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μSR investigation of magnetism in κ-(ET)2X : Antiferromagnetism
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We study magnetism in the κ-(ET)2X family of charge-transfer salts using implanted muon spectroscopy
in conjunction with detailed ab initio electronic structure calculations using density functional theory (DFT).
ET stands for the electron donor molecule bis(ethylendithio)tetrathiafulvalene and X is an anion. The DFT
calculations are used to establish molecular spin distributions, muon stopping sites, and dipolar field parameters,
that allow us to make a quantitative interpretation of the experimental results. Materials in the κ-(ET)2X
family with X = Ag2(CN)3 and X = Cu2(CN)3 have attracted particular interest, as they have the attributes
of quantum spin liquids, showing no magnetic ordering down to 30 mK in zero field μSR and in NMR,
despite having exchange couplings of order 200–250 K. In contrast, the material with X = Cu[N(CN)2]Cl has
an antiferromagnetic (AF) ordering transition with TN in the region of 23–30 K. In order to better understand the
muon spectroscopy signature of magnetism in this whole family of compounds at both low and high magnetic
fields, we look in detail at the case X = Cu[N(CN)2]Cl. As the first step in our study, the spin density distribution
for the ET dimer is calculated using DFT and used to simulate the 3.7 T 1H-NMR spectrum of this salt, with the
spectrum showing good agreement with that measured previously [K. Miyagawa, A. Kawamoto, Y. Nakazawa,
and K. Kanoda, Phys. Rev. Lett. 75, 1174 (1995)]. Best match to the data is found for antiferromagnetic interlayer
ordering and an ordered moment per dimer of 0.25 μB. DFT is also used to explore muon stopping sites for this
salt, finding one set of sites resulting from muonium addition to C=C double bonds in the ET layer, with muons
stopping in the anion layer forming another group of sites. The dipolar fields associated with each of the stopping
sites is computed and these are compared with the precession frequencies observed in the ZF-μSR spectrum
[M. Ito, T. Uehara, H. Taniguchi, K. Satoh, Y. Ishii, and I. Watanabe, J. Phys. Soc. Jpn. 84, 053703 (2015)]. Best
match to the ZF-μSR spectrum is obtained with the mode of interlayer ordering having FM character and an
ordered moment per dimer of 0.31 μB for muon sites in the anion layer and 0.36 μB for muonium sites in the
ET layer. New measurements of TF-μSR spectra for fields up to 8 T are reported and analyzed to obtain the best
estimate of the magnetic order parameter under different measurement conditions, allowing us to observe the
variation of TN with applied field and the field-induced transverse canting of the moments.

DOI: 10.1103/PhysRevResearch.5.013015

I. INTRODUCTION

Almost half a century ago, metallic conductivity was re-
ported in the charge-transfer salt (TTF)(TCNQ) [1]. As the
first example of a metallic organic conductor, this discovery
proved a turning point for the field [2], with hundreds of or-
ganic conductors reported in the subsequent decades, among
which over a hundred also exhibit superconductivity [3]. One
of the key points of these low-dimensional organic systems is
that they can be tuned across rich phase diagrams with small
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chemical modifications and modest hydrostatic or uniaxial
pressures. Superconductivity exists on the border of ordered
states in the charge and spin sectors, in common with electron-
doped cuprates [4]. There is also significant evidence for the
exotic Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) supercon-
ducting state at high magnetic fields [5,6]. Furthermore, when
the degree of geometrical frustration is sufficiently high and
the system is close to the insulator to metal transition of
the Mott insulator, a quantum spin liquid (QSL) state can be
realized [7].

The organic molecule BEDT-TTF, commonly abbreviated
as ET, is bis(ethylenedithio)tetrathiafulvalene. It forms a fam-
ily of quasi-two-dimensional organic charge transfer salts,
κ-(ET)2X, that represent model systems for the study of
Mott physics. This is because the relative strength of electron
kinetic energy and Coulomb interaction can be tuned with
pressure (or chemical pressure), which results in a variety
of phases due to the competition between the itineracy and
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TABLE I. Comparison of the structural properties of three mem-
bers of the κ-(ET)2X family, with the final two columns noting
the space group (SG) and ground state (GS). The interlayer axis is
marked by the asterisk. The structural properties were determined at
100 K for κ-Cl [15], at 13 K for κ-Ag [18], and at 5 K for κ-Cu [19].

Name Anion X a (Å) b (Å) c (Å) β (◦) SG GS

κ-Cl Cu[N(CN)2]Cl 12.89 29.58∗ 8.42 90 Pnma AF
κ-Ag Ag2(CN)3 14.95∗ 8.65 13.18 91 P21/c QSL
κ-Cu Cu2(CN)3 15.92∗ 8.55 13.27 114 P21/c QSL

localization of electrons [8]. For κ-(ET)2X , the coupling be-
tween face-to-face ET molecules within each dimer is strong
enough that the system can be effectively described by the
Hubbard model on an anisotropic triangular lattice of dimers
[9]. For monovalent anions X −, one electron is transferred
from each dimer (ET)2 to each anion formula unit, so that the
bare system is a half-filled metal before taking into account
the Hubbard repulsion, which, if sufficiently strong, can turn
it into a Mott insulator.

The structural properties of the three κ-(ET)2X salts cov-
ered in our studies are listed in Table I and illustrated in
Fig. 1. The ground state of this system depends on the ratio
between the nearest neighbor transfer t and the second-nearest
neighbor transfer t ′ [see Fig. 1(b)] as well as the Hubbard
repulsion energy for double occupancy U . The anisotropy
ratio r = t ′/t depends on the anion X −, the substitution of
which acts as a chemical pressure that allows one to explore
the phase diagram of a Mott insulator. When r ∼ 1 and t/U
is below 0.1, a noncollinear antiferromagnetic (AF) ordered
state with three sublattices at 120◦ to each other is expected
[10]. A QSL state can however be stabilized around r ∼ 1
when t/U is between 0.1 and 0.14 [10,11]. This is believed
to be the case for κ-Cu (Table I). When r is significantly
smaller than 1, the frustration is reduced and a collinear Néel
AF state is expected [12]. This is believed to be the case for
κ-Cl (Table I). Estimates of r for κ-Cl range from 0.44 [13]
and 0.52 [14] using DFT to 0.72 using extended Hückel (EH)
theory [15]. The κ-Ag salt is estimated to lie in between the
κ-Cu and κ-Cl cases, with r reduced from 1, but r is not low
enough to lead to the AF ordered Néel state and it remains in
the QSL phase.

