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Leveraging the flexible material designability of organic-inorganic hybrid systems, spatial inversion symmetry
breaking and spin-orbit coupling (SOC) were simultaneously controlled in a series of two-dimensional organic-
inorganic hybrid perovskite (2D-OIHP) copper halides with ferromagnetic exchange interaction (FMI). In chiral
molecule-incorporated 2D-OIHP copper halides, an increase in Br component over Cl component at halogen
sites leads to systematic variations in magnetic phase diagrams owing to the competition between the FMI
and Dzyaloshinskii-Moriya interaction induced by the SOC. The crucial role of noncentrosymmetry in the
competition for the magnetic interactions was confirmed by comparing the magnetic phase diagrams of chiral
and achiral 2D-OIHP copper bromides.
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I. INTRODUCTION

Spin-orbit coupling (SOC) in noncentrosymmetric systems
has opened up various avenues for research on novel spin-
related phenomena. For example, SOC has been found to
induce spin-momentum locking states by the Rashba effect
in noncentrosymmetric semiconductors [1,2], nonreciprocal
directional charge transport in chiral/polar conductors [3–7],
and gigantic magnetoelectric effect in multiferroics with spi-
ral spin structures [8–12]. In addition, noncentrosymmetric
ferromagnetic spin systems are promising candidates for re-
alizing noncollinear/noncoplanar spin states characterized by
long-period magnetic modulation vectors, such as helical spin
structures [13,14] and magnetic skyrmions [15–18], through
the competition between ferromagnetic exchange interaction
(FMI) and the Dzyaloshinskii-Moriya interaction (DMI) orig-
inating from SOCs. They have recently attracted attention
as a platform for investigating emerging electromagnetic re-
sponses, such as the topological Hall effect [19,20] and
magnetochiral electrical transport [21,22].
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Two-dimensional organic-inorganic hybrid perovskite
(2D-OIHP) emerges as a promising platform for designing
noncentrosymmetric ferromagnetic spin systems. In 2D-
OIHPs, the spatial inversion symmetry can be intentionally
broken by incorporating chiral molecules into the van der
Waals gap between the inorganic layers [Figs. 1(a) and
1(b)]. To date, chiral molecule-incorporated 2D-OIHPs have
been reported to exhibit various types of noncentrosymmetry-
induced physical phenomena, such as circular dichroism
[23–25], circularly polarized luminescence [24–27], ferro-
electricity [28], bulk photovoltaic effect [29,30], circular
photogalvanic effect [31,32], chirality-induced spin selectiv-
ity [33–35], and nonreciprocal directional dichroism [36,37].
In the design of magnetic systems, spins can be introduced
into 2D-OIHPs using transition metal ions, such as Cu2+,
Cr2+, Mn2+, and Fe2+, as components of the inorganic layers
in the 2D-OIHPs [36–40]. In particular, 2D-OIHP copper
halides exhibit ferromagnetism owing to their orbital or-
dering, which is characterized by an orthogonal 3d-orbital
arrangement [Figs. 1(c) and 1(d)] [41,42]. Therefore, chiral
molecule-incorporated 2D-OIHP copper halides are suitable
for exploring the nontrivial long-periodic magnetic phases
produced by the competition between the FMI and DMI.

In this study, we demonstrate that the strength of SOC
can be tuned in chiral-molecule-incorporated 2D-OIHP cop-
per halides by replacing halogen atoms with larger atomic
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FIG. 1. Crystal structures projected along the a axis of
(a) (R-MPA)2CuBr4 and (b) (S-MPA)2CuBr4. [CuBr4]2− layer
structures along the c axis of (c) (R-MPA)2CuBr4 and (d)
(S-MPA)2CuBr4. The crystal structures of (R-MPA)2CuBr4 and
(S-MPA)2CuBr4 were measured at 30 K. Blue, orange, brown, and
gray atoms represent Cu, Br, C, and N, respectively. Hydrogen atoms
are omitted for clarity. Molecular cation structures of (e) R-MPA+

and (f) S-MPA+.

number. As the competition between FMI and DMI is intensi-
fied, systematic magnetic phase changes have been observed
from the ferromagnetic phase of 2D-OIHP copper chlo-
rides to multiple magnetic-order phases of 2D-OIHP copper
bromides. In addition, the magnetic phase diagrams of the
noncentrosymmetric and centrosymmetric 2D-OIHP copper
bromides have been compared to confirm the origin of the
magnetic phase variation.

