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Magnetic field induced ordering in the spin-1
2 chiral chain compound [Cu(pym)(H2O)4]SiF6·H2O
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We present single-crystal neutron diffraction, powder muon spin rotation, and pulsed-field magnetometry
measurements on the Heisenberg quantum chiral chain [Cu(pym)(H2O)4]SiF6·H2O (pym = pyrimidine), which
displays a fourfold-periodic rotation of the local environment around the Cu(II) S = 1/2 ions from site to site
along the chain. Previous measurements on this material have shown the absence of magnetic order down to
surprisingly low temperatures �20 mK, as well as the presence of an energy gap for magnetic excitations that
grows linearly with magnetic field. Here we find evidence at dilution refrigerator temperatures for a field-induced
transition to long-range magnetic order above an applied magnetic field of 3 T. From the polarization of magnetic
moments observed with magnetic fields applied in the [−1, 2, 0] direction, we can identify the static magnetic
structure that best accounts for the data. The proposed model is supported microscopically by the presence of an
alternating component of the g tensor, which produces an internal twofold staggered field that dictates both the
direction of the ordered moments and the effective coupling between adjacent chains. The observed magnetic
structure is contrary to previous proposals for the departure of the magnitude and field dependence of the energy
gap from the predictions of the sine-Gordon model.

DOI: 10.1103/w195-6pjw

I. INTRODUCTION

The remarkable effects of an alternating local spin envi-
ronment on the magnetic properties of quantum spin chains
were first noticed in high-field neutron scattering and heat ca-
pacity data measured on the quasi-one-dimensional staggered
S = 1/2 antiferromagnetic (AFM) chain copper benzoate
[Cu(C6H5COO)2 · 3H2O] [1]. These data revealed the de-
velopment of an energy gap which grows on application
of magnetic field H . This was perplexing until, in a the-
oretical tour de force, it was shown that the behavior of
this system could be described by the sine-Gordon (SG)
model of quantum field theory [2,3]. Over the intervening
years, several other SG chains emerged, including Cu-PM
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([pym·Cu(NO3)2·(H2O)2]n, where pym = pyrimidine) and
CDC [CuCl2 · 2((CH3)2SO)] [4–6]. Under the influence of
an applied field, the gap emerges in these systems thanks to
the presence of an alternating, or twofold-periodic, staggered
field with a component that lies perpendicular to the applied
field, which is caused by the combination of a twofold stag-
gered component in the Cu(II) g tensor and an alternating
Dzyaloshinskii-Moriya (DM) interaction [2,3]. Soliton, anti-
soliton, and breather excitation modes were predicted [3,7,8]
and then later observed in high-frequency electron-spin reso-
nance and neutron scattering measurements [9–11].

The molecule-based chiral spin chain [Cu(pym)(H2O)4]
SiF6·H2O is structurally similar to the SG systems, but with
an added twist: a 41 screw [12]. A previous study employing
x-ray diffraction, electron-spin resonance, magnetometry, and
heat-capacity measurements confirmed the chiral space group,
a twofold staggered component of the g tensor, and a field-
induced gap [13]. However, it was found that in this case the
gap is much smaller than that predicted by SG theory and
has an unconventional linear-in-field dependence, in contrast
to the H2/3 behavior expected for the SG model. Moreover,
the observed magnetic excitations, while reminiscent of the
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FIG. 1. (a) Crystal structure of the 41 Cu(pym)(H2O)4 chain
and (b) four parallel chains related by the 21 screw axes in
[Cu(pym)(H2O)4]SiF6·H2O. The Jahn-Teller elongated Cu–O bonds
are shown as green sticks [12,13], highlighting the fourfold-periodic
staggering of the local spin environments. H atoms and noncoordi-
nated SiF6 and H2O molecules are omitted for clarity.

breather modes seen in nonchiral staggered chains, cannot be
accounted for by the SG model [13].