Muon spin rotation spectroscopy of implanted positive
muons (μSR) [16] has emerged as a useful tool to study
magnetism and superconductivity in many different types of
organic materials [17]. These μSR measurements are highly
sensitive to magnetic order, even when the magnitude of
the moments is strongly suppressed by quantum fluctuations.
Since the QSL phases arise from suppression of magnetically
ordered phases, any partial recovery of such magnetism by
perturbations such as local defects and applied magnetic fields
may be detectable by the local muon probe. The principle of
the muon spectroscopy technique is that the implanted muon
is spin polarized and undergoes radioactive decay after a mean
lifetime of 2.2 µs, producing a decay positron that can be
detected by a muon spectrometer. Since the orientational dis-
tribution of the positron emission reflects the direction of the
muon spin when it decays, the time dependence of the muon

FIG. 1. (a) The structure of κ-(ET)2Cu[N(CN)2]Cl containing
two ET layers in the unit cell. (b) Crystal structure of an ET layer in
κ-(ET)2X viewed along the long axis of the ET molecules. ET dimers
form an anisotropic triangular lattice characterized by interdimer
transfer integrals t and t ′.

spin polarization can be measured via the positrons. The muon
spin polarization evolves according to the local magnetic field
it experiences and this field depends on the stopping site of
the muon in relation to the sources of magnetism in the sam-
ple. Consequently, gaining a knowledge of the distribution of
muon stopping sites in a target material is an important part of
the quantitative analysis of muon spectroscopy data and this is
a strong focus of the present study. These results will provide
the foundation for a more detailed analysis and interpretation
of the properties of the QSL members of the family, where
field-induced magnetic states have been observed in the μSR
data [20].

The rest of this paper is organized as follows. Section II
presents analysis using DFT calculations to model the distri-
bution of the spin density in the κ-phase ET salts and provide
information about the muon stopping sites. Comparison is
made with previous 1H-NMR and ZF-μSR data for the AF
ordered state in κ-Cl salt in order to test and validate the
modeling approach. Section III presents new μSR results for
κ-Cl measured under transverse magnetic fields ranging up to
8 T. Section IV discusses the main findings and conclusions
of our detailed study of κ-Cl.
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TABLE II. Spin distribution over the ET molecule within the
molecular dimer structure of the three salts studied here for a
moment of 1 μB on the dimer. The distribution is calculated for
GAUSSIAN DFT (B3LYP/cc-pVTZ) (columns headed G) and also,
for comparison in the case of κ-Cl, using CASTEP plane-wave DFT
(PBE/600 eV) (column headed PW). The numbers are expressed in
units of 10−3 of the total moment per dimer. Atomic site labels are
shown in Fig. 2. Rows are listed by equivalent sites in the dimer with
the names in brackets being the original labeling used in the crystal
structure file. The last column shows for comparison the spin density
obtained from the HOMO coefficients of a single planar ET molecule
with D2h symmetry and charge +0.5, based on EH theory [27].

κ-Cl Monomer

Site PW G κ-Ag G κ-Cu G EH

C1 48 51 53 (C2) 52 29
C2 32 27 29 (C1) 25 29
C3 24 22 19 (C6) 18 (C4) 13
C4 22 20 22 (C5) 16 (C3) 13
C5 24 21 17 (C4) 21 (C6) 13
C6 20 20 24 (C3) 29 (C5) 13
C7 0 0 0 (C10) 1 (C8) 0
C8 0 0 0 (C9) 0 (C7) 0
C9 2 1 0 (C8) 0 (C10) 0
C10 1 −1 1 (C7) 1 (C9) 0
S1 70 76 78 (S4) 74 (S2) 84
S2 76 83 79 (S3) 71 (S1) 84
S3 66 72 66 (S2) 74 (S4) 84
S4 63 68 76 (S1) 74 (S3) 84
S5 10 8 8 (S8) 6 (S6) 14
S6 11 8 8 (S7) 6 (S5) 14
S7 12 9 13 (S6) 14 (S8) 14
S8 17 15 7 (S5) 18 (S7) 14

II. SPIN DISTRIBUTION AND MUON SITES

A. Spin density distribution over the ET dimer

In order to calculate internal fields in magnetic phases we
need to know the distribution of magnetic moment across
the molecular dimers. As noted above, these systems can be
phenomenologically described by models treating the dimers
as S = 1/2 spins within the Hubbard model on an anisotropic
triangular lattice at half-filling [9]. However, such a model
ignores the possibility of an active intradimer degree of free-
dom, which recently has been found to be important in some
cases [21–23]. Moreover, a simple model of a spin centered
on a dimer is likely to be insufficient when considering local
probe techniques such as μSR that are sensitive to the mag-
netic field (and hence spin density) at specific positions within
the structure.

The analysis of previous studies of κ-Cl using local probe
techniques also required knowledge of spin density distribu-
tions for the ET dimer. In the 1H-NMR study by Miyagawa
et al. [24], the highest occupied molecular orbital (HOMO)
coefficients of an EH calculation for spin densities were used.
In the μSR study by Ito et al. [25], 0.5 μB per dimer was
assumed to be distributed across the atoms as a set of point
dipoles with the magnitude of the moment on each atom
depending on the square of the EH HOMO coefficient on a
monomer [26,27] (Table II).
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FIG. 2. Atomic site labels for the ET dimer. The two molecules
in the dimer are related by inversion symmetry.

Here, we calculate the spin density distribution across the
ET dimer (with a charge +1) using the Gaussian orbital DFT
code GAUSSIAN [28]. We use the B3LYP functional [29,30]
and the triple-zeta cc-pVTZ basis set [31]. It is also possible
to do a similar calculation using CASTEP plane-wave DFT
with an expanded lattice of widely separated dimers and an
example of the result for κ-Cl is provided for comparison,
giving a very similar distribution. The results of the spin
distribution calculations for isolated dimers taken from the
low temperature crystal structures of κ-Cl, κ-Ag, and κ-Cu
are shown in Table II. The site labeling is shown in Fig. 2. The
spin densities shown in Table II are derived from a Mulliken
population analysis. The spin density is mainly distributed
over the central TTF core consisting of C1-C6 and S1-S4. This
suggests that the rough assumption of a spin-1/2 hole located
at the center of the dimer is a reasonable first approximation,
but we note that the extended nature of the spin density distri-
bution will be important when considering the magnetic field
experienced by muons close to the ET dimers or by H atoms
on the molecule.

B. Testing the spin distribution via the AF ordered state

Study of the reference AF state in κ-Cl allows us to check
the accuracy of the DFT calculated spin distribution over the
dimer and gain some understanding of the muon states and
their coupling to the magnetism in this type of structure. The
atomic spin distribution used to calculate dipolar fields is the
product of the individual dimer distribution and the modula-
tion of the overall dimer spin associated with the magnetic
ordering. Besides giving a thorough test of the model for
magnetic order in κ-Cl, this analysis will also provide us with
a sound basis for interpreting the field-induced magnetic states
in κ-Ag and κ-Cu, that will be the focus of a subsequent paper.

Firstly, we calculate the 1H-NMR spectrum on the basis of
the dipolar fields at the H sites and compare it with published
data, allowing a basic check of the spin distribution over the
dimer, the mode of magnetic ordering and the size of the
ordered moment. Secondly, we calculate the most stable muon
stopping sites for this system using the DFT+μ method.
From knowledge of these sites and the original dimer spin
distribution we predict the dipolar fields at these sites and
hence the ZF precession spectra to test against the published
μSR results. Finally in Sec. III we present and interpret the
new high field TF-μSR data, testing against models for the
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magnetic state in κ-Cl and revealing a significant increase
in the AF ordering temperature with magnetic field applied
perpendicular to the layers.

