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ABSTRACT: The Heisenberg antiferromagnetic chain is a
canonical model for understanding many-body gaps that emerge
in quantum magnets, and as a result, there has been significant
work on this class of materials for much of the past century. Chiral
chains, on the other hand, have received markedly less attention.
[Cu(pym)(H2O)4]SiF6·H2O (pym = pyrimidine) is an S = 1/2
chiral antiferromagnet with an unconventional spin gap and no
long-range ordering at zero field, features that distinguish it from
more conventional spin chains that host simple phase diagrams
and no magnetoelectric coupling. Here, we report pulsed magnetic
field electrical polarization measurements, strong magnetoelectric
coupling, and extraordinary magnetic field - temperature phase
diagrams for this system. In addition to three low field transitions, we find a series of phase transitions between 40 and 70 T that
depend on the magnetic field direction. The observation of electric polarization in a material with a nonpolar crystal structure implies
symmetry-breaking magnetic ordering that creates a polar axis - a mechanism that we discuss in terms of significant interactions
between the chiral chains as well as Dzyaloshinskii−Moriya effects. Further, we find second-order magnetoelectric coupling, allowing
us to deduce the magnetic point group of the highest polarization phase. These findings are in contrast to expectations for an
unordered one-dimensional spin chain and reveal a significantly greater complexity of behavior in applied field.

■ INTRODUCTION
Quantum spin chains are the fundamental building blocks of
quantum magnetism. As we seek to understand magnets of
increasing complexity, starting with a single spin and working
our way up to many body systems, the linear spin chain is the
first system we encounter that shows quantum many-body
behavior in the form of gaps, collective excitations,
fractionalized excitations, and order parameters.1−4 Surpris-
ingly, chiral spin chains are under-explored, despite the fact
that chirality is implicated in a number of exciting and
unexpected properties.5−13 [Cu(pym)(H2O)4]SiF6·H2O was
recently recognized as a chiral spin chain with properties that
differ significantly from those of a traditional linear spin
chain.14,15 This metal−organic material forms chiral chains of S
= 1/2 Cu2+ ions along the c-axis where the spiral has a
periodicity of four Cu centers [Figure 1(a)]. The Cu spins are
interspersed by meta-linked pyrimidines that provide the
primary exchange interaction along the chains.3,14,15 The
exchange interaction is antiferromagnetic (J = −42 K) based
on susceptibility, heat capacity, and magnetization.15 Even so,
there is no long-range ordering above 20 mK at zero magnetic
field.15 The chirality of the crystal imposes itself on the
magnetism via Dzyaloshinskii−Moriya interactions that rotate
along the chain as well as through a staggered g tensor.15 These

interactions have also been used to explain unconventional
spin gap behavior. In contrast to nonchiral systems, [Cu-
(pym)(H2O)4]SiF6·H2O hosts a spin gap that is induced by
and grows linearly with magnetic field.15 The magnetization
also increases linearly up to 50 T, at which point J becomes
comparable to the Zeeman energy. The spins fully saturate
near 70 T,15 although the magnetization curves shown in the
Supplementary Materials of Liu et al.15 reveal several broad
features between 50 and 70 T that depend on field orientation
hinting at spin level crossings and/or magnetic ordering near
the saturation field. μSR reveals a set of transitions near 3 and
possibly 6 T that point toward possible magnetic ordering in
applied magnetic field.16

In this work, we seek to understand the magnetic field -
temperature (H - T) phase diagram of [Cu(pym)(H2O)4]SiF6·
H2O using electric polarization as a probe of certain symmetry
breakings that signify long-range magnetic order. The study of
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high magnetic field phases via magnetization in copper
coordination polymers is tricky because magnetization is
difficult to measure cleanly in pulsed fields up to 75 T and is
not necessarily sensitive to changes in a predominantly
antiferromagnetic-like quantum state. We therefore turn to
high magnetic field electric polarization, which is a symmetry-
sensitive probe, in order to reveal the properties of this chiral
spin chain. When magnetic field competes with a dominant J,
the role of Dzyaloshinskii−Moriya and transverse coupling
becomes increasingly important. There are several models in
which a noncollinear spin configuration created by the
Dzyaloshinskii-Moriya interaction becomes a mechanism for
electric polarization.17−23