A qualitative explanation for the departure of the
[Cu(pym)(H2O)4]SiF6·H2O spin gap from existing theories
was proposed based on differences between the chiral and
nonchiral staggered structures [13]. The screw symmetry in-
troduces additional terms to the Hamiltonian, including a
uniform DM interaction and a staggered field with a fourfold
periodicity on each chain. These additional interactions have
the potential to decouple the system from the twofold stag-
gered field and radically alter the development of the gap and
the excitations. This could occur if, for example, in an applied
field the spins adopt either an incommensurate helical mag-
netic order or a canted AFM state in which the moments lie in
the plane defined by the applied field and the chain direction
[13]. Later, theoretical calculations predicted the development
of spin-dimer order possibly coexisting with Néel order in this
material [14].

To examine these hypotheses, we present neutron diffrac-
tion, muon-spin relaxation, and magnetometry data taken in
an applied magnetic field. We start by describing the crystal
structure of the material and a minimal effective spin Hamil-
tonian. We then show that the neutron diffraction results taken
at 50 mK indicate that long-range magnetic order emerges as
a static field is applied and explain how this order develops as
a result of the twofold staggered field at each spin site. The
muon and magnetometry results provide further information
about the field at which long-range order sets in. We finish
with a discussion of the implications of these results for the
predictions mentioned above.

II. RESULTS AND DISCUSSION

A. Crystal structure, Hamiltonian, and zero-field behavior

As shown in Fig. 1(a), the Cu(II) ions in
[Cu(pym)(H2O)4]SiF6·H2O form chains parallel to the c
axis via linking N–C–N moieties of pyrimidine, which

mediate a strong AFM intrachain superexchange coupling,
J = 42 K [13]. The Cu(II) hexacoordination is completed
by four H2O molecules, two of which occupy Jahn-Teller
elongated axial positions. Along this direction, the local g
tensor assumes the largest value. In the P41212 space group,
the Cu(II) ions are related by the 41 symmetry element within
the chain and by the 21 screw axis between chains [see
Fig. 1(b)]. As a consequence, the local environments of the
nearest Cu(II) ions within a chain, and hence their local g
tensors, are related by 90◦ rotations about the crystallographic
c axis. The chains themselves are well separated from one
another by H2O molecules and SiF−

6 counteranions (not
shown), leading to a minimum interchain Cu · · · Cu distance
of 7.4312(6) Å at 150 K.

The minimal effective spin Hamiltonian appropriate for
[Cu(pym)(H2O)4]SiF6·H2O was determined in Ref. [13]. If
we set Z as the chain direction and apply a magnetic field H,
the Hamiltonian for a single chain can be written as

Ĥ =
∑

i

JŜi · Ŝi+1 + μBμ0

∑
i

H · gi · Ŝi

+
∑

i

Du
(
ŜX

i ŜY
i+1 − ŜY

i ŜX
i+1

)
, (1)

where the first term describes the AFM exchange within the
Cu–pym–Cu chain, gi is the g tensor at a particular spin
site, and the last term arises from the DM interaction. The
g tensor can be split into three components: gu corresponds
to the uniform part of the g tensor, while g2s is a small stag-
gered component that repeats after every two nearest-neighbor
Cu(II) ions. g4s is a much weaker staggered component with
a fourfold period along the chain, i.e., the same periodicity as
the unit cell. Using electron-spin resonance, the g tensor has
been experimentally determined to be (in the laboratory frame
defined in Ref. [13])

gi = gu + g2s + g4s

=
⎛
⎝2.21 0 0

0 2.21 0
0 0 2.10

⎞
⎠ + 0.12

⎛
⎝ 0 (−1)i 0

(−1)i 0 0
0 0 0

⎞
⎠

+ 0.026

⎛
⎝ 0 0 (−1)iδi

0 0 δi

(−1)iδi δi 0

⎞
⎠, (2)

