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Electric-Field Manipulation of Magnetic Chirality in a

Homo-Ferro-Rotational Helimagnet
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Yunpeng Gao, Dimuthu Obeysekera, Xiaoyu Guo, Rachel Owen, Liuyan Zhao,

and Sang-wook Cheong

Ferro-rotational (FR) materials, renowned for their distinctive material
functionalities, present challenges in the growth of homo-FR crystals (i.e.,
single FR domain). This study explores a cost-effective approach to growing
homo-FR helimagnetic RbFe(SO,), (RFSO) crystals by lowering the crystal
growth temperature below the T, threshold using the high-pressure
hydrothermal method. Through polarized neutron diffraction experiments, it
is observed that nearly 86% of RFSO crystals consist of a homo-FR domain.
Notably, RFSO displays remarkable stability in the FR phase, with an
exceptionally high T, of 573 K. Furthermore, RFSO exhibits a chiral helical
magnetic structure with switchable ferroelectric polarization below 4 K.
Importantly, external electric fields can induce a single magnetic domain state
and manipulate its magnetic chirality. The findings suggest that the search for
new FR magnets with outstanding material properties should consider

crystals, leading to the emergence of an
axial-vector order parameter known as
Ferro-rotation (FR) across extensive spatial
dimensions.>13] When combined with the
non-collinear helical spin order, this FR
order can result in multiferroicity in FR
helimagnets.!>!2] Remarkably, multiferroic-
ity in FR helimagnets opens up the poten-
tial to manipulate various material prop-
erties using electric fields. This includes
controlling the helical spin order and spin
waves, paving the way for innovative de-
vice designs.["*18] However, achieving the
manipulation of material properties under
electric fields in FR helimagnets necessi-
tates the presence of a homo-FR domain

magpnetic sulfates as promising candidates.

1. Introduction

Ferro-rotational (FR) materials that exhibit spontaneous ordering
of crystallographic rotational distortions have garnered signifi-
cant attention due to their unique material functionalities.['"12]
These rotational distortions can arise from either clockwise (CW)
or counterclockwise (CCW) rotations of atomic polyhedra within

state (i.e., a single FR domain which is ei-
ther CCW or CW). In contrast to other fer-
roic materials, like ferroelectric materials,
where the ferroelectric domain can be easily

controlled by the conjugate electric field }E the conjugate field

to FR order is the curl of E, i.e.,, V X E, which often lacks the
required intensity to govern the FR domain.['*) Consequently,
growing homo-FR helimagnets presents significant challenges,
and there is limited literature documenting successful attempts
with known FR helimagnets.
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The search for new FR helimagnets that require the growth of
a homo-FR domain is crucial for exploring the functionalities of
FR materials. One approach is to seek out materials with a high
FR transition temperature (Tz) and a low crystal growth temper-
ature (T,), especially when T, < Tp. In such cases, the crystal may
naturally develop into a homo-FR domain during the crystalliza-
tion process. To date, known FR magnets either have T, > T,
as seen in RbFe(MoO,), (RFMO) and CaMn,0,, (CMO), result-
ing in a multi-domain state, or they exhibit collinear spin order
rather than the desired non-collinear helical order, as observed in
MTiO; (M = Mn, Fe, and Ni).[}#51920] Sylfate-containing mag-
netic ions may serve as promising candidates for achieving high
Tpr with magnetic order. Compared to other oxygen polyhedra,
SO, ions are smaller, thus possessing higher mobility features
that can manifest strong rotational properties. However, very few
magnetic sulfates have been reported to form bulk single crystals,
primarily due to growth challenges. This limitation hinders the
revelation of their exotic material functionalities. For instance,
the magnetic anhydrous sulfate AM(SO,), (where A = K, Rb,
Cs, and M = Cr or Fe) exhibits potential FR P3 space group at
room temperature, with magnetic ordering occurring below 4 K,
as suggested by previous powder diffraction results.[*!-2*] How-
ever, to date, only powder samples have been available, with none
successfully grown into single crystals. Consequently, the precise
nature of these materials remains poorly understood.

