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Single-ion anisotropy driven chiral magnetic order in a spin-1 antiferromagnetic chain

S. Vaidya ,1,* S. P. M. Curley ,1 P. Manuel ,2 J. Ross Stewart ,2 M. Duc Le ,2 A. Hernández-Melián ,3 T. J. Hicken ,3,4

C. Wang,4 H. Luetkens,4 J. Krieger ,4 S. J. Blundell ,5 T. Lancaster ,3 K. A. Wheeler ,6 D. Y. Villa ,7,8 Z. E. Manson,7

J. A. Villa ,7 J. L. Manson,7,† J. Singleton ,8 R. D. Johnson ,9,10 and P. A. Goddard 1,‡

1Department of Physics, University of Warwick, Gibbet Hill Road, Coventry CV4 7AL, United Kingdom
2ISIS Pulsed Neutron Source, STFC Rutherford Appleton Laboratory, Didcot, Oxfordshire OX11 0QX, United Kingdom

3Department of Physics, Durham University, Durham DH1 3LE, United Kingdom
4Center for Neutron and Muon Sciences, Paul Scherrer Institut, Forschungsstrasse 111, 5232 Villigen PSI, Switzerland
5Department of Physics, Clarendon Laboratory, University of Oxford, Parks Road, Oxford OX1 3PU, United Kingdom

6Department of Chemistry, Whitworth University, Spokane, Washington 99251, USA
7Department of Chemistry and Biochemistry, Eastern Washington University, Cheney, Washington 99004, USA

8National High Magnetic Field Laboratory (NHMFL), Los Alamos National Laboratory, Los Alamos, New Mexico, USA
9Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, United Kingdom

10London Centre for Nanotechnology, University College London, London WC1H 0AH, United Kingdom

(Received 8 September 2025; revised 9 April 2026; accepted 16 June 2026; published 3 August 2026)

Chirality in magnetic systems gives rise to a wide range of exotic phenomena, yet its influence in S = 1 chains
remains largely unexplored. Herein, we present a comprehensive experimental study of a chiral antiferromagnetic
S = 1 chain, [Ni(pym)(H2O)4]SO4 · H2O (pym = pyrimidine), where the Ni(II) octahedral orientation exhibits
a fourfold chiral periodicity. Muon-spin rotation measurements indicate the onset of long-range magnetic order
below TN = 1.82(1) K. Neutron diffraction measurements reveal a chiral antiferromagnetic order driven by a
chiral modulation of the easy-axis anisotropy direction, rather than the typical scenario of Dzyaloshinskii-Moriya
interactions, geometrical frustration, or higher-order interactions. Inelastic neutron scattering measurements
reveal dispersive spin-wave excitations well described by linear spin-wave theory, with Hamiltonian parameters
J0 = 6.81(1) K (intrachain exchange), J ′

1a = −0.09(1) K (interchain exchange), and D = −3.02(1) K (easy-axis
single-ion anisotropy). These parameters are further validated by Monte Carlo simulations of the magnetization.
Additionally, the inelastic neutron scattering data reveal multiple dispersionless bands, suggesting the presence
of further excitations beyond the scope of our linear spin-wave theory.

DOI: 10.1103/2gnf-lrdx

I. INTRODUCTION

Chirality arises when an object lacks inversion
symmetry, preventing it from being superimposed onto
its mirror image. This fundamental concept plays a pivotal
role across various scientific disciplines, from the behavior
of elementary particles to the handedness of biological
molecules. In condensed matter physics, chirality is at the
heart of numerous exotic electronic, magnetic, and optical
phenomena [1]. Notable examples include chiral fermions in
topological Weyl semimetals [2], magnetic chiral dichroism
in systems with chiral magnetic order [3–6], skyrmions
[7–9], and the topological Hall effect [10]. These effects have
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drawn considerable interest in recent years, not only for their
potential applications in emerging technologies but also for
their impact on advancing fundamental physics [8,11–14].

In magnetic systems, chiral order [15] typically emerges
due to the Dzyaloshinskii-Moriya interaction in noncen-
trosymmetric materials. In contrast, chirality in centrosym-
metric systems often relies on geometrical frustration or
higher-order interactions, such as biquadratic exchange
[16–18]. However, these mechanisms are typically weak
and challenging to control, especially in 3d transition metal
systems where spin-orbit coupling is generally small [19].
Moreover, the influence of chirality on low-dimensional quan-
tum spin systems, particularly integer spin systems that can
host the Haldane phase, remains largely unexplored.

To address these gaps, we investigate [Ni(pym)
(H2O)4]SO4 · H2O (pym = pyrimidine, C4H4N2), an
antiferromagnetic S = 1 chain where the orientation of
the Ni(II) octahedral environment has a fourfold chiral
periodicity. In this system the single-ion anisotropy direction
is expected to follow the chiral modulation of the Ni(II)
octahedra. In systems where the single-ion anisotropy
direction alternates between neighboring ions, such as
the S = 1 staggered chain Ni(pym)(H2O)2(NO3)2 [20], it
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has been shown that an easy-axis anisotropy will result
in significant spin canting even without considering the
Dzyaloshinskii-Moriya interaction [21,22]. The resulting
canting angle is strongly dependent on D/J0, where D is
the single-ion anisotropy energy and J0 is the exchange
interaction strength along the chain. In contrast, in the
twofold-staggered easy-plane case, intersection of two
easy-planes is expected to result in collinear order along
a pseudoeasy axis [23–25]. A chiral single-ion anisotropy
direction may induce a chiral magnetic structure in the
absence of the Dzyaloshinskii-Moriya interaction.

