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Abstract

The appearance of spin-induced ferroelectric polarization in the so-called type-II mul-
tiferroic materials has received a lot of attention. The nature and mechanisms of such
polarization were intensively studied using perovskite rare-earth manganites, RMnO3, as
model systems. Later, multiferroic properties were discovered in some RFeO3 perovskites
and possibly in some RCrO; perovskites. However, R;NiMnOgy double perovskites have fer-
romagnetic structures that do not break the inversion symmetry. It was found recently that
more complex magnetic structures are realized in A-site-ordered quadruple perovskites,
RMn3NizMnyOq;. Therefore, they have the potential to be multiferroics. In this work,
dielectric properties in magnetic fields up to 9 T were investigated for such perovskites
as RMn3NipMn;01; with R = Ce to Ho and for BiMn3NipMn;Oq;. The samples with
R = Bi, Ce, and Nd showed no dielectric anomalies at all magnetic fields, and the dielec-
tric constant decreases with decreasing temperature. The samples with R = Sm to Ho
showed qualitatively different behavior when the dielectric constant started increasing
with decreasing temperature below certain temperatures close to the magnetic ordering
temperatures, Ty. This difference could suggest different magnetic ground states. The
samples with R = Eu, Dy, and Ho still showed no anomalies on the dielectric constant.
On the other hand, peaks emerged at T on the dielectric constant in the R = Sm sample
from about 2 T up to the maximum available field of 9 T. The Gd sample showed peaks on
dielectric constant at Ty between about 1 T and 7 T. Transition temperatures increase with
increasing magnetic fields for R = Sm and decrease for R = Gd. These findings suggest the
presence of magnetic-field-induced multiferroic states in the R = Sm and Gd samples with
intermediate ionic radii. Dielectric properties at different magnetic fields are also reported
for LupNiMnOg for comparison.

Keywords: A-site-ordered quadruple perovskites; B-site double ordering; multiferroics;
dielectric constant

1. Introduction

The appearance of spin-induced ferroelectric polarization in the so-called type-II mul-
tiferroic materials has received a lot of attention in the literature [1-7]. Because ferroelectric
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polarization appears as a result of a magnetic ordering, there is a strong magnetoelec-
tric coupling in such materials, allowing for the control of ferroelectric polarization via
a magnetic field and vice versa [8,9]. The nature and mechanisms of such polarization
were intensively studied using perovskite-structure rare-earth (R) manganites, RMnO3,
as model systems [10-13]. Only some members of the RMnO3 family with specific mag-
netic structures develop spin-induced ferroelectric polarization, for example, in RMnOj3
(R =Tb to Dy) with modulated sinusoidal/spiral antiferromagnetic (AFM) ordering and
in RMnOj3 (R = Ho to Lu) with the so-called E-type magnetic ordering. Multiferroic prop-
erties were discovered in some RFeOs perovskites [14-20] and possibly in some RCrO3
perovskites [21-23]. While the multiferroic properties of RFeOs at very low temperatures,
where they are caused by additional magnetic orderings of the R3* sublattice, are well
established [14-16], the existence of ferroelectric polarization at higher temperatures in
RFeO3 and RCrOj is still under debate [18,19,24].

All RyNiMnOg, double perovskites [25-41] have simple ferromagnetic (FM) structures
(in the first approximation), which do not break inversion centers and do not produce spin-
induced ferroelectric polarization. Nevertheless, there are a few reports with claims of spin-
induced ferroelectric properties in RyNiMnOg double perovskites [25,26]. However, such
claims were not confirmed [27], and therefore, they are still controversial. The use of cations
smaller than Lu®* (ryq(Lu®*) = 0.977 A [42]) at the R sites (such as Sc3* with rx(Sc3) =
0.870 A and In®* with ry(In®*) = 0.92 A [42]) further reduces Ni-O-Mn bond angles in
the RpNiMnOyg series, weakens the strength of direct FM Ni-Mn exchange interactions,
and stabilizes complex AFM structures. For example, Sc;NiMnOg demonstrates two AFM
transitions [43]. The dielectric constant of Sc;NiMnOg starts increasing with decreasing
temperature when approaching Ty = 35 K and shows a sharp drop below Tnp = 17 K.
On the other hand, pyroelectric current measurements did not show the development of
spin-induced ferroelectric polarization [43]. One AFM transition with an incommensurate
structure was found in Inp)NiMnOyg at T = 26 K [44,45], and this compound shows spin-
induced ferroelectric polarization [45]. Ferroelectric polarization is suppressed by magnetic
fields above 6 T. The dielectric constant of InyNiMnOjg basically decreases with decreasing
temperature between 5 K and 300 K, and a sharp peak is only observed at Ty [45]. It turned
out that LuyNiMnOg is located near a phase boundary between FM and AFM states on the
phase diagram of the RyNiMnOg double perovskites, and a moderate pressure can induce
a transition from an FM state to an incommensurate AFM state [35].