1. The nature of the AF state in κ-Cl

A transition to the AF ordered state was first detected as an
anomaly at TN = 27 K in the 1H-NMR spin-lattice relaxation
rate 1/T1 [24]. The NMR spectra displayed splitting into a
number of distinct lines corresponding to a discrete distribu-
tion of local fields, thus implying a magnetic structure that
is commensurate with the lattice. However, the assignment of
the magnetic easy axis in κ-Cl has proven controversial. While
the magnetic phase of this material was initially described in
terms of a spin-density wave with weak ferromagnetism [32],
it is now recognized that the localized spins on the dimers are
aligned antiferromagnetically within the layers with a small
canting [24]. However, the precise spin orientations in the
zero-field ordered state have remained unclear, since tech-
niques such as magnetization, NMR and torque measurements
can only suggest possible spin structures at low fields. Mag-
netic neutron diffraction can provide definitive information
about spin structures in many materials, but the weak and
highly delocalized nature of the spins in the ET salts has made
such studies impractical.

The presence of a weak ferromagnetic (FM) moment in
addition to the AF order was initially established by mag-
netization measurements [24], which showed an enhanced
susceptibility when the field is applied parallel to the conduct-
ing layers. These measurements also displayed an abrupt jump
at T = 23 K when the field was applied perpendicular to the
layers. This is usually an indication of a spin-flop transition
that would result for easy axis parallel to the field and there-
fore suggested that the magnetic easy axis is perpendicular
to the conducting layers, i.e., the b axis. The identification
of the b axis as the magnetic easy axis was backed up by
magnetic anisotropy measurements for field orientations close
to the b axis [33], which also demonstrated that the spins
cant away from this axis by an angle of 0.06◦, such that a
small resultant FM moment lies along the c axis. This study
also highlighted the importance of the Dzyaloshinskii-Moriya
(DM) interaction [34,35] on the magnetic properties of κ-
Cl. Experimental characterization of the DM vectors in κ-Cl
was achieved by carrying out 13C NMR measurements while
sweeping the direction of the external field [36].

A zero-field spin structure was recently proposed by
Ishikawa et al. [37], that is significantly different to those
proposed in past studies. This structure was deduced by ex-
amining spin reorientations for fields applied along each of
the crystallographic axes. These results, taken together with
the knowledge of the DM vectors, backed up by DFT cal-
culations [38], and the high-field spin structures from NMR
[36,39] allowed Ishikawa et. al. to conclude that the magnetic
easy axis is in fact the c axis, with the net canting moment
parallel to the a axis. In this model the transition for field
perpendicular to the layers that takes place around 0.4 T at
5 K [37] is regarded as a spin-flop transition of the canting
moments in successive layers, produced by a switch of the
interlayer ordering mode from FM at low fields to AF at fields
above the spin-flop transition.

TABLE III. Magnitude of the local dipolar field components
along the b axis for the eight H sites in the magnetically ordered state
of κ-Cl, given for the two possible modes of interlayer coupling. The
field values are expressed in terms of the ordered moment per dimer.

Position AF interlayer FM interlayer
Site (cell fraction) mT/μB mT/μB

H7A (0.452, −0.142, 0.219) 7.81 7.69
H7B (0.462, −0.172, 0.061) 1.36 1.24
H8A (0.278, −0.184, 0.070) 1.93 2.02
H8B (0.340, −0.207, 0.216) 1.22 0.74
H9A (−0.107, 0.211, 0.164) 2.29 1.74
H9B (−0.042, 0.184, 0.297) 3.44 3.12
H10A (−0.227, 0.172, 0.311) 2.34 2.54
H10B (−0.221, 0.147, 0.142) 7.24 7.13

2. Dipolar fields at the H sites and comparison with NMR

To test the accuracy of the spin density distribution that
we obtained, we use it to simulate the 1H-NMR spectrum of
κ-Cl and compare this to the spectra measured by Miyagawa
et al. [24]. The frequency shift of the signal for each 1H in this
experimental geometry is proportional to the b component of
the local field at the 1H position. We therefore calculate these
dipolar field components at each of the 1H positions in κ-Cl
(Table III). The spin density at each of the atoms in the ET
dimer is represented by a point dipole centered on the atom
with the magnitude of the moment proportional to the spin
density that we calculated and with direction pointing along
the c axis (we can safely neglect the small FM canting, which
is not significant for a local probe technique). All dipolar fields
in this paper are calculated using the program DipoleCalc
[40]. Note that we only consider the moments on C1-C6
and S1-S8 and neglect the very small spin density on the C
atoms of the terminal ethylene groups (C7-C10). Adjacent
dimers are AF coupled within the layers and we examined
the alternative scenarios of AF or FM coupling between the c
axis moments in successive layers.

The NMR intensity I (ν) is calculated from the fields listed
in Table III as a sum of Lorentzians resulting from each of the
eight distinct 1H atomic sites, i.e.,

I (ν) =
8∑

i=1

[
0.5

1 + (
ν−νi
w

)2 + 0.5

1 + (
ν+νi
w

)2

]
, (1)

where the Lorentzians are centered on ±νi = ±γHBb,i, with
Bb,i the b- component of the dipolar field at the H atom i and
γH the 1H gyromagnetic ratio. (We consider both positive and
negative fields as the AF structure means that for each H atom
experiencing a field Bi there will be a crystallographically
equivalent H atom in an adjacent cell experiencing a field
−Bi.) We use the width w = 6 kHz to aid comparison with
the experimentally measured spectra.

The resultant simulated spectra are shown in Figs. 3(a) and
3(b) and consist of eight pairs of symmetrically split peaks,
which form four relatively well separated spectral bands. The
experimental 1H-NMR spectra are shown in Fig. 3(c) [24] for
comparison, both well above and well below the transition.
Below the transition the spectrum is split into three strong
bands and one much weaker band, with the splitting becoming

013015-4



μSR INVESTIGATION OF MAGNETISM IN … PHYSICAL REVIEW RESEARCH 5, 013015 (2023)

FIG. 3. [(a), (b)] The predicted 1H-NMR spectra in the AF or-
dered phase of κ-Cl for magnetic field of 3.7 T along the b axis,
based on the spin distribution calculated using GAUSSIAN (Table II),
scaled to a moment of 0.25 μB per dimer. (c) The measured 1H-NMR
spectra for a field of 3.7 T along the b axis reported by Miyagawa
et al. [24]. Spectra are shown for the AF phase well below TN and for
the paramagnetic phase well above TN.

larger as the temperature is lowered. The splitting of the spec-
tra into a finite number of lines is evidence for commensurate
AF order below 27 K. The overall splitting from the center is
±80 kHz, corresponding to maximum fields of order 2 mT at
the 1H sites. In our simulated spectra, the fields are calculated
by scaling to this overall splitting, giving a moment of 0.25 μB

per dimer, which provides the best match to the measured
overall splitting of the spectrum for both AF and FM modes
of interlayer coupling (Fig. 3). This ordered moment based
on the DFT spin distribution is lower than the broad range
of 0.4–1.0 μB per dimer that was previously estimated using
a molecular spin distribution derived from EH theory [24].
Our obtained moment of 0.25 μB is also significantly lower
that the value ∼0.6 μB expected for the S = 1/2 Néel antifer-
romagnet on a square lattice [41], which corresponds to the
effective regime expected from the DFT derived estimates of
around 0.5 for r [13,14]. This indicates that r is actually closer
to the phase boundary between the Néel and QSL states than
the DFT calculations would suggest. The ordered moment size
is further discussed in relation to the phase diagram and the
muon results in Sec. II B 9.