Furthermore, a change from a twofold staggered to a chi-
ral structure may have a significant influence on the spin
excitations. In the twofold staggered Cu(II) S = 1/2 chains,
Cu(C6D5COO)2 · 3D2O and Cu(pym)(H2O)2(NO3)2, the al-
ternating orientation of the local spin environment gives rise
to nontrivial staggered g tensors and Dzyaloshinskii-Moriya
interactions which, on application of an external magnetic
field, generate a staggered field and an energy gap with a
� ∼ H2/3 field dependence [26–28]. It was shown that
mapping the Hamiltonian to the sine-Gordon quantum-field
theory [29–31] accounts for this behavior and the rich ex-
citation spectra containing soliton and breather modes in
the staggered S = 1/2 chain. In the S = 1/2 chiral chain,
[Cu(pym)(H2O)4]SiF6 · H2O [32], the fourfold periodicity of
the octahedral environment was found to result in a linear field
dependence of the spin gap, which deviated from theoretical
predictions and remains to be fully explained [32].

Here, to investigate the influence of chirality on the mag-
netic order and spin dynamics in a S = 1 chain, we present a
comprehensive experimental study of [Ni(pym)(H2O)4]SO4 ·
H2O. We first confirm the chiral chain structure using
single-crystal x-ray diffraction (XRD) and infer the mag-
netic Hamiltonian. Muon-spin rotation (μ+SR) measurements
show clear signs of long-range magnetic order at low tem-
peratures. Using elastic neutron diffraction, we indeed find
an antiferromagnetic chiral order consistent with an easy-axis
anisotropy. Inelastic neutron scattering (INS) is then used to
quantify the Hamiltonian parameters. Although the dispersive
spin-wave excitations are largely accounted for by linear spin-
wave theory, there are multiple dispersionless bands which
hint at the presence of additional excitations not captured
by our linear spin-wave theory model. Finally, we perform
classical Monte Carlo simulations of the field-dependent mag-
netization M(H ) to confirm the model determined using
inelastic neutron scattering data and linear spin-wave theory
simulations.

II. RESULTS AND DISCUSSION

A. X-ray diffraction

Single-crystal XRD measurements at T = 100(1) K
reveal that [Ni(pym)(H2O)4]SO4 · H2O crystallizes in the chi-
ral space group P41, with lattice parameters a = 7.9395(4) Å
and c = 18.4594(10) Å. As depicted in Fig. 1, the Ni(II) ions
are connected by pym ligands, forming Ni-pym-Ni chains
that extend along the c axis. Each Ni(II) ion resides in a
distorted octahedral environment [see Fig. 1(c)], defined by
four equatorial bonds to O donors from H2O molecules, with
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FIG. 1. The structure and exchange pathways of the S = 1 chiral
chain in [Ni(pym)(H2O)4]SO4 · H2O. (a) View looking down the b
axis containing a single chiral chain connected by J0 exchange medi-
ating pym molecules (H atoms and H2O molecules have been omitted
for clarity). (b) View looking down the tetragonal P41 unit cell c
axis depicting the fourfold rotation of the local Ni(II) octahedral
environment. (c) The local crystal environment of each Ni(II) ion.
(d) and (e) View down the c axis showing exchange pathways. The
black dashed arrow represents the intrachain J0 pathway. The red and
green labeled dashed lines in (d) indicate the J ′

1a and J ′
1b interchain

exchange interaction, respectively. In (e) the blue and purple labeled
dashed lines denote the J ′

2a and J ′
2b interchain exchange interaction,

respectively. The solid black lines indicate the unit cell boundaries.

Ni-O bond lengths ranging from 2.060(3) Å to 2.078(3) Å
and two axial bonds to nitrogen atoms of the pym ligands,
with Ni-N bond lengths 2.079(3) Å and 2.087(3) Å. The axial
Ni-N bonds are tilted by α = 49.26(8)◦ relative to the c axis.
Additionally, the 41 screw axis of the space group induces
a 90◦ counterclockwise rotation about c in the Ni-N bond
direction between neighboring Ni(II) ions connected by pym
ligands. This results in a chiral chain structure, in which the
orientation of the Ni(II) octahedra exhibits a fourfold chiral
modulation along the chain [see Fig. 1(b)].

The crystal structure of the chiral chain provides a ba-
sis for inferring the model spin Hamiltonian. The dominant
antiferromagnetic exchange interaction is expected to oc-
cur through the pym ligands with an interaction strength J0

[20,22,25]. Since the J0 exchange interaction pathways are not
located at inversion centers, Dzyaloshinskii-Moriya interac-
tion terms are also permitted, with the Dzyaloshinskii-Moriya
vector having a uniform component along the c axis and a
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fourfold staggered component in the ab plane [32]. However,
in molecule-based Ni(II) systems, the Dzyaloshinskii-Moriya
interaction is expected to be small relative to the lead-
ing terms in the Hamiltonian [19,22,25]. Indeed, in similar
pym-containing Ni(II) systems, we have found that the
Dzyaloshinskii-Moriya interaction is not necessary to account
for the ground-state magnetic properties [20,25].

Additionally, each Ni(II) ion is coupled to eight neigh-
boring ions in adjacent chains via the four H-bond mediated
exchange pathways illustrated in Figs. 1(d) and 1(e). The J ′

1a
and J ′

1b interactions couple the ith spin in one chain to the
i ± 1th spins in the adjacent chain, with Ni-Ni distances of
7.5985(6) Å and 7.4852(6) Å, respectively. In contrast, the J ′

2a
and J ′

2b interactions couple two spins located at the ith position
in adjacent chains, with Ni-Ni distances of 7.9395(5) Å. If
either J ′

1a or J ′
1b share the same sign as J ′

2a or J ′
2b, these

interchain interactions will compete with each other, resulting
in reduced net interchain coupling. Whatever their sign, these
interchain interactions are expected to be weak compared
to J0.