The RyNiMnOg family of B-site-ordered double perovskites was recently extended
further to a subfamily of A-site-ordered quadruple perovskites [46-51] with the compo-
sition of RMn3NiMn,O1, with R = Bi [52], La [53,54], Ce [52], Nd [55], Sm [55], Gd [55],
Dy [55], and Ho [52]. RMn3Ni;Mn,0O1, behaves differently from RyNiMnOg. For example,
LaMn3Nip;Mn;O1; has two magnetic transitions at Ty = 46 K and T¢c = 34 K [53] (similar to
ScoNiMnOy and in comparison with other members of the R,NiMnOg family (R = La to Lu)).
Complex magnetic structures are realized in LaMn3Ni;Mn;O15 [53]. NdMn3NipMn; O, al-
ready shows one magnetic transition at Ty = 26 K [55]. Net FM components are developed
at the ground states of RMn3Ni;Mn;0O;, with R = La and Nd. On the other hand, AFM
ground states are basically realized in RMn3Ni;Mn,;O1; with R = Sm to Ho. Complex AFM
ground states are promising for the realization of spin-induced ferroelectric polarization.
However, detailed dielectric studies of the RMn3Ni;Mn;O1;, perovskites have not been
performed yet.

Therefore, in this work, we investigated nearly all members of the RMn3Ni;Mn;0;;
family by performing detailed measurements of dielectric constant in different magnetic
fields up to 9 T. While no dielectric constant anomalies were found at a zero magnetic
field in all samples, peaks emerge in the dielectric constant in the R = Sm and Gd samples
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in intermediate ranges of the magnetic field. These observations suggest the presence of
magnetic-field-induced multiferroic states in the R = Sm and Gd samples. Basic physical
properties of EuMn3;Ni;Mn,O1; and dielectric properties at different magnetic fields for
LupNiMnOg are also reported for comparison.

2. Results and Discussion
2.1. R =Bi, Ce, and Nd

Temperature dependence of dielectric constant and loss tangent of BiMn3Nip,Mn,O1;
in different magnetic fields is shown in Figure 1. Very weak effects of magnetic fields on
dielectric constant values were observed in agreement with the reported weak effects of
magnetic fields on specific heat values [52]. No dielectric constant anomalies were observed
at Ty = 36 K [52] of BiMn3zNisMn,O15.
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Figure 1. (a) Temperature dependence of dielectric constant of BiMn3Ni;Mn, Oy, at one frequency of
665 kHz and different magnetic fields of 0, 1, and 5 T on cooling and heating. The inset shows the
temperature dependence of the dielectric constant at different frequencies at H = 0 T (on cooling).
The arrow shows a magnetic transition temperature [52]. (b) Temperature dependence of loss tangent
of BiMn3Ni;Mn,Oj, at one frequency of 665 kHz and different magnetic fields of 0, 1, and 5 T on
cooling and heating. The inset shows the temperature dependence of the loss tangent at different
frequencies at H = 0 T (on cooling).

