTAL SECTION

2.1. Synthesis

The high-entropy ilmenite (MgMnCoNiZn)TiO; was synthesized via
a conventional solid-state reaction. Powders of MgO (99.99%, Sigma-
Aldrich), MnO (99.99%, Thermo Fisher Scientific), Co;0, (99.97+%,
ChemPUR), NiO (99.99%, Sigma-Aldrich), ZnO (99.999%, Thermo
Fisher Scientific), and TiO, (>99.98%, Sigma-Aldrich) were used
without further purification. The powders were weighed in the desired
ratios and mixed in an agate mortar. The mixture was pelletized and
heated at 1100 °C for 24 h in air, and then quenched to room
temperature. To examine the possible influence of oxygen non-
stoichiometry, the (MgMnCoNiZn)TiO; samples were annealed at
1100 °C under different atmospheres, such as air, argon or oxygen gas
flow, and then cooled to room temperature using a furnace-cooling
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Figure 1. (a) Crystal structure of high-entropy ilmenites MTiO;. The
right figure depicts the honeycomb lattice composed of MO
octahedra in the ab-plane. The structures were visualized using the
VESTA software.*® (b) Powder X-ray diffraction patterns of high-
entropy ilmenites MTiOj; collected with Mo—Ka, radiation, where M
denotes Mgy ,Mn,,Co,Nig,Zng, (MgMnCoNiZn),
MgoAzMno.zCOOAzNioAz(LioAIFeoAl) (MgMnCONi(LiFe))’
Mn, ,Co, ,Niy,Lig,Scy ;Ing; (MnCoNiLi(ScIn)), and
Mg, ,Co4,Nig,Zny,Lig In,;, (MgCoNiZn(Liln)). For
(MgMnCoNiZn)TiO;, the selected reflection indices for the space
group R3 (No. 148) are indicated. (c) Lattice parameters of high-
entropy ilmenite-type oxides as a function of the averaged ionic radii
of the M cations, <ry>. The red (blue) markers represent the length
of the a-axis (c-axis) of the unit cell, which refers to the left (right)
vertical axis of the plot. The nominal chemical composition for each
abbreviated sample name is given in Table 1.

procedure (the cooling rate was approximately 100 °C/hour). For the
aliovalent-doped samples, in addition to the chemicals listed above,
powder of Li,CO; (99.995%, ChemPUR), together with Fe,O,
(99.995%, Thermo Fisher Scientific), Sc,0; (99.999%, Thermo
Fisher Scientific), or In,O; (99.994%, Thermo Fisher Scientific)
powder, was added instead of one of the binary oxides shown above.
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2.2. Powder X-ray Diffraction

The products were characterized using powder X-ray diffraction
(PXRD). The measurements were carried out using a Stoe Stadi-P
diffractometer with monochromatic Mo—Ka; radiation from a
primary Ge(111) Johannson-type monochromator or a Bruker D2
Phaser diffractometer with Cu—Ka radiation. The measurements with
Stoe Stadi-P were performed in Debye-Scherrer geometry and the
scattered X-rays were collected using a triple array of Mythen 1K
detectors (Dectris). The samples were sealed in 0.3 mm diameter
borosilicate glass capillaries that were spun during the measurements.
A scan range from 26 = 2° to 110° and a total scan time of 3 h was
applied for every sample. The measurements with Bruker D2 Phaser
were performed in Bragg-Brentano geometry, and the powder samples
were placed on a flat Si sample holder, which was spun during the
measurements. The lattice parameters were determined by fully
weighted Rietveld refinements using TOPAS v.6.*° The crystal
structure of CoTiO; was used as the initial model.>'

2.3. Energy-Dispersive X-ray Spectroscopy

The chemical compositions of the samples were examined using
energy-dispersive X-ray spectroscopy (EDX) equipped with a SEM. A
Tescan Vega4 LMU SEM instrument equipped with an Oxford X-
Max" 20 was used for the measurements. For each sample, S—6 EDX
spectra were measured at different spots.

2.4. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) analyses were performed
using a Thermo K-Alpha+ spectrometer equipped with a mono-
chromatic Al-Ka X-ray source (1486.7 eV) operated at 12 kV and 6
mA (72 W). The angle between the analyzer and the X-ray source was
56°. The X-ray spot size was 400 um, corresponding to an irradiated
area of approximately 0.1 mm?”. The base pressure in the analysis
chamber was maintained at 2 X 107 mbar.