Electric polarization can be created via the displacement of
charged ions or by orbital rearrangements as a lattice adjusts
itself to slightly modify the Hamiltonian parameters and
minimize the magnetic energy. The final lattice parameters and
orbital configurations represent a balance between minimizing
magnetic energy at the expense of lattice strain. These effects
allow the magnetic order to alter the symmetry of the lattice
and thereby create net electric dipoles. Thus, magnetic phase
transitions and spin level crossings can be observed via
magnetostriction24 in most materials and also via electric
polarization measurements for materials with appropriate

symmetries.25 Notably, chiral materials have broken mirror
planes and, by extension, broken spatial inversion symmetry.
Broken spatial inversion symmetry is a necessary but not
sufficient condition for the observation of electric polarization.
The combination of broken spatial inversion and time-reversal
symmetry at zero magnetic field can create linear magneto-
electric coupling where an electric polarization is induced with
magnetic field. On the other hand, a unique polar axis without
rotational symmetry can support an electric polarization.
[Cu(pym)(H2O)4]SiF6·H2O does not satisfy either scenario
required to host magnetoelectric coupling or electric polar-
ization unless an additional magnetic symmetry-breaking
occurs. Thus, the observation of either of these effects in
applied magnetic field indicates a broken symmetry and likely
magnetic ordering.

With these ideas in mind, we measured the change in
electric polarization of the S = 1/2 chiral magnet [Cu(pym)-
(H2O)4]SiF6·H2O as a function of magnetic field and used our
results to develop a set of H - T phase diagrams that are quite
different from what is observed in chemically similar linear
chain systems like Cu(pyz)(NO3)2.

26−29 We find a striking
series of phase transitions consistent with symmetry-breaking
in combination with field-induced long-range magnetic order-
ing, magnetoelectric coupling, and striction effects. We discuss
these results in terms of strong interchain coupling,
Dyaloshinskii-Moriya interactions, and the ability of this
system to stabilize noncollinear spin structures. Second-order
magnetoelectric coupling in which the sign of the electric
polarization is invariant under a change in magnetic field
direction was observed. We employ these findings to suggest
possible magnetic point groups for one of the field-induced
magnetically ordered phases. Remarkably, some features in the
H - T phase diagram survive to unexpectedly high temper-
atures. The primary high field phase boundary near 50 T also
connects with a large capacitance peak near 134 K. In addition
to hosting exotic phase diagrams with competing phases, chiral
chains have the potential to deliver a wide range of unexpected
properties including quenched magnetic order and spin liquid
behavior - key ingredients for spintronics30 and quantum
information processing.31

■ METHODS
Single crystals of [Cu(pym)(H2O)4]SiF6·H2O were grown using
solution techniques as described previously.14 Each crystal grows
naturally as a single chiral domain and contains exclusively left-handed
helices.14 Pulsed high magnetic field electric polarization measure-
ments were taken at the National High Magnetic Field Laboratory in
Los Alamos, New Mexico using the capacitor-driven 65 T short pulse
and 75 T duplex magnets. The single crystals were prepared by
depositing parallel capacitance plates on opposing crystalline faces
using silver paste, and leads were applied with platinum electrical
wires to achieve desired configurations. To focus our efforts, we
selected two of the five unique configurations for the majority of our
measurements [Figure 1(b,c)]. Changes in polarization (ΔP) were
measured as a function of pulsed magnetic field (H) by standard
techniques.32 These consist of recording the current between
electrical ground and the capacitance plates as the magnetic field is
changed using a Stanford Research 570 current to voltage converter.
The electric polarization is the integral of the measured current,
normalized to the surface area of the sample. Electric fields via
voltages up to 100 kV/m can be applied before or during the
measurements to samples. Switching the direction of the applied
electric field while poling was able to switch the sign of ΔP in some
configurations although the signal shape remained the same regardless
of whichever poling protocol was employed. Being able to switch the