The temperature dependence of the dielectric constant and loss tangent of
CeMn3NipMnyOyp (Figure 2) and NdMn3zNipMn,Oq, (Figures 3 and S1) were qualita-
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tively similar. The dielectric constant slightly decreased with decreasing temperature, and
weak effects of magnetic fields on dielectric constant values were observed below about
60 K. Loss tangent of both samples showed broad anomalies below about 15 K (at the
frequency of 665 kHz). No dielectric constant anomalies were observed at their magnetic
transition temperatures of 27 K and 33 K (for R = Ce [52]) and 26 K (for R = Nd [55]). In
dielectric insulator materials without any ferroelectric or ferroelectric-like transitions, the
dielectric constant is usually temperature independent or slightly decreases with decreasing
temperature. Therefore, the temperature dependence of the dielectric constant of the R = Ce
and Nd samples is typical for ordinary insulators.
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Figure 2. (a) Temperature dependence of dielectric constant of CeMn3Ni;Mn;,O1, at one frequency of
665 kHz and different magnetic fields of 0, 2, 4, 6, and 8 T on cooling and heating. Arrows show mag-
netic transition temperatures [52]. (b) Temperature dependence of loss tangent of CeMn3Ni;Mn;O1,
at one frequency of 665 kHz and different magnetic fields of 0, 2, 4, 6, and 8 T on cooling and heating.

2.2.R=5m

The temperature dependence of the dielectric constant of RMn3Ni;Mn,Oq, with
R = Sm to Ho was qualitatively different from that of RMn3Ni;Mn;0O;; with R = Bi, Ce,
and Nd because the dielectric constant started increasing with decreasing temperature
below about 3040 K. The increase of the dielectric constant suggests the development of
polar correlations. This change in the behavior of the dielectric constant also correlates
with the changes in the magnetic properties because net FM components were observed at
the ground states of RMn3NiMn,O;; with R = Ce and Nd, while AFM ground states are
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basically realized in RMn3Ni;Mn;Oq; with R = Sm to Ho. This change in the behavior of
the dielectric constant could reflect different magnetic structures.
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Figure 3. (a) Temperature dependence of dielectric constant of NdMn3Ni;Mn,Oy; at one frequency
of 665 kHz and different magnetic fields of 0, 2, 4, 6, and 8 T on cooling and heating. The arrow
shows a magnetic transition temperature [55]. (b) Temperature dependence of loss tangent of
NdMn3NipMn;O1; at one frequency of 665 kHz and different magnetic fields of 0, 2, 4, 6, and 8 T on
cooling and heating.

The dielectric constant and loss tangent of SmMn3Ni,Mn;O1; are shown in Figures 4
and S2-54. At H = 0 T, the dielectric constant and loss tangent of SmMn3Ni;Mn,O1,
showed no detectable anomalies. However, at H = 2 T, a small kink appears on the
dielectric constant, and a peak is visible on the loss tangent near Ty = 23 K. At higher
magnetic fields (4-8 T), a small kink on the dielectric constant transforms to a small peak.
Peaks on both dielectric constant and loss tangent are moving to higher temperatures with
increasing magnetic field in agreement with the similar shift of specific heat anomalies
(Figure 5a), confirming their common magnetic origin. Peaks on loss tangent were observed
at20.5K (at2T),21.5K (at4T),23.0K (at6T),24.5K (at 8 T), and 25.2 K (at 9 T). Almost no
hysteresis in the peak positions was observed during cooling and heating. Therefore, the
appearance of peaks on both dielectric constant and loss tangent at magnetic fields of 2-9 T
suggests the development of spin-induced ferroelectric polarization in SmMn3zNi;Mn,O1,
at such magnetic fields.



Inorganics 2025, 13, 315

6 of 19

57.0 4 (a) 0T, cooling —o-0T,heating
] —=—2T,cooling —=2T,heating

——4T,cooling ——4T,heating

w 56.5 1 ——6T,cooling —— 6T, heating

E“ ] ——8 T, cooling ——8 T, heating

8560  FFF

172}

=

(o]

O 555 4

Q

1

=

k3]

8 5501

o

()

"Q" 9T, cooling
54.5 1 ~-9 T, heating

; ‘ ‘ ‘ ‘ ‘ 544
T S e E | F . L L -
0 10 20 30 40 50

—-0T,cooling ——0T,heating (b)
0.003 4 —=—2 T, cooling ——2 T, heating
——4T,cooling ——4T,heating
——6T, cooling —— 6T, heating

| 8 T, cooling ——8 T, heating

—
g =665 kHz
g
<
+—
o 0.001 -
8 0.001
—
0.000
—+ 9T, cooling
-9 T, heating
SmMn3Ni;Mn2O12 ; . ‘ -0.001
0.001 10 20 30 40
0 10 20 30 40 50

Temperature (K)

Figure 4. (a) Temperature dependence of dielectric constant of SmMn3Ni;Mn,Oy; at one frequency
of 665 kHz and different magnetic fields of 0, 2, 4, 6, and 8 T on cooling and heating. The arrow shows
a magnetic transition temperature at H = 0 T [55]. (b) Temperature dependence of loss tangent of
SmMn3Ni;Mn, 01, at one frequency of 665 kHz and different magnetic fields of 0, 2, 4, 6, and 8 T on
cooling and heating. The insets show data at a magnetic field of 9 T.