In our current research, we have successfully obtained unique
homo-FR helimagnetic crystals of magnetic anhydrous sulfate
RbFe(SO,), (RFSO) using a cost-effective hydrothermal method.
Our X-ray diffraction analysis confirms that RFSO possesses an
exceptionally high Ty, of %573 K, significantly exceeding its T, of
~483 K. Our first-principle calculations indicate that the high T,
in RFSO is a result of the extremely high stability of the SO, tetra-
hedra in the FR phase. Additionally, polarized neutron diffraction
studies reveal that roughly 86% of the RFSO crystal consists of a
homo-FR domain. At temperatures below 4.0 K, RESO exhibits a
chiral helical spin order and a ferroelectric polarization along the
c-axis. An external electric field can induce a single magnetic chi-
ral domain state and manipulate the magnetic chirality within
the single domain. The availability of homo-FR RFSO crystals
with exceptional tunability of magnetic chirality by electric field
opens up exciting possibilities for future device configurations,
such as electric-field tunable spin-wave diodes. This study sug-
gests the potential for synthesizing new homo-FR helimagnets
with unique properties and applications within SO,-based mag-
netic materials.

2. Results and Discussion

Under the condition of T, < Ty, a tiny nucleus forms at the initial
stage of crystal growth, likely a homo-FR domain due to its small
size. As the crystallization progresses, this homo-FR domain nu-
cleus acts as a seed, absorbing free atoms and propagating its
homo-FR structure outward to form a bulk crystal. Conversely,
when T, > Ty, as exemplified by RFMO with Ty ~ 190 K and
T, > 700 K and CMO with Ty ~ 440 K and T, ~ 923 K, once
the crystal cools below Ty, both CW and CCW domains populate
equally.[22>26] This scenario emphasizes the importance of identi-
fying an FR system with a high T and utilizing a growth method
capable of significantly reducing T,. Hence, we chose RFSO for

Adv. Sci. 2024, 11, 2402048 2402048 (2 of 8)

www.advancedscience.com

Table 1. Quality of Fit Parameters for Different Space Groups. The R; is
defined as Ry = Y ||F,| — |F|l/2|F,|, where F, is the measured scatter-
ing amplitude and F_ is the calculated amplitude. The residual (charge)
represents the Max and Min Peak in the Final Difference Map. The GOF
(Goodness of fit) is defined as GOF = {} w(F? - Fg)z/(n - p)}72, where
w is the weight, n is the number of reflections, and p is the total number
of fitting parameters.

Space Group?) R, Residual [e A3] GOF Temperature [K]
P3 3.90% 2.12/-1.26 1.076 290
P321 8.65% 3.29/-2.06 1.164 290
P3m1 11.50% 4.93/-2.06 1.266 290

% Refined Rb occupancy is 0.870(4) for P3, 0.849(15) for P321, 1.02(2) for P3m1.

our study, where the SO, polyhedra may have greater stability
than MoO, in the FR phase, and thus have high Tj,. For crystal
growth, we opted for the low-cost hydrothermal method, which
provides a high-pressure environment, enhancing the solubil-
ity of RFSO in the solvent and thereby reducing T,. Our RFSO
crystals were successfully grown at 483 K, exhibiting a hexagonal
platelike morphology, as depicted in the inset of Figure 1A. De-
tailed growth information can be found in the experimental sec-
tion. To determine the precise crystal structure of RFSO, we con-
ducted synchrotron X-ray diffraction experiments on an RFSO
crystal (#1). Figure 1A,B show the X-ray diffraction patterns ob-
tained at room temperature. Bright spots at the intersection of
the (h, k, I) grids are the Bragg reflections of RFSO single crystal.
The broad dark stripes are from dead zones in the area detector,
separating active regions, and the sun-like disks at the center are
due to air scattering as well as scattering from epoxy holding the
crystal to the support fiber. The crystal structure was refined in
three different space groups: P3, P321, and P3ml, with results
summarized in Table 1. The methods used to analyze the single-
crystal X-ray diffraction data and the refined parameters of the P3,
P321, and P3m1 models are presented in the Supporting Infor-
mation. Among these space groups, P3 was determined to offer
the best fit to the data (smallest R;, smallest residual, and GOF
close to 1.0), corresponding to the FR structure. The P3 structure
is depicted in Figure 1C,D, and it is composed of alternating lay-
ers of SO, tetrahedra, FeO, octahedra, and RD ions. As shown in
Figure 1C,D, the SO, tetrahedra exhibit a CCW rotation around
the c-axis for the type-I FR domain, while for the type-II FR do-
main, they display a CW rotation (as shown in Figure S2A,B, Sup-
porting Information). The angle y, representing the rotation of
SO, relative to the a-axis, is ~25°.