where δi = −1,+1,+1, and −1 for spins Cu0, Cu1, Cu2,
and Cu3 along the chain, respectively (see Fig. 1 for label
definitions). These components allow one to split the Zeeman
energy in the Hamiltonian into three terms: a uniform field
and twofold and fourfold staggered fields. It is the fourfold
term that allows for the possibility of dimer order in this
system [14]. By symmetry, the DM interaction of a given
chain can be decomposed into a uniform component parallel
to the chain axis of magnitude Du and a fourfold periodic
staggered component perpendicular to the chain axis [not
included in Eq. (1)]. It is important to note that space group
P41212 does not support a net DM interaction. The 21 and 2
symmetry operators give the same configuration of staggered
Ds on every chain but opposite signs of the uniform Du for the
two chiral chains in each unit cell.
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FIG. 2. (a) Elastic neutron scattering diffractogram along the (00l ) direction for a single crystal of [Cu(pym)(H2O)4]SiF6·H2O at 50 mK
in zero magnetic field (black) and in an 8 T magnetic field applied along the [−1, 2, 0] direction (red). (b) Scattered intensity at (002) showing
that magnetic scattering occurs at 8 T in addition to the multiple scattering observed at zero field. (c) Magnetic field dependence of the square
root of the magnetic scattering peak at (002), which is proportional to the size of the ordered moment. These points are obtained by subtracting
data collected at zero field from those obtained in applied field.

In addition to these terms, it is possible that interchain
coupling, characterized by an exchange energy J⊥, plays a role
in any magnetic order that develops in this system. Previously
reported muon-spin rotation measurements have shown that
at zero field [Cu(pym)(H2O)4]SiF6·H2O does not undergo
a transition to long-range three-dimensional magnetic order,
at least above 20 mK [13]. Within the model of a conven-
tional linear quantum chain, this suggests that the exchange
anisotropy is very small indeed: J⊥/J � 10−4 [15]. However,
the presence of a uniform DM interaction that alternates in
sign on neighboring chains is known to compete with inter-
chain exchange [16] and could suppress zero-field long-range
order (LRO) in this system even in the presence of a higher J⊥
value.

Clear evidence of zero-field order is also elusive in the
nonchiral SG chain copper benzoate. By contrast, CDC does
show magnetic order below 0.93 K at zero field. Once a
magnetic field is applied, one would expect LRO to develop
alongside the energy gap in all these systems as the staggered
fields should stabilize a preferred ground state for each chain.
This is indeed observed in CDC, in which field applied along
one axis strengthens the exchange-induced LRO seen at zero
field. However, for other directions, the staggered fields sup-
press the zero-field ordered state and cause a SG spin gap to
open [6].

B. Neutron diffraction

In order to establish whether long-range magnetic order
evolves in an applied field in [Cu(pym)(H2O)4]SiF6·H2O,
we measured single-crystal neutron diffraction on the WISH
instrument at the ISIS Neutron and Muon Source in the United
Kingdom [17]. The details of this and the other measurements
described here are given in the Supplemental Material [18].
This experiment poses some technical challenges. Magnetic
scattering intensities are necessarily weak due to the low den-
sity of magnetic ions compared to typical inorganic materials.
Moreover, Cu(II) moments are intrinsically small, and strong
quantum fluctuations typical of highly one-dimensional S =
1/2 systems act to reduce the ordered moment even further
[19,20] (see discussion below).