Figure 1. (a) Ball and stick representation of the chiral chain in
[Cu(pym)(H2O)4]SiF6·H2O. Hydrogen atoms, uncoordinated water
molecules, and SiF6

2− anions are omitted for clarity. An extensive
network of hydrogen bonds is formed between the chains through the
uncoordinated water and silicon hexafluoride molecules. This system
crystallizes in the P41212 space group, so it is nonpolar, chiral,
piezoelectric, and magnetic. Interestingly, it crystallizes in only left-
handed helices. The Cu2+ centers are associated via a 41 screw
symmetry. Note that the bond between the two nearest Cu2+ ions has
no inversion center, which allows Dzyaloshinskii−Moriya interactions.
The screw structure violates site-centered inversion symmetry as well.
(b) Schematic of the P ⊥ c, H ∥ c configuration of [Cu(pym)-
(H2O)4]SiF6·H2O. Here, H is the field (and magnetization) direction,
the screw represents the chiral c-axis, and P is the polarization. (c)
Diagram of the P ⊥ c, H ⊥ c (H ⊥ P) measurement geometry.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.4c01249
Inorg. Chem. 2024, 63, 11737−11744

11738

https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01249?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01249?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01249?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01249?fig=fig1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c01249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


polarization direction by switching the electrical poling direction
while keeping the magnetic field the same is a well-known phenomena
and indicative of improper (magnetically induced) ferroelectricity.33

To complement this work, we measured the infrared response of
Cu(pym)(H2O)4]SiF6·H2O as a function of temperature and
magnetic field.

■ RESULTS AND DISCUSSION
High Magnetic Field Polarization and Magnetic Field

- Temperature Phase Diagrams. Figure 2(a) displays the
change in electric polarization (ΔP) of [Cu(pym)(H2O)4]-
SiF6·H2O with applied magnetic field in the P ⊥ c, H ∥ c

configuration. Here, we combine measurements on the short
pulse 65 T magnet and the 75 T duplex magnet to overcome
the 70 T saturation field.15 At low magnetic fields, ΔP rises
gradually, shows several small inflection points, reaches a
plateau, and then changes sign near 36 T. It remains negative
until 42 T, above which ΔP climbs to a maximum value of
0.072 nC/cm2 at 49 T. ΔP goes negative again near 51 T and
remains so to the limit of the short pulse magnet. From the
duplex data, we see that ΔP switches sign one more time at 65
T and rises smoothly toward the 70 T critical field where there
is only a slight change in slope to mark this important energy

Figure 2. Magnetoelectric response of [Cu(pym)(H2O)4]SiF6·H2O in the P ⊥ c, H ∥ c and P ⊥ c, H ⊥ c (H ⊥ P) configurations. (a, d) Change in
the electric polarization (ΔP) as a function of magnetic field for the P ⊥ c, H ∥ c and P ⊥ c, H ⊥ c (H ⊥ P) configurations, respectively. Data from
the short pulse magnet is shown in navy blue, while data from the duplex magnet is shown in cyan. (b, e) Magnetoelectric current vs magnetic field
in the indicated configurations. (c, f) H-T phase diagrams of [Cu(pym)(H2O)4]SiF6·H2O in two different configurations. The solid blue symbols
indicate phase boundaries at various measurement temperatures. The open symbol represents a point with some uncertainty. Error bars are on the
order of the symbol size, and the dashed lines guide the eye.
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scale. The magnetoelectric current, which is the derivative of
ΔP, is shown in Figure 2(b). This quantity nicely highlights
some of the smaller changes in polarization - for instance, those
taking place below 12 T. By combining these data, we
developed the magnetic field - temperature phase diagram.