To determine the Ty, of RESO, high-temperature synchrotron
powder X-ray diffraction measurements were conducted on an
RFSO powder sample (crushed crystals). Figure 1E shows the
contour plot of diffraction patterns ranging from 323 to 823 K.
A continuous transition is observed near 573 K, indicated by the
merging of (202) and (104) peaks of the P3 structure, suggesting
a T ~ 573 K which is significantly higher than that of REMO
(Teg = 190 K). To gain a better understanding of the high T,
in RFSO, we conducted Density Functional Theory (DFT) calcu-
lations, comparing it with its counterpart REMO. First, we fully
optimized the crystal structures of both RESO and RFMO in both
the FR P3 and non-FR P3ml1 phases (see Figure S2C-F, Sup-
porting Information). Subsequently, we calculated the energy as
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Figure 1. A) X-ray single crystal diffraction pattern in the (0, k, /) plane at 290 K. The inset displays a photograph of an RFSO single crystal on a millimeter-
grid paper. B) X-ray single crystal diffraction pattern in the (h, k, 0) plane at 290 K. C) Refined crystal structure of RFSO at 290 K. D) The CCW rotational
distortions (green circles with arrows) of SO, and FeOg for the type-| FR domain. The angle y represents the rotational distortion relative to the a-
axis. These rotational distortions break mirror reflection symmetries in the ab plane. E) Temperature-dependent X-ray diffraction patterns for an RFSO
powder sample. The white dashed line serves as a guide to visualize the FR phase transition. F) Calculated energy as a function of MO, (M =S or Mo)
polyhedral rotation angle for RFSO (red curve) and RFMO (black curve). The rotation angle is normalized to the equilibrium rotational angle identified

in the optimized P3 structure.

a function of the rotational angle of MO, (M = S or Mo), as illus-
trated in Figure 1F. In Figure 1F, the rotational angles are nor-
malized to that of the optimized P3 phase for each material. In
the case of RFSO, the energy-rotation curve displays a deep val-
ley near the optimized P3 phase (i.e., where the normalized SO,
rotation equals to 1), with an energy gain of 2.5 eV induced by
the SO, rotation. A slight deviation from the optimized P3 phase
significantly decreases the energy gain. In contrast, the energy-
rotation curve of RFMO is nearly flat, and MoO, rotation does
not result in a significant energy gain. These results suggest that
the rotational distortion of SO, in RFSO is highly stable, and the
high T, observed in RFSO is attributed to the stability of SO,
rotation, which is significantly more energetically unfavorable to
turn off (leading to the non-FR P3m1 phase) compared to MoO,
rotations.