Despite these difficulties, magnetic scattering in an applied
field is clearly observed, demonstrating that the field induces
long-range magnetic correlations in this material. Figure 2(a)
shows the measured diffraction intensity along the (00l ) direc-
tion at 50 mK in zero magnetic field (black line) and in an 8 T
magnetic field applied along the [−1, 2, 0] direction (red line).
The field produces a measurable change in intensity along
the (00l ) zone axis at a d spacing of 9.6 Å [see Fig. 2(b)].
This position corresponds to the (002) reflection, determined
by indexing the diffraction pattern by the tetragonal cell with
lattice parameters a = b = 11.1513 Å and c = 19.3206 Å.
We note that a sizable intensity is measured at this position
even in zero magnetic field, despite the fact that long-range
magnetic order is absent in zero field and nuclear intensities at
(00l ), with l = 4n + 2, are extinct by space group symmetry.
On rotation of the sample over a small angular range, this
zero-field intensity was found to change dramatically, with
an irregular dependence on angle. These characteristics are
unique to multiple scattering, in which the Bragg condition is
accidentally satisfied by two or more sets of crystal planes (we
note that the sample orientation was selected to optimize the
measurement of the long d-spacing magnetic diffraction de-
spite significant multiple scattering). Hence, the space group
assignment holds, and the nonmagnetic zero-field (002) inten-
sity can be subtracted from the high-field data in the analysis
that follows.

The magnetic intensity observed at the (002) position is
consistent with a �-point magnetic structure. Furthermore, the
reflection condition (00l ), with l = 4n + 2, uniquely identi-
fies spin components of opposite sign located on intrachain
Cu sites related by 41 screw symmetry. The implied AFM ex-
change mediated by pyrimidine is consistent with the energy
of the AFM interaction established by previous magnetom-
etry and heat capacity measurements of this material [13].
The AFM component of the spins must coexist with a fer-
romagnetic (FM) component coupled to the magnetic field.
Observing this FM component in our diffraction experiment
is unlikely, given that it exactly coincides with nuclear diffrac-
tion intensity from the crystal structure.

We define four possible antiferromagnetic structures, illus-
trated in Fig. 3. Here the small field-induced FM component
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FIG. 3. Possible magnetic structures in applied magnetic field perpendicular to the chains of [Cu(pym)(H2O)4]SiF6·H2O.

necessarily lies parallel to the applied field (the X direction),
while the intrinsic AFM component stabilized by exchange
can lie either perpendicular or parallel to the chain axis along
Y or Z , respectively. We label these two scenarios “XY” and
“XZ.” Second, the relative orientation of nearest-neighbor
spins in neighboring chains may be FM or AFM, denoted
as “F” and “A.” Accordingly, we label these structures XYF,
XYA, XZF, and XZA.

XZF and XZA can be immediately ruled out as candi-
dates for the 8 T magnetic structure because antiferromagnetic
moments aligned parallel to Z would provide exactly zero
neutron diffraction intensity at the (002) reflection. The XYF
and XYA magnetic structures can be distinguished by cos2(εl )
and sin2(εl ) dependences on the diffraction intensities, re-
spectively, where ε is an irrational multiple of 2π dependent
upon the atomic fractional coordinates. However, separating
these two requires a reliable measurement of the (006) mag-
netic intensity for comparison, which is heavily suppressed
by the magnetic form factor and is here lost to the background
noise.

The size of the ordered magnetic moment μCu =
0.174(15)μB obtained by fitting the XYF model against the
intensity at (002), scaled using the nuclear Bragg intensities, is
significantly reduced from the value expected for a Cu(II) ion
in this environment. By contrast, the ordered moment found
from fitting to the XYA magnetic model is large, 1.104(94)μB,
consistent with an approximately full S = 1/2 moment. A
significant renormalization of the ordered magnetic moment
is expected in highly isolated S = 1/2 chains due to the effect
of quantum fluctuations [19], and it is reasonable to suppose
the ordered moment remains reduced even at 8 T, which is
only 14% of the saturation field in this material [13]. Hence,
the derived moment size tends to support XYF as the best
candidate for the 8 T magnetic structure.

Figure 2(c) shows the square root of the magnetic scat-
tering at the (002) peak, obtained by subtracting the data
collected at zero field from that observed in applied field.
Magnetic order is already present at 4 T, and it appears to
strengthen as field increases to 8 T.