The crystal field of the Ni(II) octahedral environment in-
troduces an single-ion anisotropy term in the Hamiltonian.
In the local frame of the Ni(II) octahedra, defined such that
the z axis aligns with Ni-N bond, the single-ion anisotropy
tensor is K loc

i = diag[0, 0, D]. Here D represents the uniaxial
anisotropy parameter. Although the point group symmetry
permits rhombohedral anisotropy within the Ni-O plane,
variations in the equatorial Ni-O bond lengths are minimal
(< 1%), implying that the in-plane anisotropy (E ) is negligi-
ble compared to D and therefore the anisotropy is assumed
to be predominantly uniaxial. Euler rotations are applied
to transform K loc

i to the xyz laboratory frame single-ion
anisotropy tensor Ki as shown in the Supplemental Material
[33].

The spin Hamiltonian of the chiral chain can therefore be
written as

H = J0

∑
i

Ŝi · Ŝi+1 +
∑
〈i, j〉⊥

J ′
i, j Ŝi · Ŝ j

+
∑

i

Ŝi · Ki · Ŝi +
∑

i

gμBμ0H · Ŝi, (1)

where Ŝi is the spin operator at site i and 〈i, j〉⊥ denotes
a sum over unique interchain exchange bonds with strength
J ′

i, j . The final term in Eq. (1) describes the Zeeman energy
in an applied magnetic field H and assuming an isotropic g
factor. For Ni(II) ions in a slightly distorted octahedral en-
vironment, a small g anisotropy may arise, with magnitude
�g = gz − gxy = 2D/λ, where λ ∼ 500 K is a typical value
of the spin-orbit coupling parameter [34]. In Ni(II) systems
with similar local environments, D ∼ 10 K [35], yielding a
tiny g-anisotropy �g ∼ 0.04.

B. Magnetometry

Figure 2 shows the temperature-dependent zero-field-
cooled magnetic susceptibility, χ (T ), which was measured
in an applied field of 0.1 T using a partially deuterated pow-
der sample of [Ni(pym)(D2O)4]SO4 · D2O, where H in the
H2O molecules were replaced with D atoms. Deuteration of

FIG. 2. Zero-field-cooled temperature-dependent magnetic sus-
ceptibility, χ (T ), (blue circles) measured on powder samples of the
S = 1 chiral chain, [Ni(pym)(H2O)4]SO4 · D2O in an applied field
of 0.1 T. Inset: The inverse susceptibility χ−1 with a Curie-Weiss fit
(red line).

the system was found to have minimal effects on the mag-
netic properties, as evidenced by the χ (T ) data shown in the
Supplemental Material [33]. The field-cooled susceptibility
data are also shown in the Supplemental Material [33] and
are identical to the ZFC data within experimental uncertainty.

The inset to Fig. 2 presents the inverse susceptibility
χ−1(T ). Above 50 K, the ZFC χ (T ) is well described by
the Curie-Weiss law, χ (T ) = C/(T − θCW) + χ0, where the
Curie constant C = NAμ0g2μ2

BS(S + 1)/3kB and θCW is the
Curie-Weiss temperature. The temperature-independent term,
χ0, accounts for the paramagnetic Van Vleck contribution
from Ni(II) atoms as well as core electron diamagnetism of
all atoms in the sample and sample holders [36,37]. Below
15 K, there is an upturn in χ−1(T ) due to the low-temperature
suppression of χ (T ) arising from the combination of single-
ion anisotropy and strong antiferromagnetic exchange.

A fit to χ−1 yields g = 2.18(1), χ0 = −5.73(4) × 10−9

m3mol−1 and θCW = −9.19(6) K. The g factor is typical of
Ni(II) spin-1 systems, and the negative θCW is indicative of
antiferromagnetic coupling between spins bridged by pym.
Below 50 K, a broad maximum in χ (T ) is observed at around
Tχmax ∼ 6.5 K due to the the development of antiferromag-
netic short-range correlations along the chain, a common
feature in quasi-low-dimensional systems [36,38–42].

Pulsed-field magnetization, M(H ), measurements were
performed on multiple crystallites coaligned along the chain
axis to obtain data with the field applied parallel and per-
pendicular to the chain, as shown in Figs. 3(a) and 3(c),
respectively. For the H ⊥ c measurements, the crystallites
were orientated such that the applied field was close to the
crystallographic [1 0 0] direction.

Figures 3(b) and 3(d) display the corresponding differ-
ential susceptibilities, dM/dH . When the field is applied
parallel to the chain, a sharp peak in dM/dH is observed at
μ0HSF = 3.30(5) T and a temperature of 0.63(1) K, indicative
of a spin-flop transition. This transition is no longer present in
the M(H ) data for T � 3.89 K. At 13.91(5) T, another peak
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z

FIG. 3. Field-dependent magnetization, M(H ), of chiral S = 1
chain [Ni(pym)(H2O)4]SO4 · H2O with the applied field (a) paral-
lel and (c) perpendicular to the chain. Differential susceptibility,
dM/dH , with applied field (b) parallel and (d) perpendicular to the
chain. The purple dashed line shows the 0.63(1) K projected satura-
tion value with H ||c. The black arrow marks the spin-flop transition
and the purple arrows indicate additional metamagnetic transitions.
The blue dash-dot line in all panels shows the results of the classical
Monte Carlo simulation described in Sec. II F.

in dM/dH suggests magnetic saturation. However, M(H )
continues to increase gradually up to the projected value of
2.06(2) μB per Ni(II) ion, as indicated by the purple line in
Fig. 3(a). When the field is applied perpendicular to the chain,
a peak in dM/dH is observed at 8.9(5) T, suggesting a meta-
magnetic transition. As the field increases, the magnetization
rises gradually to a projected value of 1.95(2) μB per Ni(II)
ion, with no evidence of a magnetic saturation transition.
These observations and the Monte Carlo simulations of M(H )
are discussed further in Sec. II F.