The RFSO crystals grown under the condition of T, < Ty is
likely homo-FR. However, determining the population of FR do-
mains within a bulk crystal presents challenges. Thanks to the
interactions between FR and magnetic order, an alternative ap-
proach to utilizing magnetic peaks by the neutron diffraction
method is feasible. Unpolarized neutron diffraction experiments
were conducted on an RFSO crystal (#2, ~5 X 5 X 1 mm?).
Figure 2A displays the neutron diffraction patterns in the (h, h, I)
plane at 1.6 K. A pair of incommensurate magnetic peaks were
observed at (1/3,1/3, 0.5 + A) with A ~0.07. Our representational
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analysis, outlined in detail in the Supporting Information, of the
magnetic peaks indicates the possibility of three magnetic struc-
tures: I';, T, and [,.1730 T, corresponds to a spin-density wave
structure (see Figure S3A, Supporting Information) with mag-
netic moments aligned along the c-axis, which is non-chiral. On
the other hand, T, and I'; represent left-handed and right-handed
chiral helical magnetic structures (see Figure S3B,C, Supporting
Information), respectively. As discussed later in this manuscript,
our polarized neutron diffraction results revealed the magnetic
chirality in RFSO, decisively excluding the possibility of the I'y
structure. Either I', or I'; yields a chiral magnetic structure with
a 120° configuration within each layer and a chiral helical twist
between adjacent layers along the c-axis. Figure 2C-F shows the
chiral helical magnetic structure of RFSO at 1.6 K. It’s worth not-
ing that another pair of incommensurate magnetic peaks were
also observed at (2/3, 2/3, 0.5 + A) (Figure S4A, Supporting In-
formation). Figure 2B displays the temperature dependence of
the (1/3, 1/3, 0.5 & A) peaks, with peak intensities increasing be-
low 4 K, suggesting a magnetic ordering temperature of 4 K. This
is consistent with the results of the temperature-dependent mag-
netic moment (M-T) shown in the inset of Figure 2B. The M—T
curve exhibits a distinct peak at 4 K, indicating an antiferromag-
netic transition at T, & 4 K.

The chiral helical magnetic structure in RFSO may arise from
its FR order. The FR order breaks mirror reflection symmetries

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 2. A) Unpolarized neutron diffraction pattern in the (h, h, |) scattering plane measured at 1.6 K on RFSO single crystal (#2). The inset provides
a comparison of neutron diffraction intensity at (1/3, 1/3,-0.43) and (1/3, 1/3, +0.43) magnetic peaks. Error bars in this paper represent one standard
deviation. B) Temperature dependence of the (1/3, 1/3, 0.43) and (1/3, 1/3, 0.57) magnetic peaks. The inset displays the temperature dependence of
the magnetic moment for an RFSO single crystal when a magnetic field is applied to the ab plane with a magnitude of 0.2 T. C,D) A CCW FR domain with
a right-handed helical magnetic structure exhibits upward electric polarization (light blue arrow). The green circle arrow in represents the FR order, and
the red circle arrow in illustrates the twist of magnetic moments in the adjacent layers. The black dashed line in (C) indicates the super-exchange path
Ja» while the red dashed line illustrates J,. E,F) A CCW FR domain with a left-handed helical magnetic structure exhibits downward electric polarization
(light blue arrow). G) Electric polarization P, as a function of temperature (black left axis). The right red axis exhibits the relative change of dielectric

constant as a function of temperature, represented as Ae = ¢(T)-¢(5 K).

in the ab plane of RFSO, resulting in nonequivalent super-super-
exchange terms J, (dashed black) and J, (dashed red) bridging
adjacent triangular lattice layers, as illustrated in Figure 2C.
These nonequivalent J, and J, terms induce a relative twist
between adjacent layers, leading to the chiral helical magnetic
structure. The two distinct FR domains have different values
of J, and J,: if J, is smaller than J, in the CW domain, then it
should be the case that J, is larger than J, in the CCW domain.!
Consequently, the two FR domains exhibit distinct magnetic

propagation vectors, denoted as él = (x1/3,%1/3,+q,) for CW

domain, and q, = (¥1/3,F1/3,+4.) for the CCW domain.!!l In
a crystal with an even distribution of FR domains, the magnetic

peaks associated with él should exhibit comparable intensity

to those of az. However, as Figure 2A illustrates, the intensity
of (1/3, 1/3, 0.43) significantly exceeds that of (1/3, 1/3, 0.57),
indicating the dominance of one FR domain. This observation
holds true for (2/3, 2/3, 0.5 + A) (see Figure S4A, Supporting
Information). As shown in the inset of Figure 2A, a fitting
analysis on the (1/3, 1/3, 0.43) and (1/3, 1/3, —0.43) peaks
reveals an integrated peak area ratio of 3.3:1, suggesting that the
dominant FR domain constitutes ~77% of the crystal. To further
confirm the homo-FR state, we conducted Rotational-Anisotropy
Second Harmonic Generation measurements at four positions
on two different crystals (#3 and #4), indicating a homo-FR
domain in RFSO crystals extending at least 2 mm (see Figure S5,
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Supporting Information), ~50 times larger than that of RFMO
(~40 pum).5!

