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Abstract
Ferro-rotational magnet RbFe(SO4)2 has attracted attention for its stable ferro-rotational phase
and electric-field-controlled magnetic chirality. This work presents the multiferroic properties
and H–T phase diagram of RbFe(SO4)2, which have been underexplored. Our measurements of
magnetic susceptibility, ferroelectric polarization, and dielectric constant under various
magnetic fields reveal four distinct phases: (I) a ferroelectric and helical magnetic phase below
4 K and 6 T, (II) a paraelectric and collinear magnetic phase below 4 K and above 6 T, (III) a
paraelectric and non-collinear magnetic phase below 4 K and above 9 T, and (IV) a paraelectric
and paramagnetic above 4 K. This study clarifies the multiferroic behavior and H–T phase
diagram of RbFe(SO4)2, providing valuable insights into ferro-rotational magnets.

Keywords: multiferroic, polarization, ferro-rotation, phase diagram

1. Introduction

Ferro-rotational materials, where atomic polyhedra such as
SO4 exhibit spontaneous ordering of crystallographic rota-
tional distortions in either a clockwise (CW) or counter CW
(CCW) direction, lead to the emergence of an axial-vector
order parameter known as ferro-rotation across large spatial
dimensions [1–12]. Ferro-rotational materials and orders have
gained significant attention due to their unique material func-
tionalities. For instance, the combination of ferro-rotational
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order with chiral helical spin order can result in multiferro-
icity, which in turn offers the potential to control magnetic
order through an electric field [2, 12]. Among the various
ferro-rotational magnets, RbFe(SO4)2 has emerged as a focal
point of recent research [8, 13, 14]. Coherent structural excit-
ations of the Rb metal monolayer have been observed in this
compound [14]. Compared to the isostructural RbFe(MoO4)2
crystal, RbFe(SO4)2 exhibits a significantly higher ferro-
rotational transition temperature (TFR) of around 573 K,
while the TFR of RbFe(MoO4)2 is only about 190 K [5, 13].
Moreover, neutron diffraction experiments on RbFe(SO4)2
have confirmed the presence of a chiral helical magnetic struc-
ture below 4 K [13]. Additionally, ferroelectric polarization
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and dielectric constant measurements have verified its multi-
ferroicity at zero magnetic fields [13]. Notably, polarized neut-
ron diffraction experiments have demonstrated that external
electric fields can manipulate the magnetic chirality in the
RbFe(SO4)2 crystals [13].

While the multiferroicity of RbFe(SO4)2 at zero magnetic
fields has been documented, how the multiferroicity evolves
under external magnetic fields and the correspondingmagnetic
field-temperature (H–T) phase diagram remains unexplored.
In this work, we present the multiferroic properties and theH–
T phase diagram of RbFe(SO4)2. Our measurements of mag-
netic susceptibility as a function of temperature (χ–T), mag-
netization as a function of magnetic field (M–H), ferroelectric
polarization as a function of temperature (P–T), and dielectric
constant as a function of temperature (εr–T) at various mag-
netic fields reveal four distinct phases in the H–T phase dia-
gram: (I) a ferroelectric and magnetic chiral helical phase, (II)
a paraelectric and magnetic collinear phase, (III) a paraelectric
and magnetic non-collinear phase, and (IV) a paraelectric and
paramagnetic phase. TheM–H curve at 1.8 K shows that as the
magnetic field increases, the chiral helical magnetic structure
first changes to a collinear achiral magnetic structure at 6 T,
followed by a plateau between 6 and 9 T. Above 9 T, the mag-
netic structure likely evolves to an achiral non-collinear con-
figuration. This study elucidates the multiferroic properties,
magnetically-driven transitions, and theH–T phase diagram of
RbFe(SO4)2, providing valuable insights into the exotic phys-
ical properties of this ferro-rotational system.

