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Abstract

Muon-spin rotation and relaxation (u SR) experiments have been performed on a variety of novel organic and molecular magnetic
systems. In these experiments, implanted muons are used to study the magnitude, distribution and dynamics of the local field at the
muon site. Calculations of the spatial dependence of the dipole-field inside the unit cell are used to interpret the data and determine
the muon site in certain cases. We describe and review muon experiments on nitronyl nitroxide organic ferromagnets and
antiferromagnets. We discuss a muon study of the spin crossover phenomenon which has been studied in Fe(PM-PEA),(NCS),, and
which shows Gaussian and root-exponential muon relaxation in the high-spin and low-spin phases, respectively. The effects of high
temperature annealing on TDAE-Cg, have also been studied with x#SR. Experiments on a disc-shaped molecular complex
containing Fe o (with spin 31/2) reveal the effects of fluctuations of magnetization and allow an estimate of the fluctuation rate.

These experiments demonstrate the wide range of problems which can be tackled using the SR technique.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Muon-spin rotation (#SR) [1,2] has been extensively
used in the study of various organic materials, including
conducting polymers [3] and organic superconductors
[4]. The technique has its most obvious application in
the study of magnetic systems and is therefore ideally
suited to studies of molecular magnetism. Muons are a
local probe of internal fields, and therefore can be used
to follow an order parameter as a function of tempera-
ture. Because 100% spin-polarized beams of muons can
be prepared, the experiment does not need to be
performed resonantly. The technique works very well
in zero magnetic field and at milli-Kelvin temperatures
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(the incident muons easily pass through the dilution
refrigerator windows). Muons provide information on
antiferromagnets, spin-gap systems and spin glasses as
well as on ferromagnets. If there are a range of muon
sites it can provide information about internal magnetic
field distributions. Studies can be performed of the
magnetic fluctuations and spin dynamics, even above
the magnetic transition temperature. Muons sensitively
probe very weak magnetism sometimes found in heavy
fermion systems [5] and therefore are demonstrably
suitable for studying low-moment magnetism. In multi-
phase samples, muons give signals proportional to the
volume fraction of each phase, so they can be used to
distinguish between a sample which is uniformly weakly
magnetic and one which is non-magnetic but contains a
tiny fraction of strongly magnetic impurity. This can be
helpful in validating claims of authentic molecular
magnets. In this paper, we present recent work using
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this technique on a variety of molecular magnetic
systems.

2. The SR technique

In our uSR experiments, a beam of almost completely
spin-polarized muons was implanted with a momentum
of 28 MeV/c into the sample under investigation. These
stop quickly (in <10~ s), without significant loss of
polarization. The observed quantity is then the time
evolution of the muon-spin polarization, which can be
detected by counting emitted decay positrons forward
(f) and backward (b) of the initial muon-spin-direction;
this is possible due to the asymmetric nature of the
muon decay, which takes place in a mean time of 2.2 ps.
In our experiments positrons are detected by using
scintillation counters placed in front of and behind the
sample. We record the number of positrons detected by
forward (Ny) and backward (Ny) counters as a function
of time and calculate the asymmetry function, A4(¢):

_ Ni(@) — aNy(1)

A= Ni(1) + aNy ()

(D
where o is an experimental calibration constant and
differs from unity due to non-uniform detector effi-
ciency. The quantity A(¢) is then proportional to the
average muon-spin polarization, P,(¢). The former
quantity has a maximum value less than one since the
positron decay is only preferentially, not wholly, in the
direction of the muon-spin. P,(¢) has a maximum value
of one. The muon-spin precesses around a local
magnetic field, B; (with an angular frequency y,|Bi|,
where 7, =2n x 135.5 MHz T ).

If the local magnetic field at the muon site is at an
angle of # to the initial muon-spin-direction at the
moment of implantation, the muon-spin will subse-
quently precess around the end of a cone of semi-angle
0 about the magnetic field. The normalized decay
positron asymmetry will be given by

P,(1) = cos® O +sin® 0 cos(y,|B;]) )

If the direction of the local magnetic field is entirely
random then averaging over all directions would yield

1 2
P.(1)= 373 cos(y,|Bi|1) A3)
which is plotted in Fig. 1(a). If the strength of the local
magnetic field, |Bj|, is taken from a Gaussian distribu-
tion of width A/y, centred around zero, then a straight-
forward averaging over this distribution gives

1 2 .
P,(1)= 3 +3e’A (1= A*P) 4)

the Kubo-Toyabe relaxation function [6] (Fig. 1(b)). At

short times, this relaxation function is Gaussian. The
form of the relaxation can be calculated in the case of
application of longitudinal magnetic field (Fig. 1(c)) and
also for dynamics (Fig. 1(d)).

