Tune-ability and criticality in a 3D stacked molecular system
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With the changing of physical properties through chemical substitution in mind, this work shows
the applicability of this approach to organic based spin-Peierls (SP) systems. To demonstrate this we
have used a well known system, potassium TCNQ, that undergoes an SP transition at Tsp =396 K.
Simply substituting protons for fluorine, using TCNQF4, shows a decrease in the coupling strength
between TCNQ anions where the spin-Peierls transition is dramatically reduced in temperature,
with KTCNQF4 showing a Tsp at approximately 160 K, which is due to changes of the electron
spin density across the molecule. Muon spin relaxation is a more ideal technique for determining
the magnetic properties of these systems and measurements were conducted on both KTCNQ and
KTCNQFy4 in order to study the behaviour of the SP transition. This has highlighted and shown that
both transitions exhibit the same behaviour and so are indeed similar however we have succeeded in
being able to tune the transition. Estimates of the dynamic critical exponents from both samples are
obtained from the muon data and are found to be ~ 0.33, corresponding to a 3D antiferromagnetic
system implying that spin fluctuations associated with the SP state are correlated not just along
stacks of dimerised TCNQ anions. This result extends the understanding of the SP phase transition

in the KTCNQ system beyond that determined from purely structural studies.

One of the ultimate goals in the physical and chem-
ical sciences is to create systems that can be tuned or
made to do what we want, when we want. To this
end, one of the most fruitful procedures for doing this
is taking a compound/molecule that shows a particu-
lar property we are interested in, such as magnetism,
and changing it in an attempt to cause shifts in physical
properties. This is one argument for the application of
pressure® in the search for new materials. However pres-
sure can be applied in two ways, physical (or mechan-
ical) or chemical®®. The latter involves using chemical
substitutions to cause shifts in the electronic structure of
the molecule observable through its physical properties®*.
This is where organic based materials are of importance,
the ease and simplicity in manipulating a molecule make
this an exciting playing field for the creating of systems
that show different physical properties but based on the
same building blocks. This is ultimately achieved by sub-
tle changes to the organic molecule, which can result in
dramatic changes in the electronic structure and in turn
change the magnetic and electronic properties®®36. This
is no real surprise and for many is intuitive, especially
when one considers the changes in electron distribution
across simple diatomic molecules such as H-F vs. H-CI
where the F atom pulls electron density towards it due
to the higher electro-negativity.

Our work focuses on utilising the molecule TCNQ
(7,7,8,8-tetracyanoquinodimethane) that is a symmetric,
planar molecule capable of forming a radical anion!'®!?
and has a long history of being used to synthesise novel
materials?® 22, The radical electron density is delocalised
across the entire molecule and one can therefore see that
changing one substituent may have dramatic effects on
the energy levels. Due to TCNQ’s flat structure this

makes it susceptible to w-stacking and forming 1D chains
of the anion coupled through the m-orbitals in one direc-
tion. Indeed, due to this, TCNQ forms spin-Peierls sys-
tems, where there are strong structural and magnetic cor-
relations between adjacent molecules (see Figure 1). The
spin-Peierls (SP) state has had much interest through-
out physics®® as a 1D magnetic chain. and includes
many charge transfer (CT) compounds®!? where, by al-
tering the anion in such a CT salt, the properties can be
changed, showing the fragility of the SP system to struc-
tural change'!. In fact, within these type of CT materials
where the electron is delocalised across a dimer, strong
magneto-electric coupling has been observed where the
samples show multiferroic behaviour3®3!. An extensive
study has also been conducted on CuGeQOjs, a famous
inorganic SP material'> ** that shows well documented
3D ordering associated with Tsp1®, as do other examples
such as TiPO4'® and NaV,05'7.

Work presented in this manuscript focuses on potas-
sitm TCNQ?32* where there is a stacking of TCNQ
anions along the a-axis and, below Tgp, there are
alternating TCNQ-TCNQ distances due to the spin
pairing mechanism?®; an estimate of the exchange en-
ergy between the magnetically coupled dimers is J' =
—1800 K8. Firstly, we show that the TCNQ-TCNQ
interactions along the stacks can be altered by simple
substitution of protons on the TCNQ aromatic ring us-
ing TCNQF, as the organic acceptor, due to changes
in the spin density across the molecule. Magnetisation
and muon spectroscopy measurements are used to study
the magnetic behaviour (since Tsp is different between
the susceptibility and muon spectroscopy we have used
the notation T%p and Thp to avoid confusion). The
muon spectroscopy has distinct advantages as it pro-
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FIG. 1. a. Schematic representation of the spin-Peierls tran-
sition within KTCNQ. b. Molecular structure of the two
TCNQ compounds used within this study. Below Tsp the 1D
stacks of TCNQ anions are strongly correlated and dimers
for where the ground state is a singlet. The negative charge
or unpaired electron is delocalised across the entire molecules
however most of the electron density resides at one end by
two of the cyano groups (as shown in part b). Changing the
aromatic substituents to will alter the probability distribution
of the electron that gives rise to the magnetic moment of the
molecule, where in the case of F and due to its increased elec-
tronegativity will pull electron density towards the ring away
from the CN groups.