2. Results and discussions

The RbFe(SO4)2 single crystals were grown using the hydro-
thermal method [13]. Figures 1(A) and (B) illustrate the room-
temperature crystal structure (space group P3̄) of RbFe(SO4)2,
as determined by our previous synchrotron x-ray diffraction
experiments [13]. The crystal structure consists of alternat-
ing layers of SO4 tetrahedra, FeO6 octahedra, and Rb ions. In
RbFe(SO4)2, the SO4 tetrahedra exhibits a CCW or CW rota-
tion around the c-axis, resulting in the ferro-rotational order.
This ferro-rotational order breaks two mirror symmetries in
the ab-plane of the RbFe(SO4)2 crystals while maintaining
centrosymmetry. The centrosymmetric nature of RbFe(SO4)2
is further confirmed by our infrared absorption and Raman
spectroscopy results in figure 1(C). In centrosymmetric mater-
ials, the mutual exclusion principle dictates that vibrational
modes active in infrared are not active in Raman, and vice
versa. There is no overlap between the infrared absorption and
Raman spectra, confirming that RbFe(SO4)2 is centrosymmet-
ric at room temperature.

It is unclear whether any structural transitions occur below
room temperature. To address this, we conducted neutron dif-
fraction experiments on an RbFe(SO4)2 single crystal from
280 to 2 K using the BT4 diffractometer at the NIST Center
for Neutron Research. Figure 1(D) presents a contour map of
the intensity of the (110) nuclear peak as a function of tem-
perature and 2θ angles, while figure 1(E) shows the contour
map for the (003) nuclear peak. In these maps, red indicates

the highest intensity and blue the lowest. No peak splitting or
significant changes in peak intensity were observed between
280 and 5 K for both the (110) and (003) peaks, suggesting
that a long-range structural phase transition is unlikely in this
temperature range. However, the 2θ angles for both peaks shift
to higher values as temperature decreases, indicating that the
lattice parameters a and c contract upon cooling.

We extracted the temperature dependence of the a, c lat-
tice parameter, and the unit cell volume V, as shown in
figures 1(F)–(H). All three parameters—a, c, and V—decrease
with decreasing temperature, which is attributed to thermal
contraction. Notably, from 280 to 5 K, the a lattice para-
meter changes by only 0.2%, while the c lattice parameter
changes by 1%, five times more. This is characteristic of a
two-dimensional (2D) lattice structure. It has been sugges-
ted that the temperature dependence of the c lattice para-
meter in a 2D material (such as graphite) can be fitted using
a polynomial function: c(T) = c0 + c1T2 + c2T3 + c3T4

[15]. For RbFe(SO4)2, the fitted parameters are c0 = 8.19,
c1 = 2.72× 10−6, c2 =− 8.77× 10−9, and c3 = 1.06× 10−11.
The coefficients c1, c2, and c3 are about an order of mag-
nitude larger than those for graphite [15], indicating a more
pronounced thermal contraction and stronger interlayer van de
Waals forces in RbFe(SO4)2. The temperature dependences of
a and V can also be fitted with a similar polynomial, as indic-
ated by the red curves in figures 1(F) and (H). An additional
interesting feature is that below 4 K, both the c lattice para-
meter (see inset of figure 1(G)) and the unit cell volumeV show
a significant drop, which may be related to magnetic exchange
interactions between the 2D layers. The c lattice parameter
drops from 8.195 Å at 4 K to 8.188 Å at 1.6 K. In contrast,
the a lattice parameter remains nearly unchanged across the
magnetic ordering temperature TN ∼ 4 K. Despite the possib-
ility that the interlayer van der Waals forces in RbFe(SO4)2
are stronger than those in the well-known 2D graphite, the
temperature dependence of the c and a lattice parameters
still suggests that RbFe(SO4)2 is an excellent 2D layered
material.