Figure 2(c) displays the magnetic field - temperature phase
diagram of [Cu(pym)(H2O)4] SiF6·H2O in the P ⊥ c, H ∥ c
configuration. Each of the blue data points is obtained from an
analysis of the magnetoelectric current at a given temperature.
We immediately notice the formation of clear phase
boundaries that together map out several different areas in
close proximity. The sign of the electric polarization change
relative to zero magnetic field switches back and forth - from
positive to negative - and back again several times. This
behavior is especially dramatic below 2 K. Here, we find the
three weak transitions at 3, 6, and 10 T that are probably due
to magnetic field-induced spin rearrangements between
magnetic orders that produce small overall positive electric
polarization. These low field transitions are in good agreement
with electron spin resonance and muon spin rotation data,
which show transitions at similar fields.15,16 The H - T phase
diagram also displays a series a large swings in ΔP above 36 T,
finally saturating above the 70 T critical field in a positive
polarization phase. Increasing temperature brings some of
these regions together, but even at 10 K, the sign of ΔP flips
from negative to positive near 50 T. As we discuss below, this
phase boundary survives to significantly higher temperatures.

Figure 2(d) displays the change in electric polarization with
magnetic field in the P ⊥ c, H ⊥ c (H ⊥ P) configuration. Once
more, we make use of the 60 T short pulse and 75 T duplex
magnets to cover the relevant field range. There is again a large
magnetoelectric response but the sign of ΔP does not switch
excessively as in the prior case. We find that ΔP increases
steadily with magnetic field, revealing two or three weak
features below 12 T and a maximum value of 0.081 nC/cm2

near 40 T. Again, these low field phase boundaries are in good
agreement with electron-spin resonance and muon-spin
relaxation results indicating the presence of different magnetic
field-induced magnetic states.15,16 In Figure 2(d), ΔP drops
sharply and goes negative at 60 T where it remains as the spins
saturate. There is a small signature of the 70 T critical field
(where the spin configuration saturates15). Figure 2(e) shows
complementary magnetoelectric current data in the P ⊥ c, H ⊥
c (H ⊥ P) configuration. Figure 2(f) displays the H - T phase
diagram of [Cu(pym)(H2O)4]SiF6·H2O in the P ⊥ c, H ⊥ c (H
⊥ P) configuration. Overall, the phase diagram is beautifully
simple with a maximum near 40 T and change in the sign of
ΔP near 60 T.
Assigning the Various Phase Boundaries and Dis-

cussion of the Phase Diagrams. Further inspection reveals
three main regions of the H - T phase diagrams of
[Cu(pym)(H2O)4] SiF6·H2O. We classify them as low,
intermediate, and high magnetic field regions. In the low
field regime, below 15 T, changes in the electric polarization
are weak. Even so, we can identify three low temperature phase
boundaries near approximately 3, 6, and 12 T. We assign these
structures as field-induced transitions, consistent with electron-
spin resonance and muon spin relaxation signatures in the
vicinity.15,16 Complementary magneto-infrared spectroscopy in
this field regime is without contrast, ruling out a structural
component to these features - at least at 4.2 K [Figure S5,
Supporting Information]. This demonstrates that [Cu(pym)-
(H2O)4]SiF6·H2O behaves as a Type II multiferroic34 with