vides both a method to measure in zero-field, where ap-
plication of a magnetic field causes broadening or dis-
tortion of transitions and also offers sensitivity to only
para/ferromagnetism so that the diamagnetism may be
neglected. The results show the universality of the SP
transition and the muon relaxation in both the KTCNQ
and KTCNQF} is dominated by strong magnetic fluctu-
ations where, below Tk, a quasi-static magnetic state is
observed on the time scale of the muon decay. Energies
can be calculated for the spin gaps associated with the
SP state as well as the dynamic exponent, which shows
that one cannot simply think of this class of materials as
a 1D chain of magnetic anions.

KTCNQ was synthesised by refluxing potassium io-
dide (99.99%) and TCNQ (>98%) in dry acetonitrile!®19.
TCNQF; (>98%)3". For information on the pow-
der diffraction data see the supplementary information.
Magnetisation data was taken on a Quantum Design
MPMS that has a maximum applied field of 7 T. Muon
spectroscopy data were collected at the ISIS neutron and
muon spallation source in the United Kingdom on the
EMU spectrometer. Fitting of the raw puSR data was
done using the WIMDA program3°.

The magnetic data for KTCNQF, is shown in figure
2 where the data set below the transition temperature
could be fitted using the equation
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FIG. 2. M/H vs. T for KTCNQF4 cooled in an applied field
of 5 T where diamagnetic and low temperature Curie-Weiss
contributions have been subtracted, the red line shows a fit
to the data to estimate the energy associated with the spin
gap. No sharp kink at Tsp is observed and is likely to be due
to the high fields applied.

2A
X = Asp exp <szT>7 (1)

which was used previously to model the spin gaps
within NaTiSipOg and TiOCI*?. The paramagnetic and
diamagnetic components were subtracted (see supple-
mentary information) from the data to provide a clear
illustration of the spin-Peierls transition as shown in fig-
ure 2. The value of 2A/kp = 1107(11) K, obtained from
the fit using equation 1, gives the magnitude of the spin
gap to be A =~ 554 K, which is a huge reduction when
compared with that of the protio sample, KTCNQ. Un-
fortunately, due to limitations of the equipment it was
not possible to get magnetic data on the KTCNQ sam-
ple as this would require temperatures in excess of 350 K,
which is not easily achievable on the MPMS. However,
the magnetic properties of the salt are well documented
elsewhere?®, which have been analysed and can be seen
in the supplementary information. Using the same model
as for the KTCNQF, sample, a value of A = 1639(71) K
was calculated using the data collected by the Faraday
method. Thus it is clear both samples have extremely
different energy gaps associated with the SP state.

Since the magnetisation measurements present some
problems, such as removing the paramagnetic impu-
rity, diamagnetic components and potential complica-
tions of transitions within high fields, another technique
is needed, namely, uSR. This presents significant advan-
tages as the muon relaxation is sensitive to both spin
dynamics and static ordering plus there is no contribu-
tion from the diamagnetic susceptibility nor should the
low temperature paramagnetic Curie tail present an is-
sue and the data are collected in zero-field so one can
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FIG. 3. Zero field uSR parameters; A (blue circles) and the stretching exponent (red triangles) for KTCNQ-H4 and KTCNQ-F4
where Tsp has been defined as 324 and 100 K respectively .Insets: Plots of the muon relaxation vs. 1/T with fits to an activated

behaviour (red line).

study the transition more accurately. Within this work
experiments were conducted on both KTCNQ-H, and
KTCNQ-Fy4 in order to study the SP transition in zero
field. Previous work3%33 on MEM(TCNQ), has shown
that the stretching exponent parameter, n, shows an in-
crease from approximately 1 to 2 on warming through
TEp, the exponential character of the relaxation is due
to fast electronic fluctuations which move outside of the
muon time scale at high T" where nuclear fields dominate
the muon spin relaxation. It should be noted that one
cannot assume the 1:2 and 1:1 salts are similar, there are
fundamental differences between the chemical and phys-
ical properties within the systems that make them only
comparable at face value. One should consider KTCNQ
and the 1:1 salts more similar to the inorganic salts such
as CuGeOs.