C. Muon-spin rotation

Zero-field (ZF) μ+SR measurements were performed on
powder samples of [Ni(pym)(H2O)4]SO4 · H2O using the
FLAME instrument at the Swiss Muon Source, Paul Scherrer
Institut, Switzerland. A representative ZF μ+SR spectrum at
T = 0.20(1) K is shown in Fig. 4(a). The data show clear
oscillations in the time-dependent asymmetry, A(t ), indica-
tive of coherent muon-spin precession in a quasistatic local
field arising from long-range magnetic order. We find that
the spectra in the magnetically ordered regime are well de-
scribed by two relaxing oscillation components arising from
two magnetically distinct μ+ stopping sites within the sample.
Consequently, A(t ) can be fitted using a function of the form

A(t ) =
2∑

i=1

Ai cos(2πνit + φi )e
−λit + A3e−λ3t + Ab. (2)

FIG. 4. (a) Representative μ+SR spectra (black circles) mea-
sured at T = 0.20(1) K. (b) Temperature dependence of the muon
spin precession frequencies (circles). Solid lines in both correspond
to the fits to the data described in the text.

Here, Ab is a contribution from muons stopping in en-
vironments where the muon spin is not relaxed, such as
nonmagnetic sites and regions outside the sample. The Ai are
the magnitudes of each component with corresponding oscil-
lation frequencies νi, relaxation rates λi, and phase factors φi.
The second term, with amplitude A3, describes a decaying
signal from muons whose polarization is initially parallel to
the local magnetic field.

During fitting, the values of Ab = 8 % and λ3 = 0.55 µs−1

were found to be temperature-independent, and therefore
fixed to their average values. The parameters A3 = 2.93
(1)%, A1 = 11.0(1)%, A2 = 2.17(6)%, φ1 = −31(2)◦, φ2 =
−20(1)◦, and the frequency ratio ν2/ν1 = 2.69(3) were fit-
ted globally across all temperatures. Nonzero values of φi

are typically associated with incommensurate magnetic order.
However, in molecular systems such as this one, nonzero φi

values are observed even in the presence of commensurate
order, and the underlying mechanism remains unclear [43].

The temperature dependence of the νi were determined by
fitting the data at each temperature, and the results are shown
in Fig. 4(b). The frequencies νi are proportional to the static
local magnetic field at the μ+ stopping sites. In a magnetically
ordered material, this local field reflects the magnitude of the
ordered magnetic moment in the sample. Therefore, the tem-
perature dependence of the muon precession frequency tracks
the behavior of the magnetic order parameter. The tempera-
ture dependence of νi are described by a phenomenological
function [44]

νi(T ) = νi(0)

[
1 −

(
T

TN

)α]β

. (3)

Fitting the data in Fig. 4(b) yields an ordering temperature of
TN = 1.82(1) K and β = 0.19(4) for a fixed value of α = 31.

1The exponent α describes the low-temperature behavior of the
order parameter, whereas β characterizes its behavior near TN. For
antiferromagnetic systems, α typically lies between 2 and 3. How-
ever, in our fitting procedure, α tended to have large nonphysical
values. We therefore constrained α to a fixed value of 3.
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FIG. 5. (a) The magnetic powder diffraction pattern of
[Ni(pym)(D2O)4]SO4 · D2O, obtained by subtracting the nuclear
structure contribution at 5.0(1) K from the 0.28(1) K data. The red
circles represent the data, the black line shows the Rietveld fit of
the chiral magnetic structure, the blue line is the difference and the
green ticks mark the magnetic Bragg positions. Inset: T dependence
of the ordered Ni(II) magnetic moment. (b) Comparison of the
diffraction patterns produced by a collinear m||c, chiral and m||ab
magnetic structures.

Due to the sparse data near TN, the fitted value of β should not
be directly compared to theoretical models.

D. Elastic neutron diffraction

To determine the magnetic structure of the Ni(II) chi-
ral chain below TN, elastic neutron diffraction experiments
were carried out on the WISH instrument at ISIS, the UK
Neutron and Muon Source [45,46]. To reduce incoherent
background scattering, measurements were carried out on par-
tially deuterated powder samples of [Ni(pym)(D2O)4]SO4 ·
D2O. Rietveld refinement of the nuclear structure was per-
formed using the FULLPROF software package [47] and reveals
that [Ni(pym)(D2O)4]SO4 · D2O retains the P41 structure
down to T = 0.28(1) K, with the lattice parameters a =
7.930 17(16) Å and c = 18.454 01(66) Å, which are close to
the values determined using XRD. Further details on the nu-
clear structure refinement using powder diffraction data can
be found in the Supplemental Material [33].

Data were collected above and below TN, at T = 5.0(1) K
and T = 0.28(1) K. Due to the low magnetic scattering cross-
section of S = 1 moments relative to the nuclear scattering
cross-section, the magnetic structure was determined from
the difference between the 0.28 and 5 K data, as shown
in Fig. 5. The subtracted data reveals several magnetic
Bragg reflections which are indexed by the commensurate
propagation vector k = (1/2, 1/2, 0). Symmetry analysis us-
ing ISODISTORT [48,49] reveals three candidate symmetries
for the magnetic structure: irreducible representation mM1,
mM2, and mM3 ⊕ mM4. The irreducible representation mM2

TABLE I. Magnetic basis vectors, �i, for the four Ni(II) sites
in the unit cell of the P41 crystal of [Ni(pym)(D2O)4]SO4 · D2O,
associated with the magnetic propagation vector k = ( 1

2 , 1
2 , 0). The

vectors are transformed by the irreducible representations (irreps)
mM1 and mM3 ⊕ mM4, with components (x, y, z) indicating the di-
rection of the magnetic moment at each Ni site.