Given the triangular arrangement of magnetic Fe3+ ions
and the 2D nature of the lattice structure, RbFe(SO4)2 is expec-
ted to exhibit strong magnetic frustration. To investigate this,
we measured the χ–T curve from 5 to 300 K, as shown on
the left axis of figure 2(A). The 1/χ–T curve is also plot-
ted on the right axis (in blue). We fitted the high-temperature
region (150–300 K) of the 1/χ–T curve using the Curie–
Weiss law: 1/χ = (T−θCW)/C. The Curie–Weiss temperat-
ure θCW ∼ −22.2 K and Curie–Weiss constant C ∼ 4.365
were obtained from the fit. The value of θCW is signific-
antly higher than the Néel temperature TN ∼ 4 K, confirm-
ing strong magnetic frustration, with a frustration ratio of
f = θCW/TN = 5.55. The Curie–Weiss temperature can be fur-
ther analyzed to determine J, the effective intralayer exchange
coupling constant, using the equation θCW = −zJS(S + 1)/3.
In this equation, S= 5/2 for Fe3+ ions, and z= 6 represents the
number of nearest neighbors. With θCW =−22.2 K, we calcu-
late J = 1.27 K for our sample. The Curie–Weiss constant can
be further analyzed to determine µeff, the effective magnetic
moment of Fe3+ ions, using the equation µeff = 2.828

√
C.
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Figure 1. (A) Room-temperature crystal structure of RbFe(SO4)2. (B) Crystal structure of RbFe(SO4)2 in the ab plane, with black arrows
highlighting the ferro-rotational distortions of SO4, which break the mirror reflection symmetries in the ab plane. (C) Infrared absorption
(blue) and Raman shifts (red) of an RbFe(SO4)2 crystal at room temperature. (D) Contour map of the neutron diffraction intensity for the
(110) nuclear peak as a function of temperature and 2θ angles. (E) Contour map of the neutron diffraction intensity for the (003) nuclear
peak. (F) Temperature dependence of the a lattice parameter with the fitted curve shown in red. (G) Temperature dependence of the c lattice
parameter with the fitted curve shown in red. The inset provides a close-up view of the data at low temperatures. (H) Temperature
dependence of the volume V with the fitted curve shown in red. For all the a, c, and V parameters, their uncertainties are smaller than the
symbol size.

With C ∼ 4.365, we calculate µeff = 5.909 µB which is very
close to the theoretical value for Fe3+ ions.

The ground state of a 2Dmagnetic triangular lattice is char-
acterized by moments aligned in the ab plane, forming a 120◦

configuration. Additionally, the ferro-rotational order breaks
the two mirror symmetries in the ab plane, potentially causing
the 120◦ configurations between neighboring layers to rotate
around the c-axis, resulting in a chiral helical magnetic struc-
ture at zeromagnetic fields [13]. To explore how this chiral hel-
ical magnetic structure evolves under external magnetic fields,
we measured the χ–T curves from 2 to 8 K under various
magnetic fields, with the fields applied along the ab plane of
RbFe(SO4)2. As shown in figure 2(B), with increasing mag-
netic field strength, the antiferromagnetic transition temperat-
ure TN shifts to lower values and is no longer visible at 6 T
within our measured temperature range. As TN is suppressed,
a second transition at a slightly higher temperature emerges.
This second transition shows a slight decreasing trend from 6
to 9 T, as seen in figure 2(B). These results suggest the emer-
gence of a new magnetic phase in the external magnetic field
range of 6–9 T.

To further confirm the magnetic field-induced transitions
in RbFe(SO4)2, we measured the M–H curves from 0 to 14 T
at various temperatures, with the field applied along the ab
plane, as shown in figure 2(C). At 1.8 K, a plateau and two
magnetic field-induced transitions are observed at Hc1 ∼ 6 T
and Hc2 ∼ 9 T in the M–H curve. These transitions are more
clearly visible in the first-order derivative dM/dH, as shown