23.R=Eu

As EuMn3NipMn,0O1; has not been reported yet, we start with the basic character-
ization of this compound by other methods. EuMn3Ni;Mn;0Oq; crystallized in a cubic
structure of the A-site-ordered quadruple perovskite family [46-51] with a = 7.3430(1) A.
The quality of the standard laboratory X-ray diffraction data (with a measurement speed of
3°/min) did not allow detection of superstructure reflections related to (partial) ordering
of Ni?* and Mn** cations and, therefore, to assign the Im-3 or Pn-3 space groups. Therefore,
we measured X-ray diffraction data with a speed of 0.1°/min between 38° and 44° and
could detect a very weak (311) superstructure reflection. This fact suggests that there is
a partial ordering of Ni** and Mn** cations, and the space group is Pn-3, similar to some
other members of the RMn3Ni;Mn;O1, family [55]. Laboratory X-ray diffraction data also
showed the presence of some amounts of (Eu;_Mn,)MnOs; impurity (space group Pnma
with a = 5.5357 A, b = 7.5834 A, ¢ = 5.3196 A; about 6.7 wt. %) and NiO impurity (space
group R-3m with a = 2.9597 A and ¢ = 7.2374 A; about 2.5 wt. %). The (Eu;_ ,Mn,)MnOj3
impurity has a ferrimagnetic transition near 140 K.



Inorganics 2025, 13, 315

7 of 19

2.0

SmMn3NiMn2O12

0,0 T T T T T T T T T T T T T T T T T T

o

2.0

0 20 40 60 80
Temperature (K)

Figure 5. (a) Cp /T vs. T curves of SmMn3Ni;Mn,0O1, measured at H =0 and 9 T on cooling. The
inset shows Cp /T vs. T curvesat H =0, 2,4,6,and 8 T. (b) C, /T vs. T curves of GAMn3Ni;Mn; 01,
measured at H = 0 and 9 T on cooling. The inset shows Cp /Tvs. Tcurvesat H=0,3,6,and 9 T.

Temperature dependence of specific heat and magnetic susceptibilities of
EuMn3Ni;Mn;Oq; is shown in Figure 6. Specific heat data clearly showed the presence of
one magnetic transition at Ty = 33 K; the specific heat anomaly was slightly dependent on
magnetic fields. x vs. T curves showed a very small kink at Ty = 33 K. On the other hand,
differential dxT/dT vs. T curves allowed detecting the magnetic anomaly more clearly (the
inset of Figure 6b). At high temperatures, inverse magnetic susceptibilities followed the
Curie-Weiss law (Figure S5), and the obtained Curie-Weiss parameters (using the 7 T FCC
curve in a temperature range of 250-350 K) were po¢ = 11.216pp (the experimental effective
magnetic moment) and 6 = +0.1 K (the Curie-Weiss temperature). The p.¢ value was close
to the expected calculated value of i, = 11.382up (taking 3.4up for Eu®* [56]).
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Figure 6. (a) Cp/T vs. T curves of EuMn3NipMn;01, measured at H=0, 1, 3, 5,7, and 9 T on
cooling. The inset shows Cp, /T vs. T curves at H = 0 and 9 T. The arrow shows a magnetic transition
temperature. (b) ZFC (filled symbols) and FCC (empty symbols) dc magnetic susceptibility curves
(x = M/H) of EuMn3Ni;Mn,01, measured at H = 7 T. The inset shows ZFC and FCC dxT/dT vs. T
curvesat H=1Tand 7 T.