II. EXPERIMENTAL

A. Synthesis of chiral molecule-incorporated
2D-OIHP copper halides

The developed chiral-molecule-incorporated 2D-OIHP
copper halides are (R-MPA)2Cu(Cl1−xBrx )4 (x = 0, 0.25, 0.5,
0.75, 1), (S-MPA)2CuBr4, and deuterated (R-MPA)2CuBr4

(D-R-MPA-Br), where R/S-MPA+ represents (R/S)-β-
methylphenethylammonium ion [Figs. 1(e) and 1(f)].
Platelike yellow single crystals of (R-MPA)2CuCl4 (x = 0)
were grown according to a procedure reported in our
previous study [37]. Platelike dark-violet single crystals of
(R/S-MPA)2CuBr4 (x = 1) were grown by evaporating a
mixture of an aqueous HBr solution of CuBr and a methanol
solution of (R/S)-β-methylphenethylamine. Single crystals of
the solid-solution compounds of chloride and bromide, such
as (R-MPA)2Cu(Cl1−xBrx )4 (x = 0.25, 0.5, and 0.75), were
grown by a procedure similar to that for x = 1, using a mixed
solution of HCl and HBr. The single crystals of D-R-MPA-Br
were synthesized similarly to x = 1, using 36% deuterated

(R)-β-methylphenethylamine, d4-methanol, and 48% DBr
solution in D2O instead of (R/S)-β-methylphenethylamine,
methanol, and HBr aqueous solution, respectively. In
addition, an achiral molecule-incorporated 2D-OIHP copper
bromide named (PPA)2CuBr4 (PPA-Br), where PPA+
represents a 3-phenylpropylammonium ion, was synthesized
for comparison with the chiral molecule-incorporated
2D-OIHP bromide. The single crystals of PPA-Br were
synthesized by a procedure similar to that for the
sample of x = 1 but with 3-phenylpropylamine instead
of (R/S)-β-methylphenethylamine. The crystal structures
were confirmed by single-crystal x-ray diffraction analysis
of (R/S-MPA)2Cu(Cl1−xBrx )4 (Tables S1–S7 in the
Supplemental Material [43]), D-R-MPA-Br (Tables S8 and S9
in the Supplemental Material), and PPA-Br (Table S10 in the
Supplemental Material). Refinement of cell parameters and
data reduction were performed with the CrysAlisPro software
package [44]. The crystal structures of (R/S-MPA)2CuBr4

at low temperatures were measured at BL-8B of the Photon
Factory, High Energy Accelerator Research Organization
(KEK), and at BL02B1 of SPring-8. Refinement of cell
parameters and data reduction were performed with the
RAPID software package. Crystal structures were solved
by direct methods (SHELXT) [45] and refined using the
OLEX crystallographic software package with full-matrix
least-squares F 2 values [46].

The powder x-ray diffraction (PXRD) pattern was col-
lected using a RIGAKU Ultima IV diffractometer with Cu
Kα radiation (λ = 1.5418 Å) at room temperature. It was
confirmed that the samples used in this study were in single
phase by checking that the observed PXRD patterns coincide
with the calculated patterns from the crystal structures ob-
tained from the single-crystal structural analyses (Fig. S1 in
the Supplemental Material [43]).

B. Magnetic measurements

Magnetization and alternating current (AC) magnetic
susceptibility measurements were conducted on the single
crystals using a quantum-design superconducting quantum
interference device magnetometer (MPMS-XL). Magnetiza-
tion and AC magnetic susceptibility were measured between
2 and 20 K under magnetic fields parallel and perpendicular
to the ab plane, which in turn was parallel and perpendicular
to the [CuX4]2− layer (X = Cl, Br) of the 2D-OIHP copper
halides. Direct current (DC) magnetic susceptibility measure-
ments were performed with the polycrystal samples in 1000
Oe between 2 and 300 K.

C. Neutron diffraction measurements

Neutron diffraction measurements were conducted for
the single crystals of D-R-MPA-Br (∼7 mm × ∼4 mm ×
∼300 µm) at 0 Oe in the temperature range of 4.3–16 K
using the time-of-flight neutron diffractometer SENJU, in-
stalled at the Materials and Life Science Experimental
Facility (MLF), Japan Proton Accelerator Research Complex
(J-PARC), Japan. To investigate multiple magnetic phases ap-
pearing below 10 K in the magnetic field range of 0–800 Oe,
magnetic modulation vectors (Q) were sought by measuring

024409-2



TUNING OF SPIN-ORBIT COUPLING IN CHIRAL … PHYSICAL REVIEW MATERIALS 8, 024409 (2024)

the small-angle neutron scattering (SANS) profiles for the
single crystals of D-R-MPA-Br around Q = 0 on TAIKAN at
J-PARC [47].

