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Anisotropic Magnetism and Magnetoelectric Coupling in Polar
Cluster Magnets BagLn;Fe 0,5 (Ln = La, Pr, Nd)

Takumi Shirasaki, Taichi Ishikawa, and Hideki Kuwahara
Sci. and Technol., Sophia University, Tokyo, 102-8554, Japan, t-shirasaki-dxx @eagle.sophia.ac.jp

We report on the single-crystal growth and magnetoelectric properties of the polar cluster magnets BagLn2Fe 015 (Lrn = La,
Pr, Nd). These single crystals enable us to clarify the intrinsic magnetic anisotropy and magnetoelectric response of this polar
cluster system, which remained elusive in previous polycrystalline studies [1]. Magnetization measurements reveal that the magnetic
anisotropy strongly depends on the Ln ion; the Pr system exhibits Ising-like anisotropy, while the Nd and La systems behave as
Heisenberg-like magnets. Additionally, in BagLa2Fe;1015, we discovered a significant magnetic-field-induced change in spontaneous
electric polarization. This electric polarization change emerges continuously with the magnetic phase transition from the cluster-
antiferromagnetic to the cluster-ferromagnetic phase. These findings demonstrate a sizeable magnetoelectric effect in a magnetic
cluster system whose spin structure can be readily tuned by an external magnetic field.

Index Terms—Crystal growth, Magnetoelectric effect, Polar magnet, Spin cluster

I. INTRODUCTION

OLAR MAGNETS, whose crystal structures break spatial

inversion symmetry even in the paramagnetic phase,
have attracted significant attention as candidate materials for
multiferroics and topological materials [2]. In this context,
cluster magnets composed of isolated magnetic units, such as
GaV,Sg, offer a unique platform [3]. These systems exhibit
complex magnetic responses originating from the hierarchy of
strong intra-cluster and weak inter-cluster interactions. When
such magnetic clusters reside within a polar crystal structure,
non-trivial magnetoelectric responses are anticipated.

To develop novel polar cluster magnets, we focused on
BagLnoFe 015 (Ln = La, Pr, Nd). This system crystallizes in
the polar space group P63mc at room temperature, forming
isolated FeyOq5 clusters consisting of one FeOg octahedron
and three FeO, tetrahedra (see Fig. 1). Due to the intra-
cluster super-exchange (J;) and super-super-exchange (Js)
interactions, Fe®* spins (S = 5/2) form a total cluster spin
St = 5 within the Fe 015 cluster. Consequently, a cluster-
antiferromagnetic (AFM) phase is realized, where the St
moments align collinearly in the c-plane [4]. Furthermore,
since the inter-cluster interactions are weaker than the intra-
cluster coupling, the cluster-AFM phase is easily destabi-
lized by an external magnetic field, leading to a cluster-
ferromagnetic (FM) phase with aligned St moments [5].
Symmetry analysis predicts that while the linear magnetoelec-
tric tensor vanishes in the cluster-AFM phase, a finite off-
diagonal component az; emerges in the cluster-FM phase.
Although magnetocapacitance effects have been observed in
polycrystalline BagNdaFe 015 [1], the intrinsic magnetoelec-
tric properties remain unclear. We synthesized single crystals
of BagLnyFe 015 to investigate the detailed magnetic and
magnetoelectric properties of this unique system hosting both
polar crystal structure and magnetic clusters.