Isothermal magnetization curves (M vs. H) showed nearly linear behavior at
T =5-200 K above about 1 T (Figure S5). The S-type shape was observed near the ori-
gin without any significant hysteresis originating from the impurity contribution with soft
FM-like properties. Nearly the same S-type contribution was observed at T = 5-100 K,
that is, below and above Ty = 33 K of EuMn3Ni;Mn;O1;. On the other hand, the S-type
shape near the origin disappeared at 200 K, that is, above the ferrimagnetic transition of the
(Eu1—xMny)MnOs3 impurity. Therefore, the x vs. T and M vs. H curves give evidence that a
purely AFM transition takes place in EuMn3Ni;Mn;O1, without any net FM-like moments.

Temperature dependence of the dielectric constant and loss tangent of EuMn3Ni;Mn,O1,
(Figure 7) at different magnetic fields (0-8 T) showed no anomalies at Ty = 33 K, suggesting
the absence of any detectable (spin-induced) ferroelectric polarization.
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Figure 7. (a) Temperature dependence of dielectric constant of EuMn3Ni;Mn; O, at one frequency of
665 kHz and different magnetic fields of 0, 2, 4, 6, and 8 T on cooling and heating. The arrow shows a
magnetic transition temperature. (b) Temperature dependence of loss tangent of EuMn3NipMn;O1,
at one frequency of 665 kHz and different magnetic fields of 0, 2, 4, 6, and 8 T on cooling and heating.

24.R=Gd

The dielectric constant of GAMn3Ni,Mn;O1, showed a small kink near Ty = 22 K at
H =0T (Figures 8 and S6). The kink transforms to a weak peak already at H = 1 T. The
most pronounced peaks on dielectric constant and loss tangent were observed at H=5T
(Figures 8 and 9). Peaks on the dielectric constant disappear at H = 8 and 9 T. Peaks on
the dielectric constant clearly move to lower temperatures with increasing magnetic fields
(peaks were observed at23.2 K at1T,23.0Kat2T,22.5Kat3T,21.5Kat4T,20.5Kat5T, and
19.2 K at 6 T) in agreement with specific heat measurements (Figure 5b), confirming their
common magnetic origin. Therefore, GAMn3Ni;Mn; 1, exhibits spin-induced ferroelectric
polarization at about H =1-7 T.

25.R=Dy
The temperature dependence of the dielectric constant and loss tangent of
DyMn3NipMnyO1, between H = 0 T and H = 8 T (Figure 10) was close to those of

EuMn3NipMn,Oj, (Figure 6). No anomalies were observed at the magnetic transition
temperatures of 36 K and 10 K [55].
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Figure 8. (a) Temperature dependence of dielectric constant of GdAMn3NiMn,O1; at one frequency
of 665 kHz and different magnetic fields of 0, 1, 2, 3, and 4 T on cooling and heating. The arrow shows
a magnetic transition temperature at H = 0 T [55]. (b) Temperature dependence of dielectric constant
of GAMn3Ni;Mn,0O1; at one frequency of 665 kHz and different magnetic fields of 5,6,7,8,and 9 T
on cooling and heating.

2.6. R=Ho

Temperature dependence of dielectric constant and loss tangent of HoMn3Ni;Mn,O1;
between 0 T and 9 T is shown on Figures 11 and 12. Both dielectric constant and loss
tangent showed small peaks near 36 K; this temperature matches with the magnetic transi-
tion temperature of HoMn3Ni,Mn,O1; [52], which was unambiguously determined with
specific heat and magnetization measurements [52]. On the other hand, this temperature
is also close to the magnetic and ferroelectric transition temperature of the HoMn;Os
impurity [57-60], which shows very strong and sharp anomalies on both dielectric constant
and loss tangent [57-59]. The positions and intensities of the peaks remained nearly the
same in all magnetic fields in HoMn3Ni;Mn;O1,; and there was small hysteresis in the
positions of the peaks on cooling and heating. Exactly the same behavior was observed
in HoMn,Os [57-59]. On the other hand, no hysteresis was observed on the temperature
dependence of magnetic susceptibilities of HoMn3Ni;Mn,O1, [52] (we note that almost no
anomalies were observed on magnetic susceptibilities of HoMn;Os [59,60]). Therefore, we
believe that there is a high probability that the observed anomalies on dielectric constant
and loss tangent are caused by the HoMn,Os5 impurity even though its amount was quite
small (about 3 weight % [52]). Therefore, the intrinsic dielectric constant and loss tangent
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of HoMn3Ni;Mn,O1; are very close to those of DyMn3Ni;MnyO15; that is, there are no
detectable anomalies at the magnetic transition temperature between 0 T and 9 T.
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Figure 9. (a) Temperature dependence of loss tangent of GdAMn3Ni;Mn;O1; at one frequency of
665 kHz and different magnetic fields of 0, 1, 2, 3, and 4 T on cooling and heating. (b) Temperature
dependence of loss tangent of GdAMnzNi;Mn;,O1; at one frequency of 665 kHz and different magnetic
fields of 5, 6,7, 8, and 9 T on cooling and heating.