To uncover the potential novel material functionalities in
the (almost) homo-FR RFSO crystals, we have harnessed the
concept of permutable Symmetry Operational Similarity (SOS)
which has proven highly effective in comprehending material
properties.[1331-3*] One key permutable SOS relationship is ex-
pressed as AeC = P.34l Here, A represents the FR vector, C is
chirality, and P corresponds to electric polarization. This relation-
ship informs us that when an FR object A interacts with chirality
C, the resultant AeC response manifests as an electric polariza-
tion P. The chiral helical magnetic structure observed in RFSO
exhibits characteristics reminiscent of chirality C. Consequently,
RFSO possesses ferroelectricity, and the direction of its ferroelec-
tric polarization depends on the sense of FR and the chiral helical
magnetic structure. We assume that the dominant FR domain in
RFSO is of the CCW type. As visually depicted in Figure 2C-F,
within a CCW FR system, a right-handed (left-handed) chiral he-
lical magnetic structure induces an upward (downward) electric
polarization along the c-axis. Conversely, within a CW FR sys-
tem, a left-handed (right-handed) chiral helical magnetic struc-
ture results in an upward (downward) electric polarization. Fur-
thermore, it’s important to note that the SOS relationship AeC =
P is permutable, meaning that AeP = Cis also valid. This implies
that the chirality of the helical magnetic structure can be con-
trolled by the electric polarization. As illustrated in Figure 2C-F,

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 3. A) Intensities of /¥ and [T measured at (1/3, 1/3, -0.43) and (1/3, 1/3, 0.43) magnetic peaks with two different electric poling fields. B)
Intensities of ¥ and I¥ measured at (1/3, 1/3, 2.43) with a +1.75 kV cm™" poling field. C) Intensities of I* and /¥ measured at (1/3, 1/3, 2.43) with a
-1.75 kv cm~" poling field. D) Intensities of I* and I¥ measured at (1/3, 1/3, 2.43) with 0 kV cm~" poling field. E) Intensities of I* and |7 measured at
(1/3,1/3, 2.56) with +1.75 kV cm~" poling field. F) Intensities of ¥ and IF measured at (1/3, 1/3, 2.56) with a—1.75 kV cm~" poling field. All results were
measured at 1.6 K. The CCW and CW letters indicate the type of FR domain, and the R and L letters signify the handedness of the magnetic domain.

inverting the polarization direction could switch the magnetic
chirality in a homo-FR crystal.

We measured the electric polarization along the c-axis (P.) of an
RFSO crystal (#5) as a function of temperature (P.—T). Before the
measurement, the crystal was poled by an external electric field
during the cooling process. Figure 2G exhibits the P—T curve ob-
tained under a positive poling field +40 kV cm™!. In line with the
onset of helical magnetic order, P, begins to increase at 4 K and
reaches a value of ~2.0 uC m~2 at 2 K. These observations provide
strong evidence supporting the idea that the combination of FR
and chiral helical magnetic structures can induce ferroelectric po-
larization. The temperature dependence of the dielectric constant
€ was also measured. Figure 2G (on its right axis, shown in red)
exhibits the relative change of dielectric constant as a function of
temperature, represented as Ae = ¢(T)-¢(5 K). A notable peak is
observed at Ty ~4 K in the Ae-T curve. To examine the switch-
ability of P, the P.~T curve was also measured under a negative
poling field of —40 kV cm™. As shown in the bottom panel of
Figure 2G, the polarization P, is symmetric and switchable.