Ni sites

Irrep. Basis vector Ni1 Ni2 Ni3 Ni4

mM1 �1 (1,0,0) (0, 1̄, 0) (1̄, 0, 0) (0,1,0)
�2 (0,1,0) (1,0,0) (0, 1̄, 0) (1̄, 0, 0)
�3 (0,0,1) (0, 0, 1̄) (0,0,1) (0, 0, 1̄)

mM3 ⊕ mM4 �1 (1,0,0) (0,0,0) (1,0,0) (0,0,0)
�2 (0,1,0) (0,0,0) (0,1,0) (0,0,0)
�3 (0,0,1) (0,0,0) (0, 0, 1̄) (0,0,0)
�4 (0,0,0) (1,0,0) (0,0,0) (1,0,0)
�5 (0,0,0) (0,1,0) (0,0,0) (0,1,0)
�6 (0,0,0) (0,0,1) (0,0,0) (0, 0, 1̄)

corresponds to ferromagnetic order along the chain and can
be ruled out from the negative θCW.

Table I lists the symmetry-allowed magnetic basis vectors
�i, obtained by projection of the irreducible representations
mM1 and mM3 ⊕ mM4, for the four Ni(II) sites in the P41

unit cell of [Ni(pym)(D2O)4]SO4 · D2O. The corresponding
magnetic basis vectors are illustrated in Fig. 6. The magnetic
structure associated with each irreducible representations is
a linear combination of these basis vectors with the mixing
coefficients ci (

∑
i ci�i).

Within the mM1 irreducible representation, the basis vec-
tor �3 corresponds to an antiferromagnetic mode in which
the magnetic moments are aligned along the c axis, with
nearest-neighbor Ni(II) ions along each chain coupled anti-
ferromagnetically. In contrast, the basis vectors �1 and �2

represent chiral modes confined to the ab plane. For these
basis vectors, the in-plane components of the Ni(II) magnetic
moments undergo a 90◦ clockwise rotation between nearest
neighbors Ni(II) ions along the chain, as shown in Figs. 6(a)
and 6(b). Together, these basis vectors span the physically al-
lowed magnetic degrees of freedom associated with the mM1

representation. We note a systematic absence of the (1,1,0),
(−1,−1, 0), and (−1, 1, 0) magnetic reflections at 11.235 Å.
The intensity of this reflection is proportional to c1, the ampli-
tude of the �1 basis vector. Therefore, within the noise limits
of our data, we conclude that the �1 basis vector is not present
in the magnetic structure associated with the mM1 irreducible
representation. This reduces the number of active degrees of
freedom to two, the amplitudes c2 and c3. In practice, we

refine the ordered magnetic moment size, m =
√

c2
2 + c2

3, and
the canting angle away from the c axis, θ = arctan(c2/c3). To
test a collinear antiferromagnetic structure described solely
by �3, we fix θ = 0 and allow m to refine freely against the
experimental data.

In the mM3 ⊕ mM4 irreducible representation, the mag-
netic moments of nearest-neighbor spins along the chain
are independent, with the basis vectors �1,2,3 describing
the moments on sites Ni1 and Ni3, and �4,5,6 describing
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FIG. 6. Magnetic basis vectors �i transformed by the symmetries of the mM1 irreducible representation (a)–(c) and the mM3 ⊕ mM4

irreducible representation (d)–(f), shown for the four Ni(II) sites in the P41 unit cell of [Ni(pym)(D2O)4]SO4 · D2O. Red and blue arrows
indicate the magnetic moments and solid black lines show the crystallographic unit cell boundaries.

those on sites Ni2 and Ni4 [see Figs. 6(d)–6(f)]. The basis
vectors �3 and �6 correspond to collinear magnetic moments
aligned along the c axis, with next-nearest-neighbor Ni(II)
ions coupled antiferromagnetically. In contrast, the basis vec-
tors �1,2,4,5 describe moments in the ab plane, for which the
next-nearest neighbors are ferromagnetically coupled. Within
this irreducible representation, an antiferromagnetic configu-
ration between nearest neighbors is therefore only possible
when the magnetic moments lie in the ab plane and ampli-
tudes of �3 and �6 must be zero. Additionally, the ordered
magnetic moment size must be equal on all sites. This leaves
three degrees of freedom: m =

√
c2

1 + c2
4 =

√
c2

2 + c2
5, and the

in-plane angles φ1 = arctan(c1/c4) and φ2 = arctan(c2/c5),
where φ1 and φ2 describe the moment directions of the
Ni1/Ni3 and Ni2/Ni4 sublattices, respectively.

The simulated diffraction patterns corresponding to
the different ground states are shown in Fig. 5(b). The
intensities of the magnetic reflections are best reproduced by
the mM1 chiral structure with a Rmag = 8.398% compared
to Rmag = 11.93% of the collinear (θ = 0◦) structure and
Rmag = 36.06% of the ab-plane structure within the
mM3 ⊕ mM4 irreducible representation. The resulting
fit yields θ = 17.8(9)◦ and an ordered-moment size of
1.60(1) μB at T = 0.28 K. The refined magnetic structure
of [Ni(pym)(D2O)4]SO4 · D2O is depicted in Fig. 7. Spins
cant toward the local Ni-N axes, indicating an easy-axis
anisotropy, consistent with our previous report on the
nonchiral Ni(II) staggered chain, Ni(pym)(H2O)2(NO3)2,
which hosts a similar Ni(II) octahedral environment [20]. The
Ni(II) octahedra rotate counterclockwise along the chain. In
contrast, the ab-plane components of the magnetic moments
rotate clockwise. This opposite handedness arises solely from
antiferromagnetic nearest-neighbor coupling. In contrast,
a ferromagnetic structure belonging to the mM2 symmetry
would exhibit the same handedness as the structural rotation.