Although the measured low-temperature spectrum in
Fig. 3(c) is not symmetrical, showing some unexpected in-
tensity modulation, the spectral features are clear enough to
compare with the predicted spectra. The AF interlayer mode
was recently suggested to be present for b axis fields above
the spin-flop transition at 0.4 T [37]. Since the NMR was
measured at 3.7 T, it will be in the high field region above
this transition. From the line shape of the inner bands, we
note that the measured NMR spectrum appears to be a little
closer to the simulation for the case of AF interlayer order
rather than FM interlayer order, which would be in agreement

with the conclusion about the high field region from the earlier
study [37].

In the measured spectrum some additional shoulders are
observable on the inner side of the outer peaks that are not
present in the predicted spectra. One possible origin for this
could be disorder in the ethylene group conformation. Frozen
disorder between eclipsed and staggered ethylene group con-
formations can be produced below a glass transition taking
place around 75 K, unless special care is taken to cool slowly
through this point. Such disorder could lead to further small
splittings in the experimental spectra and account for the extra
shoulders. It is anyway clear from our analysis that the 1H-
NMR spectra in the magnetically ordered state should be very
sensitive to changes in the H positions that might be induced
by disorder.

3. Calculation of muon stopping sites

Besides determining the spin distributions, DFT methods
can also be used to calculate possible stopping sites for
an implanted muon in a computational technique known as
DFT+μ. This has recently been applied successfully to a vari-
ety of materials, including many with molecular constituents,
such as spin chains [42], spin ladders [43], and molecular
magnets [44]. Muon stopping sites in κ-Cl were calculated
here using DFT+μ with the plane-wave basis set electronic
structure code CASTEP [45] and the PBE functional [46]. A
cut-off energy of 490 eV was used for the plane wave ba-
sis set, resulting in pseudopotentials that converge to around
0.1 eV/atom and a 1×1×2 Monkhorst-Pack grid was used
for Brillouin zone sampling [47]. van der Waals dispersion
corrections were incorporated using the Tkatchenko-Scheffler
method [48]. While van der Waals forces have been previously
shown to have little effect on the structure of κ-Cl, they have a
large effect on the computed unit cell parameters in κ-Ag and
κ-Cu [49] and have thus been included to ensure consistency
with our subsequent calculations on these materials.

Muons, represented by an ultrasoft hydrogen pseudopo-
tential were placed in a unit cell of κ-Cl and the resulting
structures relaxed until the forces on the atoms were all
<5×10−2 eV/Å and the total energy and atomic positions
converged to 2×10−5 eV and 1×10−3 Å respectively. Both
charged (+1) and neutral simulation cells were studied. The
charged cell case corresponds to adding a bare positive muon,
whereas the neutral cell case represents the addition of muo-
nium, i.e., a muon plus an electron. One hundred fourteen
initial muon sites were sampled using Poisson disk sampling
with a minimum separation of 2 Å between initial muon
positions [50]. Structural relaxations of the original atoms
plus implanted muon yielded a large number of crystallo-
graphically distinct muon stopping sites, with the sites being
associated with both the organic dimers and the anion layers.
Similar sites are obtained for both charged and uncharged
cells.

4. Molecular sites

We consider first the muon sites associated with the ET
dimers, corresponding to neutral muonium (Mu0) addition.
The lowest energy sites obtained in our calculations involve
an unphysical bond breaking between the terminal C atoms
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(a) ET1 (b) ET2

(c) ET3 (d) ET4

FIG. 4. The four classes of neutral muon state (Mu0) associated
with the ET dimer. Muonium addition to (a) inner and (b) outer
carbon double bonds and addition to (c) inner and (d) outer sulfur
atoms. Muons are shown in red. Sites are found with muons located
on the inside faces of the dimer (as shown here) and also with muons
located on the outside faces of the dimers. The ET3 and ET4 sulfur
sites have significantly higher energy than the ET1 and ET2 carbon
sites.

and the S atoms and have therefore been discarded. We find
four other distinct classes of stopping site, which we illustrate
in Fig. 4. We see that the muon either bonds to one of the
unsaturated C atoms in the central C=C, C1 or C2 (ET1) or
an outer C=C, C3-C6 (ET2) or to one of the electronegative
S atoms at inner sites (ET3) or outer sites (ET4), as could be
expected on chemical grounds. As found in previous studies
of muon stopping sites on molecular compounds [43], the
complex potential energy landscape can make establishing a
hierarchy of sites in terms of increasing energy difficult. This
is the case here, with sites of the type ET1 and ET2 having
similar energies that span a range of around 0.3 eV. However,
we do note a trend that the lowest energy sites involving
bonding to S atoms (ET3 and ET4) are around 0.85 eV higher
in energy than the lowest energy sites involving bonding to
C atoms (ET1 and ET2). We consequently only consider
molecular sites of the more stable ET1 and ET2 classes in
the analysis that follows.

5. Anion layer sites

We also identify sites where the muon occupies the anion
layer and report these sites as A1 to A7 in Fig. 5. The rel-
ative energies of these sites (compared to the ET sites) for
charged and uncharged cells suggest that the anion layer is a
more favorable stopping location for μ+ (equivalently labeled
Mu+) than for neutral muonium (Mu0), which would also be
expected from an electrostatic argument. We therefore use
site geometries from charged cells for the anion layer sites
(representing Mu+ addition), in contrast to the site geometries
obtained from neutral cells that are being used for the ET sites
(representing Mu0 addition).

6. Comparison with the ZF-μSR spectrum

We now compute the dipolar fields associated with each of
the muon stopping sites described in the previous section and
compare these with the oscillation frequencies observed in

A1 A2

A3 A4 A5

A6 A7

FIG. 5. Charged muon sites A1 to A7 obtained for Mu+ stopping
in the anion layer.

the ZF-μSR measurements of Ito et al. [25]. These μSR
measurements were performed on a polycrystalline array of
κ-Cl crystals at the RIKEN-RAL muon facility. Distinct muon
precession frequencies were observed for T < 21.4 K indicat-
ing the presence of long-range magnetic order. Below TN, the
asymmetry contains two precessing components whose fre-
quencies vary in fixed proportion to each other as a function of
temperature, ω1 = 0.734ω2. The relative spectral weightings
of the two components, p1 = 0.168 and p2 = 0.066 imply
that the higher frequency site is occupied by a greater frac-
tion of the muons. Fits of the temperature dependence of the
muon precession frequencies to a critical fluctuation model
gave an extrapolated zero-temperature field of 5.84(4) mT
corresponding to ω1. In summary, these results suggested the
existence of two primary magnetically distinct muon stopping
sites in κ-Cl, experiencing local magnetic fields of magnitude
5.84 mT and 4.29 mT in the ordered phase. Further analysis of
the relaxation signal both by direct fitting and by a maximum
entropy method (labelled here as MaxEnt) [16,51] suggests
there are some low field components between 0 and 1 mT
[Fig. 6(a)] in addition to the two higher field components
reported previously. Labeling of these spectral components is
indicated in Fig. 6(a). All data analysis was carried out using
the Wimda program [52].