electric polarization that is sensitive to different magnetic field-
driven spin states. The intermediate magnetic field range is
broad and featureless, separating the aforementioned magnetic
transitions from the more exotic polarization changes at higher
fields. The H - T phase diagram is very different in the high
magnetic field region. Above 35 T, the magnitude of ΔP is
significantly larger, and it switches signs in a dramatic fashion -
at least in some configurations - from positive to negative and
vice versa. Some, but not all, of these features dovetail with the
magnetization.15 For instance, magnetization in the H ∥ c
direction has a step near 55 T and saturates at 70 T.15 This
corresponds well with the two highest magnetic field phase
boundaries in the P ⊥ c, H ∥ c configuration [Figure 2(c)],
although polarization displays other features as well. At the
same time, magnetization in the H ⊥ c configuration displays a
small step near 60 T and saturation near 70 T.15 Our phase
diagram in the P ⊥ c, H ⊥ c (H ⊥ P) configuration is in
excellent agreement with these results. Surprisingly, the overall
change in ΔP across the 70 T spin saturation transition is
modest. The exact mechanisms behind these high magnetic
field phases will, of course, be challenging to uncover as they
are accessible only by pulsed magnetic field techniques at the
present time. The short time scale of the magnetic field pulse
obviously limits the types of measurements that are feasible.

The overall structure of the H - T phase diagrams
summarized in Figure 2 and in the Supporting Information
is dramatically different from what is encountered in quasi-one-
dimensional Heisenberg antiferromagnets like Cu(pyz)-
(NO3)2. This traditional linear chain magnet hosts a spin
flop, magnetic field-induced spin canting, and a 14 T saturation
field giving rise to a phase diagram with the simplest of
structures and energy scales that are accessible even with a
superconducting magnet.26−29 Other quasi-one-dimensional
antiferromagnets display similar magnetic field-driven tran-
sitions and states of matter.35 By contrast, the H - T phase
diagrams of [Cu(pym)(H2O)4]SiF6·H2O host strong direc-
tional character with clear interchain interactions, extraordi-
nary complexity, and overall larger energy scales - key
differences that we attribute to the presence of structural
chirality in this family of materials. Specifically, the chiral
arrangement of Cu2+ ions, facilitated by meta-linked
pyrimidine ligands, plays a crucial role in reducing the distance
between S = 1/2 Cu2+ ions within the chain to 5.8 Å. Chirality
also increases the near neighbor distance between magnetic
ions in different chains to 7.431 Å. By way of comparison,
Cu(pyz)(NO3)2 contains chemically similar molecular building
blocks but no chirality because the Cu2+ centers are bridged by
para-linked pyrazine ligands to yield nearly 180° bonding
angles between magnetic ions. The distance between Cu2+ ions
in the chain is 6.8 Å, and the interchain distance is 7.285 Å.
These values are both longer and shorter than those in
[Cu(pym)(H2O)4]SiF6·H2O, respectively.

These differences are reflected in the magnetic energy scales
for this family of materials: Cu(pyz)(NO3)2 hosts J = −10.6 K
and a 14 T magnetic saturation field25,29 whereas J = −42 K
and the saturation field is near 70 T in our system.15 At the
same time, Cu(pyz)(NO3)2 hosts an inter- to intrachain
coupling ratio J′/J of ∼10−3 and orders antiferromagnetically at
105 mK. Our target compound does not order at zero
magnetic field down to 20 mK.15 It is possible that the
interchain interactions could be frustrated in this system, thus
creating quasi-one-dimensional behavior at zero field and long-
range ordering at high fields.
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High Temperature Behavior of the Chiral Spin Chain.
[Cu(pym)(H2O)4]SiF6·H2O hosts interesting higher temper-
ature effects as well. Figure 3(a) shows the change in electric
polarization in the P ⊥ c, H ∥ c configuration at different
temperatures including 50 K, which was the highest temper-
ature that we measured. Strikingly, ΔP is nonzero above 35 T,
indicating that with strong enough magnetic fields, magneto-
electric coupling can be observed near liquid nitrogen
temperatures. Figure 3(b) displays the H - T phase diagram
of the electric polarization in the P ⊥ c, H ∥ c configuration
incorporating the higher temperature data. Above 35 T the ΔP
value is slightly positive and is indicated by a faint red color on
the diagram. Figure 3(c) is identical to Figure 3(b), but with
an extended temperature axis. The green dashed line is a power
law fit showing where the principle high field phase boundary
intersects the temperature axis at zero magnetic field.

