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Abstract

We present the results of muon spin relaxation (u*SR) studies on low
dimensional molecular magnet systems. ©*SR measurements have been carried
out on the Cu-based chain compounds CuX;(pyz) (where X = Br, Cl, NCS
and pyz = pyrazine) as a function of temperature and applied longitudinal
magnetic field. Oscillations in the time dependence of the muon polarization,
characteristic of magnetic order at two distinct muon sites, are detected in both
CuBr; (pyz) (below Ty = 3.6(1) K) and CuCl,(pyz) (below Ty = 3.2(2) K).
No evidence of magnetic order is observed in Cu(NCS), (pyz) down to 0.35 K.
The results are discussed in terms of the estimated Cu—X—Cu and Cu—(pyz)—
Cu exchange constants. The theory of ©*SR in high spin molecule (HSM)
systems, which are effectively zero-dimensional magnets, is discussed and
results are presented on [Nij(chp)2(0,CMe) 2 (H,0)6(THF)6] (S = 12),
[MnyO7(OAc) 11 (thme) (py)3(H20)2] (S = 17/2) and [Fe4(bta)s(0)s(OMe) 15
Clg] (S > 23). Measurements made in applied longitudinal magnetic fields
on HSM materials at dilution refrigerator temperatures strongly suggest that
dynamic local magnetic field fluctuations are responsible for the relaxation of
the muon spin ensemble. Trends in temperature and field dependent behaviour
in these systems, as probed by the muon, are discussed.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Muon spin relaxation (u*SR) has been extensively used in the study of various organic and
molecular magnets (for a review, see [1]). Muons are a local probe of internal fields, and
therefore can be used to follow an order parameter as a function of temperature. Muons
sensitively probe very weak magnetism sometimes found in heavy fermion systems [2] and
therefore are demonstrably suitable for studying low moment magnetism. In multiphase
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. The technique works very
well in zero applied magnetic field and at millikelvin temperatures since the incident muons
easily pass through dilution refrigerator windows. Muons provide information on organic
antiferromagnets [3, 4], spin-gap systems [5] and spin crossover systems [6] as well as on
various types of organic ferromagnets [7—10]. If there are a range of muon sites in a particular
system, u*SR can provide information about internal magnetic field distributions. Studies can
also be performed of the magnetic fluctuations and spin dynamics, even above the magnetic
transition temperature.

Some of the most exciting developments in molecular magnetism have arisen from using
synthetic chemical techniques to engineer structures with low dimensionality. This paper
describes *SR experiments which have been performed on two families of low dimensional
molecular magnets. The first family is obtained by joining S = 1/2 Cuions by organic ligands
such as pyrazine into chains and then assembling these by stacking the chains into sheets bridged
by halide ions or thiocyanate ions. These are quasi-one-dimensional antiferromagnets, since
the interactions in the chains are much stronger than those between the chains. Nevertheless,
the interchain interactions are important in determining whether a particular compound exhibits
long range magnetic order. The second family are high spin molecules (HSMs), which are
small magnetic clusters and are effectively zero-dimensional magnets. This paper is structured
as follows: following a brief description of the experimental details, the results on the family
of quasi-one-dimensional antiferromagnets are described in section 3 and those for the single-
molecule magnets are described in section 4. The conclusions are presented in section 5.

2. Experimental details

Our experiments were performed on the MuSR and EMU beamlines at the ISIS facility,
Rutherford Appleton Laboratory, Didcot, UK, and the #M3 beamline at the Paul Scherrer
Institute (PSI), Villigen, Switzerland. In all our experiments positrons are detected by
scintillation counters which are positioned in front of and behind the sample with respect to the
initial muon momentum direction. The muon spin relaxation function A(¢) (also known as the
asymmetry) is defined by A(t) = [Ng(t) —aNp(¢)]/[ N () +aNp(t)], where Ng(¢) and Ng(t)
represent the number of positron counts in the backward and forward detectors respectively
as a function of time and « is an experimental calibration constant which is usually close to
unity. The samples were each wrapped in a 25 um silver foil and mounted on a silver backing
plate in a “He or *He cryostat or on to the cold finger of a dilution refrigerator. Silver foil is
used because it gives a non-relaxing muon signal, and hence only contributes a temperature
independent constant to A(¢).