In the case of magnetic fluctuations, no spin preces-
sion signal can be observed, and so the muon polariza-
tion can be written

P,(1)=P,(0)e™" )

The relaxation rate I' is related to the field—field
correlation function by

r— J " (B ()B, (0))cos oy 1dt ©6)
0

where wi =y, By and By is the longitudinal field [7]. If
(B, (t)B,(0)>=(B3Ye~ ", where v is the field—field
correlation rate and (B3 > = Z(A/yu)2 is the mean-square
field at a given muon site, then

207
r= =% ()

) 2
v- + o

In particular, with no applied longitudinal field T =
2A%/v. The effect of the longitudinal field is to decouple
the dynamical relaxation, so that I' -0 when wy /v — 0.

A range of coupling strengths A, such as might be
found in a spin glass, can be modelled by a probability
function [§]

2 a 2 2
p(A)=\ﬁ e ®)

which is plotted in Fig. 1(e). Here <A scales with a. The
muon relaxation function is then

P.(1) = J:Pz(O)e’r’p(A)dA = P.(0exp(=(20)"*)  (9)

i.e. of ‘root-exponential’ form. The appropriate relaxa-
tion rate in this case is given by [7,8]

22T 4dy

y) -
A w2

(10)
and its field dependence is therefore as plotted in Fig.
1(f). In the following sections we present examples of the
use of this technique to specific molecular magnetic
systems.

3. Nitronyl nitroxides

Each molecule of the organic ferromagnetic para-
nitrophenyl nitronyl nitroxide (p-NPNN) has a mag-
netic moment because of the radical (unpaired) electron
which is delocalised over the O---N-C—-N-O moiety.
#SR experiments on p-NPNN (Fig. 2(a)) show the
development of coherent spin precession oscillations
below Tc [9]. The temperature dependence of the
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Fig. 1. (a) The muon relaxation function in Eq. (3). (b) The Kubo-Toyabe relaxation function (Eq. (4)). This is modified in the case of (c) a
longitudinal field By and (d) dynamics with hop rate v. (e) The probability distribution of coupling strengths A appropriate for a spin glass (Eq. (8))
and (f) the corresponding field dependence of the root-exponential relaxation rate (Eq. (10)).

precession frequency and the corresponding local field
at the muon site is shown in Fig. 2(c). This is fitted to a
functional form v, (T) =(1—(TITe)*) vyielding o=
1.740.4 and f=0.36+0.05. This is consistent with
three-dimensional long range magnetic order [9,10].
Near T the critical exponent is as expected for a
three-dimensional Heisenberg model (one expects f ~
0.36 in this case). At low temperatures the reduction in
local field is consistent with a Bloch-7>? law, indicative
of three-dimensional spin waves.

Another molecular system, tanol suberate, is a
biradical with formula (C,3H,30,NO), and is found to
be an antiferromagnet [11]. Each molecule contains two

free radicals, with one unpaired electron localized on
each of the N-O bonds, giving rise to a Curie—Weiss
high temperature susceptibility. The specific heat ex-
hibits a 4 anomaly [11,12] at 0.38 K. #SR experiments
[13] yield clear spin precession oscillations (see Fig.
2(b)). Although the oscillations look similar to those
obtained for p-NPNN, the temperature dependence of
the precession frequency (Fig. 2(c)) has a larger slope at
low temperatures and fits to v (7) = v, (0)(1 —T/T, o)’
where f = 0.22. This critical exponent is consistent with
a two-dimensional XY magnet [14] and also with the
temperature dependence of the magnetic susceptibility
[15], suggesting that the ordered state is dominated by
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Fig. 2. Zero-field muon-spin rotation frequency in (a) the organic ferromagnet p-NPNN (after [9]) and (b) the organic antiferromagnet tanol
suberate (after [13]). In both cases the data for different temperatures are offset vertically for clarity. (c) Temperature dependence of the zero-field

muon-spin rotation frequency in p-NPNN and tanol suberate.

two-dimensional interactions. The relaxation rate of the
oscillations rises to a maximum at the transition
temperature and then falls dramatically. The coherent
oscillations observed in both systems (and related ones
[16]) in the ordered state demonstrate that the muons
experience a homogeneous local field distribution and
suggests a unique muon site.