The spectrometer was calibrated using metallic reference samples
of Cu, Ag, and Au, with binding energies set at 932.6 eV for Cu 2p; ,,
368.2 eV for Ag 3ds,, and 84.0 eV for Au 4f,,,. Charge compensation
was achieved using a dual-beam flood gun that provided low-energy
electrons (<S €V) under a partial argon atmosphere. Binding energy
referencing was performed on the C—C component of the C 1s peak
to 284.8 eV. The binding energy accuracy was +0.2 eV.

Survey spectra were acquired at a pass energy of 200 eV with a step
size of 1 eV and a dwell time of 10 ms per point. High-resolution
spectra were recorded at a pass energy of 50 eV with a step size of 0.1
eV and a dwell time of S0 ms per point.

2.5. Magnetic and Thermodynamic Measurements

The magnetization of the samples was evaluated using a Quantum
Design MPMS3. The data were collected from 2 to 350 K under a
magnetic field of 0.1 T in both zero-field and field-cooled procedures.
AC magnetic susceptibility measurements were performed using a
Quantum Design MPMS-XL. An AC magnetic field of 4 Oe was
applied in the 1—1000 Hz frequency range. The heat capacity, C(T),
was measured using a Quantum Design PPMS. The lattice
contribution to C(T) was evaluated by measuring the heat capacity
of a non-magnetic (Mg,sZn,)TiO; ilmenite sample. All measure-
ments were performed on polycrystalline samples.

2.6. Powder Neutron Diffraction

Neutron diffraction measurements on (MgMnCoNiZn)TiO3 were
conducted at the time-of-flight neutron diffractometer GEM of ISIS
Neutron and Muon Source, UK.*> A ~6.0 g powder sample was
loaded into a thin-wall vanadium can, and the data were collected
from 1.85 to 20 K. The magnetic structure was analyzed using the
SARAh™ and FullProf Suite®* programs. The chemical composition
was fixed at the nominal one during the Rietveld refinement with
FullProf.

3. RESULTS AND DISCUSSION

3.1. Long-Range Magnetic Order in High-Entropy limenite
(MgMnCoNiZn)TiO;

The PXRD pattern of (MgMnCoNiZn)TiO; synthesized at
1100 °C in air is shown in Figure 1b. The observed pattern is
consistent with an ilmenite-type structure (space group R3,
No. 148), with a minute amount of TiO, rutile impurities. The
lattice parameters obtained by Rietveld refinement were a =
5.07544(3) A and ¢ = 13.96301(9) A (Figure Slb of
Supporting Information). No noticeable difference was found
in the (MgMnCoNiZn)TiO; samples annealed under different
conditions (Figure S2 of Supporting Information). The EDX
measurement of the powder sample indicated a chemical
composition close to the nominal ratio of M ions (Table S1 of
Supporting Information), and the XPS measurements
supported that the Mn, Co, and Ni ions at the M-site adopt
divalent ionic states (Figure S4 of Supporting Information).

This ilmenite phase is most likely stabilized by its formation
enthalpy, rather than by entropy stabilization. To confirm
whether the ilmenite phase was entropy-stabilized, the high-
entropy ilmenite sample was annealed at 850 °C in air. In
contrast to the rocksalt (MgCoNiCuZn)OB, the ilmenite
sample did not decompose during the low-temperature
annealing. This suggests that the ilmenite phase is predom-
inantly stabilized by its formation enthalpy, although its high
configuration entropy may play some role. We also attempted
to synthesize a high-entropy ilmenite with a combination of
the divalent cations similar to that used for rocksalt-type HEOx
(MgCoNiCuZn)O. However, the product contained several
impurity phases, such as TiO, rutile and M, TiO, inverse spinel
oxides. Therefore, in contrast to the rocksalt-type structure, it
is not easy to fully accommodate the Jahn-Teller active Cu**
ions into the ilmenite-type structure, likely due to the different
bond geometries including face-shared bonds. Attempts to
incorporate other divalent cations such as Cd** and Fe*" were
also unsuccessful.