3. One dimension: spin-% chain compounds

3.1. Copper chain compounds

Exchange interactions mediated by organic ligands can lead to magnetic ordering at high
temperatures [11]. Pyrazine (pyz) has been used extensively in this respect [12]. Recently, the
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Figure 1. The two-dimensional network structure of Cu(NCS),(pyz) showing the cross-linking
Cu—pyz—Cu and Cu—-NCS—Cu chains [13]. The b-axis is shown.

compound Cu(NCS), (pyz) was prepared which combines pyz, spin—% Cu ions and thiocyanate
(NCS™) anions [13]. The structure consists of parallel chains of Cu?* ions bridged by
the bidendate pyz ligands organized along the b-axis (see figure 1). Thiocyanate anions
lie in the ac-plane and bridge the Cu—pyz—Cu chains together to form a two-dimensional
rectangular grid. The sheets pack in a staggered fashion so that the Cu ion of one sheet
lies above (and below) the centroid of adjacent two-dimensional networks [13]. Neutron
scattering measurements on Cu(NCS), (pyz) showed no magnetic Bragg reflections down to
4 K. A broad feature observed in the magnetic susceptibility around 7 K fitted well to a one-
dimensional Bonner—Fisher uniform antiferromagnetic chain model with J/kg = —8.0(1) K
(~0.7meV). Electronic structure calculations suggest that the superexchange interaction along
the Cu—(pyz)—Cu chains is ~1500 times stronger than that between chains, mediated by the
NCS™ anions [12], making this material a highly successful experimental realization of a
one-dimensional Heisenberg antiferromagnet.

Salts with the same structure as Cu(NCS),(pyz) may also be synthesized using halide
anions instead of (NCS) to bridge the Cu—pyz—Cu chains. As a result, the salts CuCl,(pyz)
and CuBr; (pyz) have also been prepared. Magnetic susceptibility studies show broad maxima
at 17 and 34 K for the CI~ and Br~ compounds respectively [14]. The data can be partially
fitted by a Bonner—Fisher antiferromagnetic chain model but the best fit is obtained by taking
into account interchain interactions. Neutron measurements have been performed down to
50 mK on CuCl,(pyz) and CuBr,(pyz) but no magnetic Bragg peaks were observed.

In this paper, we report the first £*SR measurements made on CuBr;(pyz), CuCl,(pyz)
and Cu(NCS),(pyz) as a function of temperature and applied magnetic field.

3.2. u*SR data

3.2.1. CuBry(pyz). The sample of CuBr,(pyz) measured in this study had been deuterated,
to form CuBr,(pyz-d4), for the purposes of magnetic neutron diffraction measurements. We
do not believe that the deuteration has a significant effect on the magnetism of this material.
Zero-field (ZF) and longitudinal field (LF) u*SR measurements were made on the powder
sample of CuBr;(pyz-ds) on the MuSR beamline at the ISIS facility using a standard orange
cryostat [15].
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ZF asymmetry spectra are shown in figure 2. Below 7' = 3.6(1) K, oscillations in the
positron asymmetry are clearly observable. These are characteristic of a quasistatic local
magnetic field at the muon site, which causes a coherent precession of the spins of those
muons with a component of their spin polarization perpendicular to this local field (expected
to be 2/3 of the total polarization). The frequency of the oscillations is givenby v; = y,, B; /2n,
where y,, is the muon gyromagnetic ratio (=27 x 135 MHz T~') and B; is the local field at the
ith muon site. Any distribution in magnitude of local fields due to spatial (static) or temporal
(dynamic) fluctuations will lead to a relaxation of the oscillating signal. Fourier analysis of
the measured spectra reveals there to be two separate spin precession frequencies (see inset:
figure 2): a large, low frequency contribution v; and a broader, low intensity component v,
at higher frequency. This suggests the presence of two distinct muon sites in magnetically
ordered regions within the crystal below 7 = 3.6(1) K. As described above, the magnetic
susceptibility data for this material are strongly suggestive of antiferromagnetic interactions
at low temperatures. We therefore describe the temperature at which the oscillations vanish as
the Néel temperature Ty for this material.

The amplitudes of the oscillating components, A; and A,, are found to be in a constant
ratio of 4:1 across the measured temperature range. This suggests two distinct muon sites
in the crystal, with the site associated with v; being four times more probable than the site
associated with v,.

Neither of the oscillating components can be fitted with a simple cos(2v; »¢) oscillating
functional form. Instead, constant phase offsets ¢; , are required (nominally ¢y = —64° and
¢, = —139°). This property may possibly be due to an incommensurate component in the
magnetic structure of the material or to the delayed formation of the diamagnetic muon species.
Alternative parametrizations of the oscillations were considered, including the use of Bessel
functions to model incommensurate magnetic order [2, 16], but these resulted in substantially
worse fits to the measured spectra.