The location of the ordered moments in the XY plane is
contrary to the proposition put forward in Ref. [13] to account
for the reduced size of the field-induced energy gap compared
to the predictions of the SG model. It was suggested that

in a magnetic field, the spins might adopt a canted structure
in the XZ plane instead, which would effectively decouple
the spins from the staggered field arising from the twofold
g tensor component, which lies perpendicular to Z for the
experimental field direction of [−1, 2, 0]. However, the re-
sults of our neutron diffraction experiment unambiguously
show that the spins instead order within the XY plane de-
fined by the applied and twofold staggered fields, analogous
to the situation expected for the nonchiral, staggered chains.
This situation means that if the interchain interactions are
small (which is strongly suggested by the lack of evidence
for long-range order in zero applied field), the twofold stag-
gered field should be responsible for the ordering between
chains.

To understand how magnetic order arises, it is helpful to
shift away from the laboratory XY Z frame of Ref. [13] to
the crystallographic abc frame. The orientation of the local
Jahn-Teller (JT) axes (and hence the local g tensor) rotates by
90◦ about the c axis on moving from one Cu(II) site to the
next along the chiral chains. This is illustrated in Fig. 4 for
Cu(II) ions in four adjacent chains. Figures 4(a) and 4(c) show
the situation for Cu0 spins along the chain, while Figs. 4(b)
and 4(d) show the situation for Cu1 (see Fig. 1 for label
definitions). The JT axes of the Cu0 ions lie approximately
parallel to the [1,1,0] direction, with a small offset angle of
α = ±7.5◦ when projected into the ab plane. The sign of α

alternates between adjacent chains, as shown. For Cu1, the
JT axes lie approximately parallel to the [1̄, 1, 0] direction,
again with a ±7.5◦ offset that alternates between chains.
Cu2 and Cu3 ions have the same JT-axis orientations as
Cu0 and Cu1, respectively, when projected into the ab plane,
which is a sufficient consideration for the discussion that
follows.

It is the orientation of the local g tensor that dictates the
effective field at a particular site. For example, if the JT axis is
aligned exactly parallel to the applied field, the effective field
at that site will be boosted, but if the JT axis is exactly perpen-
dicular to the applied field, the effective field will be reduced.
The alternation of JT directions described above therefore
gives rise to the twofold staggered field h2s, superposed on
an average uniform field, that alternates in direction from site
to site along the chains. Using the experimentally derived
g tensor shown in Eq. (2), we can show that the twofold
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FIG. 4. Cu(II) octahedral environments in four adjacent chains
for (a) and (c) Cu0 and (b) and (d) Cu1 spins in the unit cell (see
labels in Fig. 1), as well as the twofold staggered field (black ar-
rows), decomposed into components parallel and perpendicular to an
applied magnetic field (red arrows). (a) and (b) Applied field parallel
to [110]. (c) and (d) Applied field parallel to [−1, 2, 0], as used for
the neutron diffraction experiments.

staggered field is given by

h2s = ±0.12

⎛
⎝Ha sin(2α) + Hb cos(2α)

Ha cos(2α) + Hb sin(2α)
0

⎞
⎠, (3)

where h2s is positive for Cu0, alternating in sign from site
to site along the chain, and [Ha, Hb, 0] is the direction of
the applied field in the ab plane. For α �= 0, an applied field
can never be aligned exactly parallel or perpendicular to all
JT axes at once. Hence, h2s will always develop components
parallel and perpendicular to the applied field. The antiferro-
magnetic moments (or staggered magnetization) will orient
perpendicular to an applied field to maximize the magnetic
susceptibility; however, this is not enough to define a rela-
tionship between the chains. In fact, the relative orientation
of moments in adjacent chains will be determined by these
perpendicular components of h2s, which are hence responsible
for stabilizing long-range order.

