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ABSTRACT: Although muons are primarily regarded as a local spin probe, they can
also access the charge state of an atom or molecule via quadrupolar level crossing
resonance (QLCR) spectroscopy. We use Li'TCNQ~ (TCNQ_ = 7,7,8,8-tetracyano-
quinodimethane), a simple charge transfer salt, to test the potential of this technique in
molecular systems by studying the interaction of a positive muon with the TCNQ
nitrogen atoms. We show that both a positive muon and muonium are able to add to
the nitrogen, leading to a singlet spin state for the addition molecule. This produces a
characteristic three line QLCR spectrum, with the observed line positions and
intensities determined by the principal values and orientation of the electric field
gradient tensor at the nitrogen. Ab initio calculation of this field gradient and the
resulting QLCR spectrum give good agreement with the experiment. A nonresonant

background contribution to the relaxation rate also provides evidence for spin excitations rapidly diffusing along the TCNQ_chains.
These reflect mobile unpaired electrons introduced by muonium addition. It is thus shown that a single set of muon measurements
can be sensitive to both spin and charge degrees of freedom in the same molecular material.

Bl INTRODUCTION

Muon spin spectroscopy (also known as muon spin relaxation/
rotation/resonance, ySR) is a valuable probe that is able to
provide detail on both the local and bulk properties of
materials. ~* The common convention is to use the positive
muon (anti-muon, y* and will henceforth be referred to as the
“muon”), which is analogous to a proton but with 1/9th of the
mass. The muon is implanted, generally with MeV energies,
and after a series of ballistic and inelastic scattering processes
thermalizes at a specific site within the chemical structure. The
muon will then generally be static within the chemical
structure; however, there are also cases where the muon is
able to hop between sites. Information about the sample is
gained from the time evolution of the muon spin, measured
over many lifetimes of the muon (average life of the muon is
2.2 ps), due to coupling to the local magnetic field distribution.
The simplest state that the muon can form is one where the
bare muon sits within an interstitial site’ or forms a sigma
bond with a lone pair on an atom, for example, the lone pair on
an oxygen ion within an oxide structure.” This is known as a
diamagnetic state. More complex final states involve the muon
capturing an electron from atoms or molecules as it
thermalizes, forming muonium (u*e”), analogous to hydro-
gen.”® The muonium can then undergo a chemical addition to
a molecule. For example, within benzene, the muonium adds
across a C=C double bond to form the cyclohexadienyl
radical,"”™'* which is known as a paramagnetic state.
Therefore, there is interest in how the muon interacts with
materials on an atomic and molecular level to help understand
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the broad range of data that are collected to describe the
physical properties of compounds.

One area where SR experiments can provide some unique
insight is in the field of magnetism and magnetic materials, in
particular, when one is studying materials based on organic
molecules.”'>"* The relatively weak and delocalized electronic
magnetic moment on the organic molecule can prove difficult
to measure using other techniques. Often, these organic-based
materials take the form of charge transfer compounds'*'® and
they can also display other interesting physical properties such
as electrical conductivity,'® ferroelectricity, and multiferroic
behavior.'”'® A prominent organic molecule used within these
types of compounds is TCNQ (7,7,8,8-tetracyanoquinodi-
methane), a planar-conjugated molecule that is capable of
stabilizing a radical anion leading to an S = 1/2 state, as shown
in Figure 1.

For neutral TCNQ, it is well known that there is muonium
addition to one of the nitrogens, resulting in the formation of a
paramagnetic radical.”’ Using Avoid Level Crossing (ALC)
resonance, one is able to study the muon-radical hyperfine
interaction, and in this case, the contact hyperfine coupling
constant is found to be 85 MHz."” Muonium addition and the
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Figure 1. Molecular structure of TCNQ.

formation of a paramagnetic state are also accompanied by a
fast muon spin depolarization. Depending on the muon source
used,”*” this depolarization can either be observed directly or
present as the loss of signal amplitude when the muon spin is
dephased before the start of the experimental time scale.
Interestingly, for TCNQ-based charge transfer salts, when one
already starts with an S = 1/2 radical using the reduced form of
TCNQ, there is no missing asymmetry, and no paramagnetic
state is formed.”" ™ In this case, it is important to understand
how the muon interacts with the molecule and determine what
information one can gain from this interaction, with the results
being applicable to other TCNQ-based charge-transfer solids.

In this study, we use the TCNQ charge transfer compound,
Li"TCNQ’, that is, a 1:1 stoichiometric salt having a stacked
molecular chain structure, which is expected to form a spin-
Peierls dimerized ground state at ~220 K.** In order to
understand how the muon interacts with the sample, we
investigate the muon coupling to the quadrupolar moment on
the '*N nuclei and study the resonance of the muon-nuclear
quadrupole coupling, known as muon quadrupole level
crossing resonance (¢-QLCR or simply QLCR). The resulting
spectrum is compared with the results of calculations and we
are able to show how the muon bonds to the TCNQ molecule,
determining the orientation between the muon bond and the
C—N bond. This provides us with a precise characterization of
the muon stopping site within this organic charge-transfer
material, determining the coupling of the local muon probe to
both spin and charge fluctuations within the system. The
method should be generally applicable to other molecular
materials in which a muon site is in close proximity to a
quadrupolar nucleus.