in figure 2(D). At 1.8 K, two sharp peaks are observed at 6
and 9 T in the dM/dH curve. As the temperature increases,
the peak at 6 T (Hc1) shifts to a lower field, while the peak
at 9 T (Hc2) remains unchanged. By 5 K, in the paramagnetic
phase, both peaks at 6 and 9 T disappear in the dM/dH curve.
The plateau in theM–H curve and the two peaks in the dM/dH
curve are characteristic of a 2D triangular layered antiferro-
magnetic system [1, 12, 16–19]. It has been proposed that spin
fluctuations play a crucial role in stabilizing the magnetization
plateau [20, 21]. At higher temperatures, spin fluctuations are
expected to become more pronounced, leading to a lower Hc1,
which allows the plateau to remain stable over a broader range
of magnetic fields. On the other hand, the magnetic structure
exits the plateau state at Hc2, where the magnetic field energy
becomes dominant. As a result, Hc2 exhibits weak temperat-
ure dependence. We also performedM–H measurements with
the magnetic field applied along the c-axis at 1.8 K, as shown
in the inset of figure 2(C). With H // c, the plateau in the M–
H curve is absent. This is likely due to the strong single-ion
anisotropy, which induces easy-plane anisotropy. As a result,
when H // c, the M–H curve remains linear.

Based on our previous neutron diffraction study of the mag-
netic structure in RbFe(SO4)2 under zero magnetic field, the
magnetic ground state is a chiral helical 120◦ structure (Phase
I) [13]. As the magnetic field increases, the spins likely devi-
ate from the 120◦ configuration, transitioning to an antiparal-
lel alignment, resulting in a ferrimagnetic state (Phase II) and
an achiral collinear magnetic structure, as shown in the inset
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Figure 2. (A) Magnetic susceptibility as a function of temperature (χ–T) from 5 to 300 K for a RbFe(SO4)2 single crystal (left axis, black
curve). The blue curve represents 1/χ–T, and the red solid line indicates the fitted data. (B) χ–T curves measured from 2 to 8 K under
various magnetic fields. The inset shows the theoretically calculated temperature dependence of specific heat. (C) Magnetization as a
function of magnetic field (M–H) measured at different temperatures. Dashed lines mark the phase boundary, and the insets depict the
corresponding magnetic structures. The inset shows the M–H curve measured at 1.8 K with H // c. (D) First-order derivative dM/dH of the
M–H curves shown in (C), with dashed lines marking the phase boundary. All magnetic susceptibility and magnetic moment measurements
were taken with H//ab. (E) The illustration of the various exchange coupling constants in the adjacent Fe3+ triangular layers. Optimized
magnetic structure with a 6.5 T (F) and 13 T (G) magnetic field applied along the a-axis. The red circles in (F) and (G) highlight the
magnetic structures within a single unit cell for Phase II and Phase III, respectively.

of figure 2(C). Further increasing the magnetic field likely
aligns the spins more in the direction of the field, distorting
them into an achiral noncollinear magnetic structure (Phase
III), also illustrated in the inset of figure 2(C). To validate that
the magnetic structures of Phase II and Phase III are energet-
ically favorable, we consider the following spin-Hamiltonian
(per layer):

H= J1
∑
⟨i,j⟩

⇀

S i,p ·
⇀

S j,p+
∑
i

J2
⇀

S i,p ·
⇀

S i,p+1

+
∑

⟨⟨i,j,k⟩⟩

(
J3

⇀

S i,p ·
⇀

S j,p+1 + J4
⇀

S i,p ·
⇀

Sk,p+1

)

+ D
∑
i

Szi,pS
z
i,p− gµB

⇀

H ·
∑
i

⇀

S i,p.

As shown in figure 2(E), J1 > 0 is the intraplane nearest-
neighbor coupling constant (yellow bonds), J2 represents the
interplane nearest-neighbor coupling constant (red bonds),
while J3 (green bonds) and J4 (blue bonds) correspond to
two different next-nearest-neighbor interplane coupling con-

stants. D > 0 is the single-ion anisotropy constant, and
⇀

H is
the external magnetic field. Indices p label the crystal plane,
indices i and j indicate sites on the triangular lattice, with ⟨. . .⟩
indicating summation over nearest neighbors. Similarly, i, j,
and k label sites on the triangular layers, with ⟨. . .⟩ denoting