III. RESULTS AND DISCUSSION

A. Structural analysis of (R/S-MPA)2Cu(Cl1−xBrx)4

Figures 1(a) and 1(b) show the low-temperature crystal
structures of (R/S-MPA)2CuBr4 at 30 K. Theses crystal struc-
tures are almost unchanged from that at 103 K. (Figs. S2,
S3 and Tables S11, S12, and S13 in the Supplemental
Material). Similar to the previously reported structures of
(R/S-MPA)2CuCl4 [37], they have been confirmed to possess
2D-OIHP structures and belong to the triclinic space group
P1, exhibiting both chirality and polarity (Tables S1 and S2 in
the Supplemental Material). One of the characteristics is that
the nearly square lattice appears in the CuX2 plane as found
in the cell parameters of a, b and γ of (R/S-MPA)2CuX4
(X = Cl, Br) (Figs. S2(a), S2(c) and Tables S1, S2) although
the overall symmetry of the crystal structures is low: a tri-
clinic structure. It is also noteworthy that the bond angles
of �Cu-Br-Cu in CuBr2 plane of (R/S-MPA)2CuBr4 are
almost identical to those of �Cu-Cl-Cu in CuCl2 plane of
(R/S-MPA)2CuCl4 [Fig. S3(a) and Tables S11, S12, and S13
in the Supplemental Material]. On the other hand, the bond
length of Cu–X (X = Cl, Br) and the atomic distance between
the neighboring Cu ions are longer in X = Br compared with
those in X = Cl, reflecting difference of ionic radius between
Br− and Cl−.

The atomic arrangements in the unit cells formed
an inversion relationship between (R-MPA)2CuBr4 and
(S-MPA)2CuBr4 [Figs. 1(a) and 1(b)]. (R/S-MPA)2CuBr4
has an alternative stacking mode consisting of inorganic
[CuBr4]2− layers with corner-sharing CuBr6 octahedra and
double layers of R/S-MPA+ along the c axis [Figs. 1(a) and
1(b)]. The R/S-MPA+ ions are connected with the [CuBr4]2–

layers through N−H···Br hydrogen bonds. Reflecting the
Jahn-Teller effect of the 3d-hole orbitals of the Cu2+ ions, the
local coordination of CuBr6 in (R/S-MPA)2CuBr4 consists
of two short and two long in-plane Cu–Br bonds and two
short out-of-plane Cu–Br bonds [Figs. 1(c), 1(d), and S4 in
the Supplemental Material]. In the [CuBr4]2− layer, the elon-
gated diagonal Br–Cu–Br bonds and compressed diagonal
Br–Cu–Br bonds in the CuBr6 octahedra are arranged alterna-
tively almost along the [110] or [1–10] directions [Figs. 1(c),
1(d), and S4 in the Supplemental Material]. The bond angle
of �Cu-Br-Cu along the [110] is ∼180◦ (Table S11 in the
Supplemental Material), indicating that CuB6-octahedra do
not rotate within the [CuBr4]2− layer around the c∗ axis.
On the other hand, the bond angle of �Cu-Br-Cu along
[1–10] is ∼169 ° (Table S11 in the Supplemental Material),
producing polar deformation along the [110] as similar with
(R/S-MPA)2CuCl4 (Figs. S4 and S5 in the Supplemental Ma-
terial) [37].

Figures 2(a)–2(e) show the crystal structures of the solid
solutions produced by halogen atom substitution, specifi-
cally (R-MPA)2Cu(Cl1−xBrx )4 (x = 0, 0.25, 0.5, 0.75, and 1),
at 293 K. Every composition of the compound has been
checked to maintain the 2D-OIHP structure and triclinic space
group P1 (Tables S1–S7 in the Supplemental Material). In
addition, the crystal structure of x = 1 has been confirmed
to be consistent with that reported at 300 K [48]. In the Br-

FIG. 2. Crystal structures at 293 K, projected along the a axis of
(R-MPA)2Cu(Cl1−xBrx )4 for (a) x = 0, (b) x = 0.25, (c) x = 0.5, (d)
x = 0.75, and (e) x = 1. Yellowish green atoms represent Cl.

substituted compounds (x = 0.25, 0.5, 0.75, and 1), there is
a buckling of Cu(Cl1−xBrx )6-octahedra within the inorganic
[Cu(Cl1−xBrx )4]2− layers around 293 K, which is induced
mainly by rotation of Cu(Cl1−xBrx )6-octahedra around the
[1–10] axis [Figs. 2 and S6(c) in the Supplemental Ma-
terial]. In particular, the detail structural parameters of
(R-MPA)2CuBr4 (x = 1) at 293 K are summarized in Tables
S14 and S15 in the Supplemental Material. Among them, the
buckling of CuBr6-octahedra around the [1–10] axis appears
as deviation from 180 ° in the bond angles of �Cu-Br-Cu
along [110] in (R-MPA)2CuBr4 (x = 1) (Table S14 in the
Supplemental Material). However, this buckling is found to
be suppressed by lowering temperature for x = 1, as shown in
Figs. 1(a) and S6(d) in the Supplemental Material: The bond
angles of �Cu-Br-Cu along [110] changes to ∼180 ° below
103 K [Fig. S3(a) and Tables S11 and S12 in the Supplemental
Material].

