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FIG. S1. (color online). Calculated electrostatic potential for the unperturbed solid. Blue coloring indicates regions that are
attractive to a positive charge, red regions repel a positive charge. Below and above the end of the scale the color coding is
blue and red respectively with no further gradient. The scale is relative and cannot be compared between di↵erent compounds.
Ions are drawn at their ionic radii. Li (blue), F (green), Ca (red), Co (magenta). The c axis is vertical. Arrows indicate the
dia- and paramagnetic muon sites obtained through a full relaxation, which agree with the experimentally determined muon
sites. In CoF2 the muonium site is close to the octahedral site that also hosts the diamagnetic muon. Note also that the muon
zero point energy, characterizing the extent of its delocalization in the absence of bonding, is about 0.8 eV in the F–µ–F state
and about 0.2� 0.6 eV as muonium, see tables I and II in the main text.

For Mu in CoF2 the dipolar coupling was estimated
from the dipolar coupling to the Co moments only. The
Mu electron spin density is approximately spherically
symmetric and therefore only yields a small contribution
to the dipolar coupling, which has been neglected. The
Co moment was assumed to be 2.64µB and the pertur-
bation of the n.n. moment was taken to be �25% (the
calculated reduction of the spin-only moment). The per-
turbation of the spin-only moments of the other Co ions
in the supercell was negligible. At di↵erent levels of ap-
proximation the dipolar coupling is 0.49 T (unperturbed
crystal), 0.72 T (crystallographic distortions only) and
0.52 T (crystallographic distortions and perturbation of
the n.n. Co moment), all are along c and have the same
sign as the contact coupling.

II. COMPARISON WITH ELECTROSTATIC
POTENTIAL

There has been considerable interest recently in iden-
tifying muon sites by locating the minima of the elec-
trostatic potential of the unperturbed host (calculated
at varying levels of complexity).S8–S12 In this section we
compare the sites of the dia- and paramagnetic muons ob-
tained through a full ionic relaxation (which, as demon-
strated, are in excellent agreement with the experimen-
tal sites) with the location of the minima of the elec-
trostatic potential of the unperturbed solid. We define
electrostatic potential to mean the inverted sum of the
conventional Hartree and ionic potentials (convention-
ally defined to be positive in regions that repel elec-
tronic charge density). The calculated electrostatic po-
tentials are shown in Fig. S1 for three of the compounds
of this series. It is evident that the minima of the elec-
trostatic potential do not coincide in general with the

correct dia- or paramagnetic muon sites.S13 In the dia-
magnetic case this is due to the interaction of the muon
with its host and in particular the formation of the molec-
ular F–µ–F state which, having the strongest known hy-
drogen bond,S14 releases a substantial amount of energy
upon formation. While interstitial muonium generally
interacts more weakly with the host due to the screening
by the Mu electron, this screening also makes muonium
less sensitive to the host’s electrostatic potential and the
site of muonium localization is mainly determined by the
space required to accommodate the Mu electron. Muo-
nium could also be located in a bond-centered rather than
an interstitial location, in which case there usually is a
significant interaction with the lattice.S15,S16 As argued
in the main text, the muon can have an exceptionally
large zero-point energy which needs to be taken into ac-
count if di↵erent candidate sites are investigated (in this
series the ionic relaxation only yielded a single dia- and
paramagnetic site). It is therefore clear that muon sites
should not be assigned to the minima of the electrostatic
potential of the unperturbed solid without detailed anal-
ysis.

III. EXPERIMENTAL SEARCH FOR F–µ–F
STATE IN COBALT(II) FLUORIDE

A powder sample of CoF2 (Sigma Aldrich 236128) was
wrapped in 25 µm silver foil and mounted in a 4He cryo-
stat on the GPS instrument at the Paul Scherrer In-
stitut in Switzerland. Above the critical temperature
of 37.85 K, we observed oscillations in the muon de-
cay asymmetry A(t) characteristic of an F–µ–F state,
see Fig. S2. The data were fitted to

A(t) = A1 exp(��1t)Dz(t) +Abg exp(��bgt), (S1)
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FIG. 2. (Color online) Possible muon sites in YF3 (left and center) and LiF (right). Label A identifies the expected site in both compounds.
Localization volume surfaces are shown in dark yellow for YF3 and in Fig. 1(c) for LiF. Please note that we are showing unrelaxed lattice
structures.