The data also display a separate relaxing component to the asymmetry. This contribution
is characteristic of muons which experience a random distribution of local magnetic fields. At
low temperatures this contribution is well described by an exponential function, while close to
the transition region it approaches a Gaussian form (figure 2). In order to fit the data over the
entire temperature range, we crudely parametrize this behaviour with a stretched exponential
function exp(—Az)?. This results in the exponential form of function at short times for g = 1
and the observed Gaussian form for = 2.

The data are best described with the resulting relaxation function:

A(t) = A, (% + % exp(—At) cosmvt + ¢1)) + Az(% + % exp(—Axt) cos2m vt + ¢2))
+ Az exp(—231)? + Apg exp(—Apgt), )

where A, 3 are relaxation rates. The final term Apg exp(—Apg?) allows for background
contributions, such as muons that stop in the sample holder, the cryostat windows or cryostat
tail.

The relaxation rate A, is roughly constant at A, = 1.34 MHz, while A; increases
monotonically with increasing temperature from A; = 0.4 MHz at the lowest measured
temperature to A; = 1.2 MHz as Ty is approached from below.

Figure 3 shows the results of the fitting procedure. The temperature variation of the
total amplitude associated with the oscillating component of the relaxation A; + A, and that
associated with the relaxing component A3 are shown in figure 3(a). We find that the relaxing
component increases, while the oscillating component decreases, such that the total relaxing
asymmetry A + A, + A; remains constant. The oscillatory component suddenly vanishes at
Tn =3.6(1) K.
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Figure 2. ZF ;*SR asymmetry spectra for CuBr; (pyz-ds) measured at 7 = 1.5, 3.44 and 4.63 K,
showing oscillations below the ordering temperature 7y = 3.6(1) K. For clarity, the data measured
at 4.63 K have been offset by +5%. Data measured above Ty tend to a Gaussian form at high
temperatures. [nset: the Fourier transform of data measured at 1.5 K after subtraction of the
non-oscillatory terms, showing two distinct precession frequencies.

Figure 3(b) shows the evolution of the precession frequencies with varying temperature.
The frequencies decrease slowly with increasing temperature before their sudden disappearance
at Ty. Below Ty, the relaxing component is well described with 8 = 1. Above the transition,
B increases sharply, saturating at § = 2 above 5 K as shown in figure 3(c). The associated
relaxation rate A3 decreases across the entire temperature range, as shown in figure 3(d). We
note that the non-relaxing component of the data may be described with alternative fitting
schemes and that our approach, using equation (1), is not unique. The results in figures 3(c)
and (d) should, therefore, be viewed as a parametrization of the measured spectra.

The application of a longitudinal magnetic field to the sample above 7Ty causes a decoupling
of the relaxing component of the asymmetry at fields below B = 50 G (i.e. lim;_, o A3(t) =
A3(0)). Athigh temperatures, where the ZF spectra are well described by a Gaussian functional
form, the B dependent behaviour is consistent with the early time behaviour of a LF Gaussian
Kubo-Toyabe (GKT) function (due to a random array of static moments with a Gaussian
field distribution [17]). This is most probably due to a static distribution of nuclear magnetic
moments, with slow dynamics preventing the recovery of the function at long times. Below
Tx, analysis of the field dependence is complicated by considerations of the effect of the
applied field on the ordered moments. The observed behaviour is, however, consistent with
the quenching of the non-oscillating component below B = 50 G. This behaviour suggests
that the relaxing component is due to a slowly fluctuating or static distribution of magnetic
moments across the temperature range. If static, this observed exponential form of the relaxing
component may be characteristic of the early time region of a Lorentzian Kubo—Toyabe (LKT)
function, due to a random array of static moments with a Lorentzian field distribution [18],
although it is hard to see how such a distribution could arise. If instead a dynamic effect is
involved, the measured behaviour would imply an upper bound on the relaxation rate v, namely
that v/y, < 50 G (i.e. v <« 4.3 MHz). It is interesting to note that relaxation of a similar
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Figure 3. Fitted parameters for measurements made on CuBr;(pyz-d4). (a) The temperature
evolution of the asymmetry amplitudes. The sum A; + A; represents the total contribution from the
oscillatory terms, while A3 is due to the stretched exponential term. The broken line shows T = Ty.
(b) The variation of the two precession frequencies with temperature showing a slow decrease with
increasing temperature, up to 3.5 K, above which they are no longer observable. (c) The behaviour
of the stretching factor 8 above 7n. An increase from 8 = 1 (exponential relaxation) to g = 2
(Gaussian relaxation) is observed with increasing temperature. (d) The variation of the relaxation
rate A3 across the temperature range displaying a decrease as 7y is approached from below.

form was measured in the S = % zigzag chain compound SrCuO; [19] and was attributed to

nearly static Lorentzian local fields.