B EXPERIMENTAL DETAILS

Lithium TCNQ was synthesized using the method outlined by
Melby et al.”’ Muon spin spectroscopy experiments were
performed on the HiFi spectrometer at the ISIS Neutron and
Muon Source. The muon data set is available from the ISIS
facility.”® Within the experiment, 100% spin polarized muons
are implanted into the sample, with the initial polarization
along the direction of the beam (z direction). The muon spin
is then dephased by the surrounding nuclear and electronic
fields; QLCR experiments were conducted by sweeping a
longitudinal field that is along the z-direction. When the
Zeeman splitting of the muon matches a quadrupolar nuclear
energy level splitting, a cross resonance occurs and there is a
corresponding flipping of the muon polarization.”’ Calcu-
lations of the local structure around the muon and the electric
field gradient (EFG) at the nitrogen were performed using
plane-wave density functional theory (DFT) using the
CASTEP code’® and the PBE/GGA approximation.”
Simulation of QLCR spectra was made using the CalcALC
program.”*

B EXPERIMENTAL RESULTS

The time spectra of forward—backward muon decay positron
asymmetry were measured as a function of field B and the best
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overall fit to the data was obtained using an exponential
relaxation function

A(t, B) = A exp(=A(B)t) + 4, (1)

where Ap is the relaxing asymmetry, A(B) is the field-
dependent muon spin relaxation rate, and A, is a baseline
nonrelaxing asymmetry component. The application of a
magnetic field causes Zeeman splitting of the muon energy
levels. When the muon Zeeman splitting of the energy levels
equals an energy level separation of the "N, this leads to
successive resonances at the particular fields where the muon
Zeeman splitting matches the '*N nuclear quadrupolar
splittings. This is illustrated in the inset of Figure 2b, showing
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Figure 2. (a) Muon spin relaxation rate for Li"TCNQ™ measured at
90 K as a function of field, and the dashed line is the background
modeled by a quadratic order polynomial. The inset shows that the
background is also well represented by a B™'/> power law,
demonstrating the presence of 1D spin diffusion (see discussion).
(b) Subtraction of the background shows clearly the three peaks that
correspond to resonances with the nitrogen nuclear quadrupole
energy level splittings shown in the inset. The fitted values are Cq =
—2.51(1) MHz and 5 = 0.50(1) (the negative sign of C, is inferred
from a DFT calculation of the muon site geometry).

the transitions between different energy levels resulting in
different frequencies, denoted as v, (n 0, 1, 2). The
relaxation rate reflects the dynamics of the muon spin and so,
at resonance, where there is a slow, relative to the experimental
time scale, exchange of spin polarization between the muon
and the quadrupolar levels of the nitrogen, this will be
observed as an apparent increase in the relaxation rate. The
presence of the QLCR resonance is indicative of the final
stopping site of the muon being diamagnetic, as paramagnetic
states tend to be dominated by the muon—radial interactions.
Figure 2a shows 4 as a function of the field at 90 K where there
is a clear evidence for three resonance peaks. These are
superimposed on a smooth background that is modeled by a
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polynomial function. After removing this background, the
peaks in A are clearly observable, as shown in Figure 2b. Each
peak shows a quadrupole resonance transition reflecting a
quadrupolar level splitting frequency (1;). The resonance fields
are given by B, = 27v;/y,, where y, is the gyromagnetic ratio
of the muon. The inset in Figure 2b shows the three transitions
responsible for the observed resonances. The resonance peaks
were clearly observable at low temperatures; however at 298 K,
the intensity was extremely weak. This loss of intensity is
expected because at high temperatures, there is a significant
population of low energy vibrational modes™ that cause
distortions of the TCNQ molecule and these will be expected
to smear out the interactions between the muon and the N
nuclei.

Determination of the EFG. In the low field limit that
applies here, the energy levels of a quadrupolar nucleus are
determined by the zero-field quadrupolar splitting and are
independent of field and orientation. The quadrupolar
Hamiltonian for nuclear spin I is given by

Cq M2 2

H, PreTIEY 3 —I(I+1) + 2(1+ +12) o)
where the nuclear quadrupole coupling constant C, = €’qQ,
with eq being the principal value of the EFG and Q the
quadrupole moment of the nucleus, where for nitrogen, we
have Q = 2.044 fm”. The parameter 7 reflects the anisotropy of
the EFG tensor Vvian = (V,, — V},},)/VZZ where V, = eq is the
principal value. When V is axial, one has # = 0, where only one
transition is observable,* but in general, 77 can vary between 0
and 1. In the case of the N nucleus, we have I = 1 and the
energy levels can be written as