Figure 3(d) displays the capacitance of [Cu(pym)(H2O)4]-
SiF6·H2O as a function of temperature. This measurement
reveals a sharp peak at 134 K. Large capacitance peaks can be
accompanied by structural distortions,36,37 although in this
case, X-ray diffraction demonstrates that the P41212 space

group remains intact.15 That said, careful examination of the
crystallographic information files at 150 and 100 K reveals that
some atom positions shift across this temperature range -
particularly the hydrogen centers on coordinated and
uncoordinated waters, resulting in subtle bond length and
angle modifications. Infrared spectroscopy is consistent with
this picture and provides clear evidence for enhanced low
temperature hydrogen bonding but no structural transition
[Figure S4, Supporting Information]. The essential point is
that distortions involving hydrate ligands and free waters of
crystallization do not alter the space group across 134 K
[Figure 3(d)] - even though they do modify local structure.
This feature does, however, provide an energy scale for
possible gap opening. As shown in the extended H - T phase
diagram of Figure 3(c), there is a reasonable power law fit
correlation between high polarization field behavior and the
energy scale of the capacitance peak both at 0 and 13 T. This
shows that the 134 K transition temperature does hold some
special electrical significance in our material. Figure 3(e) shows
the P - E loop of [Cu(pym)(H2O)4]SiF6·H2O at 2 K. The
linear behavior is a sign of paraelectric character. The lack of

Figure 3. (a) Change in electric polarization (ΔP) as a function of magnetic field in the P ⊥ c, H ∥ c configuration at several different temperatures.
(b) Contour plot created by combining the electric polarization data over a wider temperature window including the 50 K data. (c) Contour plot of
[Cu(pym)(H2O)4]SiF6·H2O in the P ⊥ c, H ∥ c configuration. This plot is the same data as panel (b) but with an extended temperature axis. The
two points represent the capacitance peak positions, and the green dashed line is a power law fit of the highest phase boundary intersecting zero
magnetic field at 134 K. (d) Capacitance measurements of [Cu(pym)(H2O)4]SiF6·H2O in the E ⊥ c, H ∥ c geometry at 0 and 13 T. The sharp peak
at 134 K is present at both zero field and 13 T. (e) P - E loop of [Cu(pym)(H2O)4]SiF6·H2O at 2 K.
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hysteresis shows that the material is not ferroelectric. We also
measured the pyroelectric current from room temperature
down to 2 K (not shown) and did not observe any
pyroelectricity which indicates the material remains nonpolar
down to very low temperatures in zero magnetic field
consistent with the known space group of P41212 and the
lack of magnetic ordering at zero magnetic field.
Origins of Magnetoelectric Coupling. We have seen

that [Cu(pym)(H2O)4]SiF6·H2O displays field-induced mag-
netic ordering, and polarization switching, and second-order
magnetoelectric coupling [Figure S3, Supporting Information].
In this section, we discuss possible magnetic point groups that
can explain these behaviors and spin structures. The trends in
the electric polarization are very complicated, preventing us
from determining the magnetic point group of each phase.
Therefore, we focus on the phase exhibiting the largest
polarization. This phase resides between approximately 40 and
50 T. We note that there is probably no long-range magnetic
ordering below 40 T, and above 70 T, the spin structure is
simple with all spins aligned in the field direction.

In the free energy expansion, the linear magnetoelectric
coupling term ∑ijαijEiHj is followed by the second-order
magnetoelectric coupling term (∑ijkβijkEiHjHk). The indices i, j
and k run from 1 to 3 and correspond to x, y and z. The former
allows electric polarization to change sign with magnetic field
whereas the latter is invariant under a change in magnetic field
direction.