2.7. LuzNiMI’ZOb‘

For comparison, we report here the dielectric properties of one member of the
RyNiMnOg family with the smallest R3* cation of R = Lu. Specific heat measurements
confirmed the presence of one FM transition at T¢ = 41 K (the inset of Figures 13b and S7).
Dielectric properties of different members of the RyNiMnOg family were reported in the
literature [39,40], and no dielectric anomalies were usually observed. On the other hand,
very detailed studies in the vicinity of T¢c demonstrated very weak kink-like anomalies
at Tc [25,36]; however, effects of magnetic fields have not been studied. Temperature
dependence of the dielectric constant and loss tangent of our LuyNiMnOg sample, prepared
by a high-pressure high-temperature method at 6 GPa, is shown in Figure 13. At H=0T,
we observed a very weak kink-like anomaly at T¢ similar to the previous reports [25,36].
The kink-like anomaly could originate from magnetostriction effects because LuyNiMnOg
is a ferromagnet [61,62]. High magnetic fields smeared kink-like anomalies; for example,
at H=7 T and 9 T, no visible dielectric anomalies were detected near T¢c. Therefore,
Lup;NiMnOg does not develop ferroelectric polarization between 0 T and 9 T. The dielectric
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constant decreases with decreasing temperature between 3 K and 300 K, as for ordinary
insulators/dielectrics.
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Figure 10. (a) Temperature dependence of dielectric constant of DyMn3NiMn; O, at one frequency
of 665 kHz and different magnetic fields of 0, 2, 4, 6, and 8 T on cooling and heating. The arrows show
the magnetic transition temperatures at H = 0 T [55]. (b) Temperature dependence of loss tangent of
DyMn3Ni;MnyOs; at one frequency of 665 kHz and different magnetic fields of 0, 2, 4, 6, and 8 T on
cooling and heating.
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Figure 11. (a) Temperature dependence of dielectric constant of HoMn3Ni;Mn; O, at one frequency
of 665 kHz and different magnetic fields of 0, 2, and 4 T on cooling and heating. The arrows show
the magnetic transition temperatures [52]. (b) Temperature dependence of the dielectric constant
of HoMn3Ni;Mn;O1; at one frequency of 665 kHz and different magnetic fields of 6, 8, and 9 T on
cooling and heating. The insets show magnified parts.
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Figure 12. (a) Temperature dependence of loss tangent of HoMn3Ni,Mn,O1, at one frequency of
665 kHz and different magnetic fields of 0, 2, and 4 T on cooling and heating. The arrows show the
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magnetic transition temperatures [52]. (b) Temperature dependence of loss tangent of HoMn3NipMn,O1;
at one frequency of 665 kHz and different magnetic fields of 6, 8, and 9 T on cooling and heating.
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Figure 13. Temperature dependence of (a) dielectric constant and (b) loss tangent at one frequency of
986 kHz in LupNiMnOg at H = 0, 7, and 9 T in different temperature ranges. The inset in the panel (a)
shows details below 150 K, where the arrow shows a ferromagnetic transition temperature. The inset
in the panel (b) shows C, /T vs. T curves of LuyNiMnOg at H=0and 9 T.