__ %
Fo=— 3)

_ Gy
E = T(l - n) @

+ _ CQ
E' = 7(1 + 1) s)

The E, level corresponds to the m; = 0 state and E,*
correspond to symmetric and antisymmetric combinations of
the m; = —1 and my = +1 states (see inset in Figure 2b). The
three transitions between these levels are then given by

1
Yy = EICQIn ©)
v = 21C,1(1 = n/3)
G )
=31C.1(1 + n/3)
T 1 (8)

noting that vy = v, — v;. The value of ICyl can be determined
from the average of v; and v, and the value for # can then be
determined from the splitting between v, and v, that is

4 1/1+1/2]
IC)l = -] ——=
Q 3( 2
3[

v, +y

)

Y
Lty ) (10)
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The A(B) data of Figure 2 were fitted to the sum of three
Lorentzian peaks with positions determined by C and 7 as fit
parameters. The amplitudes and widths for the peaks were
additional free parameters in the fit, along with parameters
defining the background. From this free fit, the EFG
parameters were obtained directly as ICol = 2.51(1) MHz
and 5 = 0.50(1), and so, the EFG in this case is not purely
axial. Note that the sign of C, can not be determined directly
from the observed transitions, but a negative sign is indicated
by our DFT calculations of the EFG, which is covered in the
following section.

While the principal values of the EFG tensor have been
obtained from the resonance positions, further information
about the local orientation of the EFG tensor can be obtained
from the relative intensities of the three transitions. The
principle is illustrated in Figure 3a—c where the strength of the
field-dependent resonances has been derived using CalcALC
with the fitted EFG parameters and varying orientation of the
principal axis frame. The strongest transition as shown in
Figure 3a—c depends on the orientation of the dipolar
coupling axis between muon and N (i.e., the Mu—N bond)
with respect to the principal axes of the EFG. From
comparison of Figure 3a—c and Figure 2, it can be seen
clearly that the Mu—N bond is oriented most closely with the
minor axis of the EFG (the minor axis is defined here as the
one whose principal value has the smallest magnitude). Figure
3d shows the resonances expected from DFT for the addition
of a muon to the nitrogen on the TCNQ molecule, shown for
six similar relaxed sites, which all have the EFG along the
minor axis (see the next section for details of the calculations
and the Supporting Information for the structures and their
properties). The average properties of this cluster are C, =
—2.47(S) MHz and 5 = 0.46(4), which provide a good match
to the measured resonance peaks. Because from the general
molecular geometry of TCNQ, we expect the major axis to be
close to the CN axis, the intermediate axis in the plane of the
molecule, and the minor axis perpendicular to the molecule;
the experimental data indicate that the Mu—N bond is closest
to the perpendicular direction. These QLCR measurements
and associated calculations (Figure 3a—c) have thus allowed
the general character of the final state of the muon to be
deduced, even before using ab initio DFT to make more
detailed calculations of the relaxed structure of the muon site
(Figure 3d). Such DFT calculations are the subject of the next
section.

Muon State Calculations Using DFT. In recent years,
there has been a rapid development of the use of DFT
techniques for predicting and interpreting the properties of
implanted muons in materials.”*” This approach, sometimes
called DFT+p, allows for relaxed site geometry and local
distortion to be determined. Electronic properties such as the
hyperfine coupling and EFG can also be computed.

Because a published crystal structure is not available for
Li*TCNQ~, we took the low-temperature structure of
K'TCNQ~ as a starting point for the analysis. This
K*TCNQ” structure was confirmed to be stable with plane
wave DFT using the PBE functional and ultrasoft pseudopo-
tentials, as provided by the CASTEP code. In this structure,
each K" ion is coordinated to eight nitrogen atoms on eight
different TCNQ_molecules at a distance of 3 A and each
nitrogen is coordinated to two K' ions. On replacing K* with
the significantly smaller Li" ion and relaxing the structure, each
nitrogen becomes coordinated to a single Li" ion at the closer
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Figure 3. (a—c) Calculated intensities of the resonance peaks for
different orientations of the EFG tensor with respect to the
orientation of the muon—nitrogen bond (illustrated graphically in
each case). The calculation is for a polycrystalline average using the
fitted values of Cq and 5. Comparison with the observed ratio of
intensities in Figure 2 clearly indicates alignment with the minor EFG
axis. (d) Resonance peaks corresponding to the EFG tensor calculated
using DFT at six similar but distinct muon sites associated with
addition to the nitrogen. The average of the calculated Cq and 7
values in the cluster and the corresponding peak intensity ratios in the
spectrum all match well with the experiment.

distance of 2 A and each Li" ion coordinates to four nitrogens
rather than the eightfold coordination found in the K"TCNQ™
structure. In this case, Van der Waals dispersion force
corrections were needed to stabilize the structure.

