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With the rising interest in organic based materials it is
important to fully understand their properties in order to
identify correlations between both structural and physical
properties. One material that still holds some ambiguity
is triethylammonium bis-7,7,8,8-tetracyanoquinodimethane
(TEA(TCNQ),).This charge transfer compound has one
electron delocalised across two TCNQ molecules along
quasi-1D stacks. Previous work has shown that there is
magneto-electrical coupling associated with the magnetic
transition, however the magnetism and ground-state is
not well understood. Within this manuscript we provide
evidence for a long range magnetic order that is 3D in
nature.

1 Introduction

Purely organic systems have some significant advantages over in-
organic or ceramic counterparts, such as relative cost of synthesis
and the ease at which molecules can be changed or functionalised
to enable one to “tune" their physical properties. In many cases,
organic molecules can stabilise radical through delocalisation of
the intrinsic electron where this leads to a playground of mag-
netism and distribution of electric charge. The latter can result
in electronic polarisation which is one of the vital properties one
looks for when searching for new ferroelectrics; it should also
be noted that a combination of both magnetism and electronic
charge can also lead to magneto-electric coupling, that is most
commonly associated with multiferroics.
charge-transfer
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tetracyanoquinodimethane) is comprised of quasi-1D stacks
of TCNQ molecules interleaved by triethylammonium cations.
The compound is able to stabilise a radical electron by delo-
calising this across two TCNQ molecules, thus creating dimers
of § = 1/2 magnetic entities. However, rather then having a
...ABAB... type structure of alternating TCNQ molecules like the
more famous charge transfer system MEM(TCNQ),, TEA(TCNQ),
has an ...BAA'B’ ... chain like structure where the TCNQ molecules
are grouped into tetramers, with an inversion centre between the
A and A’ molecules. An electron is therefore delocalised across
the two AB molecules and one can see that there will be strong
interactions not only along these quasi-1D stacks, but also within
the tetramers themselves. As the temperature decreases, the
distance between these TCNQ molecules also decreases leading
to some intriguing physical effects.

Recent work by us has shown that there are anomalies within
the temperature dependence of the capacitance and loss from per-
forming dielectric measurements. The high temperature change
in the dielectric data is consistent with the temperature where
the TEA cations are believed to freeze and no longer able to flip
between different orientations. This transition is accompanied by
a drop in the capacitance and subsequent polarisation. A study
is underway to fully understand this transition and the frequency
spectrum associated with this order-disorder transition. The sec-
ond, lower temperature, anomaly shows a peak in the loss data
suggestive that there is a process freezing out and this is congru-
ent with the onset of the magnetic transition in TEA(TCNQ),, that
shows the characteristic behaviour of the magnetic susceptibility
of a spin-Peierls (SP) system, however it is not now considered
as an SP material. The dielectric data also show that there is a
strong frequency dependence associated with the electronic mo-
ments associated with this magnetic transition, where it follows
a similar scaling behaviour to that of a spin glass suggesting that
the electronic polarisation across the TCNQ dimers may freeze at
this magnetic transition in a glassy manner. It is clear however,
that in order to fully understand this behaviour and the intrin-
sic magneto-electric coupling one must also understand the mag-
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netism within this system. Our current work presents a closer
look at the ambiguous magnetic behaviour of TEA(TCNQ), where
we utilise the muon spin spectroscopy technique to better under-
stand the nature of the transition and show that this in fact be-
haves more like a 3D bulk ordered system as opposed to a low
dimensional system such as SP compound.

2 Experimental Methods

TEA(TCNQ), was synthesised using the method outlined by Acker
et al.. This produced black crystals that were used in both mag-
netic susceptibility and muon spectroscopy measurements. The
magnetic susceptibility measurements were conducted using an
Quantum Design MPMS with a 7 T superconducting solenoid
magnet. The muon spin spectroscopy (known as muon spin re-
laxation or rotation or simply uSR) experiments were conducted
on the CHRONUS spectrometer at the RIKEN-RAL muon facility in
single pulse mode. A 100% spin polarised anti-muon (u™) ensem-
ble, with a half life of 2.2 us, are implanted into the sample that
is placed in the centre of the spectrometer between two detector
banks, one upstream (forward) and one downstream (backward).
One is able to detect the evolution of the muon ensemble polar-
isation through the measurement of the positron emitted prefer-
entially along the direction of the muon spin at the time of decay
(u™ — etVuve). The relaxation of the muon polarisation is de-
tected through the difference or asymmetry between the forward
and backward detector banks. The muon is sensitive to both static
and dynamic nuclear and electronic moments where the relation-
ship of the muon rotational frequency to the magnetic field that
the muon experiences is ® = ¥, B, where 7, is the muon gyro-
magnetic ratio. If dynamics are present, this causes a broadening
of the muon rotational frequency and one can see an exponential
type relaxation. Because the muon couples through a dipolar in-
teraction, it is purely a local probe and samples a range of approx-
imately 2 nm. Generally there are three different types of mag-
netic environments one can perform experiments in; zero-field
(ZF), where compensation coils are used to screen out the Earth’s
magnetic field, longitudinal field (LF), where a field is applied
along the initial muon polarisation to decouple the muon from it’s
internal magnetic environment and transverse field (TF), where
a magnetic field is applied perpendicular to the initial muon po-
larisation that causes the muon spin to precess in the vector sum
of applied and internal fields.