The suppression of the ordered moment size, from the
classical expectation value of gS ≈ 1.99 μB observed at high

field, suggests the presence of quantum fluctuations typical of
a quasi-low-dimensional system [28,50–52]. The temperature
dependence of the ordered magnetic moment m(T ) is shown
in the inset to Fig. 5(a) and is modeled using a power-law
function of the form

m(T ) = m(0)[1 − (T/TN)]β. (4)

FIG. 7. Zero-field magnetic structure of the S = 1 chiral
chain [Ni(pym)(D2O)4]SO4 · D2O determined using elastic neutron
diffraction and viewed looking down the b axis. The red arrows indi-
cate the Ni(II) moments which are canted by θ = 17.8(9)◦ from the c
axis and whose component in the ab plane rotates by 90◦ from site to
site along the chain yielding a chiral magnetic structure. Dashed lines
indicate the magnetic exchange interactions. Inset: View of a single
chain down the c axis showing chiral arrangement of the magnetic
moments.
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i = 2.04 meV

i = 2.04 meV

i = 3.36 meV

FIG. 8. Time of flight powder inelastic neutron scattering (INS) spectra of [Ni(pym-D4)(H2O)4]SO4 · H2O taken at (a) 50(1) K and
(b) 0.25(1) K with εi = 2.04 meV. (c) Powder averaged linear spin wave theory simulations of the spin-wave spectra using the Hamiltonian
in Eq. (1) and the parameters J0 = 6.81(1) K, J ′

1a = −0.09(1) K, and D = −3.02(1) K. (d) Line cut of the spectra observed at various
temperatures, integrated over 0.6 < |Q| < 0.8 Å−1. (e) Inelastic neutron scattering spectra collected at 0.25(1) K with εi = 3.36 meV.

Fitting the data yields m(0) = 1.60(3) μB, β = 0.12(5), and
TN = 2.0(2) K, in good agreement with the ordering tempera-
ture determined from ZF μ+SR measurements. However, due
to the limited number of data points near TN, the extracted
value of β should be interpreted with caution and may not be
directly comparable to theoretical critical exponents.

To provide an estimate of the D/J ratio expected to produce
a canting angle θ = 17.8(9)◦, we can consider a mean-field
model containing only the D and J0 terms in Eq. (1). As
derived in the Supplemental Material [33], this model yields
the expression

D

J0
= sin 2θ

2 sin(θ − α) cos(θ − α)
. (5)

Substituting α = 49.26(8)◦ and θ = 17.8(9)◦ into Eq. (5)
yields an estimated ratio of |D|/J0 ≈ 0.65(4), which is rea-
sonably similar to the D/J ratio in other Ni(II) systems
[19,22,25].

E. Inelastic neutron scattering

To quantify the Hamiltonian in Eq. (1), inelastic neutron
scattering experiments were carried out at 0.25(1) K, 4.3(1) K
and 50(1) K on the LET instrument at ISIS with incident ener-
gies εi = 2.04 and 3.36 meV [53,54]. Fully deuterated powder
samples of [Ni(pym-D4)(D2O)4]SO4 · D2O were used, where
all H atoms in the pym and H2O ligands were replaced
with D.

Inelastic neutron scattering spectra collected with
εi = 2.04 at T = 50(1) and 0.25(1) K are shown in Figs. 8(a)

and 8(b), respectively. Figure 8(d) shows the energy cuts
of spectra, integrated over 0.6 < |Q| < 0.8 Å−1 at various
temperatures. The 50(1) K data is featureless with the
exception of some quasielastic scattering which decays
with increasing ε, consistent with a paramagnetic state.
The 4.3(1) K spectra, shown in the Supplemental Material
[33], exhibit a broad |Q| and ε dependent scattering due to
short-range correlations along the chain. The observation of
short-range correlations at this temperature is consistent with
the broad maximum observed in the χ (T ) data.

In the ordered regime, at T = 0.25(1) K, the inelastic
neutron scattering data exhibit gapped, dispersive spin-wave
excitations [Fig. 8(b)], along with several bright dispersion-
less bands. These appear as prominent peaks in the |Q|
integrated cuts at 0.70(1), 0.89(1), 0.97(1), and 1.13(1) meV
[Fig. 8(d)]. A suppression of intensity is also evident as
a dark band between the 0.89(1), 0.97(1) meV peaks at
0.95(1) meV [Fig. 8(b)]. Additionally, a low-intensity in-gap
peak is observed in the integrated cuts at 0.20(3) meV. This
is reminiscent of the in-gap feature observed in the Ref. [20]
and may originate from the transition between the single-ion
anisotropy split |ms = 0〉 and |ms = ±1〉 states of impurity
Ni(II) ions which are orphaned from the exchange network.
This would suggest that |D| ≈ 2.3(3) K. In the 0.25 K spectra
collected with εi = 3.36 meV, low-intensity double magnon
scattering extends up to 2.2 meV [Fig. 8(e)].

The main dispersive feature extends from the energy gap
of 0.4 meV up to the top of the single-magnon band at
1.25 meV. Linear spin-wave theory simulations, as imple-
mented in the SpinW [55] program, and using Eq. (1) reveal
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that the 0.4 meV energy gap and bandwidth of the dispersion
is determined by a unique combination of J0 and D values.