Taking this relaxed structure as the starting point, muons
were introduced at fifty trial sites that were chosen randomly
over the reduced cell of the stable structure by the MuFinder
program,”® such that each site was at least 1A away from any
atom and at least 0.5 A away from any other trial site. These
trial structures were relaxed and the six lowest energy sites
represent the muon addition to the nitrogen, as shown for the
lowest energy site in Figure 4. The standard deviation of the
energies of the site cluster about their mean is 0.03 eV.
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Figure 4. Geometry of the most stable state for Mu® addition to
Li"TCNQ” calculated using DFT. The muon is shown in red, the N
atoms in blue, and the Li atoms in purple. The addition of the muon
has broken the bond of the N to the Li shown at the bottom left of
the figure. The computed parameters for this site are —2.37 MHz for
Cq and 0.50 for 7. The minor axis of the EFG tensor is found to be
most closely aligned with the Mu—N bond axis, making an angle of
25° to it. The geometry and electronic parameters of the calculated
state are reasonably consistent with the measured QLCR spectrum. A
cluster of six similar sites were found in the full set of DFT
calculations.

The calculations were carried out both for addition of a
positive muon and for addition of a charge neutral muonium.
In both cases, a vanishingly small unpaired spin density was
found at the muon site, confirming the presence of a
diamagnetic muon probe state in either case. As expected,
the most stable states involve addition to one of the nitrogens,
breaking the Li—N bond. The resulting lowest energy structure
shown in Figure 4 is almost identical between Mu addition and
Mu* (muon) addition. The DFT calculation provides the EFG
tensor at the nitrogen site and diagonalization provides the
principal values and axes and the # value. The corresponding
value for C of —2.37 MHz is derived from the principal value
in both cases using the nitrogen quadrupole moment stated
earlier. The 7 values are found to be # = 0.50 for Mu* (and
0.56 for Mu). For the full cluster of sites, the average
parameters were found to be C, = —2.47(5) MHz and 7 =
0.46(4). The predicted parameters and QLCR spectra for the
calculated Mu"* states are consistent with the experiment
(Figure 3d).

As a diamagnetic state was found for the neutral Mu
addition with similar EFG parameters to that of the Mu" state,
this suggests that the extra unpaired electron in this case is
highly delocalized within the crystal. In this particular case,
one-dimensional diffusive motion of this electron is expected,
leading to an intermittent hyperfine interaction with the muon.
This leads to a signature B2 field-dependent relaxation,
which can clearly be observed in the background relaxation, as
shown in the inset of Figure 2a. Although the time-averaged
spin density is vanishingly small, the hyperfine interaction
becomes active for the short periods of time when the spin is
on the molecule containing the muon. Taking a value of 85
MHz for the hyperfine coupling in TCNQ," the diffusion rate
can be estimated to be of order 3 X 10" s™". We note that the
average transfer integral in LITCNQ was previously estimated
to be 0.06 eV,*® which corresponds to an electronic transfer
rate of order 1.5 X 10" s™', showing good agreement with the
#SR value.
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B DISCUSSION AND CONCLUSIONS

Both the experiment and calculation indicate that in LITCNQ,
a positive muon is attracted to the N site, with the final state
being diamagnetic. This particular system is a spin-Peierls
insulator and remains in a spin singlet state when the muon is
added. The state resulting from positive muon addition to
LiTCNQ_shows a well-defined QLCR, which, being sensitive
to the TCNQ charge state, indicates a static charge
environment at 90 K where our detailed measurements have
been made. Loss of the QLCR resonances at higher
temperatures may signify the onset of significant charge
fluctuations, which are expected to be strongly coupled to the
vibrational excitations. In contrast, Mu addition at 90 K injects
an unpaired spin into the system. This is achieved by the
addition of muonium to a TCNQ_anion, where the negative
charges (radical electrons) on the TCNQ and muonium form
a singlet state or sigma bond. In the spin-Peierls state, this then
leads to an unpaired electron on the TCNQ_dimer resulting in
a highly dynamic state, where the muon provides a local spin
probe of the one-dimensional spin dynamics that is a
characteristic of this type of system. From fitting the zero-
field data (see Supporting Information) to the sum of a
Gaussian relaxation term (representin§ the positive muon
state) and a Risch-Kehr relaxation term®”*’ (representing the
neutral Mu state), we estimate that approximately 60% of the
muons thermalize through the Mu channel and thus 40%
through the positive muon channel. This work has shown that
the muon can be a sensitive local probe of molecular behavior,
where by use of QLCR measurements, one is able to deduce
both the final stopping site of the muon and also see that the
muon can provide a probe of both charge- and spin-related
phenomena.