3.2.2. CuCly(pyz). Powder samples of CuCl,(pyz) were measured on the MuSR beamline at
the ISIS facility using an orange cryostat. Examples of measured asymmetry spectra are shown
in figure 4. Below T = 3.2(2) K, oscillations are observed in the asymmetry at two distinct
precession frequencies, from which we conclude that the material magnetically orders below
this temperature. Fitting the oscillations again requires the inclusion of phase offsets (in this
case ¢; = —67° and ¢ = —83°). As in the case of CuBr;(pyz-d4), magnetic susceptibility
measurements motivate us to describe the temperature at which the oscillations vanish as the
Néel temperature.

In contrast to the case for CuBr,(pyz-ds), the amplitudes associated with the two precession
frequencies, A| and A,, are found to be roughly equal, suggesting that the probability of a muon
stopping in either site is roughly the same. A non-oscillatory component is also observed, but
makes a larger contribution to the total asymmetry at the lowest temperatures, compared to the
case for CuBr, (pyz-dy).

The measured spectra were fitted to equation (1), with A; and A, both fixed at 1.05 MHz.
The resulting parameters are shown in figure 5. As in the case of CuBr; (pyz-ds), the amplitudes
associated with the relaxing component of the asymmetry As; increase with increasing
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Figure 4. ZF ;1*SR spectra for CuCl, (pyz) measured at 7 = 1.818, 2.63 and 3.27 K. For clarity,
data measured at 2.63 K have been offset by +4%, while those measured for 3.27 K has been
offset by +8%. Oscillations at two distinct frequencies are observed below the magnetic ordering
temperature 7N. The spectra tend to a Gaussian form at high temperatures.

temperature, with a corresponding decrease of the oscillating fraction A} + A, (figure 5(a)).
The precession frequencies v; and v, slowly decrease with increasing temperature, before their
sudden disappearance (figure 5(b)) at 7y = 3.2(2) K. In contrast to the case for CuBr; (pyz),
the stretching factor B begins to increase at a temperature where there is still an appreciable
oscillating component. The evolution from 8 = 1 to 2 is shown in figure 5(c). The relaxation
rate A3 (figure 5(d)) decreases smoothly across the entire temperature range.

The application of external fields results in very similar behaviour to that reported for
CuBr,(pyz-d4). The high temperature signal is decoupled by B = 50 G suggesting static
relaxation, probably due to nuclear moments. Below Ty, the relaxing component is quenched
below B ~ 50 G.

We conclude that the general trends in behaviour observed in CuCl,(pyz) are similar to
those observed in CuBr, (pyz-d4), namely, the existence of a magnetically ordered phase below
Tx = 3.2(2) Kin which there are two distinct muon stopping sites (in this case of roughly equal
probability). The observed behaviour is very probably attributable to the same mechanisms as
occur in CuBr;(pyz-d4).

3.2.3. Cu(NCS)»(pyz). ZF and LF measurements were made on powder samples of
Cu(NCS),(pyz) on both the MuSR and EMU beamlines at ISIS using a standard orange
cryostat and sorption cryostat. No signature of magnetic ordering is observed down to the
lowest temperatures obtainable using the sorption cryostat (7 = 0.35 K). An example spectrum
measured at 0.35 K is shown in figure 6. The Gaussian form of the relaxation is very similar
to that observed in the high temperature regime for both CuBr,(pyz) and CuCl,(pyz). The
application of longitudinal magnetic fields decouples the muon relaxation below B = 50 G,
confirming the static nature of the field distribution.

We conclude that no magnetic order is detectable down to 7 = 0.35 K in this material.
The muon polarization is relaxed by a random, static distribution of internal fields, most likely
due to nuclear magnetic moments.

3.2.4. Discussion. The oscillations in the asymmetry for both CuBr;(pyz-ds) (In =
3.6(1) K) and CuCl,(pyz) (In = 3.2(2) K) provide clear evidence for long range magnetic
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Figure 5. Fitted parameters for measurements made on CuCl, (pyz). (a) The temperature evolution
of amplitudes Aj + A, (due to the contribution of the oscillatory terms) and A3 (due to the stretched
exponential term). The broken line shows 7" = Ty. (b) The behaviour of the two frequencies
precession frequencies as a function of temperature. (c) The temperature evolution of the stretching
factor B, across the temperature range. The increase from g = 1 is seen to start to occur at 7 < Tn.
(d) The relaxation rate A3 as a function of temperature showing a smooth decrease with increasing
temperature.