In order to generate the full field distribution seen by
the muon we must consider all of the crystallographically
(and hence magnetically) distinct sites within each class of
stopping site. For example, ET1 comprises two distinct sites
depending on whether the muon bonds to C1 or C2 (as
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FIG. 6. (a) The experimental ZF-μSR spectrum at 5 K derived from the data of Ito et al. [25], obtained here from both the MaxEnt method
and from direct time domain fitting of multiple precession components. Dashed lines indicate the main features used for comparison with
calculated spectral components. [(b)–(e)] The calculated spectral components based on dipolar fields at the muon sites listed in Table IV.
Calculated site spectral components that can be assigned to measured spectral features are indicated in bold. These spectral component sets
are obtained with best-matched moments of 0.36 μB per dimer for the molecular layers and lower moments for the anion layers. [(b), (c)] The
AF mode of interplanar ordering and [(d), (e)] the FM mode of interlayer ordering. The FM mode provides the optimal overall match to the
main spectral features in the data, with assignment being made to seven of the lowest energy muon stopping sites (see Table IV).

labeled in Fig. 2). Sites with the muon bonded to each of the
distinct atoms within the ET molecule are taken from the set
of relaxed muon positions. In cases where the required site
was not obtained from the structural relaxations, new sites
were generated by applying a quasimirror plane of the ET
molecule to a representative position within the same class.
The resulting muon positions are then relaxed within the full

structure to ensure that they are stable within the crystal. In the
case of the ET sites, we posit the formation of a local singlet
state on the occupied dimer via a muonium addition process in
which the extra electron introduced by the muonium pairs up
with the existing electron from the radical dimer. Thus when
calculating the corresponding dipolar field we “turn off” the
spin density on the dimer to which the muon has added to
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TABLE IV. The muon stopping sites in κ-Cl. The upper section shows the ET1 and ET2 molecular stopping sites and the lower section lists
the A1–A7 anion stopping sites. For each site the relative energy within the group is given. The molecular site label suffixes i and o respectively
refer to sites on the inner and outer faces of the ET molecules within the dimer. Dipolar fields Bdip with FM and AF modes of interlayer ordering
are shown for comparison with ZF-μSR data. The third column shows assignment to the main features in the ZF spectrum (Fig. 6) based on
FM interlayer ordering. The last three columns show dipolar field components along the b axis for comparison with the TF-μSR data. The
final column shows the local field response to a field-induced bulk magnetization along the b axis. N ′ is given by (3N − 1)/2, where N is
the demagnetization factor. For the platelet geometry of the experiment we take N = 1 and thus N ′ = 1. In that case, it can be seen that there
is close cancellation between the two terms of �Bb for all of the anion sites, leading to an expectation of no significant overall shift of their
average peak positions with field.

Mu ZF peak Position Erel Bdip(FM) Bdip(AF) |Bb| (FM) |Bb| (AF) �Bb (M ‖ b)
state Site (FM) (cell fraction) (meV) (mT/μB) (mT/μB) (mT/μB) (mT/μB) (mT/μB)

Mu0 C6i (0.153, −0.068, −0.143) 0 7.99 8.05 0.10 0.12 −12.7 − 9.6N ′

C1i 1 (0.086, −0.044, 0.020) 0 1.29 2.10 0.29 0.29 −10.0 − 9.6N ′

C3o 3 (0.361, −0.059, 0.219) 15 15.72 16.30 5.17 5.17 −6.1 − 9.6N ′

C5i 1 (0.063, −0.111, 0.015) 31 1.47 2.52 0.29 0.27 −4.8 − 9.6N ′

C1o 2 (0.225 0.000, 0.253) 36 11.78 10.95 3.94 3.94 −15.2 − 9.6N
C5o 1′ (0.079, 0.120, 0.225) 67 3.26 4.36 0.83 0.77 −2.6 − 9.6N ′

C2o (0.147, 0.047, 0.258) 92 5.79 6.40 1.24 1.25 −8.3 − 9.6N ′

C4o (0.278, −0.067, 0.339) 196 19.13 18.48 15.30 15.31 −11.5 − 9.6N ′

C4i (0.145, −0.121, 0.095) 205 0.50 0.76 0.15 0.11 −4.4 − 9.6N ′

C3i (0.203, −0.094, −0.046) 224 7.38 6.54 1.57 1.57 −9.7 − 9.6N ′

C2i (0.004, 0.005, 0.021) 325 2.41 3.55 0.35 0.35 −9.9 − 9.6N ′

C6o (−0.018, 0.099, 0.365) 333 8.73 9.80 3.42 3.38 −7.9 − 9.6N ′

Mu+ A1 1 (0.281, 0.249, 0.123) 0 1.58 0.34 0.09 0.23 9.4 − 9.6N ′

A2 1′ (0.031, 0.216, 0.975) 131 3.56 2.00 1.29 1.30 11.8 − 9.6N ′

A3 (0.370, 0.250, 0.615) 151 0.89 0.55 0.45 0.51 10.1 − 9.6N ′

A4 (0.010, 0.250, 0.515) 191 0.26 0.10 0.15 0.10 8.8 − 9.6N ′

A5 (0.383, 0.251, 0.087) 336 1.88 0.37 0.49 0.25 9.0 − 9.6N ′

A6 (0.208, 0.250, 0.234) 414 1.17 1.13 0.45 1.04 9.7 − 9.6N ′

A7 (0.294, 0.250, 0.740) 442 1.69 1.17 0.28 1.08 9.7 − 9.6N ′

reflect this local electronic singlet state. The rationale behind
this assumption will be discussed later, but here we note that
neglecting to do so results in dipolar fields of several tens of
mT at the ET sites, which are an order of magnitude larger
than those observed experimentally. The Mu0 sites on the ET
molecules are labeled via the C site number and a suffix i or
o indicating whether the site is on an inner or an outer face of
the ET molecule within the dimer.

Calculating the dipolar field at each magnetically distinct
muon stopping site allows us to simulate the magnetic field
distribution experienced by the muon. The dipolar fields for
the lowest energy muon stopping sites are listed in Table IV.
For spectral simulation, the intensity contribution Ii from each
site i to the ZF-μSR spectrum is represented by a Lorentzian
centered on the local field Bi at that site, i.e.,

Ii(B) ∝ sin2 θi

1 + [(B − Bi )/w]2 , (2)

where θi is the angle between the local field and the initial
muon polarization and w is a characteristic spectral width. For
a polycrystalline powder sample, the angular dependence is
averaged out and the numerator of Eq. (2) becomes 1.

From Table IV it can be seen that site C4o provides the
largest dipolar field, however it has a relatively high energy
compared to other stopping sites. The next strongest dipolar
fields are for sites C3o and C1o. These can be assigned re-
spectively to spectral peaks 3 and 2. This immediately sets

the scale of the ordered moment to be 0.36 μB per dimer for
the Mu0 sites in the ET layer in both cases of AF [Fig. 6(b)]
and FM [Fig. 6(d)] interlayer coupling. The positions of the
spectral contributions from the other ET sites follow on from
fixing this moment and the results are shown in Figs. 6(b)
and 6(d). In the case of AF interlayer ordering, the low field
sites do not match particularly well to the low-field spectral
features. On the other hand, for the FM mode of interlayer
ordering, a good match to all the spectral features is obtained
by just considering the low energy stopping sites, C1i, C5i,
C5o, C3o, and C1o, as flagged in column 3 of Table IV. The
only one out of the six lowest energy Mu0 sites that does not
appear to contribute significantly to the measured spectrum is
C6i. The increased moment compared to that deduced from
the 1H-NMR can be regarded as the effect of introducing a
nonmagnetic spin vacancy defect on the triangular spin lattice
by forming the singlet state on the dimer containing the addi-
tion site. This will produce a local decrease in the frustration
and recover part of the moment.