The high-entropy ilmenite (MgMnCoNiZn)TiO; was found
to exhibit long-range magnetic order. Magnetic susceptibility,
(T), measured at a magnetic field of 0.1 T is shown in Figure
2a. A clear cusp was observed at 9.5 K in both the zero-field-
cooled and field-cooled processes, indicating the appearance of
antiferromagnetic order. A similar behavior of y(T) was
observed in the samples annealed in argon or oxygen gas flow,
indicating that the potential influence of oxygen non-
stoichiometry is negligible in the magnetic properties (Figure
S3 of Supporting Information). The real part of the AC
magnetic susceptibility, y'(T), shows a sharp cusp near 9.5 K
without any frequency dependence. This excludes the
formation of a spin-glass state (Figure SS of Supporting
Information). The inset of Figure 2a shows the inverse of the
magnetic susceptibility, '(T). The Curie-Weiss fit of y~'(T)
above 250 K yields an effective moment, g of 3.76 uy/fu.
and a negative Curie-Weiss temperature of Ocy = —27 K. The
magnitude of the effective moment agrees well with the
expected value of 3.75 pp/fu., which was estimated as

K = \/0.2 X 'uesz,Mn + 0.2 X ,quCO + 0.2 X ﬂesz,Ni using the

effective moments of the Farent compounds such as MnTiO;
(ﬂeff,Mn = 5.90 ”B/Mn2+)) s COTIOS (ﬂeff,Co = 5.02 ﬂB/C02+))
and NiTiO; (fegni = 321 pip/ Ni?*).”® A slight deviation from
the Curie-Weiss behavior was observed in the y'(T) profile
below ~100 K, implying the development of short-range
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Figure 2. Magnetic and thermodynamic properties of the high-
entropy ilmenite (MgMnCoNiZn)TiO;. (a) Temperature depend-
ence of magnetic susceptibility, y(T), measured at a magnetic field of
0.1 T. The inset shows the temperature dependence of the inverse of
magnetic susceptibility, '(T). The red-dotted line delineates the
Curie-Weiss fit. (b) Magnetic specific heat, C,,,,(T), around the
antiferromagnetic transition temperature Ty at zero and applied
magnetic fields. The lattice contribution to the heat capacity was
subtracted using the heat capacity of the non-magnetic ilmenite
(MgO_SZnO_S)TiO3. (c) Magnetic entropy, S.g of (MgMnCoNiZn)—
TiOj; at zero magnetic field estimated by integrating Cmag(T) /T.

magnetic correlations above Ty. The presence of long-range
magnetic order was further corroborated by specific heat
measurements. Figure 2b shows the magnetic specific heat,
Cmag(T), where the lattice contribution, Cph(T), to the total
heat capacity was subtracted by using the C(T) of the non-
magnetic ilmenite (Mg sZn,s)TiO; (Figure S6 of Supporting
Information). Cpae(T) of (MgMnCoNiZn)TiO; exhibited a
sharp peak near 9.5 K. This ordering temperature is
substantially lower than that of the parent ilmenite-type oxides
such as Ty = 64 K for MnTiO,*” and Ty = 38 K for CoTiO;.*°

A remarkable feature of the specific heat of
(MgMnCoNiZn)TiOy; is that C,,,,(T) decreases at a moderate
rate (Cppe ~ T'?) when cooled below Ty. Cpuo(T) of the
parent ilmenites, such as CoTiO; and NiTiO;, shows a much
steeper decrease right below Ty (Ref. 26 and Figure S7 of
Supporting Information). The behavior of C,,,(T) for
(MgMnCoNiZn)TiO; may be attributed to the presence of
strong disorder in the magnetic sublattice, which may affect the
magnon excitation spectrum, as observed in disordered
antiferromagnets.”**’

The magnetic entropy, Smag(T), estimated by integrating
Cmag(T) /T at zero magnetic field is shown in Figure 2c. The
total magnetic entropy expected in (MgMnCoNiZn)TiO; is
approximately 5.96 J/mol-K from the presence of Mn** (S = 5/
2 quintet), Co?* (J.¢ = 1/2 doublet),” and Ni** (S = 1 triplet)

ions. The magnetic entropy shows a steep increase around Ty
upon heating and gradually increases further above Ty up to
~100 K. This implies that the magnitude of the magnetic
interactions is of the order of 100 K and short-range magnetic
correlations develop at temperatures much higher than Ty.
The smaller magnitude of the Curie-Weiss temperature, 16cy/
= 27 K, can be ascribed to the coexistence of ferro- and
antiferromagnetic interactions associated with the presence of
multiple magnetic ions. The magnetic entropy at high
temperatures exceeds the expected value of 5.96 J/mol-K.
We suspect that this is caused by the thermal population of the
excited J,¢ = 3/2 levels of Co®" ions.*’