B. Magnetic characteristics of (R-MPA)2CuCl4 (x = 0)

As reported in the previous studies [36,37], x = 0 exhibits
ferromagnetic characteristics. When a magnetic field (H) of
1000 Oe is applied parallel and perpendicular to the ab plane,
the magnetization (M) rapidly increases below ∼7 K, as
shown in Figs. 3(a) and S7 in the Supplemental Material.
The H dependence of M is quite soft magnetic, and hys-
teresis curve in the H parallel to the ab plane could not be
observed despite the measurements at a fine field step of 5
Oe (Fig. S8 in the Supplemental Material). The DC magnetic
susceptibility (χ ) measured for polycrystalline sample follows
the Curie-Weiss law with a positive Weiss temperature (θw),
indicating ferromagnetic exchange interaction (Fig. S9 in the
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FIG. 3. Magnetization of (R-MPA)2CuCl4 (x = 0). (a) Tempera-
ture dependence of magnetization in a magnetic field of 1000 Oe,
parallel to the ab plane. (b) Magnetic field dependence of mag-
netization at 2 K. Red- and blue-closed circles represent the
magnetizations in the H-parallel and the H-perpendicular configu-
rations, respectively.

Supplemental Material). The θw estimated by the fitting for
the 1/χ above 150 K is 24.4 K, and the effective moment
is 1.66 μB, which is close to the value 1.5 μB expected from
Cu2+ (S = 1/2).

Figure 3(b) shows the H dependence of M for x = 0 at 2
K, with H applied parallel and perpendicular to the ab plane
(defined as H-parallel and H-perpendicular configurations
hereafter). In the H-parallel configuration, the M immediately
saturates to the value for the full magnetic moment of Cu2+

with S = 1/2 (1 μB/Cu) at approximately 1000 Oe. Magnetic
anisotropy within the ab plane were confirmed to be negligible
by comparing the H dependence of M in [110] and that in
[1–10] (Fig. S10 in the Supplemental Material). In contrast,
the M saturates to 1 μB/Cu at approximately 2400 Oe in the
H-perpendicular configuration. These facts indicate an easy
plane magnetic anisotropy in x = 0.

The magnetic anisotropy also appears in the AC magnetic
susceptibilities. Figures 4(a) and 4(b) show the temperature
dependence of the real part of AC magnetic susceptibilities
(χ ′) for the H-parallel and H-perpendicular configurations,
respectively. In the H-parallel configuration, a single peak
anomaly was observed at each H in the range of 4–7 K,
below 1000 Oe. Because the peak position coincides with
the temperature at which M begins to increase [Figs. 3(a)
and 4(a)], the positions of the peak anomalies in χ ′ should
correspond to the temperature at which a magnetic phase
transition from the paramagnetic to the ferromagnetic (FM)
phase occurs. In contrast, the peak anomaly separates into
two cusps above 200 Oe in the H-perpendicular configuration.
In the H dependence of χ ′, broad shoulder anomalies were
observed at approximately ±400 and ±1000 Oe at 4 and 2 K,
respectively, in addition to a sharp peak at 0 Oe due to the FM
order [Fig. 4(c)].

Figures 5(a) and 5(b) show the magnetic phase diagrams
for x = 0 at the peak/cusp positions of χ ′. As shown in
Fig. 5(a), the FM phase appears below 4–7 K, and the region
of the FM phase expands with the increasing strength of H
parallel to the ab plane. In contrast, another phase, named the
spin-flopped ferromagnetic (SF) phase, appears above 200 Oe
in the H-perpendicular configuration, as shown in Fig. 5(b).
Considering that x = 0 has an easy plane magnetic anisotropy
and the M immediately saturates to the value of the full
moment of Cu2+ (1 μB/Cu) in the H-parallel configuration
as shown in Fig. 3(b), FM spins should exist mainly in the
ab plane in the FM phase. On the other hand, although the
higher H is necessary for M saturation than that in the H-
parallel configuration, the M rapidly saturates to 1 μB/Cu
also in the H-perpendicular configuration. Thus, the SF phase,
which appears in the H-perpendicular configuration, could be
a magnetic-field-induced FM phase, in which FM spins are
speculated to be flopped from the ab plane. In fact, a metam-
agneticlike change of slope is found around 1000 Oe, where

FIG. 4. Real part of AC magnetic susceptibility (χ ′) of (R-MPA)2CuCl4 (x = 0). Temperature dependence of χ ′ measured in the (a)
H-parallel and (b) H-perpendicular configurations. (c) Magnetic field dependence of χ ′ measured in the H-perpendicular configuration. The
closed black triangles in (a)–(c) show the peak/cusp positions used for producing the magnetic phase diagrams.

024409-4



TUNING OF SPIN-ORBIT COUPLING IN CHIRAL … PHYSICAL REVIEW MATERIALS 8, 024409 (2024)

FIG. 5. Magnetic phase diagrams of (R-MPA)2CuCl4 (x = 0) in
the (a) H-parallel and (b) H-perpendicular configurations. FM, PM,
and SF in the phase diagram represent the ferromagnetic phase,
paramagnetic phase, and spin-flopped ferromagnetic phase, respec-
tively. The closed circles and open diamonds represent the peak/cusp
anomaly positions observed in the temperature and magnetic field
dependence plots of χ ′, respectively.