A periodic modulation of the energy gap as a function of
|Q| is observed, indicating that low-energy dispersive spin-
wave branches exist in this region. Linear spin-wave theory
simulations show that this modulation arises from interchain
spin-wave dispersions in the plane perpendicular to the chain.
As such, the bandwidth of the modulation reflects the overall
strength of the net interchain interactions. However, because
four distinct interchain exchanges contribute to this gap mod-
ulation, it is not possible to uniquely determine the magnitude
and sign of each individual exchange. A distinct suppression
of intensity at 0.95(1) meV is only reproduced in the simu-
lations when either J ′

1a or J ′
1b interactions are the dominant

interchain interactions. The shorter hydrogen-bond exchange
pathway suggests that |J ′

1a| > |J ′
1b|, hence J ′

1a was refined
against the data, whereas J ′

1b = J ′
2a = J ′

2b = 0 were fixed.
The dispersionless band at 0.70(1) meV is not reproduced

by the simulations, even when higher-order interactions are
considered. Therefore, to aid in convergence when fitting J0,
D and J ′

1a parameters, data between 0.6 and 0.75(1) meV
were masked. The values of J0, D, and J ′

1a were optimized
by using the Nelder-Mead simplex algorithm to fit the sim-
ulations to the I (|Q|, ε) 2D map. The resulting simulations,
with the fitted parameters J0 = 6.81(1) K (0.586(9) meV),
J ′

1a = −0.09(1) K (0.0079(8) meV), and D = −3.02(1) K
(0.2602(9) meV), are shown in Fig. 8(c) and representative
energy cuts with a comparison of the model and the data
are shown in Fig. 9. The value of D obtained from the fit
is in reasonable agreement with the value implied by the
0.20(8) meV in-gap peak. The single-ion anisotropy param-
eter used in SpinW simulations is renormalized by a factor
[1 − 1/(2S)] to account for the nonlinear contributions to the
single-ion anisotropy which are omitted in linear spin-wave
theory [56,57]. The results imply a ratio D/J0 = 0.443(5) and
Eq. (5) yields an estimated canting angle of θ ≈ 12.6◦. These
values are smaller than the D/J0 = 0.65(4) and θ = 17.8(9)◦
estimated from the elastic neutron diffraction data. This may
indicate that the linear spin-wave theory model over-estimates
the value J0 or underestimates D. Indeed, linear spin-wave
theory is a semiclassical technique which is largely success-
ful in predicting spin dynamics in large-S classical systems,
whereas in small-S and low-dimensional quantum systems, it
can fall short of capturing the full excitation spectra [57–60].
Additionally, linear spin-wave theory neglects higher-order
corrections such as magnon-magnon interactions and double
magnon scattering, resulting in quantitative disagreements in
the spectral weight as seen in Fig. 9. The S = 1 Ni(II) spin,
low-dimensionality (|J ′

1a/J0| ≈ 0.01), and suppressed ordered
moment size present here, indicate a need for more robust
spin-wave calculations taking into account additional quan-
tum corrections. It was also recently argued that some details
of S = 1 systems cannot be captured by conventional spin-
wave theory, and instead require a generalized approach in
which the local S = 1 degrees of freedom is the eight genera-
tors of the SU(3) algebra [60]. With this approach, additional
features within the dispersive band, similar to that observed
in the spectra presented here, were reproduced by the simu-
lations [60]. This is a developing issue that requires further
investigation.

FIG. 9. Representative line cuts of the inelastic neutron scat-
tering data for [Ni(pym-D4)(D2O)4]SO4 · D2O. The data are inte-
grated over (a) 0.36 � |Q| � 0.39 Å−1, (b) 0.56 � |Q| � 0.59 Å−1,
(c) 0.68 � |Q| � 0.71 Å−1, and (d) 0.98 � |Q| � 1.1 Å−1. The red
lines are modeled using Eq. (1) and the parameters J0 = 6.81(1) K,
J ′

1a = −0.09(1) K, and D = −3.02(1) K, determined by fitting the
full 2D dataset. Data points are shown as black circles, and the gray
circles indicate the data masked during fitting.

Nevertheless, the linear spin-wave theory model presented
here succeeds in two keys aspects. First, it reproduces the
main dispersive features, as demonstrated by comparing the
simulated dispersion and the data [see Figs. 8(b) and 8(c)].
Second, it provides a reasonable estimate of the sizes of J0,
D and the net interchain interactions which stabilize the ob-
served chiral magnetic structure. Hence, while more complex
and computationally expensive methods may provide addi-
tional insights, linear spin-wave theory sufficiently captures
the details required for this work.

F. Monte Carlo simulations

To check the Hamiltonian parameters of [Ni(pym)
(H2O)4]SO4 · H2O, determined through inelastic neutron
scattering experiments, Monte Carlo simulations of the low-
temperature M(H ) data were performed. For each H value,
the spin configuration of a cluster of 16 ions arranged in four
chains is determined by minimizing the energy of the system
using the Hamiltonian in Eq. (1), with periodic boundary
conditions. The resulting simulated M(H ) and dM/dH , with
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the field applied parallel and perpendicular to the chain, are
shown as blue dash-dot lines in Fig. 3.

When the applied magnetic field is aligned parallel
to the chain, the spin-flop transition is reproduced at
μ0HSF = 3.5(2) T [see Fig. 3(b)]. As the field increases, the
simulated M(H ) successfully captures the characteristic con-
cave rise observed in the experimental data. However, the
high-field peak in dM/dH is predicted to occur at 16.6(2) T,
which is higher than the experimentally observed value of
13.91(5) T. Beyond this peak, both the data and the simula-
tions show that M(H ) continues to increase with the applied
field.