Cmag(T) shows a strong magnetic-field dependence above 6
T. At low fields (up to 3 T), the peak value of Cmag(T) at Ty
was only moderately suppressed. C,.(T) was, however,
substantially suppressed near Ty above 6 T, and some portions
of the magnetic entropy were transferred to higher temper-
atures. This may be attributed to the presence of ferromagneti-
cally correlated moments above Ty as inferred from the y~'(T)
and S,,,,(T) data, and the partial alignment of magnetic
moments takes place above Ty under high magnetic fields.
Similarly, the sharp cusp of y(T) at Ty was gradually smeared
out by increasing the magnetic field, although no ferromagnetic
behavior was seen up to 7 T (Figure S8 of Supporting
Information for the magnetic susceptibility at high fields and
the magnetization curve at 2 K). This suggests that
ferromagnetically correlated moments are present at high
temperatures but their long-range ordering may be hampered
by bond-disorder.

3.2. Magnetic Structure of (MgMnCoNiZn)TiO,

The magnetic structure of the high-entropy ilmenite
(MgMnCoNiZn)TiOj is of particular interest regarding how
the competing magnetic interactions, in the presence of strong
chemical disorder, are reconciled. We studied this by powder
neutron diffraction measurements at the GEM diffractometer
of ISIS Neutron and Muon Source. The neutron diffraction
pattern for the Bank 2 detector of the GEM diffractometer is
displayed in Figure 3a, where an additional peak at a d-spacing
of ~9.3 A was observed clearly at 1.85 K. As shown in the
inset, this peak began to grow right below Ty (~9.5 K), which
is suggestive of a magnetic origin. Similar additional peaks were
observed below Ty, as shown in Figure 3b. These peaks can be
indexed with a propagation vector k = (0, 0, 3/2), which is
identical to that of CoTiO; and NiTiO; forming an A-type
antiferromagnetic order. The temperature dependence of the
integrated intensity of the (0 0 3/2) magnetic Bragg reflection,
I(T), shown in Figure 3d, was fitted with a power-law function,
I(T) = I, (1 — T/Tyx)?. The fitting yields Ty = 10.0(1) K and
B = 0.34(3). This value of f§ is close to that of the three-
dimensional XY model (f = 0.345) and that obtained for
NiTiOs, # = 0.35(1),* suggesting a similar spin anisotropy.
From the space group of R3 (No. 148) and the propagation
vector, we constructed models of the possible magnetic
structures with the help of the SARAh program.”® There are
six irreducible representations (Irreps) compatible with the
propagation vector, as listed in Table 2. The Irreps are one-
dimensional, and all the components of the basis vectors are
real numbers. Among the Irreps, the I'; and I's models are
consistent with the observed magnetic Bragg reflections. The
two basis vectors, ¥; and ¥, represent ferromagnetic ordering
within the ab-planes, and the ferromagnetic planes stack
antiferromagnetically along the c-axis, namely, the A-type
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Figure 3. Powder neutron diffraction measurements and refined magnetic structure of (MgMnCoNiZn)TiO;. (a) Powder neutron diffraction
patterns recorded at Bank 2 of GEM diffractometer measured at 1.85, 15, and 20 K. An additional peak was seen at 1.85 K around the d-spacing of
9.3 A. The inset shows the temperature dependence of the additional peak indexed as (0 0 3/2). (b) Powder diffraction patterns recorded at Bank 4
of GEM, collected at 1.85 and 15 K. The additional Bragg peaks at 1.85 K were indexed with a propagation vector k = (0, 0, 3/2). (c) Rietveld
refinement of the powder neutron diffraction pattern (Bank 2, GEM) at 1.85 K. The refinement indices are Rapyoge = 5.38% and Ry = 6.38% for the
nuclear structure, and the magnetic R-factor is R = 13.3%. (d) Temperature dependence of the integrated intensity of magnetic (0 0 3/2) Bragg
peak. The red-dashed line shows a power-law fit, I(T) = I, (1 — T/Ty). (e) Refined magnetic structure of (MgMnCoNiZn)TiO;. For brevity,
only the M ions are displayed and they are all assumed to possess the same magnetic moments. The magnetic structure is identical with that of
CoTiOj;, namely, an A-type antiferromagnetic order.