3. Materials and Methods

RMn3Ni;Mn,01, samples with R = Bi, Ce, Nd, Sm, Eu, Gd, Dy, and Ho were prepared
from stoichiometric mixtures of Bi;O3; (Rare Metallic Co., Tokyo, Japan, 99.9999%), CeO,
(Rare Metallic Co., Tokyo, Japan, 99.99%), R,O3 (Rare Metallic Co., Tokyo, Japan, 99.9%),
Mn;0O3 (Rare Metallic Co., Tokyo, Japan, 99.99%), MnO, (Alfa Aesar, Ward Hill, MA, USA,
99.99%), and NiO (Rare Metallic Co., Tokyo, Japan, 99.9%). Single-phase Mn,O3 was
prepared from a commercial MnO; chemical (Rare Metallic Co., Tokyo, Japan, 99.99%) by
annealing in air at 923 K for 24 h. The synthesis was performed at about 6 GPa and at about
1500 K for 2 h in sealed Au capsules using a belt-type HP instrument. After annealing at
1500 K, the samples were cooled down to room temperature by turning off the heating
current, and the pressure was slowly released.
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The Lu;NiMnOg sample was prepared from stoichiometric mixtures of Lu,O3 (Rare
Metallic Co., Tokyo, Japan, 99.9%), MnO, (Alfa Aesar, Ward Hill, MA, USA, 99.99%),
and NiO (Rare Metallic Co., Tokyo, Japan, 99.9%) by the high-pressure high-temperature
method at about 6 GPa and at about 1700 K for 2 h in a sealed Pt capsule. We note that
the oxygen content and purity of MnO; (Alfa Aesar, Ward Hill, MA, USA, 99.99%) were
confirmed before its use by the thermogravimetric analysis and X-ray powder diffraction.
The refined lattice parameters of LuyNiMnOg (space group P2;/n with a = 5.1490(1) A,
b=55123(1) A, c = 7.4073(1) A, and B =90.441(1)°) were close to the reported values [35].

X-ray powder diffraction data of EuMn3Ni;Mn,O;, were collected at room tempera-
ture on a MiniFlex600-C diffractometer (Rigaku, Tokyo, Japan) using CuK« radiation (a
26 range of 10-120°, a step width of 0.02°, and a scan speed of 3° /min; and a 26 range of
38-44°, a step width of 0.02°, and a scan speed of 0.1 °/min) (Figure S8). The Rietveld analy-
sis of all X-ray powder diffraction data was performed using the RIETAN-2000 program [63].
The crystallographic characterization of other samples was reported in [52,55].

Magnetic measurements of EuMn3Ni,Mn;O1, were performed on SQUID magnetome-
ters (Quantum Design MPMS3, San Diego, CA, USA) between 2 K and 350 K (and between
330 K and 750 K) in applied fields of 0.01 T, 1 T, and 7 T under both zero-field-cooled (ZFC)
and field-cooled on cooling (FCC) conditions. Magnetic-field dependence was measured
at different temperatures between —7 T and +7 T. Specific heat, Cp,, of RMn3Ni;Mn,O1»
was measured on cooling from 100 K to 2 K at different magnetic fields from 0 T to 9 T by
a pulse relaxation method using a commercial calorimeter (Quantum Design PPMS, San
Diego, CA, USA).

Dielectric properties were measured using an Alpha-A High Performance Frequency
Analyzer (NOVOCONTROL Technologies, Montabaur, Germany) on cooling and heating
in a temperature range between 3-5 K and 70-300 K and a frequency range from 100 Hz
to 665 kHz (or 986 kHz) at different magnetic fields from 0 T to 9 T. Pieces of pellets were
used in all magnetic, specific heat, and dielectric measurements.