1 (ps)

Figure 6. The asymmetry time spectrum for Cu(NCS)2(pyz) measured at 7 = 0.35 K. No
oscillations are observed down to this temperature.

order (LRO) in both of these materials for the first time. In contrast, Cu(NCS),(pyz) shows
no evidence of LRO down to 0.35 K. Although the magnetic transitions in CuBr,(pyz-ds)
(figure 3(b)) and CuCl,(pyz) (figure 5(b)) appear discontinuous, the increasing amplitudes of
the relaxing components may obscure more gradual changes in frequency. Thermodynamic
measurements are required to determine the nature of the phase transition.

The rectangular structure of CuX,(pyz) as described in section 1 suggests two probable
sets of copper superexchange pathways, Cu—(pyz)-Cu and Cu—X—-Cu. The material will
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show one-dimensional magnetic properties if the exchange constant associated with one
of the exchange pathways is significantly larger than the other. Although an ideal one-
dimensional antiferromagnetic Heisenberg chain will not show LRO at any temperature,
magnetic ordering is possible at temperatures low enough that the interchain exchange
interaction J, is comparable with kg7". The antiferromagnetic interchain exchange constant
J1 may be estimated from the ordering temperature Ty extracted from our data using an
expression derived from chain mean-field theory [20], namely

ol = L. )

1.28(In(332))*

Here J; is the intrachain exchange constant, which may be estimated [21] from the temperature
Twm corresponding to the maximum in the measured magnetic susceptibility data for these
compounds [14], using the relation

Ty ~ 1.282J;. (3)

This approach yields J; ~ —24.3 K, |/ | & 1.5 K for CuBr,(pyz-d4) and J; =~ —13.6 K,
|[Ji| ~ 1.4 K for CuCl,(pyz). This is suggestive of large, unequal intrachain exchange
constants J; along the Cu—X—Cu chains and smaller, comparable exchange constants J; along
the Cu—(pyz)—Cu chains. We also note that J; &~ —13.6 K is similar to the value measured for
CuCly (py) [22] where J; (= —13.4(2) K) is also thought to be along the Cu—CI-Cu chains.

In contrast, the dominant exchange J; in the case of Cu(NCS) is likely to be along the Cu—
(pyz)—-Cuchains [13, 12]. Applying the same approach as described above yields J; &~ —5.5K
for the Cu—pyz—Cu chains and |/, | < 0.13 K. As in the well known case of copper pyrazine
dinitrate Cu(pyz)(NOs3), [23], Cu(NCS), presents itself as a good example of a nearly ideal
one-dimensional Heisenberg antiferromagnetic chain.

The cause of the relaxing signal in CuBr, (pyz-d4) and CuCl, (pyz) and its temperature and
field dependent behaviour are unclear. It is possibly related to longitudinal relaxation effects
within the ordered phase, not accounted for in the model used above. Another possibility is that
it is related to muon sites within the sample where the average local field due to the magnetic
order either vanishes or is very small. There is also the interesting possibility of behaviour
resulting from a paramagnetic muon state in the crystal inducing a perturbation in the system,
as was proposed in the case of dichlorobis (pyridine) copper(Il) [24]. Transverse field (TF)
1SR measurements on these compounds may shed some light on this issue, and we plan to
attempt these in the future.

4. Zero dimension: single-molecule magnets

4.1. Single-molecule magnets

High spin molecules (HSMs) are formed from networks of magnetic ions which couple
ferromagnetically or antiferromagnetically in such a way as to make the total spin S of
the molecule large. These molecules form crystals in which the intermolecular magnetic
interactions are small in many cases and may therefore be neglected. HSMs, therefore, act as
an ensemble of independent, large spins. At low temperatures the intramolecular exchange
constants J;; are large compared to kg7, so S will take a unique value. We describe a spin
state by the quantum numbers S and m (the eigenvalue of .SA’Z).

A subset of these materials have their zero-field (25 + 1)-fold spin degeneracy lifted by an
anisotropy term in the Hamiltonian given by DS‘Z2 with D < 0. This will create an anisotropy
energy barrier, and force the highest spin eigenvalue m = %S to be the ground state of the



S4572 T Lancaster et al

system. These materials are known as single-molecule magnets (SMMs) [25-27]. The highest
energy state will be m = 0 (for integer S) or m = 1/2 (for half-integer S). The energy barrier
is defined as Upymier = | D|S? for integer spins and Upyprier = |D|(S? — 1/4) for half-integer
spins.

In the presence of a magnetic field B, the simplest Hamiltonian H. describing SMMs at
low temperatures is

He = DS+ gupS - B, )
where the system is assumed to be axially symmetric and higher order fine structure terms are
neglected. Saturation of the magnetization may be achieved via the application of the magnetic
field along z (which defines the easy axis for the HSM), resulting in the unique ground state
m = —S§, with the highest energy state m = 0 (for integral S) or m = 1/2 (for half-integral
S). Removal of the field results in a relaxation toward equilibrium requiring a fraction of spins
to increase their value towards the higher energy state m = 0 or 1/2, before decreasing their
energy by further increasing their spin towards m = +S.