Table 1. Lattice Parameters of High-Entropy Ilmenites MTiO;"

Nominal composition Abbrev. name
Mg,,Coy,Nig,Zn,,Lig;Scy ; TiO4 MgCoNiZn(LiSc)
Mgy,Co00,Nig,Zng,Lig  Ing  TiO;5 MgCoNiZn(Liln)
Mg,,Mn,,Co,,Nip,Liy, Feg  TiO3 MgMnCoNi(LiFe)
Mgy ,Mng,Cog,Nig,Zn,, TiO3 MgMnCoNiZn
Mg,,Mny,Co,y,Ni,Lig;Sco; TiO5 MgMnCoNi(LiSc)
Mg,,Mn,,Coy,Nig,LigIng ; TiO; MgMnCoNi(Liln)
Mny,Co,,Niy,Lij,Sco Ing, TiO; MnCoNiLi(ScIn)

<r> (A) o (107 A?) a (A) c (A)
0.730 52 5.06223(4) 13.9195(2)
0.735 9.6 5.07127(3) 13.9604(1)
0.738 314 5.06694(3) 13.9379(1)
0.745 21.8 5.07544(3) 13.96301(9)
0.748 21.9 5.07434(3) 13.9925(1)
0.753 24.3 5.08346(3) 14.03105(9)
0.760 21.9 5.08774(3) 14.07867(9)

“Abbreviated sample names are used in Figures 1c and 4 and in Table 3. <ry;> represents the average of the ionic radii of the M-cations calculated
using Shannon’s ionic radii for octahedral coordination.”” 6 indicates the size variance of the M-cation ionic radii, 6* = Zimy(ry; — <ry>)?, where

m; represents the molar fraction of cation i.

antiferromagnetic order as in CoTiO; and NiTiO; The
difference between W5 and ¥ is only found in the direction of
the magnetic moments lying in the ab-planes, which cannot be
distinguished by powder neutron diffraction experiments.
Thus, we used the I'; model for refinement, where the
magnetic moments are directed along the g-axis.

The result of the Rietveld refinement in the magnetically
ordered phase at 1.85 K is shown in Figure 3c. In the
refinement of the magnetic structure, for simplicity, we
assumed that all M** cations possessed the same magnetic
moments with a magnetic form factor of the Co®** ion. The
refined magnetic structure is depicted in Figure 3e. The
magnitude of the ordered moment thus estimated is 0.66(1)
up/M?**, which is much smaller than the average magnetic
moments of ~1.83 ug, based on the 20% contributions from
Mn?* (S =5/2, 5 ug), Co** (Juz = 1/2 and g = 4.33,* ~2.17
1), and Ni** (S = 1, 2 py) ions. Reduced ordered moments
have been observed in magnetic high-entropy compounds,

possibly due to strong fluctuations associated with chemical
disorder and magnetic bond-disorder.'"**

3.3. High-Entropy limenites with Aliovalent Doping

The high-entropy ilmenite (MgMnCoNiZn)TiO; turned out
to display long-range antiferromagnetic order, and its magnetic
structure is identical with that of the parent CoTiO; and
NiTiO; ilmenites. Meanwhile, the reduced magnitude of
ordered magnetic moments suggests the presence of strong
fluctuations associated with pronounced disorder. Thus, the
enhancement of the chemical disorder may affect the magnetic
ground state. As described above, (MgMnCoNiZn)TiOj is the
only high-entropy ilmenite obtained by allocating divalent
cations to the M-site in an equimolar ratio. Instead, one (or
two) of the divalent cations was successfully replaced by an
equimolar amount of monovalent Li* ions and a trivalent
cation such as Fe*', S¢®*, or In®, as in the case of the rocksalt-
type high-entropy oxides.”'' Such aliovalent doping is
expected to introduce extra disorder and local lattice distortion

https://doi.org/10.1021/acs.chemmater.6c01899
Chem. Mater. XXXX, XXX, XXX—XXX

920z Jequiaidag | | uo Jasn (SWIN) JONIIOS STLYIN HOH LSNI TLYN Aq Jpd 6681009 I8jeWwwayd"so./6 | L86£89/668 | 099 Jelewwayo soe/L.z0 L 0 L/10p/jpd-ajoiue/xajewd/B10 soe sqnd wouy papeojumoq


