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Abstract. We report the first muon-spin relaxation study of an organic spin–Peierls system, the
linear-chain compound MEM(TCNQ)2. Our results show a crossover from a Gaussian relaxation
to an exponential relaxation as the temperature is lowered below the spin–Peierls transition. We
associate this behaviour with the slowing down of the electronic fluctuations resulting from the
opening of a gap in the magnetic excitation spectrum.

The spin–Peierls transition is an intrinsic lattice instability in spin-1
2 antiferromagnetic

Heisenberg chains; the driving force is the magnetoelastic coupling between the one-
dimensional electronic structure and the three-dimensional lattice vibrations [1]. Above the
transition temperatureTSP , there is a uniform antiferromagnetic next-neighbour exchange
in each chain; belowTSP there is an elastic distortion resulting in dimerization, and hence
two, unequal alternating exchange constants. The dimerization increases progressively as the
temperature is lowered and reaches a maximum at zero temperature. The alternating chain
possesses an energy gap between the singlet ground state and the lowest lying band of triplet
excited states. The magnitude of the gap is related to the degree of dimerization and hence
to the degree of lattice distortion, becoming zero for the uniform chain (zero dimerization).
Thus the magnetic susceptibilityχ(T ) shows a knee atTSP , with a rather abrupt fall ofχ
belowTSP , corresponding to the opening of the gap. Whereas the normal Peierls distortion
(the electronic analogue of the spin–Peierls transition) occurs at a temperatureTP of the
order of kBTP ∼ EF exp(−1/λ), whereλ is the electron–phonon coupling constant, the
spin–Peierls transition will occur atkBTSP ∼ |J | exp(−1/λ), where J is the exchange
interaction between adjacent spins; sinceJ � EF (e.g. J is typically 50 K,EF is typically
500–5000 K),TSP is always small in comparison withTP .

There are only very few materials which show a spin–Peierls transition. This is because
antiferromagnetic chains usually form three-dimensional order at low temperature due to
interchain coupling. Only in very few materials is the spin–phonon coupling able to
dominate the interchain spin–spin coupling and allow the formation of a spin–Peierls ground
state. Examples of such materials are mainly organic systems, e.g. MEM(TCNQ)2 (TSP =
18 K) [2], TTF-CuS4C4(CF3)4 (TSP = 12 K) [3], TTF-AuS4C4(CF3)4 (TSP = 2 K) [3, 4],
α’-(ET)2Ag(CN)2 (TSP = 7 K) [5, 6, 7], (BCPTTF)2X with X = PF6,AsF6 (TSP =36 K,
32.5 K) [8, 9]. This is because such materials contain flat organic molecules in columnar
stacks. The large interchain separation and weak van der Waals intermolecular interactions
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Figure 1. Molecular structure of (a) MEM+ and (b) TCNQ.

favour the dominance of magnetoelastic effects over interchain ordering. In contrast the
chains in corresponding inorganic materials, such as copper chain compounds, are quite
rigid due to the ionic bonding and only a single example of an inorganic spin–Peierls
material is known (CuGeO3, with TSP = 14 K [10]).

In this letter we report the results of the first muon-spin relaxation (µSR) study of
an organic spin–Peierls system, the linear chain compound methyl-ethyl-morpholinium-
(tetracyanoquinodimethanide)2 (MEM(TCNQ)2). The molecular structures of the molecules
MEM and TCNQ are shown in figure 1. The planar TCNQ molecules stack face-to-face
to form one-dimensional chains. These chains are uniform above 335 K and the material
is metallic, but a dimerization of the chains occurs at this temperature below which the
conductivity decreases by a factor of∼ 104 [2] (this transition is a conventional electronic
Peierls transition). A further distortion occurs at 18 K [11], leading to a tetramerized
structure (representing a further dimerization of the dimer units, see figure 1 of [11]), which
is accompanied by a drop inχ , the electron spin susceptibility, and also the Knight shift,
together with an anomaly in the specific heat; all of these agree well with expected behaviour
for a spin–Peierls system [2].

In figure 2(a) we show the measured magnetic susceptibility of our sample of
MEM(TCNQ)2 which clearly shows the spin–Peierls transition at∼18 K. The high-
temperature (T > TSP ) behaviour closely follows a Bonner–Fisher expression (with the
fitted J/kB = 46 K), as expected for a uniform antiferromagnetic chain [12].χ drops
suddenly belowTSP , consistent with the opening of a singlet–triplet gap. The result is in
agreement with previous measurements [2].

Zero- and longitudinal-fieldµSR measurements were carried out at ISIS (Rutherford
Appleton Laboratory, UK) and also at PSI (Switzerland). Spin-polarized positive muons
were implanted in the sample of MEM(TCNQ)2 (mounted on a silver backing plate and
cooled in a He4 cryostat) and the depolarization of the muon spin was measured by
monitoring the time-dependence of the angle-dependent decay positron emission (this occurs
predominantly along the instantaneous direction of the muon spin). For the zero-field
measurements the earth’s magnetic field was compensated to less than 10µT. The data are
conventionally presented by comparing the positron counts in the forward and backward
detectors and forming an asymmetry functionGz(t), a quantity which is then proportional
to the time-evolution of the muon-spin polarization [13]. We note thatµSR has been used
extensively to study subtle magnetic properties in a wide range of materials [14]. The
main results of ourµSR study are shown in figure 2(b)–(d) which illustrate the temperature
dependence of parameters extracted from fitting theµSR data. These will be discussed in
detail below.