In the case of the anion layer sites, the perturbation effect
of the muon is expected to be smaller than for the ET layer
sites, since one is only introducing a charge defect into the
nonmagnetic layer rather than inserting a spin vacancy defect
into the magnetic layer. Hence a moment value intermediate
between 0.25 and 0.36 μB would be expected for the anion
sites. In the case of AF interlayer coupling, a match of site
A2 to spectral peak 1 can be obtained with a moment of
0.26 μB [Fig. 6(c)], which is only slightly perturbed from the
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bare moment value obtained from the NMR analysis. With
the FM mode of interlayer coupling, we find that the two
lowest energy anion sites A1 and A2 can reproduce spectral
peaks 1 and 1′ with a moment of 0.31 μB [Fig. 6(e)]. Our
overall conclusion here is that the FM mode of interlayer
ordering provides the best match to the strongest features in
the ZF-μSR data. From our combined analysis of the previous
1H-NMR and ZF-μSR results we can also confirm that the
data are consistent with an ordered moment with its easy spin
direction lying along the c axis. The spin transition occurring
around 0.4 T for field along b is also confirmed to be con-
sistent with a transition between the FM and AF modes of
interlayer ordering in the presence of a weak canted moment.

7. Singlet formation

An important feature of our analysis, absent in the previous
study [25], is taking into account the formation of singlet
state on the host ET dimer for sites involving the muonium
forming a bond with one of the atoms in an ET molecule. This
phenomenon is incorporated in our calculations by “turning
off” the spins on the dimer that is occupied by the muon.
A large part of the evidence for such a mechanism being at
play is the unfeasibly large dipolar fields that result when this
procedure is not carried out (they are up to several tens of
mT and thus an order of magnitude larger than those observed
experimentally). However, this behavior also has strong phys-
ical motivation. When muonium brings an extra electronic
spin into an isolated dimer, there are only two possible states
that can be formed: a singlet or a triplet; the singlet is found
to have significantly lower energy in DFT calculations us-
ing GAUSSIAN [28]. A similar phenomenon was observed for
the organic ferromagnets p-NPNN [53] and F4BImNN [44],
where muonium addition to oxygen atoms within the nitronyl
nitroxide group gives rise to a local electronic singlet.

8. Comparison with ALC studies

Sites associated with the ET dimer obtained from our
first principles calculations can be compared with those sug-
gested by μSR measurements on the ET molecule using the
technique of avoided level crossing (ALC) [54,55]. Crystals
comprising only ET donor molecules are insulators as there
are no acceptor molecules to facilitate charge transfer. Hence,
when muonium reacts with one of the molecules, the muo-
nium electron remains localized on the molecule forming a
muoniated radical species and this can be studied using ALC
spectroscopy [56]. The ALC spectra of ET exhibit two strong
broad resonances at 0.85 T and 1.05 T, corresponding to
isotropic hyperfine coupling constants of around 230 MHz
and 280 MHz [57]. These are likely to be associated with
muonium addition to the inner and outer C=C bonds, respec-
tively, i.e., ET1 and ET2 sites in our present classification
[57,58]. Our present results therefore indicate that the same
muonium addition sites are present in the negatively charged
ET dimer as in the neutral ET molecule, thus providing a
consistent picture of the stopping sites present in different
ET-based materials.

=

FIG. 7. (a) Phase diagram for the anisotropic triangular lattice
extended Hubbard model. Open green symbols are derived from
calculated values of t and t ′ for κ-Cl, taking a U value of 0.5 eV. The
solid-green symbol is derived from experimental Shubnikov de Haas
(SdH) data. The references for this panel are (I) dynamical mean field
theory (DMFT) study of Kyung and Tremblay [12], (II) path integral
renomalization group (PIRG) study of Yoshioka et al. [11], (III) exact
diagonalization (ED) study of Yang et al. [10] and (IV) modified
spin wave theory (MSWT) study of Hauke [61], (V) DFT study of
Kandpal et al. [13], (VI) DFT study of Koretsune and Hotta [14],
(VII) EH study of Hiramatsu et al. [15], (VIII) experimental estimate
obtained by extrapolating the SdH data of Yamauchi et al. [62] to
zero pressure [63]. (b) The ordered moment calculated from MSWT
in the Heisenberg limit [61] compared with the values obtained from
our analysis of NMR and μSR data.

9. The magnitude of the ordered moment

We next consider the absolute values of ordered mo-
ment obtained in experiment versus that expected for the
anisotropic lattice extended Hubbard model with the param-
eters previously calculated for κ-Cl. This is illustrated in
Fig. 7(a), which shows a phase diagram based on a number
of different theoretical studies. Calculated values for r range
from the smaller values of 0.44 [13] and 0.52 [14] obtained
from DFT methods to the larger value of 0.73 obtained from
the EH method [15]. Estimates of U from these calculations
are generally based on unreliable approximations, so we use
a U value of 0.5 eV for the plot, which is broadly consistent
with the infrared spectrum [59,60] and with κ-Cl being in the
Néel AF phase rather than the superconducting phase.

We already noted in Sec. II B 2 that the moment obtained
for the NMR data is significantly lower than that expected for
the square lattice limit of the Néel phase in the anisotropic
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triangular lattice Heisenberg AF. The ordered moment in the
Néel AF phase depends most strongly on how close one is
to the phase boundary with the QSL phase and this is illus-
trated in Fig. 7(b) using the moment derived from modified
spin wave theory in the limit t/U → 0 [61]. This calculated
moment extrapolates to zero at r = 0.93, which is the quantum
critical point (QCP) for the onset of the noncolinear magnetic
phase. The moments derived from our analysis of the H atom
probe sites in 1H-NMR and the Mu+ and Mu0 probe sites from
our μSR results are indicated as horizontal dashed lines in
Fig. 7(b), which allows us to estimate the bare r ratio of κ-Cl
and also provide some quantification of the perturbing effect
of the muon in its different charge states. From the 1H-NMR
moment of 0.25 μB a value of 0.84 can be estimated for r,
which is 0.09 below the QCP. This is an upper limit, since
the moment reduction due to having a finite t/U has not been
taken into account. Including a moment reduction factor for
finite t/U of the order seen in DMRG calculations [12] would
give a slightly lower estimate of 0.8, which is 0.13 below the
QCP. The presence of the muon locally reduces the frustration
and increases the ordered moment giving the effect of a charge
or spin defect, which could be regarded as a sort of local
“chemical pressure”. From Fig. 7(b) it can be seen that the
local shift in r with respect to the unperturbed NMR point is
of order −0.035 for the Mu+ charged anion site and −0.07
for the singlet-forming Mu0 ET site.