Figures 4(a) and 4(b) illustrate this scenario. Here the
applied field (red arrows) is applied parallel to [1,1,0]. The
twofold staggered fields are drawn as black arrows next to
their respective Cu(II) octahedra, as calculated using Eq. (3),
and decomposed into components parallel and perpendicular
to the applied field (gray arrows). In the absence of the α offset
angle, h2s will be exactly parallel (at Cu0) and antiparallel
(at Cu1) to the applied field. However, the α = ±7.5◦ offset
introduces an additional component of h2s perpendicular to
the applied field, which for this field direction alternates in
direction between adjacent chains and hence promotes an
antiferromagnetic order corresponding to the XYA magnetic

structure in Fig. 3. [Note that h2s is inclined at an angle of 2α

with respect to the applied field; see Eq. (3).] Figures 4(c) and
4(d) show the situation for field applied parallel to [−1, 2, 0],
which is the direction used in the neutron experiments. In this
case, the perpendicular components of h2s no longer alternate
between adjacent chains and so act to promote the XYF ferro-
magnetic ordering, as was deduced from the neutron results.
In fact, it can be shown that the XYF arrangement will be
favored provided that cos(4α) + cos(4φ) > 0, where φ is the
azimuthal angle that defines the direction of the applied field
in the XY plane. In other words, the XYF structure will al-
ways occur unless the field is applied within ±α of the 〈110〉
directions.

Finally, we note that for fields applied parallel to the chain
(crystallographic c axis), h2s is exactly zero, and long-range
order will not be stabilized by this mechanism.

Summarizing the neutron diffraction results, commensu-
rate antiferromagnetic order is observed in fields of 4 and 8 T,
with the spins aligning in the plane defined by the applied and
twofold staggered fields. For the experimental field direction,
nearest-neighbor spins on adjacent chains are ferromagneti-
cally aligned.

C. Muon-spin rotation and magnetometry

To understand at what point field-induced magnetic order
begins, transverse-field (TF) muon-spin rotation (μ+SR) mea-
surements were performed as described in the Supplemental
Material [18].

In the TF μ+SR geometry [21] the externally applied field
B0 is directed perpendicular to the initial muon spin direction.
Muons precess about the total magnetic field B at the muon
site, which includes the contribution of the internal magnetic
field from local spins. The observed property of the experi-
ment is the time evolution of the muon-spin polarization Px(t ),
which is related to the distribution p(B) of local magnetic
fields at the muon sites across the sample volume by means
of a Fourier transform,

Px(t ) =
∫

dB p(B) cos(γμBt ), (4)

where γμ is the muon gyromagnetic ratio. In the high mag-
netic field limit, the muon-spin relaxation rate (and hence the
width of the features seen in the Fourier transforms of the
spectra) is determined by the magnetic field correlations along
the direction of the applied magnetic field. The signal we
observe is a consequence of contributions from the local fields
in the sample, which include the dipole field due to the local
moments and the hyperfine field due to electron density at
the muon sites [21]. In a magnetically ordered system muons
will stop both in the bulk ordered regions and in domain walls
and at surfaces, where the internal field is nonuniform. There
will also be a contribution from muons that stop in the silver
sample holder and possibly other regions outside the sample.

TF μ+SR spectra were measured on a polycrystalline
sample in applied fields of 0.5 T � B0 � 8.0 T at a fixed
temperature of T = 0.1 K. Example Fourier-transform spectra
are shown in Fig. 5(a), in which we see a single broad peak at
all applied fields. As the externally applied field increases, the
peaks become broader and shift to higher average magnetic
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FIG. 5. (a) Example 0.1 K TF μ+SR Fourier transform spectra
measured at 0.5 and 8 T. Fits of the spectra to Eq. (5) showing
(b) the average shift 〈B〉 − B0 as a function of applied field and (c) the
broadening w. The dotted line shows the proposed transition region.
(d) Ordered moment size derived from muon site modeling for the
XYF magnetic structure.

field. We quantify these features by fitting each peak to a
Lorentzian of the form

I (B) = Aw2

[(B − 〈B〉)2 + w2]
+ A0, (5)

where B is the measured field, A is the height of the peak,
w is its half width at half maximum, and A0 is a baseline
contribution. As shown in Fig. 5(c), w is seen to increase
smoothly as a function of applied field. In contrast, the shift of
the average from the applied field 	B = 〈B〉 − B0 [Fig. 5(b)]
stays approximately constant up to ≈3 T, when it starts to
increase roughly linearly.