In figure 3 we show zero-fieldµSR data for two temperatures, one well below and the
other well aboveTSP . Below the transition the relaxation of the muon depolarization is
well fitted by an exponential, while above the transition the relaxation is Gaussian. We can
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Figure 2. (a) Magnetic susceptibility of MEM-(TCNQ)2. The dashed line at high temperatures
is a fit of the data above 20 K to the Bonner–Fisher expression assumingJ/kB = 46 K. (b) The
temperature dependence of the parameterβ which is extracted from fitting theµSR data using
equation (1).β = 2 corresponds to a Gaussian relaxation,β = 1 to an exponential relaxation.
Using an alternative fitting form (equation (2)) yields the temperature dependence of (c) the
Gaussian relaxation rate and (d) the exponential relaxation rate.

follow this crossover in relaxation form by fitting our data over the complete temperature
range using a variable lineshape

Gz(t) = ASe−(αt)
β + AAg (1)

where α is a temperature-dependent relaxation rate (not shown) andAS and AAg are
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Figure 3. The decay positron asymmetryGz(t) as a function of time for MEM-(TCNQ)2 at
50 K (a temperature well aboveTSP ) and 3 K (a temperature well belowTSP ). The data are
well fitted by Gaussian and exponential forms respectively.

temperature-independent amplitudes reflecting the relative fraction of muons stopping in
the sample (AS) and in the silver backing plate (AAg). Henceβ ∼ 2 corresponds to a
Gaussian relaxation,β ∼ 1 corresponds to an exponential relaxation. The temperature
dependence of our fitted values ofβ is shown in figure 2(b) and indicates that the crossover
happens between 4 and 15 K, which is somewhat belowTSP .

There are two mechanisms which contribute to the muon relaxation in our sample,
corresponding to the effect of (1) the neighbouring nuclear spins and (2) the fluctuating
electronic spins. We can model this by fitting the muon data by using the functional form

Gz(t) = ASe−λte−(σ t)
2 + AAg (2)

where the Gaussian relaxation arises from the random fields from surrounding nuclear
dipoles (static over the muon lifetime) and the exponential relaxation is ascribed to the
effect of the fluctuating electronic moments. This expression assumes that the nuclear and
electronic sources of relaxation are uncorrelated. Equation (2) fits the data well over the
entire temperature range studied (AS andAAg are kept fixed) so thatσ andλ are the only
two adjustable parameters. Their temperature dependences are shown in figure 2(c) and
2(d).

Above the spin–Peierls transition we findλ ∼ 0 andσ ∼ 0.3 µs−1. The functional form
of the relaxation and the observation that it is quenched in a longitudinal field of a few tens
of Gauss suggest that the relaxation is due to randomly oriented quasistatic nuclear spins.
The resultλ ∼ 0 in this temperature range indicates that the electronic spins are likely to
be fluctuating extremely rapidly (motional narrowing limit).
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Below the spin–Peierls transition dimerization occurs and the electronic spins begin to
freeze out into spin–singlet pairs. We find in this case that the relaxation is predominantly
exponential and our fitted value ofσ decreases sharply (though at the lowest temperatures
it is difficult to determine reliably) whileλ increases up to∼0.4µs−1. The relaxation can
be decoupled in a field of 50–100 G. The opening up of the gap in the magnetic excitation
spectrum atTSP is expected to have a dramatic effect on the spin dynamics. In NMR
experiments on spin–Peierls systems a sharp decrease inT −1

1 is found just belowTSP since
the main relaxation mechanism of the nuclear spin is being destroyed [15, 16]. In contrast,
we find anincreasingrelaxation rate belowTSP . This difference may reflect the differing
time windows of the two probes. For the muon case we observe a crossover from a regime
in which the fluctuations are so fast that the relaxation is very weak (motionally narrowed
limit) to a regime in which the correlation time of the electronic fluctuations is slow enough
that it falls into theµSR time window; thus the relaxation rate increases as the electronic
fluctuation rate decreases, but the crossover to exponential relaxation only happens when the
fluctuation rate is slow enough; hence the crossover is observed at a temperature somewhat
lower thanTSP .

In general we expect that thermally activated excitations across the magnetic gap are
responsible for the relaxation [15, 17]. We associate the slowing down of the electronic
spin-fluctuations with the opening of the gap in the magnetic excitation spectrum. As the
temperature decreases, and the gap widens, the fluctuations are progressively suppressed.
Thus in contrast with NMR experiments which usually focus on the very fast fluctuations
for T > TSP , we have observed the slower fluctuations which occur in the spin–Peierls
state. An interesting feature of the data is the apparent saturation in the relaxation rate
λ at the lowest temperatures measured (see figure 2(d)). If the gap in this region were
fully open one would expectλ to begin to fall with decreasing temperature, but this is not
observed. This saturation effect is not understood at present; it may be that the muon spin
itself may perturb its local environment so as to break up and interact with nearby singlet
pairs, causing some residual relaxation.

Although this is the firstµSR study of an organic spin–Peierls, system there have been
several investigations concerning the inorganic spin–Peierls material CuGeO3 [18, 19, 20].
A similar crossover from Gaussian to exponential relaxation was observed in zero-field
[19, 20] and transverse-field [18] experiments where a similar slowing-down of fluctuations
was assumed. Our work shows that this effect in the muon-spin relaxation may not therefore
be peculiar to CuGeO3 but could be a general characteristic of spin–Peierls systems.

We are grateful to P J CKing (ISIS), U Zimmermann (PSI) and R Poinsot (IPCMS) for
technical assistance. We would like to thank Merton College (SJB), NSERC Canada (KHC)
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