To ascertain whether the chirality of helical magnetic struc-
ture can be switched by an electric field, we performed the po-
larized neutron diffraction experiments on an RFSO crystal (#6,
~3 x 3 x 1 mm?). We define the x-axis along the direction of

the scattering vector Q, with z being vertical and y perpendicular
to x in the scattering plane. The incident neutrons were polar-

ized along the x-axis (i.e., P; || Q) and the analysis was performed
in the same direction. With two possible polarization states for
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both incident and scattered neutrons (either parallel or antipar-

allel to x), we can measure four distinct intensities: I'*, I_~, I%,

and IF. The I* « |M,|* + P,M and IF « |M, |* — P,M,, where
X X X

M, is the magnetic component perpendicular to Q and M is
the magnetic chiral term with M. = i(M!"M? — M3*M). For an
effective comparison of the measured magnetic chirality at differ-
ent magnetic peaks, we introduce a normalized magnetic chiral-
ity me = (I — I7) /(I* + IF). The crystal was initially poled under
+1.75 kV em™ upon cooling. Given the poling process, each FR
domain would coincide with a single ferroelectric domain and a
single magnetic helical domain. To deduce the proportion of the
two FR domains, we compared the intensity of I* (or IF) for the
two (1/3, 1/3, + 0.43) peaks, corresponding to the two distinct FR
domains. Integrated intensities of these peaks were computed
from their fittings, as shown in Figure 3A. For +1.75 kV cm™!
(red curves), the integrated intensities of I+ at (1/3, 1/3, 0.43) is
~6.2 times larger than that of (1/3, 1/3, —0.43), suggesting a ratio
of 86% for the dominant FR domain in crystal #6. These results
indicate crystal #6 is largely a homo-FR crystal, with the domi-
nant FR domain assumed to be CCW. Moreover, the prominence
of I* over I at (1/3, 1/3, 0.43) suggests a right-handed magnetic
chirality in the dominant CCW FR domain for +1.75 kV cm™,
with an estimated m_ of +0.46 based on the integrated intensi-
ties. For (1/3, 1/3, —0.43) peak, the I* is also stronger than I7.
However, since the scattering vector g, is negative, the magnetic
domain associated with the minor CW FR domain is left-handed,
leading to a negative m. ~—0.62. When the crystal is poled under
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2/3, -0.43) with a =1.75 kV cm~! poling field. C) The angle dependence of the normalized magnetic chirality m,. The angle 6 is the respect to (0071)
direction. The results were obtained at 1.6 K. D) Electric field dependence of the normalized magnetic chirality m,. The data were measured at 1.6 K at
(1/3, 1/3, 2.43) magnetic peak. The red arrows illustrate the ramping direction of electric fields. All results were measured at 1.6 K. The CCW and CW
letters indicate the type of FR domain, and the R and L letters signify the handedness of the magnetic domain.

-1.75kV cm™, IF dominates over I* at (1/3,1/3, 0.43). This high-
lights the switchable magnetic chirality under the electric field
for both CCW and CW FR domains. For —1.75 kV cm™, the esti-
mated m is -0.42 for (1/3, 1/3, 0.43).

According to the previous results of the isostructural REMO,
the helical magnetic structure of our RFSO crystals may consist
of two types of magnetic chirality: triangular and helical.l!! Nev-
ertheless, the SOS relationships suggest that the FR order and
ferroelectric polarization are coupled to the helical chirality. Note
that the helical chirality in RFSO arises from the twist along the
(001) direction, while the triangular chirality is a result of the in-
plane 120° configuration. By analyzing the angle dependence of
magnetic chirality between the (001) and (110) directions, we can
differentiate the couplings of the FR order and ferroelectric polar-
ization to each of the chirality. Figure 3B shows the IF and I at
(1/3,1/3, 2.43) for the crystal poled with +1.75 kV cm™. The scat-
tering vector (1/3, 1/3, 2.43) forms an angle of 24.877° with the
(001) direction, while the (1/3, 1/3, 0.43) has an angle of 69.023°
with the same direction. Notably, the difference between IF and
I* at (1/3, 1/3, 2.43) peak significantly exceeds that of the (1/3,
1/3, 0.43) peak. The estimated m is +0.92 for (1/3, 1/3, 2.43),
a value noticeably larger than that of the (1/3, 1/3, 0.43) peak.
Figure 3C shows the I¥ and I* for (1/3, 1/3, 2.43) when the crys-
tal is poled by —1.75 kV cm™". Similar to the (1/3, 1/3, 0.43) peak,
the negative electric field inverts the handedness of the magnetic
chirality. The estimated m,. is —0.64, again magnitude larger than
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that of the (1/3, 1/3, 0.43) peak. When the crystal remains un-
poled (0kV cm™) as shown in Figure 3D, the IT and I* showcase
nearly identical intensities, indicating the roughly equal distribu-
tion of left-and right-handed magnetic domains. For the minor
CW FR domain, as shown in Figure 3E,F, the handedness of the
magnetic chirality at (1/3, 1/3, 2.56) aligns with that of the (1/3,
1/3, —0.43) peak, albeit with a considerably elevated m. The m,
values are —0.81 and +0.63 for +1.75 and —1.75 kV cm ™!, respec-
tively.

