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I.

MUON-SPIN RELAXATION

Zero-field (ZF) and longitudinal-field (LF) µ+ SR measurements were made on a powder sample of Cu-PM
using the EMU spectrometer at the STFC-ISIS facility,
Rutherford Appleton Laboratory, UK. The sample was
packed in an Ag foil envelope (foil thickness 12.5 µm)
and mounted on an Ag plate using vacuum grease, which
was then attached to the cold finger of a dilution refrigerator. In a µ+ SR experiment [1], spin-polarized muons
are implanted into the sample and their time-dependent
spin polarization [or asymmetry, A(t)], which depends
on local magnetic fields, is measured. A magnetically
ordered state leads to coherent precession of the muonspin ensemble, while a static or dynamic distribution of
fields at the muon site leads to a relaxation of the muon
asymmetry due to dephasing.

II.

DENSITY FUNCTIONAL THEORY AND
DIPOLAR FIELD CALCULATIONS

We have carried out density functional theory (DFT)
calculations using the plane-wave basis-set electronic
structure code castep [2] in order to determine the
muon stopping sites. Spin-polarized calculations were
carried out within the generalized-gradient approximation (GGA) using the PBE functional [3]. Cu-PM crystallizes in the monoclinic C2/c space group, with a =
12.408(8) Å, b = 11.511(9) Å, c = 7.518(5) Å and
β = 114.99(5)◦ [4]. The Cu2+ ions form chains running parallel to the short ac diagonal, with the primary magnetic exchange being mediated by linking pym
(pym = pyrimidine = C4 H4 N2 ) ligands (see Fig. S1) [4].
Structural relaxations with the muon were carried out on
a supercell comprising 1 × 1 × 2 conventional unit cells of
Cu-PM to reduce the unphysical interaction of the muon
with its periodic images. We used a plane-wave cutoff energy of 1400 eV and performed Brillouin zone integration
at the Γ point, resulting in total energies that converge
to within 0.01 eV per supercell.
Initial structures comprising a muon (modelled by
a hydrogen pseudopotential) and the Cu-PM supercell
were generated by requiring the muon to be at least
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FIG. S1. Chain structure of [pym-Cu(NO3 )2 (H2 O)2 ].

0.5 Å away from each of the muons in the previously
generated structures (including their symmetry equivalent positions) and at least 1.0 Å away from any of the
atoms in the cell. This resulted in 35 structures which
were subsequently allowed to relax until the calculated
forces on the atoms were all < 5 × 10−2 eV Å−1 and the
total energy and atomic positions converged to within
2 × 10−5 eV per atom and 1 × 10−3 Å, respectively. The
muon sites reported here are those for µ+ , obtained using
a charged (+1) cell, though calculations using a neutral
cell (corresponding to muonium) yielded similar sites.
From our relaxed structures we identify three distinct
classes of low-energy muon sites and show these in Fig. 3
in the main text. In the lowest energy site the muon sits
1.1 Å from an O atom in a nitrate group [Fig. 3(a)]. The
muon at this site pulls both the terminal O atoms and
the N atom in the nitrate group towards it. In addition,
the muon at this site sits only 1.8 Å from an O atom
in a nitrate group belonging to a adjacent chain and the
muon also pulls this group towards itself (though to a
lesser extent than for the nitrate group it is closest to).
We find a second site, 0.17 eV higher in energy than
the nitrate site, where the muon bonds to an H2 O ligand,
with a µ–O bond length of 1.0 Å [see Fig. 3(b)]. This site
results in a significant elongation of the Cu–O bond from
2.0 Å to 3.0 Å as the muon pulls the O atom towards
itself and repels the Cu2+ ion. The repulsion of the Cu2+
ion (which is displaced by 0.5 Å) propagates along the
O–Cu–O axis to the H2 O ligand on the opposite side
which is displaced by a similar amount, with its Cu–
O bond length remaining approximately constant. The
muon also attracts an O atom on a nitrate group bonded
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FIG. S2. Candidate ordered magnetic structures with either (I) ferromagnetic or (II) antiferromagnetic interchain coupling
within the unit cell.

to the same Cu2+ ion as the H2 O, which results in a small
rotation of this group.
Finally, we identify a third distinct stopping site, 0.56
eV higher in energy than the lowest energy site, where
the muon sits 1.0 Å from an N atom in a pym ligand
[Fig. 3(c)]. The muon pulls this N atom towards itself,
resulting in a tilting of the pym ligand that creates a kink
in the Cu–pym–Cu pathway. The nearest Cu2+ ion is repelled by 0.48 Å and, when combined with the attraction
of the N atom, this results in an increase in the Cu–N
bond length from 2.0 Å to 3.0 Å. While these effects appear dramatic, we note that the distortion experienced
by the Cu ion is much smaller than for a similar site found
using DFT in the coordination polymer Cu(pyz)(NO3 )2
(instead involving an N atom in a pyz group), where the
Cu2+ ion is displaced by 1.4 Å [5]. For Cu(pyz)(NO3 )2 ,
it was argued that this highly-distorting muon site is not
the one that is sensitive to the magnetism in the system [5] and we later argue that the same is true for the
N(pym) site in Cu-PM.
By considering the expected dipolar field at each of
these muon sites due to an ordered AF magnetic structure, we can map these sites to features in the ZF spectra.
The lack of previous studies of the ordered magnetic state
of Cu-PM limits us to considering plausible candidate
structures. In each magnetic structure we take the moments to point along the crystallographic b axis, which
runs perpendicular to the chains. The unit cell of CuPM contains four Cu2+ ions, with two occupying each
of two adjacent chains. The moments with each chain
order antiferromagnetically and we can consider the case
where the chains within the unit cell exhibit either (I)
ferromagnetic or (II) antiferromagnetic coupling. These
candidate magnetic structures are shown in Fig. S2. We
are also free to choose either (0 0 0) or (0 1/2 0) for the
magnetic propagation vector and we therefore consider
four different possible magnetic structures. The dipolar field that each of these would be expected to give at
each muon site is shown in Table SI. In these calculations,
we take the muon-induced displacements of the magnetic
ions into account by using the relaxed positions for ions