10. Estimation of r from SdH data

An experimental estimate of r can be derived from ana-
lyzing the SdH data of κ-Cl in its pressure induced metallic
state [62] using the approach previously used for κ-Cu [63].
Linear extrapolation of the α pocket Fermi surface area to zero
pressure gives an area that is 14.6% of the Brillouin zone.
Comparison with the r dependence of this area for the κ-Cl
structure gives the value r = 0.64, which lies in between
the larger one of the two DFT estimates [14] and the EH
estimate [15]. This is plotted as the solid green symbol in
Fig. 7(a), taking its t/U value as the average of the other
estimates on either side. At this t/U value, the QCP marking
the boundary with the QSL phase is at r = 0.75. Hence the
obtained r value is 0.11 below this QCP, which is similar to
the displacement of 0.13 that we estimated from the size of the
unperturbed moment compared with the MSWT calculations
[Fig. 7(b)]. Compared to the values derived from experiment,
the underestimation of r by DFT and overestimation of r by
EH appears to be a notable general feature of calculations for
the κ-ET family [63].

C. Conclusion on muon sites and spin distribution

This section has used DFT methods to make detailed
analysis of previously reported data. From the present pa-
per building on previous studies, we are able to confirm the
magnetic state in κ-Cl and the nature of its field-induced spin
transitions. The parameters determined for κ-Cl on the basis
of its ordered moment place it close to the phase boundary
with the QSL phase and we have been able to quantify the
local perturbation effect of the the presence of the muon in
this frustrated spin system by close comparison between the
μSR and NMR results. The insight gained in this study can be

readily extended to the interpretation of μSR studies on other
ET-based organic conductors, of which there have already
been many [20,25,64–67].

The methodology developed here will help us to interpret
the results of μSR measurements made on the quantum spin
liquids κ-Ag and κ-Cu, which will be reported in a subsequent
paper. The next part of the present paper concerns the TF-μSR
measurements we have made on κ-Cl and their interpreta-
tion in the light of the information we have obtained in this
section about the nature of the muon stopping sites and the
magnetic structure.

III. TF-μSR RESULTS AT HIGH FIELD

A. Experimental details

For the high transverse field μSR measurements reported
here, fully deuterated samples of κ-(d8-ET)2Cu[N(CN)2]Cl
were prepared. Deuteration is helpful in reducing the signal
broadening from nuclear dipole moments. The identical mag-
netization behavior between deuterated and nondeuterated
samples indicates the same spin structure for each. A mosaic
of crystal platelets was mounted in the muon beam at the
HAL9500 instrument at the SμS facility of the Paul Scherrer
Institute. The applied field was parallel to the crystal b axis
and a flow cryostat was used to vary the sample temperature
between 3 K and 100 K. An active veto system was used
to ensure that only positron decays resulting from muons
stopping in the sample were collected by the data acquisition
system. The maximum entropy method [16] (MaxEnt) was
used for extracting the spectral distribution of internal fields
in the collected data.

B. Experimental results

1. High field

Measurements made in the HAL9500 spectrometer under
high TF of 6 T and 8 T are shown in Fig. 8. The distribution
of spectral intensity in the TF rotation signal is plotted versus
�B, which is the deviation of the internal field from the
applied field. A major feature of these high field spectra is
that the main spectral region is split into two peaks labeled
I and II. At temperatures above TN the relative intensity of
these two peaks varies with T [Figs. 8(a) and 8(d)]. The
behavior changes significantly on entering the magnetic phase
below TN [Figs. 8(b) and 8(e)]. In this region peak II changes
in amplitude, width and position versus T , whereas peak I
remains essentially independent of T . In addition, significant
satellite features appear above and below the main peaks. It
was found that the most straightforward way to characterize
the evolution of the new spectral features is to follow the
integrated area on the wings of the spectrum that reflects the
satellite features. The spectral regions used for this are marked
in gray in Figs. 8(b) and 8(e). The area obtained in this way is
shown in Figs. 8(c) and 8(f) and clearly reveals an increase in
intensity at low T that can be used to derive the value of TN

in each case by fitting the area A(T ) to the empirical formula
A(T ) = ABG+(A(0) − ABG)[1 − (T/TN)α]β .
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FIG. 8. High field TF-μSR spectra for κ-Cl. The central part of the spectrum is resolved into two distinct peaks labeled I and II. Spectra
for a field of 6 T are shown (a) above and (b) below TN. Grey shading in (b) indicates the outer spectral region whose area is plotted versus T
in (c). [(d)–(f)] Comparable data for a field of 8 T.

2. Low field

Measurements made for the much lower TF of 0.45 T are
shown in Fig. 9. In this case only a single peak is seen above
TN [Fig. 9(a)]. Below TN some characteristic features appear
[Fig. 9(b)]. The main peak becomes broader and reduced in
amplitude and satellite peaks appear above and below the
main peak, as was also seen in the higher field data. The T
dependence of the area on the wings of the spectrum is shown
in Fig. 9(c). At 0.45 T the broadening due to critical fluctu-
ations is not as strongly suppressed as it was in the 6 T and
8 T data. In order to estimate TN, we therefore fit the T > TN

data points to a diverging critical fluctuation term scaling as
(T − TN)−w, whereas the T < TN data points are again fitted
to an order parameter term of the form [1 − (T/TN)α]β This
combined procedure gives an estimate of 22.7(4) K for TN at
0.45 T [Fig. 9(c)].

3. Phase diagram for b-axis field orientation

The TN values obtained from our data are compared with
those from other techniques such as NMR and ZF-μSR in
Fig. 10. From this figure it can be seen that all of the μSR
and NMR data are consistent with a simple linear field de-
pendence for TN. Existing published magnetization data does
not systematically cover this field range, so it is not clear

whether the canted weak FM moment appears at a TwFM that is
simultaneous with TN or else appears at a lower temperature.
Thermal expansion studies [68] have shown a separation of
these two temperatures at 8 T, with TN at 28 K, similar to that
seen by NMR and μSR, whereas a second feature that was
found 5 K lower at 23 K was assigned to TwFM. This same
study however found a single transition in zero field at 28 K,
which is not consistent with the magnetization and local field
probe studies, which find that both transitions are at 23 K
in zero field. Further temperature dependent magnetization
studies should be able to clarify the evolution with field of
the splitting between TN and TwFM.

4. Broad assignment of peaks I and II

A detailed analysis of the two central peaks of the high
field data can also be made as the sum of two Gaussians and
the results are plotted in Figs. 11 and 12. It can be seen again
that peak I is barely affected by the transition whereas all of
the parameters describing peak II change below the transition.
Looking first at the peak positions [Figs. 11(a) and 12(a)],
the peak shift �B for peak II above the transition is seen
to approximately scale with the applied field (see right hand
axes), reflecting b-axis moments produced by the bulk suscep-
tibility for field applied along the b axis. This can contribute
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FIG. 9. Internal field spectra derived from MaxEnt analysis of TF μSR data on κ-Cl measured in a field of 0.45 T. (a) Spectra measured
above TN showing a single peak. (b) Spectra measured below TN show the broadening and intensity reduction of the central peak with satellite
peaks simultaneously appearing. The spectrum at 24 K, which is very close to TN, is shown here as well for reference (dashed line). (c) The
area of the outer spectral region plotted against temperature. Both critical broadening of the central peak and the appearance of satellite peaks
contribute to this area. An estimate of TN is obtained from a model that takes into account both of these effects.