Figure 4A,B show the I7 and I for (2/3, 2/3, —0.43) under
various poling electric fields. Note that (2/3, 2/3, —0.43) can be
represented as (1, 1, 0) - (1/3, 1/3, 0.43), signifying its origin from
the dominant CCW FR domain. However, when compared to
(1/3,1/3,0.43) and (1/3, 1/3, 2.43), the (2/3, 2/3, —0.43) is proxi-
mal to the (110) direction given its minimal angle of 10.841° with
it. Intriguingly, for both +1.75kV cm™!, the difference between IF
and I* is notably reduced compared to that of the (1/3, 1/3, 0.43)
and (1/3, 1/3, 2.43) peaks. The estimated m are +0.26 and -0.19
for +1.75 and -1.75 kV cm™, respectively. If the crystal is unpoled
(see Figure S4B, Supporting Information), the I¥ is almost iden-
tical with I*. We also measured the IT and I* at magnetic peaks of
(1/3,1/3,1.43)and (1/3, 1/3, 3.43). The m. values for all magnetic
peaks are summarized in Figure 4C, plotted against the angle 6
relative to the (001) direction. For both +1.75 and -1.75 kV cm™,
the m¢ value decreases with increasing 6. This trend aligns
with the SOS findings, reinforcing the coupling of FR order
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and ferroelectric polarization with helical rather than triangular
chirality.

To assess the ferroelectric memory effect on magnetic chiral-
ity, we measured the m. at (1/3, 1/3, 2.43) peak at 1.6 K as a
function of an electric field. Before the measurement, the crys-
tal was poled with +1.75 kV cm™'. Figure 4D reveals that the m
remains constant even as the electric field transitions from a non-
zero value to zero. It retains both its sign and value, even when
subjected to negative electric fields, underscoring the ferroelec-
tric memory effect. The m, is expected to change its sign when
the electric field surpasses the coercive field of ferroelectricity.
Yet, the coercive field of RFSO might be considerably high, and
the electric current leakage occurs at —2.5 kV cm™! before reach-
ing the coercive field. This electric current leakage produces heat,
raising the crystal’s temperature to 10 K. Post-cooling to 1.6 K,
with the crystal effectively conditioned under —1.75 kV cm ™!, the
m reversed, settling a value of —0.64. Subsequent ramping from
-1.75 to +2.0 kV cm™! caused another electric current leakage at
+2.0 kV cm™, altering m,. via the thermal cycle.

3. Conclusion

The research has successfully demonstrated a cost-effective
method for growing homo-FR helimagnetic RFSO crystals by
lowering the crystal growth temperature below the Ty, using the
high-pressure hydrothermal method. Polarized neutron diffrac-
tion studies have revealed that ~#86% of the RFSO crystal consists
of a single FR domain. This growth technique provides valuable
insights that can be applied to the production of other homo-FR
materials. Furthermore, the X-ray diffraction analysis has con-
firmed that RESO exhibits an exceptionally high Ty, of ~573 K,
which significantly exceeds the Ty, values of RFMO and CMO.
This remarkable Ty, in RFSO is attributed to the presence of
SO, ions that promote rotational distortions. The findings sug-
gest that the search for new FR materials with high Ty, should
consider sulfates as promising candidates.