χ ′ has a bump structure, in magnetization at 2 K (Fig. S11 in
the Supplemental Material). However, since the observed vari-
ation is so small, it is speculated that the crossover like gradual
spin direction change between two-types of spin canted phase
would occur in the spin-flop transition of x = 0.

C. Magnetic characteristics of (R-MPA)2CuBr4 (x = 1)

Considering the alternating alignment of the elon-
gated/compressed Br–Cu–Br bonds within the [CuBr4]2−

layer [Figs. 1(c) and 1(d)], the FMI, which is induced by
the orbital ordering of orthogonal Cu 3d-hole orbitals,
should appear also in x = 1. Figures 6(a) and 6(b) show the
temperature dependence of M for x = 1 in the H-parallel and
H-perpendicular configurations, respectively. As expected
from FMI, a rapid growth of M is observed below ∼10 K in
both the H-parallel and the H-perpendicular configurations
(Fig. 6). In addition, a positive Weiss temperature, θw =
34.4 K, is also observed in χ measured for polycrystalline
sample as in x = 0 (Fig. S12 in the Supplemental Material).
The effective moment estimated from Curie-Weiss fitting
above 150 K is 1.68 μB, which is close to the value 1.5 μB

expected from Cu2+ (S = 1/2). Similar to x = 0, easy

FIG. 6. Temperature dependence of magnetization for
(R-MPA)2CuBr4 (x = 1). Magnetization measured in the (a)
H-parallel and the (b) H-perpendicular configurations.

plane magnetic anisotropy is also found in the temperature
and magnetic field dependence of M (Figs. 6 and S13
in the Supplemental Material). In the H-perpendicular
configuration, the cusp/bending shape anomalies appear in the
temperature dependence of M for x = 1 at ∼6 K [Fig. 6(b)].
The H dependence of M is quite soft magnetic, and hysteresis
curve in the H-parallel configuration to the ab plane could
not be observed also in x = 1 (Fig. S14 in the Supplemental
Material).

To investigate the characteristics of the magnetic anomalies
in the low H range, χ ′ was measured for x = 1 in the H-
perpendicular configuration. Figures 7(a) and 7(b) show the
temperature dependence of χ ′ with an H below 1000 Oe. In
contrast to x = 0, the behavior of χ ′ for x = 1 below 300 Oe
is far more complicated [Figs. 7(a) and 7(b)]. In detail, two
peak anomalies are observed at ∼6 and 9 K at 0 Oe, whereas
an additional peak appears at a lower temperature in the H
range from 100 Oe to 225 Oe [Fig. 7(a)]. Upon increasing
H , the number of peak anomalies decrease to two at 300 Oe
and one above 400 Oe [Fig. 7(b)]. We have also measured the
H dependence of χ ′, where two types of peak anomalies are
observed at 0 Oe and in the |H| range of 240–340 Oe, below
8 K [Fig. 7(c)].

Comparing the χ ′ of x = 1 with that of x = 0 under an out-
of-plane H , the number of peak anomalies increases in the low
H regime for x = 1. This phenomenon indicates that multiple
magnetic phases exist at x = 1 along with several succes-
sive magnetic phase transitions, whereas only a ferromagnetic
phase transition occurs at x = 0 with an H below ∼200 Oe.
In perovskite analogs of transition metal compounds, it is
known that the changes of structural parameters, such as
bond angle and bond length etc., could affect the magnetic
exchange interactions, producing multiple magnetic phases as
observed in (R-MPA)2CuBr4. In this study, we considered the
four possible mechanisms and attributed the appearance of
multiple magnetic phases to the competition between the FMI
and DMI.

As the first possible mechanism, insulator-metal transition
could be mentioned as a simple possible origin of magnetic
phase change [49], since bond angles of �M-X -M (M :
transition metal, X : ligand atom) and bond length of M-X
modulate bandwidth of the compounds. However, in the case
of (R-MPA)2CuX4 (X = Cl, Br), because the bond angles
of �M-Cu-M is almost same between the chloride (x = 0)
and the bromide (x = 1) as shown in Tables S16 and S17,
and both compounds are insulator, the scenario based on the
insulator-metal transition is not applicable.