Following muon implantation it is thought that
muonium (Mu =" e™), with a single electronic spin,
attaches to a particular nitronyl nitroxide and combines
with the unpaired spin on the nitronyl nitroxide. The
resulting electronic spin-state of the muoniated radical
may be a singlet (S =0, leading to a diamagnetic state)
or a triplet (S =1, leading to a paramagnetic state) [9].
Both states are found in experiments, the diamagnetic
state giving rise to spin precession signals with frequency
vy = (y,/2m)B; in the internal field B;, the paramagnetic
states leading to extremely rapid precession in the
hyperfine field, and hence to a loss of muon polarization
at r=0.

4. TDAE-Cg

The fullerene charge transfer salt (tetrakis(dimethyla-
mino)ethylene)Cyy (TDAE-Cgp) is a ferromagnet with a
transition temperature of 16 K [17], although there has

been controversy about the nature of the ground state. It
has recently been shown that fresh single crystals grown
below 10 °C show no ferromagnetic behaviour when
cooled down to 2 K (the o phase) but on annealing at
high temperature, they transform to the o« phase which
shows long range ferromagnetism below 16 K. The two
forms appear structurally indistinguishable at room
temperature, but small differences between the orienta-
tion of the Cgo molecules in the two phases show up in
structural data measured below 50 K [18]. In the «’
phase the relative Cg orientations are similar to those
encountered in other Cgy solids with a hexagon on one

383 K anneal

343 K anneal

0.0 1.0 2.0 3.0 4.0
time (us)

Fig. 3. Muon relaxation at 4 K in a sample of TDAE-Cg, following
annealing at 343 K and (subsequently) 383 K.
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molecule facing the double-bond on another molecule.
The « phase contains a new orientation, leading to
various possible relative configurations.

Raw data at 4 K on a sample of TDAE-Cg, are shown
in Fig. 3 and show that a heavily damped spin
precession signal is observable following annealing at
343 K for 4 hours. This signal is in agreement with an
earlier #SR study [19] and the temperature dependence
of the frequency of this signal is consistent with a Bloch-
7% form [20]. The relaxation rate above T¢ follows an
activated temperature dependence. We find that the
precession signal is destroyed following annealing at 383
K for 2 hours (in agreement with results obtained using
ESR [21]) although we find a pronounced peak at 10 K
in the relaxation rate in this state [20].

5. Spin crossover

A transition metal ion of configuration 3d"” (n =4-7)
in octahedral surroundings can have a low spin (LS) or
high spin (HS) ground state, depending on the magni-
tude of the energy gap A between e, and f,, orbitals
compared to the mean spin pairing energy P. When A
and P are of comparable magnitude, the energy
difference between the lowest vibronic levels of the
potential wells of the two states may be sufficiently small
that a change in spin-state may occur due to the
application of a relatively minor external perturbation.
A crossover [22,23] between the LS and HS states is
associated with a change of magnetic properties and
often by a change of colour. Iron (II) systems (3d®) can
show a crossover between LS (S=0) and HS (S=2)
induced by changes in temperature or by light irradia-
tion [24]. The crossover as a function of temperature is
relatively smooth and gradual in solution, but very
sharp in the solid state, showing that cooperativity plays
an important role. The intermolecular interactions are
thought to be communicated by phonons since the spin
crossover is accompanied by a significant change in Fe-
ligand bond-lengths [25,26].

The spin crossover can be followed using bulk
measurements of the magnetic susceptibility y as a
function of temperature T. For Fe*™ ions, the molar
fraction of molecules in the HS state, x, is given by x =
xTI(yT)gs where (yT)ys is the value of 7 when all
molecules are in the HS state.

The spin crossover can be hysteretic so To(1) # To(])
where To(1) and T.(]) are the transition temperatures
for warming and cooling, respectively. We have used
implanted muons to study the spin crossover in two
Fe(Il) compounds: Fe(PM-PEA),(NCS), (7.(T) =231
K, TJ(]l)=194 K) [27,28] and Fe(PM-AzA),(NCS),
(T(1) =192 K, T«])=186 K) [29,30]. Susceptibility
measurements on both samples shown a crossover from
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Fig. 4. Muon-spin relaxation in Fe(PM-PEA), (NCS),, (cis-bis(thio-
cyanato)bis(N -2’-pyridylmethylene)-4-(phenylethynyl) aniline iron),
molecular structure shown in the left inset. The right inset shows the
temperature dependence of f, which falls from 2 in the HS state to just
below 1/2 in the LS state (the spin crossover is hysteretic; the data are
taken on warming so that the appropriate crossover temperature is
expected to be 231 K [30]).

a HS fraction x close to 1 at high temperatures to x
close to 0 at low temperatures [29].