https://pubs.acs.org/doi/10.1021/acs.chemmater.6c01899?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c01899?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c01899?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c01899?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.6c01899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

induced by cations with different valence states.”> The PXRD
patterns of the aliovalent-doped samples are shown in Figure
1b and Figure Sla of Supporting Information. These samples
formed a nearly single-phase of the ilmenite-type structure.
The refined lattice parameters are listed in Table 1 and plotted
with respect to the average ionic radii of M-cations, <ry>, in
Figure 1c. The lattice parameters scaled nearly linearly with
<ry>, suggesting that all the M-cations were successfully
accommodated in the ilmenite structure.

Despite the enhanced chemical disorder, y(T) of the
aliovalent-doped samples showed a sharp cusp, similar to
that of (MgMnCoNiZn)TiO; as shown in Figure 4a, indicative
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Figure 4. Magnetic properties of aliovalent-doped high-entropy
ilmenites MTiO;. (a) Magnetic susceptibility, y(T), measured at 0.1
T. The nominal chemical composition of each sample is found in
Table 1. (b) Magnetic specific heat, Cmag(T), near the antiferro-
magnetic ordering temperature, Ty. For all the samples, the behaviors
of C,o(T) below Ty are analogous to that of (MgMnCoNiZn)TiO;.

mag

of long-range antiferromagnetic order. The presence of long-
range magnetic ordering was further confirmed by specific heat
measurements. The magnetic specific heat, Cmag(T), of
(MgMnCoNi(LiFe))TiO;, (MnCoNiLi(ScIn))TiO; and
(MgCoNiZn(LiIn))TiO; are shown in Figure 4b, where the
lattice contributions were subtracted using a procedure similar
to that employed for (MgMnCoNiZn)TiO;. C,,o(T) below
Ty appears to decrease nearly linearly with temperature, akin
to (MgMnCoNiZn)TiO;. The ordering temperature Ty and
the Curie-Weiss temperature are summarized in Table 3. Ty
appears to be solely determined by the contents of magnetic
ions, and is independent of the identity of non-magnetic ions.
That is, the average ionic radii or the variance of the ionic radii
does not affect Ty, unlike other high-entropy oxides, where a
large variance in the ionic radii tends to reduce the transition
temperature.”®?” We suspect that the local structural
modulation induced by cations with different ionic radii or
valence states may be moderate and its influence on the
magnetic exchange paths is negligibly small in the ilmenite
structure comprising a rigid structural network with edge- and

Table 2. Irreducible Representations (Irreps) and Basis
Vectors (BV) for the M-Site Atom of

(MgMnCoNiZn)TiO;*
BV components
Irrep BV M-site m, m, m,
T, ¥, 1 0 0 3
2 0 0 -3
I, v, 1 0 0 3
2 0 0 3
I v, 1 3 0 0
2 -3 0 0
T, Y, 1 3 0 0
2 3 0 0
I v, 1 -1.732 —3.464 0
2 1.732 3.464 0
T, v, 1 -1.732 —3.464 0
2 -1.732 —3.464 0

“(MgMnCoNiZn)TiOj crystallizes in a thombohedral structure with
space group of R3 (No. 148) and the M ions occupy the 6c Wyckoff
site, (0, 0, z), with z = 0.3552(3). The propagation vector is k = (0, 0,
3/2). There are two distinct M-sites in the unit cell, located at 1: (0, 0,
0.3552) and 2: (0, 0, 0.6448). All the imaginary components of the
basis vectors are zero.

Table 3. Magnetic Properties of High-Entropy Ilmenite-
Type Oxides MTiO;"

Ratio of Expected

Abbrev. sample magnetic M Tx Hest et Ocw
name ions (%) (K)  (up/fu) (up/fu) (K)
MgMnCoNi(LiFe) 70 130 495 419 83
MgMnCoNiZn 60 9.5 3.76 3.75 -27
MgMnCoNi(LiSc) 60 9.5 3.84 3.75 -32
MgMnCoNi(LiIn) 60 9.5 3.83 3.75 =32
MnCoNiLi(InSc) 60 9.5 3.82 3.75 -30
MgCoNiZn(LiIn) 40 7.5 2.84 2.66 —10

“The nominal chemical compositions of the samples are shown in
Table 1. The table shows the antiferromagnetic ordering temperature
Ty determined by the cusp of y(T), effective moment g and Curie-
Weiss temperature 6y obtained from the Curie-Weiss fit of ¥ '(T).