reproduce the experimental fast decay of the µSR signal. Site
C is a local minimum for the structural relaxation, and this
is where a proton would remain trapped. The effect of ZPM
here is important, and because of the large delocalization,
the muon gets out of the local minimum and reaches site A
as a consequence of the gradual atomic position relaxation.
This behavior is moreover energetically favored if we look
at the total energies for the µ+-sample system given by
our DFT simulations. The total energies for sites A, B, and
C are reported in Table I. We see that the inclusion of
relaxation effects allows us to recover the agreement with
the experimental findings: site A has a total energy which is
0.89 eV lower with respect to site B and is thus confirmed to
be the muon stopping site in LiF. The formation of the F-µ+-F
complex has important consequences on µ+ delocalization in
LiF. Indeed, lattice relaxation breaks the lattice periodicity,
while the µ+ forms a bond with F enhancing localization and
hindering µ+ diffusion across the material, in agreement with
the experimental evidence.

The results of our calculations are confirmed by a com-
parison with experimental data. The expected depolarizations
for sites A, B, and C are shown in Fig. 3. It is clear that
the time dependencies of the muon polarization for the three
inequivalent sites are very different, allowing us to discard
sites B and C. Only site A is compatible with the observed
asymmetry spectra. The other two locations for µ+ give
significantly worse fits (site C) and nonphysical values for the
local modification of the bond length and distances between

TABLE I. Results for the structural optimization with µ+ in the
interstitial positions A, B, and C (see text and Fig. 2). Site A is always
the experimental or predicted site. F-µ+ is the distance between the
µ+ and its nearest-neighbor F atom(s), Ei − EA are the DFT ground-
state energies of the relaxed structures referred to EA.

LiF YF3

A B C A B C

F-µ+ distance (Å) 1.15 1.56 1.01 0.144 1.134 1.144
Ei − EA (eV) 0 0.89 0.54 0 −0.64 0.36

µ+ and F nuclei (site B). Fitting the experimental results with
rµ+−F as a free parameter in Eq. (5), we find that the distorted
crystal structure obtained from DFT calculations reproduces
the experimental F-F distance11 with ∼1% precision.

V. YF3

To find the muon sites’ positions, DFT calculations are more
important in YF3 than in LiF. First of all, experimental data
alone do not allow an unambiguous site identification by the
F-µ+-F signal because too many inequivalent µ+ interstitial
positions are available in the primitive cell. Secondly, the
Coulomb potential for the unperturbed bulk crystal shows
only one minimum in ( 1

2 , 1
2 ,0) that yields a depolarization

which cannot capture the experimental asymmetry spectra.
Moreover, here the depolarization signal is only roughly
captured by the axial F-µ+-F expectations as shown in Fig. 4.
Therefore, a reliable muon site assignment in YF3 can only
be achieved through DFT calculations. Following the same
procedure used with LiF, we relaxed the lattice structure with
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FIG. 3. (Color online) Expected µ+ asymmetry spectra for
optimized muon sites and atomic coordinates in powdered LiF. Sites
are labeled as in Fig. 1. Calculations include only the neighboring
atoms that give rise to couplings higher than one-tenth of the
maximum coupling constant [see Eq. (5); the number of F atoms
considered depends on the µ+ interstitial site]). Position A gives the
best agreement with the measured data.11
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DFT also allows us to determine whether some possible
muon states could have level crossings in the field range used
to investigate the dynamics of propagating spin excitations,
which would complicate the analysis.

II. DFT CALCULATIONS AND MUON SITES

Recently, developments in using DFT techniques to solve
the muon-site problem [27] have been applied successfully
to a variety of different systems. These include ionic insu-
lators [28,29], organic magnets [30], pnictide superconduc-
tors [31], and quantum spin ices [32] but not, until now, coor-
dination polymers. Our DFT calculations were performed with
the QUANTUM ESPRESSO package [33] within the generalized-
gradient approximation [34] (GGA) using norm-conserving
and ultrasoft [35] pseudopotentials. The muon was modeled
by a norm-conserving hydrogen pseudopotential. The details
of the DFT calculations may be found in the Appendix.
The results reported here were obtained in calculations for a
supercell of 2 × 2 × 1 conventional unit cells (plus the muon).
Both neutral and positively charged (+1) supercells were
studied. The former corresponds to the scenario where the
muon attracts an electron through some thermal or epithermal
process as it stops in the crystal; the latter corresponds to the
case when this does not occur.