The second possible scenario includes competing interac-
tions between superexchange interaction and double exchange
interaction that is well-known in the hole-doped perovskites of
manganese oxides [50]. In this case, the phase stability of the
antiferromagnetic (AFM) insulating state with charge-orbital
order and FM metallic state compete with each other and
afford complex multiple phases depending on the bond angles
of �Mn-O-Mn and hole concentration. However, taking into
account that the double exchange interaction is an interaction
that appears in a mixed valence state with localized spins in t2g

orbitals, such as Mn3+ and Mn4+, this mechanism also cannot
be applied to (R-MPA)2CuX4 (X = Cl, Br) because R-MPA+
is monovalent organic cation, and the valence of copper ions
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FIG. 7. Real part of AC magnetic susceptibility (χ ′) of (R-MPA)2CuBr4 (x = 1) in the H-perpendicular configuration. Temperature
dependence of χ ′ for magnetic fields in the range of (a) 0–225 Oe and (b) 300–1000 Oe. (c) Magnetic field dependence of χ ′ at 1.8–10.0 K.
The closed black triangles in (a)–(c) show the peak/cusp positions used for producing the magnetic phase diagram.

is divalent (Cu2+) with only one-hole in e-orbital for both
chloride and bromide.

As the third mechanism producing multiple magnetic
phases in insulating transition metal compounds with uniform
valent transition metal ion, we can mention the competition
between the nearest neighbor FM and the next nearest neigh-
bor AFM interactions that is found in perovskite RMnO3 (R:
rare earth) [51]. In this mechanism, the variation of �Mn-
O-Mn in MnO2 plane induced by the in-plane rotation of
MnO6-octahedra changes the orbital overlap of the orthogonal
orbital ordering state with FM interaction between nearest
neighboring Mn sites. The modulation of orbital overlap pro-
duces additional AFM interaction between the next nearest
neighboring Mn sites, generating competition between FM
and AFM interactions. In such frustrated situation, long period
magnetic structures, such as sinusoidal and spiral spin struc-
tures, are possible and experimentally observed in RMnO3.
In the case of (R-MPA)2CuX4 (X = Cl, Br), this mechanism
could become the origin forming multiple magnetic phases.
However, as displayed in Figs. S4, S5, and Tables S11, S12,
and S13, since no in-plane rotation of CuX6 octahedra in the
[CuBr4]2− layer occurs in (R-MPA)2CuX4 (X = Cl, Br), this
mechanism can be also excluded as an origin of observed
multiple phases.

Considering these facts, the difference of χ ′ behavior
between x = 0 and x = 1 at low H could be attributed to the
generation of multiple magnetic phases induced by compe-
tition between the FMI and DMI. Taking into account that
the DMI originates from the combination of exchange inter-
actions and SOC, the DMI is expected to be more pronounced
with a stronger SOC for x = 1 with a larger-atomic-number
halogen (Br) than that for x = 0 (Cl). Although the halogens,
such as Br and Cl, are nonmagnetic ligand atoms, we can
find the hybridization of Cu d-orbital and halogen p-orbital

in the valence band reported by first-principles calculation for
2D-OIHP Cu halides [52,53]. In fact, d-p hybridization effect
for Cu and halogen atoms could be also found in the mag-
netic characteristics in experiments. For example, although
the Cu-Cu distance of bromide (x = 1) is longer than that of
chloride (x = 0) as shown in Tables S12 and S13, the bromide
(x = 1) has the higher magnetic transition temperature and the
Weiss temperature than those of the chloride (x = 0) as dis-
played in Figs. 4(a), 7(a), S9, and S12: the magnetic transition
temperature are ∼4 K (x = 0) and ∼9 K (x = 1) and Weiss
temperature are 24.4 K (x = 0) and 34.4 K (x = 1). Taking
into account that the bond angles of �Cu-X -Cu are almost
same for the chloride (x = 0) and the bromide (x = 1) as
shown in Fig. S3(a) and, Tables S12, S13, the observed results
could be attributed to the presence of orbital hybridization be-
tween Cu and ligand halogen atoms. Therefore, the electronic
states of magnetic Cu ions should be also affected by the SOC
change in halogen atoms through the d-p orbital hybridizarion
between Cu and halogen atoms, leading to DMI enhancement.

The FMI aligns the spins in parallel to form a collinear spin
structure, whereas the DMI attempts to tilt the spins to form
a noncollinear/noncoplanar spin structure. Hence, the two in-
teractions are expected to compete with each other to form
complicated long-period magnetic structures such as helical
spin structures [13,14] and magnetic skyrmions [15–18].

D. Magnetic phase change of (R-MPA)2Cu(Cl1−xBrx)4

The systematic tunability of the SOC strength was
achieved by changing the substitution ratio of Cl to Br in
(R-MPA)2Cu(Cl1−xBrx )4. Figures 8(a), 8(b), and 8(c) show
the temperature dependence of χ ′ in the H-perpendicular
configuration for x = 0.25, x = 0.5, and x = 0.75, respec-
tively. Similar to x = 0, a single peak anomaly appears below
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FIG. 8. Temperature dependence of the real part of AC magnetic susceptibility (χ ′) of (R-MPA)2Cu(Cl1−xBrx )4 for (a) x = 0.25,
(b) x = 0.5, and (c) x = 0.75 in the H-perpendicular configuration. The closed black triangles in (a)–(c) show the peak/cusp positions used for
producing the magnetic phase diagrams.