Beyond the specific LITCNQ_system studied here, a broad
range of applications can be envisaged for QLCR in many
other charge transfer salts containing CN or primary/
secondary amine groups, covering diverse charge-related
phenomena such as charge ordering, for example, k-(BEDT-
TTF)ZHg(SCN)2C1,41 giant ferroelectricity, for example, k-
(BEDT-TTF),Cu[N(CN),]CL* and metallic charge density
wave systems, for example, TTE-TCNQ.* We also note that a
nitrogen QLCR transition in the region of 5 mT was
previously observed in the molecular metal systems (DMe-
DCNQI),X (X = Cu,Li) and (DI-DCNQI),Cu.*** Besides
N, another common quadrupolar nucleus present in many
charge transfer salts is Cl with I = 3/2. This nucleus has larger
quadrupolar and dipolar moments compared to N, and so, it
could also be a promising muon QLCR probe. Finally, turning
toward a rather different direction, we note that N is
universally present in the peptide structure that is the protein
building block, and so, there may also be great potential for
applying muon QLCR to studies of such biomolecules.
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Properties obtained for the cluster of six lowest energy
positively charged sites found using DFT for both the
addition of Mu" to the N site and the addition of Mu® to
the N site, analysis of the zero-field muon time spectra
with two components, and Risch-Kehr and a static
Gaussian relaxation (PDF)

7533

B AUTHOR INFORMATION

Corresponding Authors

Adam Berlie — ISIS Neutron and Muon Source, STFC
Rutherford Appleton Laboratory, Chilton, Oxfordshire OX11
0QX, United Kingdom; Department of Physics, Durham
University, Durham DH1 3LE, United Kingdom;

orcid.org/0000-0002-3434-7892; Email: adam.berlie@

stfc.ac.uk

Francis L. Pratt — ISIS Neutron and Muon Source, STFC
Rutherford Appleton Laboratory, Chilton, Oxfordshire OX11
0QX, United Kingdom; © orcid.org/0000-0002-5919-
388S; Email: francis.pratt@stfc.ac.uk

Authors

Benjamin M. Huddart — Department of Physics, Durham
University, Durham DHI 3LE, United Kingdom

Tom Lancaster — Department of Physics, Durham University,
Durham DHI 3LE, United Kingdom; © orcid.org/0000-
0002-6714-4215

Stephen P. Cottrell — ISIS Neutron and Muon Source, STFC
Rutherford Appleton Laboratory, Chilton, Oxfordshire OX11
0QX, United Kingdom

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.2c00617

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors would like to thank Prof. Marek Szablewski for
providing the sample of LITCNQ_ as well as the Science and
Technology Facilities Council for access to muon beam time at
the ISIS Neutron and Muon Source and use of the SCARF
Computer cluster. The work was supported by EPSRC grants
EP/N024486/1 and EP/N024028/1.

B REFERENCES

(1) Nuccio, L;; Schulz, L.; Drew, A. J. Muon spin spectroscopy:
magnetism, soft matter and the bridge between the two. J. Phys. D:
Appl. Phys. 2014, 47, 473001.

(2) Blundell, S. J. Muon-Spin Rotation Studies of Electronic
Properties of Molecular Conductors and Superconductors. Chem. Rev.
2004, 104, 5717—5736.

(3) Réotier, P. D. d.; Yaouanc, A. Muon spin rotation and relaxation
in magnetic materials. J. Phys.: Condens. Matter 1997, 9, 9113—9166.

(4) Muon Spectroscopy: An Introduction; Blundell, S. J.; De Renzi, R;;
Lancaster, T.; Pratt, F. L., Eds.; Oxford University Press: Oxford,
2021.

(5) Amato, A,; Dalmas de Réotier, P.; Andreica, D.; Yaouanc, A.;
Suter, A,; Lapertot, G; Pop, I. M, Morenzoni, E; Bonfa, P,;
Bernardini, F.; De Renzi, R. Understanding the uSR spectra of MnSi
without magnetic polarons. Phys. Rev. B: Condens. Matter Mater. Phys.
2014, 89, 184425.

(6) Foronda, F. R;; Lang, F.; Méller, J. S.; Lancaster, T.; Boothroyd,
A. T,; Pratt, F. L; Giblin, SR; Prabhakaran, D.; Blundell, SJ
Anisotropic Local Modification of Crystal Field Levels in Pr-Based
Pyrochlores: A Muon-Induced Effect Modeled Using Density
Functional Theory. Phys. Rev. Lett. 2015, 114, 017602.

(7) Hughes, V. W,; McColm, D. W,; Ziock, K; Prepost, R.
Formation of Muonium and Observation of its Larmor Precession.
Phys. Rev. Lett. 1960, S, 63—65.