Throughout the temperature range the raw pSR data
(see supplementary information) could be fit using a
stretched exponential function of the form

G(t) = A4 exp(—(M)") + Ao, 2)

similar to MEM(TCNQ)2, where A is the relaxing
asymmetry, A is the muon relaxation rate, n is the
stretching exponent and Ay is the baseline or non-
relaxing muons. The parameters from the fits can be seen
in Figure 3 where in both cases it is clear that the muon
relaxation rate is sensitive to the SP transition and the
closing of the spin gap is observed as a drop in relaxation
and increase in the stretching exponent. The increase
in X\ on going through T%, is due to the muon relax-
ation being dominated by magnetic fluctuations which
freeze out as the sample enters a quasi-static state. At
high temperature, the fluctuations are outside the exper-
imental time scale and so the sample is in the motionally
narrowed state. However, as T decreases and the fluctu-

ations enter the muon time scale and the muon response
is no longer motionally narrowed, but is still within the
fast-fluctuating limit. This may present a problem when
considering the relaxation and it’s relation to dynamics,
however this is beyond the context of this manuscript.

The T, can be defined from the steepest part of
the slope of A vs. T which is approximately 320 K for
KTCNQ-H4 and between 90 and 110 K for the KTCNQ-
F4 sample. For more information on the justification of
TEp please see the supplementary information. Within
a system where there are fast fluctuations, the muon po-
larisation, G(t) exp(fQA?cdqf/u), where Ayq is the
width of random fields (in MHz) and v is the fluctuation
rate. In both cases, the results presented show the muon
relaxation is dominated by fluctuations which are present
to well below T3, calculated from the magnetic suscep-
tibility where, at low T, the sample enters a quasi-static
state on the time scale of the muon. At temperatures well
below T4, the relaxation cannot accurately be modelled
with a single exponential showing the complexity of the
ground state where there is likely to be various muon-
TCNQ interactions and thus a variety of field distribu-
tions as well as fluctuations still being present. Indeed
above the transition, the fact that n does not tend to 2,
which would indicate a static fields from magnetic order
from nuclear moments, shows that there may be multiple
muon stopping sites or the sample is not entirely in the
motionally narrowed state so the muon is always sensi-
tive to both a static nuclear field and an electronic mag-
netic fluctuation on the experimental time scale?®. The
asymmetry (not shown here) increases by 3% on going
through the transition from 300 to 400 K, which is likely
due to the strong coupling of the muon to the dimerised
state of the TCNQ. At temperatures below the transi-
tion the relaxation is more complex but it is likely it is
a result of the unfreezing of the quasi-static state as T is



increased towards T%, (see supplementary information).
The change in relaxing asymmetry for the KTCNQ-F4
samples shows a small increase in 19.4 to 20.4% on go-
ing through the transition which is different to the protio
sample, however it shows that the majority of muons are
dephased within the experimental time scale. It should
be noted that the baseline within this experiment differed
at 2.5% from the protio sample.

The muon spin depolarization can be used to gain an
indication of the SP energy gap and thus interaction
strength of both systems in the temperature range stud-
ied by fitting the data with

E
A= )\sp + €Xp (;) + )‘05 (3)

where A, is the amplitude, E, is the activation energy
and Ag is the baseline, which in this case is a value for the
field distribution of the muon relaxation from dipolar in-
teractions with nuclear fields. The parameters extracted
from the fits for KTCNQ-Hy are E, = 2269(102) K,
Asp = 2.1(7T)x10™* pus™! and Ao = 0.091(4) us~!. For
KTCNQ-F, E, = 1242(65) K, Agp = 1.1(6)x1076 pus~!
and \g = 0.146(1) us~!. If we make the same assumption
as for the magnetic susceptibility and divide the activa-
tion energy by 2, resulting in a value of A, we arrive
at values of 1135 K and 621 K for the protio and flu-
oro samples respectively. The value for the KTCNQF, is
similar to that obtained from the magnetic susceptibility
but for the KTCNQ sample, there is a discrepancy be-
tween the A values from the magnetic susceptibility and
1SR data. Although there is a difference the trend still
fits and it may simply be due to differences between the
two measurement techniques. However, the muons and
susceptibility do appear to be sensitive to the same phe-
nomena, where the SP transition is strongly dominated
by the slowing down of magnetic fluctuations. It should
also be noted that the values of Ag should be taken lightly
as this is essentially the value of the field distribution or
A that is related to the muon hyperfine coupling with the
nuclei moments. In TCNQ if one assumes a stopping site
close to the nitrogen groups on one end where the radi-
cal electron density resides, then there is coupling to both
the nitrogen and protons, if you swap the protons for flu-
orines then this will change the field distribution at the
muon site. Coupled to the fact that there may multiple
muon stopping sites, this may be especially complicated
given that in the fluorinated compounds you have small
contributions of F-uT-F states*. This will be discussed
further in a subsequent manuscript but within this work,
it need not be focused on.