200 Oe and separates into two peaks above 300 Oe in x = 0.25
[Fig. 8(a)]. Upon further substitution of Cl with Br, an addi-
tional peak appears at approximately 3 K below 300 and 150
Oe in the χ ′ of x = 0.5 and x = 0.75, respectively [Figs. 8(b)
and 8(c)]. Specifically, the characteristics of χ ′ of x = 0.5
seems to be a combination of those for x = 0 and x = 1. In
x = 0.5, multiple peak anomalies, which are similar to x = 1,
appear below 300 Oe. On the other hand, the peak around 7 K
for x = 0.5 below 200 Oe seems to split into two peaks above
300 Oe as observed for the single peak at approximately 4 K
for x = 0 [Fig. 8(b)]. However, the features of χ ′ in x = 0.75
are analogous to those of x = 1; the number of peak anomalies
for x = 0.75 increases from two to three and reduces to one
as the applied H increases [Fig. 8(c)].

The magnetic phase diagrams, which are produced based
on the peak/cusp positions in χ ′ (Figs. 7, 8, and S15 in the
Supplemental Material), are shown for x = 0.25, 0.5, 0.75,
and 1 in Fig. 9. The three phases appearing at x = 0.25
[Fig. 9(a)] are assigned to the FM, SF, and paramagnetic
(PM) phases because the magnetic behavior is qualitatively
similar to that of x = 0 [Fig. 5(b)]. Considering that the
systematic variation of magnetic phase diagrams associates
with the degree of Br substitution [Figs. 5(b) and 9], the
magnetic order phases in the high H region for compounds
with x � 0.5 could be assigned as SF phases [Figs. 9(b)–9(d)].
However, new magnetic order phases other than the FM phase
are observed in the low H region; for x = 0.5, x = 0.75,
and x = 1, a new I-phase appears at lower temperatures in
comparison to the FM phases [Figs. 9(b)–9(d)]. Furthermore,
x = 1 exhibits another H-induced phase, namely phase II,
which is surrounded by the FM, SF, and I-phases [Fig. 9(d)].
This systematic variation in the magnetic phases should be
ascribed to the pronounced competition between FMI and
DMI induced by enhanced SOC associated with the increase
of Br ratio.

Long-period magnetic structures, such as the helical spin
structures and magnetic skyrmions, can be induced when
FMI and DMI compete with each other [13–18]. There-
fore, we performed neutron diffraction measurements for the
magnetic order phases of x = 1 to investigate the magnetic
modulation vector, which is a characteristic feature of long-
period magnetic structures. For this purpose, a deuterated
bromide (D-R-MPA-Br), which is isostructural with x = 1,
was prepared. (Fig. S16 and Tables S8 and S9 in the Sup-
plemental Material). In the experiment, magnetic superlattice
reflections were investigated in the hk0 plane in the recipro-
cal lattice space as the crystal structure of (R-MPA)2CuBr4

is anisotropic 2D-OIHP one, where the in-plane magnetic
interactions should be dominant. However, the superlattice
reflection could not be clearly recognized in any magnetic
phases within the resolution limit of the diffractometer used
in the experiments. However, an increase in the peak intensity
was observed with a decrease in the temperature around the
fundamental reflection at 0 Oe (Fig. S17 in the Supplemental
Material).

Considering that the ground state of a noncentrosymmetric
ferromagnetic system could be a helical spin structure [54],
the I phase observed as the lowest temperature phase for
x > 0.25 compounds is speculated as a helical spin phase
induced by the competition between DMI and FMI, where
the former is enhanced by the Br substitution. Taking into
account that the magnetic wave number Q for the helical spin
structure in the ground state is determined by the strength ratio
of DMI to FMI, the observed neutron diffraction result might
be ascribed to the formation of a super long-period helical spin
structure with a nearly zero magnetic wave number (Q ∼ 0)
resulting from a much weaker DMI compared to FMI: the Q
is associated with a parameter |D/J|, where J and D denote
the interaction constants of FMI and DMI, respectively [55].
Similarly, the H-induced II-phase at x = 1 could correspond
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FIG. 9. Magnetic phase diagrams of (R-MPA)2Cu(Cl1−xBrx )4

for (a) x = 0.25, (b) x = 0.5, (c) x = 0.75, and (d) x = 1 in the H-
perpendicular configuration. FM, PM, and SF in the phase diagram
represent ferromagnetic phase, paramagnetic phase, and spin-flopped
ferromagnetic phase, respectively. I and II in the magnetic phase
diagram represent the additional magnetic phases in x = 0.5, 0.75,
and 1. The positions of the closed circles and open diamonds were
determined from the temperature and magnetic field dependence of
χ ′, respectively.

to the formation of another super-long-period spin structure
with a different Q. Identification of the magnetic modulation

vector of these new phases is a challenge that can be addressed
in the future using measurement systems with higher resolu-
tion.