Second-order magnetoelectric coupling implies finite values
for β111 or β222 (in-plane magnetic field inducing parallel in-
plane electric polarization, Figure S2(a)), β122 or β211 (in-plane
magnetic field inducing perpendicular in-plane electric polar-
ization, Figure 2(d)), β311 or β322 (in-plane magnetic field
inducing out-of-plane electric polarization, Figure S2(d)), β133
or β233 (out-of-plane magnetic field inducing in-plane electric
polarization, Figure 2(a)), and β333 (out-of-plane magnetic
field inducing out-of-plane electric polarization, Figure S2 (g)).
We have scrutinized all 18 subgroups of 422.1’ (magnetic point
group 12.2.41), which is the paramagnetic magnetic point
group of the title compound. Among these 18 subgroups, the
magnetic point group 1.1′ (magnetic point group 1.2.2)38

symmetrically allows nonzero second order magnetoelectric
coefficients consistent with our observations. It is of course
possible that the spin structure induced by the magnetic field is
so complicated that the magnetic point group becomes 1.2.2
while preserving the lattice symmetry.

Another possibility is that the magnetically ordered phase is
not a subgroup of the parent magnetic point group 422.1′. For
example, m.1′ (magnetic point group 4.2.10) with the
following second order magnetoelectric coefficient matrix
while the first order magnetoelectric coefficient is not allowed,
can explain our observation:38

=

i

k

jjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzz

0 ( ) 0

0 0 0 ( ) 0 ( )

0 ( ) 0
ijk

111 122 133 113 131

223 232 212 221

311 322 333 313 331

(1)

Since m.1′ magnetic point group is not a subgroup of 422.1′,
stabilizing magnetic structure consistent with m.1′ requires an
additional structural distortion. The title compound is a rather
soft material compared with other conventional inorganic
crystals with large empty space between chains and - as

explained previously - magnetic order may change the lattice
configuration to minimize the total energy. As a consequence,
our data is also consistent with this scenario. This means that
we can not uniquely and inconclusively determine the
magnetic point group of the ordered phase between 40 and
50 T.

That said, the parent crystallographic space group is not
polar, and the observation of electric polarization under a
magnetic field strongly indicates that the electric polarization
has a magnetic origin. Several microscopic theories on the spin
origin of electric polarization have been discussed.39 Each
theory requires a specific local symmetry condition; for
example, the orbital hybridization model demands broken
local inversion symmetry at the magnetic ions. Due to the
structural chirality combined with a number of different atomic
species surrounding the magnetic Cu2+ ions, the local
symmetry of Cu2+ possesses the lowest symmetry. These
conditions allow both local orbital hybridization between Cu2+

ions and ligands and a Dzyaloshinskii−Moriya interaction
between Cu2+ ions.15 Therefore, the asymmetric distribution of
electron clouds near Cu2+ ions resulting from orbital
hybridization and ligand displacements that accommodate
Dzyaloshinskii−Moriya interactions should be considered
seriously.40−42 These factors could be responsible for a
structural distortion, leading to a change in symmetry and
contributing to the complex electric polarization behavior.

■ SUMMARY AND OUTLOOK
In order to explore field-induced transitions in a chiral S = 1/2
antiferromagnetic spin chain, we measured the electric
polarization of [Cu(pym)(H2O)4]SiF6·H2O as a function of
magnetic field and compared our findings to expectations for
quasi-one-dimensional analogs like Cu(pyz)(NO3)2 where
canonical models for understanding many-body gaps and
phase diagrams are well-established. We find a striking series of
phase transitions consistent with symmetry-breaking in
combination with long-range magnetic ordering, magneto-
electric coupling, and striction effects. The H - T phase
diagrams of the chiral magnet are dramatically different than
those of the chemically similar linear chain system. We discuss
these results in terms of strong interchain coupling combined
with Dyaloshinskii-Moriya interactions, which act to stabilize
noncollinear spin structures which, in turn, lower the symmetry
of the system enough to produce novel polarization effects.
These findings pave the way for the study of quantum
magnetism in new settings and provide exciting opportunities
to reveal new properties and states of matter under external
stimuli that take advantage of the symmetry breaking that
chirality delivers.
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