an overall shift to the peak positions of a given site, which
is tabulated in the final column of Table IV. The field shift
there is made up of two terms, the first term is the dipolar
field contribution and the second term describes the Lorentz
field plus demagnetization field. The second term depends on
the factor N ′ = (3N − 1)/2, where N is the demagnetization
factor. Both N and N ′ are assumed to be close to 1 in the
platelet geometry of the experiment. From the values obtained
in the final column of Table IV with N ′ = 1, we expect the
anion layer sites A1–A7 to show very little field shift, as
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1
H-NMR (Miyagawa et al.)
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wFM state from canted AF

(with AF interlayer mode)

FIG. 10. TN versus magnetic field B applied along b for κ-Cl.
The B = 0 point is from low-field magnetization and ZF-μSR [25]
and two different NMR studies [24,69] are included alongside the
present TF-μSR results. All data points are seen to be consistent with
a simple linear magnetic field dependence for TN.

the dipolar and Lorentz/demagnetization terms are closely
canceling here, whereas the molecular layer sites all show a
negative field shift when such b-axis moments are present.
Thus we can make a broad assignment of the nonshifting peak
I to anion sites and the shifting peak II to molecular sites.
The temperature-dependent changes in relative amplitude of
peaks I and II above TN would then indicate changes in rel-
ative muon stopping probability between the molecular and
anion layers, with stopping in the anion layer becoming a
little less probable at higher T . Taking the sum of the peak
I and peak II amplitudes compensates for this shift in site
probabilities and allows the transition to be seen more clearly
by following the behavior of the amplitude sum [Figs. 11(c)
and 12(c)].

5. Site contributions to the TF spectrum

Whilst we have obtained a broad assignment of peaks I and
II to the different types of site, we can go further in looking
in more detail at the predicted splittings and shifts associated
with the various sites in comparison with the TF data. This is
done in Fig. 13 for the specific example of the 8 T spectrum
measured at 3 K. A b-axis moment of 0.05 μB is found to be
consistent with the observed splitting between the two central
peaks. The plot uses the c-axis ordered moments we obtained
earlier from analysis of the the ZF-μSR data, i.e., 0.36 μB for
ET layer sites and 0.31 μB for anion layer sites. From Fig. 13
it can be seen that the broad satellite features are well re-
flected, along with the strong concentration of spectral weight
in the two central peaks. The ratio of the 0.05 μB b-axis
moment to the underlying 0.25 μB c-axis moment implies that
at 8 T there is an overall field-induced spin canting of 11◦
towards the applied field direction.
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FIG. 11. (a) Shift, (b) width, and (c) relative amplitude of peaks
I and II vs T for the 6-T data.

IV. CONCLUSIONS

This study has demonstrated how the incorporation of
DFT+μ into μSR data analysis can enable a new quantitative
approach to be made, which goes well beyond what was
typically used before. This method is found to be viable even
for quite a complex system, such as the κ-Cl system studied
here, which has 236 atoms in its unit cell. We have shown
that the same DFT-derived molecular spin distributions, when
combined with dipolar field analysis, can be used to model
both 1H-NMR data and μSR data taken in ZF and TF configu-
rations. This study has required the handling of large numbers
of muon stopping sites and the methods developed here have
now been incorporated into the the MuFinder program [70],
which streamlines the processing of such sites.
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FIG. 12. (a) Shift, (b) width, and (c) relative amplitude of peaks
I and II vs T for the 8-T data.

We have found that an ordered moment of 0.25 μB aligned
closely with the c axis describes the 1H-NMR spectrum,
whereas the ZF-μSR data indicates comparable but slightly
higher values of 0.31 and 0.36 μB, dependent on the type of
muon site. These moments are all significantly reduced from
the value of ∼0.6 μB expected in the square lattice limit of
the anisotropic Heisenberg triangular lattice, indicating that
magnetic frustration is still relatively strong in κ-Cl, even
though it is located in a region of the phase diagram with
r ratio that is reduced far enough below 1 to lead to Néel
ordering. Our studies are also able to confirm the nature of the
metamagnetism of κ-Cl. We confirm that the magnetic cou-
pling between moments in the two symmetry related layers in
the crystal structure is intrinsically FM in nature, as previously
deduced by Ishikawa et al. [37]. The application of a magnetic
field above 0.4 T in the interlayer direction produces the

013015-13



B. M. HUDDART et al. PHYSICAL REVIEW RESEARCH 5, 013015 (2023)
M
ax
E
n
t
sp
ec
tr
al
in
te
n
si
ty

-3 -2 -1 0 1 2 3

B (mT)

8 T spectrum at 3 K mb = 0.05 B

C3o

C1o

C6o

C3i

C2o

C5o

C2i

C1i

C5i

C4i

C6i

A2

A6

A7

A3

A5

A1

A4

Anion layer sites

(mc = 0.31 B)

ET layer sites

(mc = 0.36 B)

B b

mA2mA1

FIG. 13. The TF-μSR spectrum at 3 K in a field of 8 T compared
with the peak positions predicted for moments in the ordered state
of of 0.36 μB (ET layer sites) and 0.31 μB (anion layer sites). Each
muon site site produces a pair of peaks as marked by the vertical lines
and linked with a horizontal line. The splitting of the pair is propor-
tional to mc and the uniform shift of the pair is proportional to mb.
The constants of proportionality for the splitting and shift at each site
given by the last two columns in Table IV. The predicted distribution
of fields for mb = 0.05 μB is seen to give good consistency with the
experimental spectrum. The inset illustrates the induced canting of
the sublattices in one of the molecular layers.

metamagnetic transition by stabilizing the AF mode of cou-
pling between the layers via the Zeeman energy associated
with having weakly canted moments. These canted moments
result from the presence of DM interactions, however the
μSR spectra are not sensitive to the small canting angles
produced by the DM interactions. At high fields, however, a
field-induced moment along the field axis is clearly revealed
in the TF-μSR spectrum via the shift of peak II relative

to peak I. In the magnetically ordered phase this high field
magnetization along the applied field direction is mainly due
to field-induced canting of the transverse ordered moments
from the c axis towards the b axis.

One key finding of our study is the contrasting behavior of
the local fields for sites that are in different layers within the
material, in particular the difference between stopping sites in
the layers containing the spins, which are relatively sensitive
to the magnetic state, and stopping sites in the layers that
separate the spin-containing layers, which are relatively insen-
sitive to the magnetic state. These conclusions should apply
more generally beyond just the κ-(ET)2X family to a broader
class of layered magnetic systems. Similar behavior would
therefore be expected in muon studies of such systems when-
ever the muon stopping sites fall into distinct intralayer and
interlayer categories with respect to the magnetic constituents.

In the specific case of κ-Cl, knowledge of the spin dis-
tribution over the ET dimer and possible stopping sites for
the muons, combined with their spectral signatures in TF-
μSR measurements extending to high fields, have allowed a
detailed spectral analysis to be made. This information and
the methodology we have developed will prove valuable in
the further analysis of the properties of other members of the
κ-(ET)2X family, particularly the QSL members, which will
be the focus of further work.

Data associated with the paper will be made available via
the Durham University data archive [71].
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[33] M. Pinterić, M. Miljak, N. Biškup, O. Milat, I. Aviani, S. Tomić,
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