E. Magnetic characteristics of centrosymmetric
(PPA)2CuBr4 (PPA-Br)

The systematic variation of the magnetic order phases in
(R-MPA)2Cu(Cl1−xBrx )4 implies the existence of FMI-DMI
competition and the importance of SOC in noncentrosym-
metric systems. To support this assumption, we studied the
magnetic characteristics of a centrosymmetric 2D-OIHP cop-
per bromide, PPA-Br, in which achiral PPA+ [Fig. 10(a)] was
used as the incorporated molecular cation instead of chiral
R/S-MPA+ [Fig. 10(b)]. PPA-Br possesses a 2D-OIHP struc-
ture similar to (R/S-MPA)2CuBr4 [Figs. 10(b) and S18 in the
Supplemental Material] but crystalizes in a centrosymmetric
triclinic space group P − 1 (Table S10 in the Supplemental
Material). In the crystal structure of PPA-Br, there is a buck-
ling of CuBr6-octahedra in the inorganic [CuBr4]2− layers
(Fig. S18 in the Supplemental Material). However, the bond
angle of �Cu-Br-Cu along the [110] is ∼180◦ as in the low
temperature phase of x = 1 (Table S16 in the Supplemental
Material), indicating that CuB6-octahedra do not rotate within
the [CuBr4]2− layer around the c∗ axis. On the other hand,
although the �Cu-Br-Cu bond angle along [1–10] of PPA-
Br also deviates from 180 ° similar to x = 1, it reflects the
rotation of CuBr6-octahedra around [110] axis rather than the
polar deformation of CuBr6 observed in x = 1. (Table S17 and
Fig. S18 in the Supplemental Material).

Figures 10(c) and 10(d) show the temperature depen-
dence of χ ′ and magnetic phase diagram of PPA-Br in the
H-perpendicular configuration, respectively. Ferromagnetic
behavior was also observed (Fig. S19 in the Supplemen-
tal Material) with peak/cusp anomalies appearing in χ ′

FIG. 10. Crystal structure and magnetic characteristics of centrosymmetric (PPA)2CuBr4 (PPA-Br). (a) Molecular cation structure of
achiral PPA+. (b) Crystal structure projected along the a axis. (c) Temperature dependence of the real part of AC magnetic susceptibility
(χ ′) in the H-perpendicular configuration. The closed black triangles show the peak/cusp positions used for producing the magnetic phase
diagram. (d) Magnetic phase diagram in the H-perpendicular configuration. FM, PM, and SF in the phase diagram represent ferromagnetic,
paramagnetic, and spin-flopped ferromagnetic phases, respectively. The positions of closed circles and open diamonds were determined from
the temperature and magnetic field dependence of χ ′, respectively.
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at the magnetic phase transition temperature [Fig. 10(c)].
In contrast to the noncentrosymmetric x = 1, complicated
successive magnetic phase transitions are not observed in
the low-H regime. In the case of PPA-Br, the buckling
CuBr6-octahedra in [CuBr4]2− layer might affect magnetic
interaction. However, due to absence of the in-plane rota-
tion of CuBr6-octahedra around the perpendicular axis to
[CuBr4]2− layer [Figs. S18(a), S(b) and Table S16 in the
Supplemental Material], competition between FM and AFM
exchange interactions as in RMnO3 [51] should not occur,
and the buckling of CuBr6-octahedara would simply change
the strength of the FM exchange interaction. In fact, we have
confirmed that Curie-Weiss temperature for PPA-Br, θw =
33.5 K (Fig. S20 in the Supplemental Material), is similar
to that of x = 1, θw = 34.4 K, indicating that the effects of
crystal structural difference caused by the buckling of CuBr6-
octahedra is negligible. These facts indicate the absence of
FMI-DMI competition, despite the presence of strong SOC.
These results support our hypothesis that the additional mag-
netic phases found at x = 0.5, 0.75, and 1 might be related
to the long-period magnetic structures that occur as a result
of the FMI-DMI competitions, which are only allowed in a
noncentrosymmetric environment.

IV. SUMMARY

In summary, the strength tunability of the SOC by
material design has been demonstrated in a series of
chiral molecule-incorporated 2D-OIHP copper halides

(R-MPA)2Cu(Cl1−xBrx )4, with FMI. With increasing Br
ratio, the magnetic phase diagrams are systematically
transformed from an FMI dominant one to a complicated
one with multiple phases arising owing to the competition
between DMI and FMI. This hypothesis is supported by the
observation of an FMI-dominated magnetic phase diagram in
an achiral molecule-incorporated 2D-OIHP copper bromide
with an inversion symmetry. As demonstrated in this study,
controlling the noncentrosymmetry and SOC simultaneously
using organic-inorganic hybrid systems could be a promising
and rational way to develop topological materials with
nontrivial spin structures such as magnetic skyrmions.
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