Data for the spin crossover compound Fe(PM-
PEA),(NCS), [27,31] are shown in Fig. 4. The asym-
metry data A4(¢) were fitted to a form

A(t) = Ay, + Age™ ™ (11)

where the background term A, and the relaxing
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Fig. 5. Muon-spin relaxation in Fe(PM-AzA),(NCS),, (cis-bis(thio-
cyanato)bis(N -2’-pyridylmethylene)-4-(phenylazo) aniline iron), mole-
cular structure shown in the left inset. The right inset shows the
temperature dependence of 4 and f. The parameter § falls from close
to 1 in the HS state to just below 1/2 in the LS state (the data are taken
on warming so that the appropriate crossover temperature is expected
to be 192 K [30]).
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amplitude A, were kept constant. The relaxation rate 4
was only weakly temperature dependent so could be
held constant in the fitting (at a value of 0.047 MHz, the
average of fitted values when it was left free). The
relaxation changes from Gaussian (f =2) at tempera-
tures above the spin crossover to root-exponential (f =
0.5) at low temperature, as shown in the inset to Fig. 4.
Data for the spin crossover compound Fe(PM-
AzA)>(NCS), [29,30] are shown in Fig. 5. In this case,
the relaxation rate 4 was quite strongly temperature
dependent, so was not held constant in the fitting. The
relaxation changes from close to exponential (f =1) at
temperatures above the spin crossover to root-exponen-
tial (f =0.5) at low temperature, as shown in the inset to
Fig. 5.

The muon interaction with a local moment is domi-
nated by the dipole-dipole interaction, of the form .o/[S-
I —3(S-r)(I-r)/r*]. In the HS state, all S=2 moments
will be fluctuating and exponential relaxation (f=1)
will result if the fluctuations are characterised by a single
time constant 7 and if the fluctuations are in the muon
time-window. The relaxation rate A oc .2/*7 so that if 7 is
very short, 4 —0 (motional-narrowing limit) and one
may observe only relaxation due to static nuclear
moments (f =2).

In the LS state, for complete spin crossover, all the
moments should disappear since all molecules are now
S=0 and one would again observe only nuclear
moments (f =2). However, for incomplete spin cross-
over, a few molecules will remain in the S = 2 state, even
at very low temperatures. For a very dilute distribution
of moments, fluctuating with a unique relaxation time z,
a ‘root-exponential’ (f =1/2) relaxation is expected
(because of the distribution in .o/, see Section 2 above).
In a more concentrated distribution of coupled moments
found in certain spin glasses, a distribution in 7 can
result which leads to f =1/3 [32,33].

For both Fe(PM-PEA),(NCS), and Fe(PM-
AzA),(NCS), we observe muon-spin relaxation which
is consistent with this picture [34]. In the HS state, the
Fe S =2 moments are uncoupled and fluctuate rapidly
resulting in exponential relaxation for Fe(PM-
AzA),(NCS),, but Gaussian relaxation for Fe(PM-
PEA)>(NCS),. This demonstrates that the fluctuations
are much faster in Fe(PM-PEA),(NCS), so that the
muon-spin cannot follow them as the system is in the
motionally narrowed limit. The residual relaxation is
then Gaussian due to the static nuclear moments. The
large temperature dependence of 4 observed in Fe(PM-
AzA),(NCS), is also consistent with 7 for this com-
pound lying well within the muon time-window (but this
is not the case for Fe(PM-PEA),(NCS),). The faster
spin dynamics in Fe(PM-PEA),(NCS), reflect the strong
intrasheet and intersheet interactions which have been
found by crystal structure determination [30]. In Fe(PM-
AzA),(NCS), the intersheet interactions are relatively

weak. There is no structural phase transition at 7 (the
space group is monoclinic P2,/c above and below T,)
for Fe(PM-AzA),(NCS),, but Fe(PM-PEA),(NCS),
undergoes a change of symmetry from monoclinic
P2,/c HS to orthorhombic Pccn LS [30], corresponding
to a large rearrangement of the iron atom network. This
symmetry change is responsible for the large hysteresis
of the spin transition observed in Fe(PM-PEA),(NCS),.