In systems with an alternating single-ion anisotropy axis,
there exist principal directions along which the single-ion
anisotropy can lower the system’s energy by allowing the
spins to cant away from the field direction [20,25]. As a result,
true magnetic saturation is only achieved in the infinite field
limit. In [Ni(pym)(H2O)4]SO4 · H2O, for high fields applied
along the c axis (H ‖ c), the chiral nature of the single-ion
anisotropy axis is expected to give rise to a chiral ferromag-
netic phase rather than a fully spin-polarized state. In this
phase, the c-axis components of the spin exhibit ferromag-
netic alignment, whereas the ab-plane components display
a fourfold chiral modulation along the chain, similar to the
chiral antiferromagnetic zero-field state. As the field strength
approaches infinity, the canting angle θ tends toward zero,
resulting in a continued increase in magnetization up to the
highest applied fields.

The H ⊥ c data were best reproduced by the simulation
when the applied field is within the ab plane and tilted by
roughly 10◦ from [100] direction [see Figs. 3(c) and 3(d)],
which is within the alignment error. The simulated M(H )
exhibits a concave rise with increasing field, mirroring the
data. Moreover, the broad peak in dM/dH at 8.9(5) T is
qualitatively reproduced by the simulation, albeit shifted to
a higher field of 10.3(5) T. At fields above 20 T, the simu-
lation begins to overestimate M(H ), suggesting the presence
of a small g-factor anisotropy. Accurately quantifying this
anisotropy would require measurements directly sensitive to
the g factor, such as electron spin resonance performed at high
excitation frequencies to overcome the effects of zero-field
splitting.

Although these simulations capture the overall character-
istic of the measured M(H ) data well, there are systematic
discrepancies between the positions of the salient features,
such as the apparent saturation features in Fig. 3(c) and the
decrease in dM/dH in Fig. 3(d). These discrepancies suggest
that, while the model qualitatively captures the magnetic prop-
erties of [Ni(pym)(H2O)4]SO4 · H2O, the D/J0 value might
be slightly underestimated by the linear spin-wave theory
model, consistent with earlier discussions.

III. SUMMARY AND CONCLUSIONS

The magnetic properties of the chiral S = 1 chain com-
pound [Ni(pym)(H2O)4]SO4 · H2O have been characterized
using a range of experimental techniques. In this system,
Ni(II) ions are linked into chains via pym ligands, with
the Ni(II) octahedra exhibiting a fourfold chiral modulation
in their orientations along the chain. Adjacent chains are

connected through complex hydrogen-bonded networks,
which are expected to help mediate interchain exchange in-
teractions. These interactions stabilize the three-dimensional
long-range magnetic order below TN = 1.82(2) K, as deter-
mined by μ+SR measurements. Powder neutron diffraction
reveals a commensurate chiral antiferromagnetic structure,
characterized by antiferromagnetic alignment of the spin com-
ponents along the c axis and a 90◦ clockwise rotation of the
ab-plane components between neighboring spins.

The Hamiltonian parameters, J0 = 6.81(1) K, J ′
1a = −0.09

(1) K, and D = −3.02(1) K were determined through linear
spin-wave theory analysis of inelastic neutron scattering data.
Although this model captures the main features of the spin-
wave spectra, it underestimates the canting angle (θ ≈ 12.6◦
predicted vs θ = 17.8(9)◦ observed) and fails to reproduce
dispersionless features observed in the spectra. These discrep-
ancies are attributed to limitations of linear spin-wave theory
in capturing the physics of low-dimensional, anisotropic
quantum systems and highlight the need for the development
of a spin-wave model more suited to S = 1 quantum spin
chains.

Our results demonstrate that the chiral magnetic or-
der in this material does not rely on typically required
Dzyaloshinskii-Moriya interactions, geometric frustration, or
higher-order exchange mechanisms. Instead, the dominant
factor appears to be easy-axis anisotropy, which mirrors the
fourfold chiral pattern of the Ni(II) octahedra. Unlike chiral
orders induced by other mechanisms, the anisotropy-driven
chiral magnetic order observed here is commensurate and
rigidly coupled to the underlying crystal chirality. While this
mechanism of producing chiral magnetic order precludes the
possibility of stabilizing skyrmions, it introduces a new design
principle for realizing chiral magnetic materials with poten-
tially robust and tunable properties [1].

Chirality is a key factor in optical phenomena, under-
pinning effects such as magnetic circular dichroism and
magnetochiral dichroism. These effects are enhanced in chiral
magnetic systems at the x-ray absorption edges [3,61,62], and
have been linked to spin-mediated optical activity [5]. Future
work could explore these magneto-optical effects experimen-
tally in [Ni(pym)(H2O)4]SO4 · H2O.

Finally, linear S = 1 easy-axis chains with comparable
values of |D|/J0 and J ′

1a/J0 are expected to exhibit Ising an-
tiferromagnetic order, rather than entering the Haldane phase
[63]. In the case of [Ni(pym)(H2O)4]SO4 · H2O, the chiral-
ity of the crystal structure imposes a chiral magnetic order
through the single-ion anisotropy. Notably, in coordination
polymer systems, the D/J0 ratio can be tuned through external
parameters such as applied pressure or chemical modification
via ligand substitution [25,52,64–72]. This tunability sug-
gests that the anisotropy-induced chiral magnetic order in
[Ni(pym)(H2O)4]SO4 · H2O, and potentially in related S = 1
chain systems, could be manipulated to explore the interplay
between the Haldane phase and chirality.
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