summation over interplane interactions. In this study, we used
the reported values of J1 = 0.086 meV and D = 0.027 meV
for the isostructural compound RbFe(MoO4)2, which were
determined by inelastic neutron scattering [12]. For our cal-
culations, we set J2 = 0.005 meV, J3 = 0.001 meV, and
J4 = 0.00128 meV. By minimizing the magnetic energy,
we optimized the magnetic structure of RbFe(SO4)2 in the
absence of a magnetic field. The optimized structure is a chiral
helical state with a propagation vector of (1/3, 1/3, 0.43),
which closely matches our previous neutron diffraction res-
ults below 4 K. This agreement indicates that the exchange
coupling constants we adopted for RbFe(SO4)2 are reason-
able. Furthermore, we employed the Monte Carlo method
based on the Metropolis–Hastings algorithm to calculate the
temperature dependence of the specific heat of RbFe(SO4)2
[22]. The calculated results, shown in the inset of figure 2(B),
exhibit a clear peak at 4 K, consistent with the Néel tem-
perature determined from the χ–T curve. This further sup-
ports the validity of the exchange coupling constants used
in our model. Next, we applied magnetic fields of 6.5 T
and 13 T along the a-axis and optimized the correspond-
ing magnetic structures. The results, displayed in figures 2(F)
and (G), are in good agreement with our proposed magnetic
structures for Phase II and Phase III, as shown in the inset
of figure 2(C). Our calculations thus confirm that the pro-
posed magnetic structures for Phase II and Phase III are
reasonable.
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Figure 3. (A) Electric polarization as a function of temperature (P–T) measured under various magnetic fields, with a +40 kV cm−1 poling
field. Magnetic fields were applied along the ab plane. (B) P–T curves measured under various magnetic fields, with a −40 kV cm−1 poling
field. Magnetic fields were applied along the ab plane. (C) Dielectric constant as a function of temperature (εr–T) measured under various
magnetic fields, with magnetic fields applied along the ab plane. (D) H–T phase diagram of RbFe(SO4)2, showing four distinct regions: I, II,
III, and IV.

In our previous work, we reported that RbFe(SO4)2 exhib-
its ferroelectric polarization below 4 K and a dielectric peak
at 4 K, both at zero external magnetic field [13]. The ferro-
electric polarization arises due to a key permutable Symmetry
Operational Similarity (SOS) relationship, expressed as
A ·C=P[23]. Here,A represents the ferro-rotational vector,
C denotes chirality, and P corresponds to electric polariza-
tion. This relationship indicates that when a ferro-rotational
object A interacts with chirality C (such as a chiral helical
magnetic structure), the resultant A ·C response manifests as
an electric polarization P. It also suggests that if the magnetic
structure loses its chirality, the ferroelectricity could be sup-
pressed. As suggested by the results in figure 2, when external
magnetic fields are applied along the ab plane of RbFe(SO4)2,
the chiral helical magnetic structure may be distorted into an
achiral structure, implying that the ferroelectric transition in
RbFe(SO4)2 could also be suppressed.

To confirm the effects of magnetic fields on the ferroelec-
tricity of RbFe(SO4)2, we measured the electric polarization
P along the c-axis of a RbFe(SO4)2 crystal as a function of
temperature (P–T) under various magnetic fields. Before the
measurements, the crystal was poled by an external electric
field during the cooling process. Figure 3(A) shows the P–T
curves obtained under a positive poling field of+40 kV cm−1.
At 1 T, consistent with the onset of helical magnetic order, P