(8) Hughes, V. W,; McColm, D. W,; Ziock, K; Prepost, R.
Muonium. I. Muonium Formation and Larmor Precession. Phys. Rev.
A 1970, 1, 595—617.

https://doi.org/10.1021/acs.jpcc.2c00617
J. Phys. Chem. C 2022, 126, 75297534


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c00617/suppl_file/jp2c00617_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00617?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c00617/suppl_file/jp2c00617_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+Berlie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3434-7892
https://orcid.org/0000-0002-3434-7892
mailto:adam.berlie@stfc.ac.uk
mailto:adam.berlie@stfc.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francis+L.+Pratt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5919-3885
https://orcid.org/0000-0002-5919-3885
mailto:francis.pratt@stfc.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+M.+Huddart"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tom+Lancaster"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6714-4215
https://orcid.org/0000-0002-6714-4215
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+P.+Cottrell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00617?ref=pdf
https://doi.org/10.1088/0022-3727/47/47/473001
https://doi.org/10.1088/0022-3727/47/47/473001
https://doi.org/10.1021/cr030632e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr030632e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0953-8984/9/43/002
https://doi.org/10.1088/0953-8984/9/43/002
https://doi.org/10.1103/physrevb.89.184425
https://doi.org/10.1103/physrevb.89.184425
https://doi.org/10.1103/PhysRevLett.114.017602
https://doi.org/10.1103/PhysRevLett.114.017602
https://doi.org/10.1103/PhysRevLett.114.017602
https://doi.org/10.1103/physrevlett.5.63
https://doi.org/10.1103/physreva.1.595
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c00617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(9) Roduner, E.; Percival, P. W,; Fleming, D. G.; Hochmann, J.;
Fischer, H. Muonium-substituted transient radicals observed by muon
spin rotation. Chem. Phys. Lett. 1978, 57, 37—40.

(10) Roduner, E.; Fischer, H. Muonium substituted organic free
radicals in liquids. Theory and analysis of uSR spectra. Chem. Phys.
Lett. 1981, 54, 261—276.

(11) Kiefl, R. F.; Percival, P. W.; Brodovitch, J.-C.; Leung, S.-K; Yu,
D.; Venkateswaran, K.; Cox, S. F. J. Measurement of the '3C hyperfine
constants of the cyclohexadienyl radical using muon level-crossing
resonance. Chem. Phys. Lett. 1988, 143, 613—618.

(12) Blundell, S. J. Muon-spin-rotation studies of organic magnets.
Philos. Trans. R. Soc, A 1999, 357, 2923—2937.

(13) Blundell, S. J.; Pratt, F. L.; Lancaster, T.; Marshall, I. M.; Steer,
C. A,; Heath, S. L.; Létard, J.-F.; Sugano, T.; Mihailovic, D.; Omerzu,
A. uSR studies of organic and molecular magnets. Polyhedron 2003,
22, 1973—1980.

(14) Miller, J. S. Organic Magnets—A History. Adv. Mater. 2002, 14,
1105—1110.

(15) Miller, J. S. Organic- and molecule-based magnets. Mater.
Today 2014, 17, 224—23S.

(16) Forrest, S. R; Thompson, M. E. Introduction: Organic
Electronics and Optoelectronics. Chem. Rev. 2007, 107, 923—925.

(17) Qin, W.,; Xu, B,; Ren, S. An organic approach for
nanostructured multiferroics. Nanoscale 2018, 7, 9122—9132.

(18) Lunkenheimer, P.; Loidl, A. Dielectric spectroscopy on organic
charge-transfer salts. J. Phys.: Condens. Matter 2015, 27, 373001.

(19) Pratt, F. L.; Blundell, S. J.; Jestidt, T.; Lovett, B. W.; Macrae, R.
M.,; Hayes, W. Muon radical states in some electron donor and
acceptor molecules. Magn. Reson. Chem. 2000, 38, S27—S32.

(20) Hillier, A. D.; Blundell, S. J.; McKenzie, I; Umegaki, L; Shu, L.;
Wright, J. A,; Prokscha, T.; Bert, F.; Shimomura, K; Berlie, A;
Alberto, H.; Watanabe, I. Muon spin spectroscopy. Nat. Rev. Methods
Primers 2022, 2, 4.

(21) Berlie, A; Terry, L; Szablewski, M. A 3D antiferromagnetic
ground state in a quasi-1D 7-stacked charge-transfer system. J. Mater.
Chem. C 2018, 6, 12468—12472.

(22) Betlie, A.; Terry, L; Szablewski, M.; Giblin, S. R. Separating the
ferromagnetic and glassy behavior within the metal-organic magnet
Ni(TCNQ),. Phys. Rev. B: Condens. Matter Mater. Phys. 2015, 92,
184431.

(23) Berlie, A.; Terry, L; Szablewski, M.; Giblin, S. Tuneability and
criticality in a three-dimensional stacked molecular system. Phys. Rev.
B: Condens. Matter Mater. Phys. 2016, 93, 054422.

(24) Lovett, B. W.; Blundell, S. J.; Pratt, F. L.; Jestidt, T.; Hayes, W.;
Tagaki, S.; Kurmoo, M. Spin fluctuations in the spin-Peierls
compound MEM(TCNQ), studied using muon spin relaxation.
Phys. Rev. B: Condens. Matter Mater. Phys. 2000, 61, 12241—12248.