4. Conclusions

Dielectric properties of the A-site-ordered quadruple perovskites, RMn3Ni;Mn;O1;
with R = Bi, Ce, Nd, Sm, Eu, Gd, Dy, and Ho, were investigated at different magnetic fields
between 0 T and 9 T. A principal difference in the temperature dependence of the dielectric
constant was observed for R = Bi, Ce, and Nd and for R = Sm, Eu, Gd, Dy, and Ho. The
dielectric constant of the former group decreases with decreasing temperature down to
the lowest temperature. The dielectric constant of the latter group starts increasing with
decreasing temperature when approaching magnetic transition temperatures, suggesting
different magnetic ground states. Peak-like anomalies were found on dielectric constant
and loss tangent in intermediate magnetic-field ranges for the R = Sm and Gd samples, sug-
gesting the existence of “hidden” [64] magnetic-field-induced multiferroic states. Physical
properties of a new compound, EuMn3Ni;Mn,0O1,, were also investigated with specific
heat and magnetization measurements. Dielectric properties of LupNiMnOg at different
magnetic fields are reported for comparison.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics13100315/s1. Figure S1: Temperature dependence
of (a) dielectric constant and (b) loss tangent of NdMn3Ni;Mn;Oy; at different frequencies from
100 Hz to 665 kHz. Measurements were performed on cooling at H = 0 T; Figure S2: Temperature
dependence of dielectric constant of SmMn3Ni;Mn;,0O1, at different frequencies from 100 Hz to
665 kHz. Measurements were performed on cooling at (a) H =0 T and at (b) H = 8 T, Figure S3:
Temperature dependence of loss tangent of SmMn3Ni;Mn,O1; at different frequencies from 100 Hz
to 665 kHz. Measurements were performed on cooling at (a) H =0 T and at (b) H = 8 T, Figure S4:
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Temperature dependence of dielectric constant of SmMn3NipMn,Oj, at one frequency of 665 kHz
and different magnetic fields of (a) 0, 1,2, 3,and 4 T and (b) 5, 6, 7, 8, and 9 T on cooling and heating.
Different measurements (from Figure 4 in the main text and from Figures S2 and S3) are reported.
Temperature dependence of loss tangent of SmMn3Ni,Mn,Oq; at one frequency of 665 kHz and
different magnetic fields of (c) 0, 1, 2, 3, and 4 T and (d) only at 0 and 1 T (to emphasize the absence of
anomalies) on cooling and heating. (e) Temperature dependence of loss tangent of SmMn3Ni;Mn;O1,
at one frequency of 665 kHz and different magnetic fields of 5, 6, 7, 8, and 9 T; Figure S5: (a) M vs.
H curves of EuMn3Ni;Mny,Oqp at T =5 K, 20 K, 40 K, 60 K, 100 K, and 200 K. The inset shows a
magnified part of the M vs. H curves at T =5 K and 20 K. (b) M vs. H curves of EuMn3Ni;Mn;0O1;
at T =5 K and 20 K, below its Ty = 33 K. The S-type shape of the M vs. H curves near the origin
comes from a contribution from the ferrimagnetic impurity (Eu; _xMn,)MnOj3 (space group Pnma);
otherwise, the M vs. H curves were linear without hysteresis. (c) Inverse magnetic susceptibilities
of EuMn3Ni;Mn;01, measured at magnetic fields of H = 100 Oe, 10 kOe, and 70 kOe in the low-
temperature (LT) region of 2-350 K and in the high-temperature (HT) region of 330-750 K. Red lines
show the Curie-Weiss fittings of the LT and HT data at H = 70 kOe; fitting parameters are shown
on this figure. The anomaly near 140 K on the LT region originates from the ferrimagnetic impurity
(Eu;_xMn,)MnO3. A very weak anomaly near 400 K, seen on the HT data at H = 100 Oe, could
originate from traces of NiMnOj3 impurity observed in some other samples of RMn3Ni;Mn,O1,
with R = Bi, Ce, and Ho. Magnetic measurements showed that the amount of a possible NiMnO3
impurity was very small, well below the detection limit of laboratory X-ray diffraction; Figure Sé:
Temperature dependence of dielectric constant of GAMn3Ni;Mn,O;; at different frequencies from
100 Hz to 665 kHz. Measurements were performed on heating at (a) H=0Tand at (b)) H=5T;
Figure S7: C,, /T vs. T curves of LupNiMnOg at different magnetic fields of H=0,0.2,1,2,3,5,and 9 T.
Measurements were performed on cooling; Figure S8: (a) Experimental (black crosses), calculated (red
line), and difference (blue line at the bottom) room-temperature laboratory X-ray powder diffraction
patterns of EuMn3Ni;Mn;,O1, (space group Pn—3) in a 20 range of 16° and 120°. The tick marks
show possible Bragg reflection positions for the main phase (brown), (Eu;_ yMn,)MnO3 impurity
(blue), and NiO impurity (green) (from top to bottom). (b) A magnified part of the experimental and
calculated patterns in a 20 range of 38° and 44°, emphasizing the presence of the (311) reflection from
the (partial) B-site ordering. The data between 38° and 44° were measured with a speed of 0.1°/min
and scaled to match with other data (panel (a)) measured with a speed of 3° /min; because of scaling,
the background on panel (b) was not fitted well.
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