begins to increase at the ferroelectric transition temperature
(TFE) of∼ 4 K. As the magnetic field increases, TFE gradually
decreases, and the ferroelectric phase transition is no longer
visible below 2 K when H > 6 T. To test the switchabil-
ity of P, the P–T curve was also measured under a negat-
ive poling field of −40 kV cm−1. As shown in figure 3(B),
the polarization P is symmetric and switchable, and the fer-
roelectric phase transition disappears when H > 6 T. These
observations strongly support the idea that the ferroelectri-
city of RbFe(SO4)2 arises from the interplay between mag-
netic chirality and ferro-rotational order. When the magnetic
field exceeds 6 T, the chiral helical magnetic structure becomes
achiral, leading to the disappearance of ferroelectricity. We
also measured the temperature dependence of the dielectric
constant εr. Figure 3(C) shows εr as a function of temperature
(εr–T). At 1 T, a peak is observed slightly below 4K in the εr–T
curve. With increasing magnetic field, this peak shifts to lower
temperatures and disappears above 2 KwhenH ⩾ 6 T, indicat-
ing a transition from the ferroelectric, chiral helical magnetic
phase I to the paraelectric, achiral ferrimagnetic phase II.

The results of the P–T, M–T, M–H, and εr–T curves are
summarized in the H–T phase diagram shown in figure 3(D).
Four distinct regions are clearly revealed. At low magnetic
fields and high temperatures (T > 4 K), the system is in the
paramagnetic and paraelectric phase (IV). At low magnetic

5
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fields (H < 6 T) and low temperatures (T < 4 K), it is in the
chiral helical magnetic and ferroelectric phase (I). Between 6
and 9 T, and below 5 K, the system transitions into the col-
linear ferrimagnetic and paraelectric phase (II). For magnetic
fields H > 9 T and below 5 K, the system enters the achiral
noncollinear magnetic and paraelectric phase (III).

3. Conclusions

In this work, we report the structural, multiferroic, and mag-
netic properties, as well as the phase diagram of RbFe(SO4)2, a
material that has not been extensively studied. Infrared absorp-
tion and Raman spectroscopy confirm the centrosymmetric
nature of the ferro-rotational phase of RbFe(SO4)2 at room
temperature. Neutron diffraction experiments on the nuclear
peaks reveal significant thermal contraction of the lattice and
confirm the absence of any long-range structural phase trans-
ition in RbFe(SO4)2 from 300 to 5 K. At T > 150 K, χ–
T measurements show that RbFe(SO4)2 is an ideal 2D tri-
angular antiferromagnetic lattice. At low temperatures, χ–T,
along with P–T and εr–T measurements under various mag-
netic fields, reveal four distinct phases in the H–T phase dia-
gram: (I) a ferroelectric and magnetic chiral helical phase
below 4 K and 6 T, (II) a paraelectric and magnetic collinear
phase below 4 K and above 6 T, (III) a paraelectric and mag-
netic non-collinear phase below 4 K and above 9 T, and (IV)
a paraelectric and paramagnetic phase above 4 K.M–H meas-
urements at 1.8 K indicate that as the magnetic field increases,
the chiral helical magnetic structure transitions to a collinear
achiral magnetic structure at 6 T, followed by the appearance
of a plateau between 6 and 9 T. Above 9 T, the magnetic struc-
ture likely transitions to an achiral, non-collinear configura-
tion. This study advances our understanding of the structural
properties, multiferroic properties, magnetic transitions under
magnetic fields, and the H–T phase diagram of RbFe(SO4)2,
providing valuable insights into the exotic physical properties
of this ferro-rotational magnet.

4. Experimental section

Single crystals of RbFe(SO4)2 were synthesized using the
hydrothermal method in a 50 ml Teflon-lined autoclave at
483 K [13]. The M–T curves were measured using a 9 T
Cryogen Free Measurement System (Cryogenic Limited), and
theM–H curves were measured using a 14 T Physical Property
Measurement System (Quantum Design). The dielectric con-
stant was determined at 1 kHz using an LCR meter (Keysight
E4980AL) and ferroelectric polarization was measured by the
pyro-current method with an electrometer (Keithley 6517B).
Neutron diffraction experiments were conducted at the BT4
triple-axis spectrometer (with a 2.36 Å wavelength) at the
NIST Center for Neutron Research. The optimization of the
magnetic structure and the Monte Carlo simulation of the
specific heat were performed using the Metropolis–Hastings
algorithm with the SpinW package [22].
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