At elevated temperatures, dynamical spin processes may involve thermal excitation over
the anisotropy barrier. At lower temperatures, however, the system must tunnel through the
barrier. The possibility of an inherently quantum mechanical mechanism (quantum tunnelling)
being directly detectable makes these systems attractive for both theoretical and experimental
study.

One consequence of the Hamiltonian in equation (4) is that states |m = [) and |m = —n),
where /,n > 0 (i.e. states on opposite side of the anisotropy barrier), may be brought into
resonance by tuning the magnetic field. The condition for this is that

(I —n)D

)
8UB

The Hamiltonian given in equation (4) cannot, with the magnetic field directed along the z-
axis, describe tunnelling between different spin states since it commutes with .Si. In reality,
the symmetry of the system may require the addition of non-commuting crystal field terms to
the Hamiltonian, or an additional physical mechanism may contribute a non-commuting term,
such as spin—phonon interactions [28], dipolar interactions and nuclear fluctuations [29]. With
the inclusion of this non-commuting term we may observe tunnelling between states |/) and
|—n), if the anisotropy barrier can be crossed.

Magnetization data on these systems illustrate this behaviour (see, for example, [30]).
Temperature independent hysteresis is observed for fixed sweep rate d B/d¢, with significant
steps occurring for the fields given by equation (5). The steps are accompanied by a decrease
in relaxation time for the magnetization at the same field as the system tunnels through the
barrier.

In the following sections, we consider the theory of ;£*SR in high spin systems and present
the results of muon spin relaxation measurements on several examples of high spin systems
with differing values of S and D. We find behaviour consistent with previous p*SR studies on
similar HSMs [31, 32], allowing us to identify trends in the «*SR data that characterize these
systems.

B =

4.2. Towards a theory of muon spin relaxation in single-molecule magnets

The expected results from ©*SR measurements on an ensemble of HSMs may be calculated
from quantum mechanical properties of the system [33]. The Hamiltonian for a muon with
spin I in a magnetic field B interacting with an electronic spin S is

H=H.+gusl-B+Al-S, (6)



Molecule-based low dimensional magnets 54573

where we have chosen, for simplicity, to consider only an isotropic interaction between the
muon and electronic spin, with hyperfine constant A. We may write this as

H = Hy+ H,, (7)
where
Hy= H. +gusl-B, 8)

where, in our experiments, the magnetic field is always directed along the muon spin
polarlzatlon direction. The interaction Hamiltonian Hj is given by Hy = AL-S. Considering
Hiasa perturbation to Hy yields the relaxation rate A [34] given by

2

ZE/SMMWWWW’ %)

where w = y, B. Expanding the Heisenberg operator S_(t)8,(0) in terms of the eigenstates
|g) of the unperturbed Hamiltonian in equation (8) (corresponding to energies E,), we obtain
the matrix elements

. . S—1 ]
(alS-(1)S+(0)[b) = Z (mi|b)(S(S +1) —m;(m; +1))>

m;=—S

25+1 iE.t S |
x{2<c|mi+1>exp( )[ D mile)(S(S + 1) — me(my — 1))

h mp=—S+1

x {almy — 1) exp<_i§at>:|}. (10)

If we make the additional assumption of Lorentzian level broadening, we obtain the result

c=1

2 25+1 S—1 ]
¥ Zexp( Eaﬁ)< Z (mibY(S(S + 1) = m;(m; + 1))

B
25+1 .
X{;FWﬁD<ﬁ3E§
s
1
X [ Z (milc)(S(S + 1) — my(my — 1)) (almy — 1)} }) (11
my=—_S+1
where B = 1/kgT, t; is the lifetime of the ith level and
E.— E
o =w+—"2 (12)

n

In order to calculate the expected behaviour of the spin relaxation, the Hamiltonian in
equation (8) was diagonalized numerically for a given value of § and given magnitude and
direction of B and the resulting eigenvalues and amplitudes substituted in equation (11). We
consider the case where the system may be rotated such that the magnetic field makes an angle
6 with the z-axis of the SMM.