(25) Blundell, S. J; Lancaster, T.; Brooks, M. L.; Pratt, F. L.;
Taliaferro, M. L.; Miller, J. S. A uSR study of the metamagnetic phase
transition in the electron-transfer salt [FeCp,*][TCNQ]. Phys. B
2006, 374—375, 114—117.

(26) Pratt, F. L.; Blundell, S. J.; Lancaster, T.; Baines, C.; Takagi, S.
Low-Temperature Spin Diffusion in a Highly Ideal S 1/2
Heisenberg Antiferromagnetic Chain Studied by Muon Spin
Relaxation. Phys. Rev. Lett. 2006, 96, 247203.

(27) Kubo, M. The Positive Muon as A Chemical and Magnetic
Probe of Metal Complexes and the Negative Muon as a Unique Tool
for Elemental Analysis. Anal. Sci. 2001, 17, i653.

(28) Vegter, J. G.; Kommandeur, J.; Fedders, P. A. Properties of
Simple Alkali-Tetracyanoquinodimethan Salts. I. Magnetic Behavior
of Lithium Tetracyanoquinodimethan. Phys. Rev. B: Solid State 1973,
7, 2929.

(29) Melby, L. R;; Harder, R. J.; Hertler, W. R.; Mahler, W.; Benson,
R. E,; Mochel, W. E. Substituted Quinodimethans. II. Anion-radical
Derivatives and Complexes of 7,7,8,8-Tetracyanoquinodimethan. J.
Am. Chem. Soc. 1962, 84, 3374—3387.

(30) Muon data from this study is available from the ISIS Facility:
https://doi.org/10.5286/ISIS.E.RB1910597, November 2021.

7534

(31) Cox, S. F. J. Detection of Quadrupole Interactions by Muon
Level Crossing Resonance. Z. Naturforsch.,, A 1992, 47, 371-381.

(32) Clark, S. J; Segall, M. D.; Pickard, C. J.; Hasnip, P. J.; Probert,
M. L J; Refson, K; Payne, M. C. First principles methods using
CASTEP. Z. Kristallogr— Cryst. Mater. 2005, 220, 567.

(33) Perdew, J. P.; Burke, K; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865.

(34) Pratt, F. A. User Tool for Predicting and Interpreting Muon
ALC and QLCR Spectra. Program available from website http://
shadow.nd.rl.ac.uk/calcalc (accessed on March 2022).

(35) Berlie, A.; Cavaye, H. The low energy phonon modes of the
hydrogenated and deuterated pi-conjugated system 7,7,8,8-tetracya-
noquinodimethane: an inelastic neutron scattering study. Phys. Chem.
Chem. Phys. 2021, 23, 2899—2905.

(36) Cox, S. F. J. Muon Level Crossing Resonance of the R;NMu"
Ion. Hyperfine Interact. 1994, 87, 923.

(37) Méller, J. S.; Bonfa, P.; Ceresoli, D.; Bernardini, F.; Blundell, S.
J.; Lancaster, T.; De Renzi, R.;; Marzari, N.; Watanabe, I.; Sulaiman,
S.; Mohamed-Ibrahim, M. I. Playing quantum hide-and-seek with the
muon: localizing muon stopping sites. Phys. Scr. 2013, 88, 68510.

(38) Huddart, B. M.; Hernindez-Melidn, A.; Hicken, T. J.;
Gomilsek, M.; Hawkhead, Z.; Clark, S. J.; Pratt, F. L.; Lancaster, T.
MuFinder: A program to determine and analyse muon stopping sites.
2021, arXiv https://arxiv.org/abs/2110.07341 (accessed Oct 2021).

(39) Pratt, F. L. Muon spin relaxation as a probe of electron motion
in conducting polymers. J. Phys.: Condens. Matter 2004, 16, S4779.

(40) Risch, R.; Kehr, K. W. Direct stochastic theory of muon spin
relaxation in a model for trans-polyacetylene. Phys. Rev. B: Condens.
Matter Mater. Phys. 1992, 46, 5246.

(41) Hassan, N. M.; Thirunavukkuarasu, K.; Lu, Z.; Smirnov, D.;
Zhilyaeva, E. I; Torunova, S.; Lyubovskaya, R. N.; Drichko, N.
Melting of charge order in the low-temperature state of an electronic
ferroelectric-like system. npj Quantum Mater. 2020, §, 15.

(42) Lunkenheimer, P.; Miiller, J.; Krohns, S.; Schrettle, F.;
Hartmann, B.; Rommel, R;; de Souza, M.; Hotta, C.; Schlueter, J.
A.; Lang, M. Multiferroicity in an organic charge-transfer salt that is
suggestive of electric-dipole driven Magnetism. Nat. Mater. 2012, 11,
75S.