Structural relaxations of the system reveal two classes of
low-energy muon sites. In the first class (denoted the NO−

3
sites) the muon forms a hydroxyl-type bond with any one of
the three inequivalent oxygen ions in the nitrate group. Two
configurations are possible within this class. In the first, which
occurs in both neutral and charged supercells, the muons are
approximately coplanar with the nitrogen and oxygen ions
(within 3◦) [Fig. 1(a)]. As we argue below, it is this site that is
probing the spin dynamics in this system. We note that the per-
turbations caused by the muon in this site are benign and there-
fore do not expect our conclusions on the spin dynamics to be
affected by muon-induced effects. In the second, which occurs

only in the neutral supercell, the entire bonding nitrate group
rotates by nearly 90◦ around the b axis [Fig. 1(b)]. For these
sites, the crystallographic distortions are !0.6 Å for those
atoms not in the bonding nitrate group. In the second class of
muon sites [denoted N(pyz)] the muon bonds to one of the
two equivalent nitrogen atoms in the pyrazine ring [Fig. 1(c)].
This site occurs for both neutral and charged supercells. In this
class, the nitrogen atom with the attached muon is very close
to the Cu ion and this causes the crystallographic distortion of
the Cu ion to be significant, involving distortions of >1 Å.

Given these proposed sites, we may assess the possible
influence of the muon on the local magnetism of the system
via the calculated spin density (see the Appendix). For the
cases involving a neutral supercell, where the muon and an
extra electron are added to the system, the muon in both
the NO−

3 and N(pyz) sites donates the extra electron to
the nearest-neighbor Cu ion, turning the magnetic Cu2+ ion
into diamagnetic Cu+. This acts to interrupt the Cu–pyz–Cu
exchange pathways, effectively cutting the spin chain. Further-
more, for the N(pyz) site, the Cu+ environment distorts away
from square-planar towards a linear N–Cu–N “dumbbell”
arrangement, consistent with the observation that Cu+ 3d10

ions prefer linear coordination in order to reduce the orbital
overlap with the ligands. This results in the combined effect
of (i) switching off the Cu moment and (ii) significantly
displacing the Cu ion. For the charged supercell, where there
is no extra electron introduced, only the structural distortion
occurs. For the charged supercell N(pyz) site, for example,
where only the Cu ion is displaced, this leads to an increased
magnetic overlap between neighboring Cu–pyz–Cu chains.
The charged cell NO−

3 site involves a less significant structural
distortion still and so should be expected to have the least
effect on the magnetic properties.

In addition to our DFT results, we also note that possible
states formed by a single spin S = 1/2 impurity coupling to a
spin-chain have been previously studied in detail theoretically,
both using conformal field theory and numerically [36]. The
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FIG. 1. (Color online) Low-energy muon sites in Cu(pyz)(NO3)2. Translucent spheres represent the ionic positions in the unit cell without
the muon. (a) The nitrate site, first configuration (bonding oxygen moved by 0.4 Å; other ions moved by !0.2 Å). (b) The nitrate site, second
configuration, with the nearly 90◦ rotation of the nitrate group around the b axis (oxygen ions moved by 1.5, 1.2, and 0.3 Å). (c) The N(pyz)
site (Cu ion moved by 1.4 Å).
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Figure 2: (a) Calculated electrostatic potential for the unperturbed [111] plane in CaF crystalline solid(4).

Blue coloring indicates regions that are attractive to a positive muon and, therefore, can be considered

as potential stopping sites. (b) Possible muon implantation sites in LiF identified with labels A and B

compounds(3). (c) The green spheres represent some of the potential muon implantation sites in
Cu(pyz)(NO3)2 )(2). Translucent spheres represent the ionic positions in the unit cell without the muon in

it.
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Computer Simulations for Interpreting Muon-Spin Relaxation Experiments 
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Figure 1. (a) Aerial picture of the Rutherford Appleton Laboratory in Harwell, United Kingdom. High

energy protons, extracted from a synchrotron, hit a graphite target in Target Station 2 (TS2) and

produce muons which are 100% spin-polarized and are used in different μ+SR experiments. (b) These

experiments involve implanting the muons in different material samples. Muons a have a mean life
of 2.2 µs and then decay into positrons, which are emitted in the direction of the muon spin.

Positrons detection allows for the measurement of the muon polarization as a function of time.
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• Calculate the electrostatic potential of unperturbed

host material using computational methods (DFT).

• Randomly locate µ+ in the host’s unit cell

(Ge in example)

• Calculate classical forces on the µ+ .

• Relax µ+ to the potential minima. Identify clusters.

• Create supercell and test the implantation sites.

• Calculate classical forces on the µ+ .

• Relax µ+ to the potential minima. Identify clusters.

• Create supercell and test the implantation sites.