The expected pi ¢ was calculated as y, = Zi m, effizf where m; is a

molar fraction of magnetic ion i and p.g; is the effective moment of
the magnetic ion. The reported values for MnTiO;, CoTiO; and
NiTiO; were used as p.; for Mn®', Co* and Ni’* ions,
respectively.”>*® For Fe** ions, the value of § = 5/2 with a g-factor
of 2, flogpe = 5.92 pip, was used.

face-shared bonds, compared to the corner-shared network of
perovskite or pyrochlore oxides.

Interestingly, long-range order was found in (MgCoNiZn-
(LiIn))TiO; that contains only 40% magnetic cations at the
M-site. We note that the 40% concentration of magnetic ions is
far below the percolation threshold of a two-dimensional
honeycomb lattice, which is approximately 69%. We speculate
that the sizable interlayer coupling of the ilmenite structure,
together with longer-range interactions within the honeycomb
lattice, may facilitate long-range magnetic ordering.’*”’
Longer-range interactions are probably operative in all
magnetic high-entropy ilmenites to stabilize the long-range
order despite the presence of non-magnetic M cations, i.e.,
“magnetic vacancies”. That is, even though nearest-neighbor
magnetic interactions are disrupted by magnetic vacancies,
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magnetic correlations develop throughout the crystal via
longer-range magnetic interactions.

3.4. Formation of a Spin-Glass State by Changing the
Compositional Ratio of Magnetic lons

The long-range magnetic order of the high-entropy ilmenites
was found to be robust against aliovalent doping, which
induces additional chemical disorder. In fact, the high-entropy
ilmenite (MgMnCoNiZn)TiO; and those with aliovalent
doping have larger amounts of magnetic ions that prefer in-
plane ferromagnetic coupling, that is, Co** and Ni**, compared
to those with dominant antiferromagnetic interactions, such as
Mn?" and probably isoelectronic Fe**. This may promote long-
range magnetic order with in-plane ferromagnetic alignments.
In an attempt to further enhance the competition of two
different magnetic interactions, we synthesized a Mn-rich high-
entropy ilmenite (Mgy,Mng3CoqsNig ;5Zn,,) TiO5 with a (Co
+ Ni)/Mn ratio of unity (see Figure S9a of Supporting
Information for the PXRD pattern).

In contrast to (MgMnCoNiZn)TiO; with equimolar
amounts of the magnetic ions, the magnetic and thermody-
namic properties of the Mn-rich sample indicated the
formation of a spin-glass state. y(T) shows a Curie-Weiss
behavior at high temperatures as in other high-entropy
ilmenites (Figure Sa). The Curie-Weiss fit yields an effective
moment of ~3.96 uy/fu. and a Curie-Weiss temperature 6y
= —44 K (Figure S9b of Supporting Information). This value
of the effective moment is close to the one expected from the
chemical composition, g ~ 3.97 pp/fu, indicating the
successful incorporation of unequal amounts of the magnetic
ions. B¢y shifted to a larger negative value compared to that of
the equimolar (MgMnCoNiZn)TiO; (Ocw = —27 K),
reflecting enhanced antiferromagnetic interactions with a
larger amount of Mn*" ions. A closer look at the low-
temperature region revealed a bifurcation of (T) between the
zero-field-cooled (ZFC) and the field-cooled (FC) data below
S K. Additionally, the real part of the AC magnetic
susceptibility, y'(T), measured at zero external magnetic field
shows a weak frequency dependence below the cusp at ~5 K
(Figure Sb), unlike that of (MgMnCoNiZn)TiO;. This
suggests the formation of a spin-glass state below S K
Cinag(T) of (Mgy,Mny3Coq;5Nig15Zn,,)TiO5 shows a broad
hump around §S K instead of a sharp peak, which was gradually
suppressed by increasing the magnetic fields, in line with a
spin-glass state.