II. EXPERIMENTAL

Polycrystalline samples of BagLnsoFe O15 (Ln = La, Pr, Nd)
were prepared by a solid-state reaction method. Stoichiometric

Fe,O;5 Cluster

Fig. 1. Crystal structure of BagLnaFe4O15 (Ln = La, Pr, Nd) drawn using
VESTA [6]. The Fe4O15 cluster (circled by the dashed line) consists of one
FeOg octahedron and three FeO4 tetrahedra. J; and Jo denote the nearest-
neighbor and next-nearest-neighbor exchange interactions, respectively.

amounts of BaCOs, Ln,O3 (Ln = La, Nd), PrgO41, and Fe;O3
were mixed and sintered at 1000 °C for 72 h with intermediate
grindings every 24 h. The powder was pressed into a rod and
then calcined at 1000 °C for 24 h. Single crystals were grown
by the optical floating-zone technique. The growth rate was
2 mm/h in a 3 atm Ny atmosphere. The feed rod speed was
maintained at 3 mm/h to stabilize the molten zone. Powder
X-ray diffraction measurements (D8 Advance, Bruker AXS)
and Rietveld analysis confirmed that the obtained crystals are
single-phase, with no detectable impurity peaks. Crystal ori-
entation was determined by the back-reflection Laue method
(IPX-YGR, IPX). Magnetic properties were measured using
the Vibrating Sample Magnetometer (VSM) option of a Phys-
ical Property Measurement System (PPMS, Quantum Design).
The magnetic field dependence of electric polarization was
evaluated by integrating the displacement current measured
using a picoammeter (6487, Keithley).

III. RESULTS

Figure 2 shows the temperature dependence of magneti-
zation. Antiferromagnetic transitions were observed at Ty =
13 K (La), 17 K (Nd), and 22 K (Pr), which are consistent
with previous studies on polycrystalline samples [4]. In the
BagNd;Fe 015, a subtle anomaly was observed at 12 K for
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Fig. 2. Temperature dependence of magnetization for single-crystalline

BagLnoFe 015 measured under zero-field-cooled (ZFC) conditions. Solid and
open symbols correspond to H L ¢ and H || ¢, respectively.

H 1 c. A similar anomaly was reported in the previous
polycrystalline study, but its origin remains unclear [1]. A
significant magnetic anisotropy was observed between the
magnetization along the c-axis (H | ¢) and the c-plane
(H L c¢). This anisotropy is most pronounced for Ln =
Pr, indicating that the Ln ion species strongly influences the
magnetic anisotropy. Furthermore, a divergence between zero-
field-cooled (ZFC) and field-cooled (FC) magnetization was
observed for H L c (not shown here), suggesting the presence
of a weak ferromagnetic component or the coexistence of
cluster-AFM and cluster-FM phases.

Figure 3 displays the magnetic field dependence of mag-
netization and electric polarization change (AP) for the
BagLasFe 015 with H L c. As shown in the upper panel,
the magnetization exhibits a non-linear increase below 3 T,
attributed to the reorientation of the cluster spins from the
AFM to the FM state. Crucially, this magnetic phase transition
is accompanied by a non-linear change in spontaneous electric
polarization (lower panel). Unlike a metamagnetic transi-
tion often seen in anisotropic antiferromagnets, the present
magnetic-field-induced transition is accompanied by a continu-
ous change in A P. This continuous evolution suggests that the
transition from the cluster-AFM to the cluster-FM phase is not
a sharp first-order transition but rather exhibits a crossover-like
behavior involving continuous spin reorientation. Furthermore,
in the high magnetic field region above 2 T, AP exhibits
a linear dependence on the magnetic field. This behavior is
consistent with the presence of the off-diagonal linear magne-
toelectric tensor component as3;, as allowed by the magnetic
point group symmetry of the magnetic-field-induced cluster-
FM phase. The magnitude of AP reaches approximately 80
puC/m? at 8 T, and the magnetoelectric coefficient is estimated
to be ag; = 4.8(4) ps/m in the field range above 2 T at
5 K. Unlike typical collinear antiferromagnets, the magnetic
structure of this system can be easily modulated by a magnetic
field due to the weak inter-cluster interactions, enabling non-
linear control of the electric polarization via the magnetic field.
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Fig. 3. Magnetic field dependence of (upper panel) magnetization and (lower
panel) electric polarization change for single-crystalline BagLazFe4O15 with
H1lec
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