One advantage of ZF-uSR is the ability to track out
order parameters and critical scaling behaviour?” from
both static order and spin dynamics. To gain a good es-
timate of the dynamic order parameter in both the protio
and fluoro compounds the temperature data were scaled
using sensible values of T ; 324 K and 100 K for the pro-
tio and fluoro samples respectively. These values were
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FIG. 4. Plots to illustrate the dynamic critical exponent (w)
calculated from fit to the scaled data. Note: the A scale has
been normalised by the value of the intercept (A. = 0.098(3)
and 0.108(2) us~! for the protio and fluoro samples respec-
tively) in the linear plot for both samples showing the dra-
matic agreement across the critical region in both samples.

then kept fixed throughout the analysis. In the protio
sample, this value was approximately the value at the
steepest slope, and for the fluoro sample, the steepest
slope was not clearly identified and so a low estimate
was taken between 90 K where the stretched exponential
function could not reliable fit the data and 110 K where
the onset of the SP transition is observed in the presented
data. Using the behaviour of A through a transition one
is able to determine the dynamical exponent, w, where
A=A\ (T/TEp—1)". Within other SP systems the crit-
ical order parameter (applicable when T' < Tsp) has been
shown to be approximately 0.36 which corresponds to a
Heisenberg 3D magnet*® 2, In our case the dynamic ex-
ponents (applicable when T > Tgp), which is related to
the critical slowing down of magnetic fluctuations within
the paramagnetic state, are 0.33(1) and 0.332(9) for the
protio and fluoro samples respectively and thus can be
considered within error to be 0.33, which corresponds
to a 3D Heisenberg system that is antiferromagnetically
coupled*”. In other systems*®°°, they were not able to
distinguish between ferromagnetic and antiferromagnetic
order however our results suggest that, for an SP system,
the temperature dependent spin fluctuations appear to
behave as if the system was approaching an antiferro-
magnetic state. If one considers that the muon is very
strongly coupled to a TCNQ dimer, which falls into a
singlet or antiferromagnetic groundstate, then this may
begin to explain the exponent calculated. Since the SP
transition in the MTTCNQ™ salts are 3D both a struc-
tural and magnetic transition are congruent. Thus it may
not be a surprise that the dynamic exponent points to a
3D transition that has an antiferromagnetic character as
the magnetism is strongly bound to the behaviour of the



lattice.

Within this paper it has been shown that the simple
charge-transfer SP system, KTCNQ, can be easily tuned
by substituting the aromatic protons for other atoms (or
indeed other functional groups), demonstrated here with
the substitution of H using four F. This is illustrated
in the magnetic susceptibility data presented where the
use of TCNQF, shifts the Peierls and SP distortion to
approximately 165 K. Muon spin relaxation experiments
showed a similar behaviour to that observed by Lovett
et al.3® where the relaxation was dominated by magnetic
fluctuations and at low T the sample entered a quasi-
static state. Although we see differences in spin gap en-
ergies, this difference may be due to the fact that suscep-
tibility measurements are conducted in an applied fields,
whereas uSR measurements are collected in a true zero-
field environment. We have also been able to infer an
estimate as to the critical nature of the transition from
the muon data. Overall this work has shown how eas-
ily one can alter the TCNQ-TCNQ interactions within a

strongly m-stacked salt such as this simple charge transfer
salt. Substituting the protons on the aromatic ring for
fluorine atoms will change the spin density across the
TCNQ and ultimately this is likely to be behind the
dramatic shift in T4, and T&p. It is hoped this illus-
trates how future work could begin to use this method
for achieving desired magnetic properties through design.
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