Additionally, our investigation reveals that RFSO crystals ex-
hibit chiral helimagnetic order, and their magnetic chirality can
be manipulated by altering the direction of ferroelectric polariza-
tion through an external electric field. Recent theoretical calcu-
lations suggest that these helimagnets can generate nonrecipro-
cal spin waves, which can either arise from the Dzyaloshinskii-
Moriya interaction or when external magnetic fields are
present.’>7] The growing interest in nonreciprocal spin waves
in materials is due to their potential for constructing logic devices
like spin-wave diodes.[1*3¢37] The homo-FR helimagnetic RFSO
crystals offer an ideal platform for investigating nonreciprocal
spin waves in future research. Notably, the controllability of the
magnetic chirality of RFSO via an external electric field opens up
exciting possibilities. This controllability makes homo-FR RFSO
crystals a promising candidate for harnessing nonreciprocal spin
waves through electric fields and facilitating the development of
future device configurations, such as electric-field-tunable spin-
wave diodes. This study not only presents a reliable method for
growing homo-FR crystals but also underscores the potential for
synthesizing new homo-FR materials with unique properties and
applications.
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4. Experimental Section

Single crystals of RFSO were synthesized using a hydrothermal method
in a 50-mL Teflon-lined autoclave. A sulfuric acid solution containing
Rb,SO, and Fe,(SO,); in a 1:1 molar ratio was subjected to hydrother-
mal treatment at 483 K for 72 h. After the growth process, hexagonal crys-
tals with a ruby color were extracted from the solution. Single crystal X-
ray diffraction was conducted at beamline 15-ID-D at the Advanced Pho-
ton Source, Argonne National Laboratory, with a 0.41328 A wavelength.
Modeling of multiply redundant full-sphere single crystal diffraction data
sets was performed using Olex2, including absorption corrections and
anomalous scattering corrections. Powder X-ray diffraction data were col-
lected at Beamline 28-1D-1 (PDF) at the National Synchrotron Light Source
(NSLS2), Brookhaven National Laboratory, using a 0.1665 A wavelength.
Measurements were conducted on a powder sample (crushed single crys-
tals) in a quartz capillary. RA-SHG measurements were performed using
an ultrafast light source with 800 nm wavelength, 40 fs pulse duration,
and 200 kHz repetition rate. An achromatic lens with a beam size of 25 um
was employed, and the intensity of the reflected SHG was measured with a
photomultiplier tube. Bulk magnetization was measured using a Vibrating
Sample Magnetometer. The dielectric constant was determined at 1 kHz
using an LCR meter, and ferroelectric polarization was measured by the
pyro-current method with an electrometer. Unpolarized neutron diffrac-
tion was performed at the BT4 triple-axis spectrometer (2.36 A wavelength)
at the NIST Center for Neutron Research. Polarized neutron diffraction
was carried out at HB 1 triple-axis spectrometer (2.46 A wavelength) at the
High Flux Isotope Reactor, Oak Ridge National Laboratory, using Heusler
alloy monochromators and analyzers.

DFT calculations were conducted using the Vienna ab initio Simulation
Package, employing projector-augmented wave pseudo-potentials.[33-40]
Supercells (2 x 2 x 2) of the original 12 atom unit cells were created. The
geometries of these crystal structures were fully optimized (lattice param-
eters and atomic positions) using a 700 eV plane wave cutoff, 3 X 3 x 2
Monkhorst—Pack k-point mesh, energy convergence of 1076 eV, force con-
vergence of 1073 eV A=1.[41] The Perdew—Burke—Ernzerhof functional re-
vised for solids (PBEsol) was utilized[*?]; the lattice parameters of RFSO
optimized using this functional (a = 4.8633 A, ¢ = 8.2636 A) were in ex-
cellent agreement with the experimental results (Table S1, Supporting In-
formation). A Hubbard U correction of U = 4.0 eV was applied to the Fe
d-states, in accordance with the analysis done in previous works.[4344] To
obtain the energy as a function of the MO, rotation angle, intermediate
structures were created and the energy was computed self-consistently
with a convergence tolerance of 1078 eV.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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