The marked discontinuity in the gradient of 	B is sug-
gestive of a field-induced transition in magnetic behavior that
takes place around Bc = 3 T. This most likely reflects either a
phase transition from a disordered configuration for B0 < 3 T
to long-range order or a transition between two different mag-
netically ordered phases. In either case, we might also expect
to see a discontinuity in the width of the measured distribution
w. However, the smooth increase in w that we observe indi-
cates that the distribution of magnetic fields at the muon sites
does not change discontinuously across the measured field
range. This might be consistent with a reordering between
two subtly different magnetic structures that do not involve
a significant change in ordered moment size. It can also be
reconciled with the scenario involving the onset of LRO at
B0 = 3 T, which implies that the correlations on both sides
of the phase boundary are similar, with short-range ordered
regions occurring for B0 < 3 T that lock into LRO at high
fields without a significant change in the local distribution of
fields.

In order to check whether the muon results are consistent
with the magnetically ordered structures proposed on the ba-
sis of neutron diffraction, we modeled the spectra, assuming
only a dipolar contribution to the local magnetic field. The
simulation involved computing the candidate muon sites in
the system (using density functional theory techniques [21])
along with modeling the dipole field distribution resulting
from the candidate ordered magnetic structures. A large num-
ber of candidate muon sites were identified, with only the
lowest-energy species retained. We then computed the mag-
netic field distributions expected from these muon sites in
a polycrystalline sample but allowed the magnitude of the
ordered moments to serve as a fitting parameter. Using this ap-
proach, it was not possible to recreate the observed magnitude
of the shifts 	B, which resulted in unrealistically large values
of the ordered moments for all candidate magnetic structures.
This suggests that the shifts do not arise simply from the
dipole field and instead reflect one of the contributions not
taken into account, such as a hyperfine shift. In contrast,
the distribution width w can be successfully modeled for
both the proposed XYF and XYA magnetic structures, with
physically realistic values of the ordered moment providing
good agreement between the data and simulation. For both
magnetic structures, the magnitude of the ordered moment
shows a tendency to increase with increasing applied field.
The extracted moments lie in the range 0.1 � μ/μB � 0.2,
as shown in Fig. 5(d), where we compute the ordered mo-
ment that would be consistent with the data, assuming an
XYF structure is realized at all values of applied magnetic
field.

The measured behavior can also be compared with that
observed in other coordination polymer materials measured
using the same technique. In Cu(pyz)(gly)(ClO4) (pyz =
pyrazine, gly = glycinate), for example [22], the observed
shifts 	B correlate with the known transitions at phase bound-
aries. In that case, the boundary between a phase of interacting
singlets and the XY LRO phase shows a discontinuity in the
magnitude of 	B, as might be expected, since it involved the
discontinuous appearance of magnetic moments. By contrast,
the transition between a field-polarized state and an XY or-
dered state involves a change in gradient of the shift, much as
we see here. This further implies that our results, involving a
change in the gradient of 	B, are consistent with a transition
between a magnetically ordered phase and one with correla-
tions imposed by the polarization that results from an applied
field.

In summary, the behavior of the measured line shift 	B,
which changes from field independent at low B0 to lin-
early increasing for B0 > 3 T, is suggestive of a qualitative
change in the underlying magnetic state, such as that from a
magnetically disordered phase for B0 < 3 T to field-induced
order above Bc. The ordered moment derived from fits to
the linewidth is consistent with both the proposed XYF
and XYA magnetically ordered structures across the field
range, with an ordered moment of ≈0.2μB at 8 T for the
XYF structure, in agreement with the neutron diffraction
result.