The main features of the theory may be illustrated in the simple case of a S = 2 system.
Setting the parameters to be D = —0.07 K, A = 100 MHz, T = 10 K and tr; = 0.1 ns for
all i, we obtain the results shown in figure 7. With the magnetic field directed along the z
direction (¢ = 0°) the energy levels, calculated from the Hamiltonian in equation (4), show
crossings at the magnetic fields predicted by equation (5). The corresponding relaxation rate
A shows peaks at the crossings for which Am = =£1. The relaxation rate is seen to vanish
at high fields. As expected, the peaks may be made sharper by increasing the lifetime of the
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Figure 7. Calculated energy levels and relaxation rates for S = 2, D = —0.07 K, A = 100 MHz
and 7 = 10 K. (a) Expected energy levels from equation (4) as a function of B along the z direction
(6 = 0°). The energy levels cross at values predicted by equation (5). (b) The calculated relaxation
rate for = 0° with other parameters as described in the text. (c) Expected energy levels as a
function of B perpendicular to the z direction (6 = 90°). (d) The relaxation rate for & = 90° with
other parameters as described in the text.

levels. Significantly different results are obtained when B is perpendicular to the easy axis of
the SMM (6 = 90°). The energy levels are no longer observed to cross at the fields given by
equation (5) and the relaxation rate A is considerably larger in magnitude at low fields with no
clear features observable near the peaks observed for the 6 = 0° case.

The evolution of the energy levels and relaxation rate with 6 is shown in figure 8 for the
case of § = 4 (all other parameters are the same as for the previous case). We see that the high
field level crossings are extinguished first as 6 is increased from 6 = 0°, with none observed
for & = 90°. The relaxation rate A increases sharply at low fields with increasing angle, with
the peaks becoming less well defined before their eventual disappearance.

All of the measurements reported here were made on samples in polycrystalline form
(i.e. the easy axis (z-axis) of each crystallite makes a different angle 6 to the applied magnetic
field). We must therefore consider the case of a distribution in 6. As an example we consider
the calculated value of A as a function of angle at a field of 2000 G, as shown in figure 9(a).
For a distribution in which each angle has an equal probability of occurring, the probability
density of the relaxation rate p () is shown in figure 9(b). This function is peaked at the values
of A for which dA/d6 is smallest in figure 9(a). The probability of an angle 6 being realized
should include a weighting factor sin 6, reflecting the available phase space for that particular
6. The inclusion of this factor results in the probability distribution seen in figure 9(c). The
statistical weight close to 0° is reduced as there is little available phase space for these angles.
This is reflected in a reduction of the peak in the probability density around the values of A
corresponding to 0°. The low A peak corresponding to angles around 90° is, of course, barely
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Figure 8. The evolution of the energy levels and relaxation rate A with angle 6 for a § = 4 system
(all x-axes have the same scale). The peaks observed for the & = 0 case become less well defined
as 6 is increased. As 6 increases from 0°, the relaxation rate increases at low fields.
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Figure 9. Angle dependent behaviour of a S = 2 system in an applied field of B = 2000 G. (a)
The relaxation rate A as a function of angle 6. (b) The relaxation rate probability density p(A)
against A for a uniformly distributed range of angles. (c) The relaxation rate probability density
p(X) against A, when angles are weighted with the necessary sin 6 factor.

altered by the inclusion of this factor. Itis clear from these results that polycrystalline averaging
will have a significant effect on the experimentally measured spectra of these systems.

4.3. u*SR data

The applicability of the full theory to spectra measured on polycrystalline samples is limited
by several factors. In complex molecular systems there is a strong possibility of multiple muon
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sites. Strictly speaking, each spectrum must be fitted to a distribution of exponential relaxation
rates A for each muon site. There is also the possibility of other contributions to the measured
relaxation not related to the high spin properties (e.g. contributions from nuclear moments).
Another significant difficulty is that the temperature dependence of the level lifetimes 7; is
not known and cannot be modelled with a simple spin—phonon interaction (see below). We
are prompted, therefore, to adopt a phenomenological approach to the analysis in this paper.
Although this prevents us from directly relating the u*SR results to the quantum properties
of the system, it does allow us to characterize the interaction of the muon with several HSM
materials.

4.3.1. A cyclic dodecanuclear nickel SMM. The compound [Nij;(chp)2(02,CMe) 2 (H20)¢
(THF)¢] (where chp = 6-chloro-2-pyridonate; the compound is hereafter called Nij,) is the
first SMM based on nickel(II) centres. The molecular structure is cyclic, with twelve Ni(I)
centres bridged by pyridonate and acetate ligands [35, 36] (see figure 10(b)). The Nij,
forms a crystalline structure with all rings packing parallel to each other, perpendicular to
the crystallographic c-axis in the rhombohedral space group R3¢ and has a § = 12 ground
state. Magnetization and susceptibility measurements provide a value of D/kg = —0.067 K
(corresponding to an effective energy barrier Uparier/ kg = 9.65 K) [36].