3 Results and Discussion

The magnetic susceptibility of the sample is shown in Figure
and has a distinctive shape similar to that of a spin-Peierls
system, however at low temperature, paramagnetism dominates
which is likely due to defects rather then chemical impurities.
In order to quantify the data, a diamagnetic background of
—2.22 x 1078 m3kg~! was subtracted. The data were then fit us-
ing the formula:

% =D-exp(—E,/T) +C/(T - ) &)

Where the first term represents the opening of a spin gap where
D is the pre-exponent and E, is the activation energy and the
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Fig. 1 Magnetic Susceptibility of TEA(TCNQ), taken in an applied field
of 5 T. The solid line is a fit to the data as described in the main text.

second term is the Curie-Weiss law, that accounts for the defects
states within the crystal. The parameters from the fit can be seen
in Table [1| Previous analysis of dielectric data through the tran-
sition gave an activation energy of 423 K (CITE!!!) and this is
similar to that obtained from the magnetic measurement. This
behaviour is indicative of the opening of a spin gap where the
TCNQ dimers enter a singlet phase. The low temperature up-
turn is likely due to defect states; using the Curie Constant, C,
to extract a number density, N, keeping ¢ = 2 and J = 1/2, N
= 1.1 x 10?2 kg~! and this accounts for approximately 1% of the
sample. Therefore this can be considered a minor phase. The
non-zero value of 6 may indicate that there is some magnetic ex-
change associated with the defect states, something that has been
observed in another TCNQ based spin-Peierls compound(CITE).
Since the magnetic susceptibility measurements were collected in
5 T, this can act to broaden out the transitions as well as cause
the signal from the low temperature defect state to increase thus
polluting the data despite being a minor component. Therefore
to further understand the magnetic transition a more local probe
is needed such as uSR.

Table 1 Parameters from fit to the magnetic susceptibility

Parameter Value

D 4.4(1) x 107° m kg~

E, 237(3) K

C 8.7(1) x 1078 m3kg~'K~!
0 -3.7(2) K

Since uSR is a local probe, this means that the defect states
are significantly dilute that they will not impact the data. Ad-
ditionally, since uSR is also sensitive to dynamics on the MHz
time scale, any paramagnetic states are motionally narrowed at
the high temperatures where the magnetic transition is present.
USR data were collected in both zero field (ZF) and in an applied
transverse field (TF) of 50 G.

The ZF raw data were best fit from from 10 to 200 K using the
equation:

G(t) = Azrexp(—0°t®) -exp(—Azpt) + A, 2

where Azg is the relaxing asymmetry, o is the relaxation due

This journal is © The Royal Society of Chemistry [year]



20 . ;

Es " T

A g cer
| Tl ‘ T = 6.0 R . )
I ] e I g 55 .
.
151 ll H I II E 50 . |
’ 1 l.{ 2 45 o
D
roooog &
Le S 35
1 9] S 0,
= T x 30
w 10F bl B
3 ~ 25 75 125 175
\1 b Temperature (K)
<<N .
05 *. 4
=
-
* -
- -
C e e L. ]
00 - —
1 1 L
0 50 100 150 200

Temperature (K)

20F
0.12-B R
I g8} o
! B
b Sl .
otof 4 ! : .
0F e 1Tl g s B
It Eey .
— 171 t g ﬁ .
o 008l 177 L ., _
2 1 £
~ 0 50 100 150 200
< : TK)
0.06 4
(3
0.04 | * .
(L A
0.02 1 1 1 1
0 50 100 150 200

Temperature (K)

Fig. 2 A: The zero-field muon spin relaxation as a function of temperature. B: The muon spin relaxation in an applied transverse field of 50 G as a
function of temperature. Both insets show the respective relaxing asymmetries.