Figure 6 shows the magnetization M of
[Cu(pym)(H2O)4]SiF6·H2O measured at pumped 3He
temperatures in pulsed magnetic fields. The data were
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FIG. 6. Magnetization of [Cu(pym)(H2O)4]SiF6·H2O measured
in pulsed magnetic fields at T = 0.6 K for fields applied perpen-
dicular to the chain. The data are shown as a fraction of Msat , the
saturation magnetization [13]. Inset: differential susceptibility in the
low-field region.

obtained by coaligning two single crystals with the field
applied perpendicular to the chain axis. To eliminate any
systematic errors arising due to mechanical vibrations, a total
of 35 field pulses were performed in two separate magnets
with different peak fields between 10 and 20 T. Figure 6
shows the average of these datasets. Broadly, the M(H )
data appear to rise quickly from zero field with a decreasing
gradient up to 2–3 T. At higher fields up to 15 T the data
continue to increase, but with a roughly constant gradient. In
addition, a subtle modulation is just discernible in the 3–5 T
region. This modulation becomes clearer on differentiation
of the M(H ) data (shown in the inset) and appears as a
double-kink feature near the point where the gradient levels
off. Similar features were recently reported in the same field
region in measurements of the electric polarization of this
material [23]. The change in behavior of M(H ) is close to
the position at which the μ+SR data show a shift in the
internal field, adding further support for a field-induced
transition from short-range correlations to long-range
order.

III. CONCLUSIONS

In summary, our experimental data demonstrate
the development of long-range magnetic order in
[Cu(pym)(H2O)4]SiF6·H2O under applied magnetic field.
The transverse-field muon measurements described above
are indicative of a phase transition to a magnetically ordered
state at 100 mK in an applied field of around 3 T. This is in
agreement with the neutron diffraction results, which show
the presence of long-range commensurate antiferromagnetic
order at both 4 and 8 T.

Using the density-matrix renormalization group and non-
Abelian bosonization, Ref. [14] focused on the fourfold
staggered field term in the Hamiltonian and predicted the
coexistence of dimer and Néel orders developing in ap-
plied fields. However, that is not what is indicated by the

neutron data. Instead, XYF order was found, in which the
spins lie in the plane defined by the applied field and the
twofold staggered field, precluding dimer formation. In ad-
dition, the observed ferromagnetic alignment of neighboring
chains is consistent with the direction of the twofold stag-
gered field. This is exactly the situation expected for the
nonchiral, alternating staggered chains, where the classical
picture of field-induced order is a canted phase caused by
the combination of the interchain exchange and the ap-
plied and twofold staggered fields. It is the combination
of these three energy considerations that maps, via bosoniza-
tion, to the SG model. Our results therefore suggest that
the SG equation should remain a good approximation
for the low-energy properties in [Cu(pym)(H2O)4]SiF6·H2O
(at least for fields applied perpendicular to the chain). In
this case, the departure of both the size and field depen-
dences of the field-induced energy gap from the predictions
of the SG model remains a perplexing issue that needs to be
explained.

Having ruled out effects of the fourfold staggered field,
we suggest that the departure from SG physics may be due
to the uniform component of the DM interaction of a given
chain, which alternates between nearest-neighbor chains as
required by the symmetry of the crystal structure. This inter-
action also provides a natural explanation for the remarkable
absence of long-range magnetic order at 20 mK. The uniform
DM terms promote incommensurate helical antiferromagnetic
order with opposing chiralities on neighboring chains, which
competes with the interchain exchange interactions that favor
commensurate collinear order at finite temperature. The tran-
sition at 100 mK and 3 T may then occur when the energy of
the twofold staggered field critically exceeds that of the DM
interaction. It is clear that further experimental and theoretical
work is needed to fully understand the properties of this chiral
quantum chain.
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