The (Mgy,Mng3Cog15Nig 5Zng,)TiO; sample was there-
fore found to form a spin-glass state, unlike other high-entropy
ilmenites. In mixed ilmenites with two magnetic ions, such as
Mn,_,Ni, TiO;, a spin-glass phase has been observed near x =
0.5, because of the competition between two distinct magnetic
structures of Néel-type and A-type antiferromagnetic
order.””*" Considering that both CoTiO; and NiTiO; form
an identical in-plane ferromagnetic order, the chemical
composition of (Mgy,Mng3CoqsNig15Zng,)TiO; may be
regarded as analogous to that of Mn,NiysTiO; with a spin-
glass ground state. The ground state of high-entropy ilmenites
may be solely controlled by the compositional ratio of
magnetic ions.

Nevertheless, we infer that the magnetic interactions in high-
entropy ilmenites should be more subtle because of the
presence of different types of magnetic interactions in the
nearest-neighbor bonds, such as Mn—Mn, Mn—Co, Mn—Nj,
Co—Co, Co—Nj, and Ni—Ni pairs. The magnetic interactions
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Figure S. Magnetic and thermodynamic properties of the Mn-rich
high-entropy ilmenite (Mgy,Mng3Co45Nig;5Zny,)TiO;. (a) Tem-
perature dependence of the magnetic susceptibility, ¥(T). The inset
shows a magnified view of the cusp at ~5 K. (b) The real part of the
AC magnetic susceptibility, ¥’ (T), measured at zero external magnetic
field. The AC magnetic fields of 4 Oe were applied at the frequency of
1, 10, 100, and 1000 Hz. (c) Magnetic heat capacity, Cmag(T), at low
temperatures. The lattice specific heat was subtracted using the heat
capacity of the non-magnetic (MgysZnys)TiO;. A broad hump
centered at ~5 K was gradually suppressed by increasing magnetic
fields, supporting a spin-glass state.

in the Co—Co, Co—Nj, and Ni—Ni pairs of the edge-shared
90° bonds should be ferromagnetic due to the superexchange
interactions of ¢, electrons, whereas the Mn—Mn bond yields
antiferromagnetic interactions owing to the predominant direct
hopping of t,, electrons across the edges of the MnO,
octahedra. The magnetic interactions in the Mn—Co and
Mn—Ni pairs are multifaceted because of the existence of
different hopping processes of d-electrons, such as ¢, — ¢, or t,
— ¢, orbitals. In addition, the hopping process between the t,,
— t,, orbitals is also active for the Mn—Co pair; the Mn—Co
and Mn—Ni magnetic interactions are not thus fully identical,
introducing additional competition in the high-entropy
ilmenites. We suspect that such complex magnetic interactions
lead to distinct magnetic properties in high-entropy ilmenites.
Indeed, the suppression of ordered moments is much more
pronounced in the high—entrogy sample, compared to the
mixed ilmenite Mn,_,Ni,TiO,,"* pointing to stronger magnetic
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fluctuations. Since the mixed ilmenite Mn,_,Ni TiO; displays
rich magnetic phases in the intermediate x values, such as spin-
reorientation transition,*”** more complex high-entropy
ilmenites may potentially exhibit even richer magnetic
behaviors via fine adjustment of the ratio of magnetic ions,
which are worthy of further exploration.

4. CONCLUSION

High-entropy ilmenite-type oxides MTiO; with more than five
different cations at the M-site were successfully synthesized.
Despite the presence of strong cation disorder that leads to
bond-disorder in magnetic exchange interactions, long-range
antiferromagnetic order was identified in (MgMnCoNiZn)-
TiO; by the magnetic susceptibility, specific heat, and neutron
diffraction measurements. Long-range magnetic ordering was
retained in the presence of additional disorder introduced by
aliovalent doping. We suspect that the robustness of the long-
range magnetic order may be attributed to the presence of
longer-range magnetic interactions and the rigid lattice of the
ilmenite structure evading local distortion potentially induced
by aliovalent doping. On the other hand, by changing the ratio
of magnetic ions, spin-glass freezing was observed, likely owing
to the enhanced competition of distinct magnetic interactions.
This indicates that magnetic ground states of the high-entropy
ilmenites can be controlled by the ratio of magnetic ions and
rich magnetic phases may be realized by fine-tuning of
competing magnetic interactions. Furthermore, ilmenite
compounds have been reported to display a variety of
functional properties, including magnetoelectric effect,””*!
ferro-axial order,” toroidicity”* and nontrivial topological
magnetic excitations.’”*> Exploring these properties in high-
entropy ilmenites can be an intriguing future subject.
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