to coupling of the muon to a nuclear component that was fixed
at 0.26 us—!, Azp is the muon relaxation and Ag is the base-
line accounting for non-relaxing muons stopping in the cryostat
and sample plate that was fixed at 2.5%. In this case, it Az is
that is modelling the dynamics of the electronic moments where
A o 1/v, the fluctuation rate of the electronic moments. ¢ ac-
counts for a static field distribution that is a result of the multi-
tude of nuclear moments in the sample where the multiplication
of the two terms represents a modulation of this field distribution
by the onset of electronic fluctuations. At the high temperatures
the muon relaxation is flat however on approaching the transi-
tion, the fluctuation rate of the electronic moments enters the
time scale of the measurement and so A increases. From Figure
one can see the muon relaxation in ZF where there is the typ-
ical increase in Azg that is due to the slowing down of electronic
fluctuations. At low temperatures the electronic fluctuation rate
flattens out and one sees a plateau in Azg. If the relaxation rate
enters a plateau region, this can mean that there are persistent dy-
namics, however in this case it could also be representative of the
rigid lattice from quasi-static electronic moments. The associated
relaxing asymmetry shows a gradual decrease as the sample goes
through the transition. This is typical of a magnetic system en-
tering an ordered state where the internal fields gradually grow
and are large enough that they dephase the muon polarisation
outside of the time scale of our measurement. This scenario leads
to a missing fraction of asymmetry and in TEA(TCNQ)?2 the mag-
netic transition results in a drop in asymmetry congruent with the
onset of an ordered magnetic state, similar to what has been seen
in both ferro- as well as antiferromagnets. Other spin-Peierls sys-
tems have shown no drop in the asymmetry as they are strongly
dependent on singlet-triplet excitations but it is not regarded as a
ferromagnetic (or antiferromagentic) ground state.

TF-uSR data were collected in an applied field of 50 G where
raw data were best fit using the function:

G(t) = Atpcos(ot 4 ) -exp(—Arrt), 3

where the ® is the muon rotational frequency, ¢ is a phase
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offset and Atg is the muon relaxation in TF. Atg shows a strong
temperature dependence and there is a prominent rise at around
110 K where the electronic fluctuation rate enters the experimen-
tal time window (see Figure ). There is then a peak at 70 K,
which is where the fluctuation rate freezes out and the sample
begins to enter a quasi-static state thus leading to a decrease in
Arg. There is also a decrease in the relaxing asymmetry that is
similar to the ZF experiment and points to the system entering
a magnetically ordered phase where the internal fields are too
strong and dephase the muon ensemble outside of the experi-
mental time scale.

0.5 T T T T

log(2.)

1
-1.5 -1.0 -0.5 0.0 0.5
log(T/T-1)

Fig. 3 log-log of plot of Azr against reduced temperature where Tc to
extract the dynamic exponent.

Interestingly, there is another upturn in the data at low tem-
peratures that does not show an additional change in the asym-
metry. Therefore it is not related to an emergent magnetic state.
Instead, it could come from three different scenarios; the first be-
ing the onset of paramagnetic fluctuations on our time scale, the
second being an additional exchange pathway becomes dominant
and the system enters a glassy state or the upturn is due to de-
fect spin causing the muon spin to relax. It is likely that the third
scenario is the most plausible explanation as defect-defect inter-
actions have been observed before in TCNQ based systems. How-
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ever, it does provide insight into the low temperature behaviour
of Az, where the flattening out at low temperatures is likely due
to the onset of the electronic fluctuations of defect states.

In order to gain further information on the type of magnetic
transition that the system undergoes, one can look at the critical
behaviour of the fluctuation rate in ZF where one can use the
equation

T -
(L) @

where Tc = 70 K, Z is the pre-exponent and ¢ is the dynamic
exponent. The log-log plot associated with Equation[d]can be seen
in Figure [3| where if one takes the slope of this line in the linear
region the fitted dynamic exponent is 0.57 + 2. This matches well
with the dynamic exponent expected for a 3D antiferromagnetic
Ising system (0.596). This result implies that they system is enter-
ing a 3D magnetic state where the TCNQ interactions are antifer-
romagnetic and strongly anisotropic, perhaps aligning only paral-
lel to the stacking axis of the TCNQ molecules. Since an electron
is delocalised between two TCNQ molecules, and the electronic
charge across the two molecules is not equal, this may result in
a strongly anisotropic magnetic moment that can only point per-
pendicular to the flat plane of the TCNQ molecule. Extending this
to a 3D system, the TCNQ dimer is strongly interacting and enters
a 3D magnetic state where the internal fields at the muon site are
large enough to cause dephasing outside of the experimental time
scale.

4 Conclusion

An in-depth study of the magnetic transition in TEA(TCNQ), has
been performed using both magnetic susceptibility and muon spin
spectroscopy measurements. The uSR results have provided in-
sight into the nature of the magnetic transition where we were
able to extract the dynamic exponent from the ZF data. This
matched closely with that expected for a 3D antiferromagnetic
Ising system which suggests that the system behaves like a 3D
bulk material despite being quasi-1D in structure. It also high-
lights the complex nature of the delocalised electron across a
TCNQ dimer where the electronic magnetic moment is strongly
anisotropic and points long the stack and perpendicular to the
flat plane of the TCNQ molecules.
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