that lie within the simulation cell used for the structural
relaxations. Ions lying outside of the simulation cell are
sufficiently far away from the muon that their displacements are negligible and therefore we take their positions
from the unrelaxed structure.
TABLE SI. Expected dipolar fields at each muon site from a
series of candidate magnetic structures. All values are given
in units of mT/µCu , where µCu is the ordered moment of the
Cu2+ ions in Bohr magnetons.

I
Site
(0 0 0) (0 1/2 0)
nitrate
9
40
H2 O
62
57
N(pym) 93
98

II
(0 0 0)
32
60
99

(0 1/2 0)
18
63
94

As seen in Table SI, the dipolar field at the nitrate
site is very sensitive to the magnetic structure that has
been assumed. The measured muon precession frequencies were found to be in the ratio 0.49:1 and the ratio
of the calculated fields for the nitrate and H2 O sites is
broadly consistent with this, particularly for magnetic
structure II with k = (0 0 0). We therefore assign the
precession frequency ν1 to the H2 O site and ν2 to the
nitrate site. The precession frequency ν1 corresponds to
a magnetic field of magnitude B1 (0) = 22.9(7) mT and
therefore, using the average value 60 mT/µCu for the
dipolar field at the H2 O site, this assignment gives an
estimate µCu ≈ 0.38µB for the ordered moment. This
moment size would give a precession frequency of around
5 MHz for the N(pym) site, which should be resolvable.
Despite the fact that this site is 0.4 eV higher in energy
than the other two, it is possible that it is still realized
if its capture cross-section for muons is sufficiently large.
This might also be the case for other sites associated with
the aromatic ring, which although not found in our calculations, and are therefore likely higher in energy, could
still trap muons in their vicinity if they approach with
sufficiently low energy. Such a set of sites would expe-
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rience a distribution of local fields due to the variations
in their positions and could be responsible for the Gaussian component of the asymmetry that appears below
TN . The fact that this relaxation is Gaussian implies
that the field distribution that causes it is due to a dense
array of quasistatic magnetic moments, which we suggest corresponds to the ordered magnetic structure, but
sampled over a distribution of positions. If the moments
were instead either rapidly fluctuating or dilute (such as
those found in a spin glass), then the relaxation would
be Lorentzian. The oscillating parts of the asymmetry
have amplitudes in the ratio A1 :A2 =1.5:1, which, on the
basis of our site assignment, implies that the H2 O site is
occupied to a greater degree than the nitrate site. This
is contrary to what one might expect from the relative
energies of these two sites, though the relative occupancies are likely to depend not only on the energy of the
muon once it has stabilized at a given site, but on the
potential energy landscape for the muon in the vicinity
of this site.

A.

LF µ+ SR

The (LF) Kubo-Toyabe (KT) relaxation in the fitting
function used to describe the LF µ+ SR spectra for CuPM results from the coupling of muons to a dense distribution of random, static moments with magnitudes centered around zero, which gives rise to a variance in the
magnetic field distribution at muon site of Λ2 = γµ2 hB 2 i.
The field width Λ of the KT function at each temperature was calculated from the weighted average of the
values obtained as the four lowest fields (where these nuclear moments have not been fully quenched) and was
then fixed at this value for subsequent refinements of the
fits. We obtain values Λ = 0.295, 0.294, 0.270 MHz for
T = 1.6, 10, 60 K, respectively.
On the other hand, in systems containing fluorine low-frequency oscillations are often seen instead
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[5] F. Xiao, J. S. Möller, T. Lancaster, R. C. Williams, F. L.

of KT relaxation and are caused by the dipoledipole coupling between the muon and spin-1/2 fluorine 19 F nuclei [6, 7]. For LF µ+ SR measurements on
[Cu(pym)(H2 O)4 ]SiF6 ·H2 O, we resolve low-frequency oscillations characteristic of coupling between the muon
and one or more fluorine nuclei for applied fields B <
10 mT. The presence of these oscillations prevents us
from using the same relaxation function to fit the data
that we used for Cu-PM [Eq. (1) in the main text]. For
B > 10 mT these oscillations are quenched and the data
can be described by a single exponential relaxation
A(t) = Arel e−λt + Abg ,

(S1)

where the background asymmetry Abg is due to muons
stopping outside of the sample. For the data measured at
lower fields, we noted that the amplitude of these oscillations decays rapidly, and the relaxation at later times
has the form of a single exponential decay. We therefore obtained the relaxation rate λ(B) at lower fields by
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then fitting the rest of the spectrum to Eq. (S1). When
comparing this fitting function to the one used to obtain
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leading to GKT
z (Λ, B) ≈ 1. Thus, considering the values
of Λ obtained for Cu-PM, we expect the nuclear relaxation to be quenched for B > 4 mT and thus Eq. (S1)
provides a very good approximation to Eq. (2) in the
main text at all measured fields.
Finally, we note that any focusing effects on the muon
beam due to the applied magnetic fields should be negligible for the spectrometer that was used. This means
that Eq. (S1) and Eq. (1) in the main text should remain
valid at all applied fields without specific field-focusing
corrections. The field does have a small effect on the
background asymmetry Abg , which is found to increase
as a function of increasing field. We therefore allowed
Abg to vary in our fits.
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