(43) Marshall, I. M.; Pratt, F. L.; Blundell, S. J.; Husmann, A.; Hayes,
W.; Sugano, T. A uSR study of the CDW in TTF-TCNQ. Synth. Met.
2001, 120, 997.

(44) Pratt, F. L,; Pattenden, P. A.; Blundell, S. J; Jestidt, T.; Chow,
K. H.; Hayes, W.; Kato, R.; Tamura, M.; Sawa, H.; Aonuma, S. Zero
field uSR and QLCR in the molecular metal system (DMe-
DCNQI),Cu. Hyperfine Interact. 1997, 104, 357.

(4S) Pratt, F. L.; Pattenden, P. A; Blundell, S. J.; Chow, K. H,;
Jestidt, T.; Hayes, W.; Kato, R.; Tamura, M.; Sawa, H.; Kashimura, Y.
Magnetic properties of DCNQI salts studied using pSR. Synth. Met.
1997, 8§, 1747.

https://doi.org/10.1021/acs.jpcc.2c00617
J. Phys. Chem. C 2022, 126, 75297534


https://doi.org/10.1016/0009-2614(78)80346-7
https://doi.org/10.1016/0009-2614(78)80346-7
https://doi.org/10.1016/0301-0104(81)80241-8
https://doi.org/10.1016/0301-0104(81)80241-8
https://doi.org/10.1016/0009-2614(88)87077-5
https://doi.org/10.1016/0009-2614(88)87077-5
https://doi.org/10.1016/0009-2614(88)87077-5
https://doi.org/10.1098/rsta.1999.0474
https://doi.org/10.1016/s0277-5387(03)00257-2
https://doi.org/10.1002/1521-4095(20020816)14:16<1105::aid-adma1105>3.0.co;2-k
https://doi.org/10.1016/j.mattod.2014.04.023
https://doi.org/10.1021/cr0501590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0501590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c5nr01435b
https://doi.org/10.1039/c5nr01435b
https://doi.org/10.1088/0953-8984/27/37/373001
https://doi.org/10.1088/0953-8984/27/37/373001
https://doi.org/10.1002/1097-458x(200006)38:13<::aid-mrc695>3.0.co;2-w
https://doi.org/10.1002/1097-458x(200006)38:13<::aid-mrc695>3.0.co;2-w
https://doi.org/10.1038/s43586-021-00089-0
https://doi.org/10.1039/c8tc03709d
https://doi.org/10.1039/c8tc03709d
https://doi.org/10.1103/physrevb.92.184431
https://doi.org/10.1103/physrevb.92.184431
https://doi.org/10.1103/physrevb.92.184431
https://doi.org/10.1103/physrevb.93.054422
https://doi.org/10.1103/physrevb.93.054422
https://doi.org/10.1103/physrevb.61.12241
https://doi.org/10.1103/physrevb.61.12241
https://doi.org/10.1016/j.physb.2005.11.029
https://doi.org/10.1016/j.physb.2005.11.029
https://doi.org/10.1103/physrevlett.96.247203
https://doi.org/10.1103/physrevlett.96.247203
https://doi.org/10.1103/physrevlett.96.247203
https://doi.org/10.1103/physrevb.7.2929
https://doi.org/10.1103/physrevb.7.2929
https://doi.org/10.1103/physrevb.7.2929
https://doi.org/10.1021/ja00876a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00876a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/zna-1992-1-263
https://doi.org/10.1515/zna-1992-1-263
https://doi.org/10.1524/zkri.220.5.567.65075
https://doi.org/10.1524/zkri.220.5.567.65075
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1103/physrevlett.77.3865
http://shadow.nd.rl.ac.uk/calcalc
http://shadow.nd.rl.ac.uk/calcalc
https://doi.org/10.1039/d0cp06253g
https://doi.org/10.1039/d0cp06253g
https://doi.org/10.1039/d0cp06253g
https://doi.org/10.1007/bf02068484
https://doi.org/10.1007/bf02068484
https://doi.org/10.1088/0031-8949/88/06/068510
https://doi.org/10.1088/0031-8949/88/06/068510
https://arxiv.org/abs/2110.07341
https://doi.org/10.1088/0953-8984/16/40/019
https://doi.org/10.1088/0953-8984/16/40/019
https://doi.org/10.1103/physrevb.46.5246
https://doi.org/10.1103/physrevb.46.5246
https://doi.org/10.1038/s41535-020-0217-5
https://doi.org/10.1038/s41535-020-0217-5
https://doi.org/10.1038/nmat3400
https://doi.org/10.1038/nmat3400
https://doi.org/10.1016/s0379-6779(00)00929-2
https://doi.org/10.1023/a:1012633422496
https://doi.org/10.1023/a:1012633422496
https://doi.org/10.1023/a:1012633422496
https://doi.org/10.1016/s0379-6779(97)80420-1
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c00617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