• Build supercell (Si in the example)
• Define region to randomly locate muonium pseudo-atoms
• Generate structures placing muonium in randomised positions within the region (6)

• Relax structures using calculated DFT forces

• Define n-dimensional vector for each muonated structure: (ET, Q1, Q2, Q3,… )
• Look for “closeness” in the n-dimensional space
• Perform hierarchical clustering. Create dendrogram (Figure (3)).
• Three clusters identified

Figure 3: hierarchical clustering tree for silicon, with colours applied for truncation at t = 0.2 in
the y axis. The blue lines above t = 0.2 indicates the clusters into which the structures can be
classified. All the generated structures are labelled and placed along the x axis in accordance
with their relative energies.

• Use k-means clustering with a guess of 3 clusters
• Iidentified the MuT and MBC in Silicon
• High throughput method  

Si_1 Si_2 Si_3

Figure (4): circles representing the clusters obtained via k-means clustering. The structures correspond

to the most stable structure in each of the clusters. The diameter of each circle represents the number

of structures contained in each cluster. The x coordinate of each one of the circles indicates the

average energy of the corresponding cluster while the y coordinate of the centre indicates the
standard deviation of the average energy of that cluster.

1) Build supercell (Bithiophene in the example)
2) Define region to randomly locate muonium pseudo-atoms
3) Generate muonated structures placing muonium in randomised positions within the

chosen region
4) Relax structures using calculated DFTB+ forces. Reliable parameters for organic

systems.
5) Divide the sites in ‘floating’ and ‘bounded’ sites
6) Reduce all muonated structures to the asymmetric unit cell
7) Define n-dimensional vector: (ET, x, y, z )
8) Look for “closeness” in n-dimensional space
9) Perform hierarchical clustering, Create dendrogram. 
10) Found five stopping sites – Good agreement with experiments.
11) Method at least two orders of magnitude faster than the one using standard DFT.
12) Tested for bithiophene and benzene and finalizing tests for TCNQ.
13) Only works in organic materials composed simple atoms (Br, C, Ca, Cl, F, H, I, K,       Mg, N, 
Na, O, P, S, Zn)

• We are developing computational methods to estimate the stopping sites of muons
in crystalline materials. These methods complement the known methodologies used
for predicting the muon stopping sites. In fact, we have developed our own flavor of
the UEP method.

• Our methods utilize DFT and DFTB+ calculations, combined with the random
generation of potential muonated structures and the use of machine learning
techniques to efficiently search for clusters in these structures.

• The Python library Soprano is used to implement the method and identify the
clusters

• Our methods predicted muon stopping sites in Si, Ge, Diamond, LiF, TiO2, La2LiHO3,
Bithiophene, Bencene and TCNQ.

Floating site

Bounded siteIn a muon-spin relaxation experiment (μSR) spin-polarized positive muons are implanted in a
sample to probe its local properties. The µSR technique can act as a sensitive probe, but one
of its limitations is not knowing the site of implantation of the muon, which prevents –for
instance- the use μSR for measuring local magnetic moments, for comparing different magnetic
structures or for accurately determining the atomic structure of organic radicals.

In this project, computer simulations are used to model muon-spin relaxation (μ+SR)
experiments, which can be used to study hydrogen defects in a sample, probe a sample’s local
magnetic structure or study the organic radicals that may result from adding muons to an
organic sample.

The STFC Rutherford Appleton Laboratory houses the ISIS Neutron and Muon Sources, which
produce beams of neutrons and muons that can be used to study materials at the atomic level.
The project presented in this poster is centered on the computational modelling of experiments
performed with muons, which are subatomic particles produced by bombarding a graphite
target with pulses of high-energy protons that originate in a synchrotron. The infrastructure
required for these types of experiments includes a massive particle accelerator, tunnels for
directing the particle beams and large buildings for housing the muon targets and all their
corresponding scientific equipment.

Sometimes, the muon implantation sites can be found using experimental approaches(1). In
other cases, such as in the coordination polymer copper-pyrazine-nitrate Cu(pyz)(NO)3, a
limited number of theoretical calculations were used to test potential muon stopping sites(2).
However, whenever the candidate muon sites cannot be assigned by an educated guess, all
the possible sites need to be examined using a theoretical method, such as the -so-called-
Unperturbed Electrostatic Potential (UEP) method. The UEP relies on the analysis of the
electrostatic potential of the host material, which is obtained from computer simulations. The
key assumption is that the muon will stop in the minima of the electrostatic potential. The
UEP works well in large band-gap insulators(3) and is computationally much faster than the
other methods. Figure 2 shows some examples of materials where these methods were
applied

https://github.com/CCP-NC/soprano