In the LS state, most Fe moments become S =0, but
the spin transition is not complete and a dilute random
distribution of S =2 moments remains, leading to root-
exponential relaxation in both cases [8]. In both cases, £
settles to a value slightly below 1/2 so that we cannot
rule out the spin glass type relaxation (f = 1/3) which
results from a distribution in fluctuation times [32],
although in either case the relaxation reflects a dilute
distribution of fluctuating moments resulting from the
incomplete spin transition.

6. Nanomagnets

Various chemically prepared magnetic clusters have
recently attracted great interest as model systems for
studying quantum effects such as the tunneling of the
magnetic moment [35,36]. These systems are HS mole-
cules; each molecule consists of a small network of
magnetic ions coupled ferromagnetically or antiferro-
magnetically in such a way that the net spin of the
cluster, S, is large. The reversal of the magnetic moment
of a cluster is hindered by a strong Ising-type magnetic
anisotropy. A magnetic field reduces the energy barrier,
thus accelerating the dynamics. At high temperature, the
anisotropy barrier is overcome by thermal activation
and the relaxation is strongly temperature dependent.
When the temperature is lower than the anisotropy
barrier, the only possible spin-relaxation mechanism is
quantum mechanical tunneling which is temperature-
independent.

Recently some interesting disc-like molecular clusters
about a nanometre across have been prepared which
contain either 17 or 19 iron atoms linked by oxygen
atoms with organic ligands arranged around the edge
[37] (see the inset to Fig. 6(a)). uSR data [38] for the
Fe o-etheidi molecular cluster are shown in the inset to
Fig. 6(b). The experiments were performed above the
magnetic ordering temperature (1.07 K [39]). Root-
exponential relaxation is found for all fields and
temperatures studied, as found in experiments on related
materials [40,41]. Since no recovery of the muon
polarization is observed at long times, and since even
fields of up to 0.39 T do not decouple the relaxation, we
conclude that the cluster spins are dynamically fluctuat-
ing. The relaxation rate is strongly temperature depen-
dent and increases as the temperature is cooled, but
saturates at low temperature, as would be expected for a
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Fig. 6. (a) Temperature dependence of the muon-spin relaxation in
Feyo (etheidi);o-(OH)404(H,0);,> at four values of the longitudinal
field. The fits are as described in the text. The inset shows the molecular
structure of the cluster. (b) Longitudinal field-dependence of the
muon-spin relaxation at 3 K. The inset shows raw data at two fields
(after [38]).

crossover from activated behaviour to quantum tunnel-
ing, though the crossover occurs at comparitively high
temperature. The temperature dependence of the relaxa-
tion (Fig. 6(a)) contains a field-dependent term, /ly,
(responsible for the low-temperature plateaux, indica-
tive of quantum fluctuations) and an activated term,
Ce~ YT, Following [40], we fit the relaxation to A=
(A1 '+ Ce™ YTy~ The fitted activation energy is found
to be ~100 K and is very weakly field-dependent.
Because of the multiple muon sites, the relaxation
function is a root-exponential and the field dependence
of the low temperature relaxation (Fig. 6(b)) can be
fitted to Eq. (10). From this we find that the fluctuation
rate v is 113(6) MHz and the parameter «, the rms width
of the distribution of /¢(B% ), is 39(1) mT. Hence this
would correspond to a tunneling rate 7~ ' = v/2 = 57(3)
MHz which is intermediate between that found for
CrNig and CrMng [40]. Both CrNig and CrMng are
isotropic (D =0), whereas our disc-shaped material is
anisotropic (for the related metheidi-based material,

D=—0.05 cm ' so that the anisotropy barrier is
D[(33/2)>—(1/2)°] =15.7 K [37]; this is significantly
lower than Mn,Ac for which S=10, D= —0.46
cm ! [42] and the barrier is DS?>~70 K). The low
temperature muon-spin relaxation in CrNig and CrMng
has recently been ascribed to the hyperfine interaction
[41] and it is possible that a related mechanism operates
here. In order to distinguish between tunneling and
hyperfine mechanisms, further work is needed on very
similar systems in order to test whether the low
temperature 7 is independent of .S or strongly dependent
on S.

7. Conclusion

Our measurements have demonstrated that muons
can be used to study magnetic order and dynamics in a
variety of organic and molecular magnetic systems and
to extract the fluctuation rate in HS molecules. We
thank the EPSRC (UK) for financial support and the
staff of the ISIS pulsed muon facility and the Paul
Scherrer Institute for their valuable assistance and
encouragement.
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