Polycrystalline samples of Nij; were produced as described in [35, 36]. ZF u*SR
measurements were made on these samples on the MuSR beamline at ISIS, using a dilution
refrigerator and a sorption cryostat. An example of the measured asymmetry spectra is shown
in figure 10(a). Spectra were found to be best fitted using the form

A(t) = Agexp(—At) + Apg exp(—Apgt). (13)

The term Apg exp(—Apgt) describes a background contribution from a number of possible
muon stopping states, including muons that stop in the sample holder or cryostat tail and
from possible paramagnetic muon species in the crystal. Ag, Apg and Ay, were found to be
constant across the measured temperature range. A single temperature dependent relaxation
rate suggests a single muon site in this material.

An exponential decay of asymmetry is often characteristic of relaxation due to dynamic
processes [17]. This interpretation is strengthened by the observation that applied magnetic
fields as high as 4500 G do not decouple the relaxation.

The temperature dependence of A is shown in figure 10(c). We see that as the temperature
is decreased, the relaxation rate increases and then saturates at Ty, ~ 2 K. This behaviour is
consistent with previous u*SR studies of HSMs [31, 32]. We might expect the temperature
dependent part at 7 > 2 K to reflect thermal excitations of the system, which typically follow
a temperature activated behaviour A ~ Cexp(V/T). We must also include the temperature
independent term for low temperatures A ~ Ag. The relaxation rate in figure 10(c) is shown
fitted to the resulting phenomenological form [31]:

1 1 1

A ko " Cexp(V/T)’
This yields parameters 1 /A9 = 0.177(4) MHz !,V =13.44)Kand 1/C = 5.6(3) MHz .

Measurements were also made as a function of applied longitudinal B-field from O to
2400 G, and then from 2400 to 0 G. No hysteresis effects were discernible in the data.
Equation (13) was again used to fit the data, with the term Ay, varying in an approximately
linear fashion with applied field. The variation of this term may reflect the repolarization of
paramagnetic muon states, or a shift in the experimental parameter « (discussed in section 2).
The field dependence of X at 4.2 K and 100 mK is shown in figure 10(d). At 4.2 K, we see

(14)
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Figure 10. (a) The ZF spectrum for Nij; measured at 500 mK. The solid curve is a fit to
equation (13). (b) The molecular structure of [Nij2(chp)12(02CMe)12(H20)6(THF)¢]. (c) The
temperature dependence of the relaxation rate A in zero applied field. (d) The relaxation rate A
for Nij; as a function of B-field at 4.2 K (open circles) and 100 mK (closed circles), after the
application of B-fields as described in the text.

that at low fields the rate increases, with a maximum at B ~ 300 G, followed by a monotonic
decrease at higher fields.

The observed field dependence may be attributed to the polycrystalline average of the
functions considered in section 4.2. For the reasons outlined above, we choose to parametrize
the field dependence with a simpler semi-phenomenological form [17, 31]:

2A%
A= S 2 + Aoffset (15)
w? +v
where v is the fluctuation rate, A is the field width and Xl iS an offset from zero. A fit
to equation (15) in the high field regime is shown in figure 10(d). The fitted parameters for
T =42Karev = 103(18) MHz, A /y, = 90(20) G and Aofisec = 0.98(6) MHz, while at
350 mK we obtain v = 46(1) MHz, A /y,, = 115(4) mT and Aofrser = 1.72(2) MHz.

4.3.2.  An enneanuclear manganese cage. The compound [MnygO7(OAc);;(thme)(py)s
(H,0),] (hereafter Mny) consists of a [Mn}fIMngO6]4+ ring on which is placed a smaller
[Mn}"O]'%* ring (see figure 11(b)). The material crystallizes in the monoclinic space group
P2;/n. The ground state of the molecule has § = 17/2 as a result of an antiferromagnetic
interaction between the three ferromagnetically coupled Mn'Y ions and the wheel of four
Mn'" and two Mn'! ions. Magnetization and susceptibility measurements provide a value of
D/kg = —0.42 K (corresponding to a barrier height of Up,ier/ kg = 30.24 K [37, 38]).
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Figure 11. (a) A typical ZF spectrum for Mng measured at 400 mK. The solid curve is a fit
to equation (16). (b) The molecular structure of [MngO7(OAc) (thme)(py)3(H20)2]. (c) The
behaviour of relaxation rates with applied magnetic fields. (d) The temperature dependence of the
initial asymmetry from spectra measured at ISIS.

Powder samples of Mng were synthesized as described in [38]. Measurements on Mng
were made on the LTF instrument at PSI. ZF measurements were made in the temperature
range 0.02-1.1 K. There was little change in the spectra across this range suggesting that we
are in a low temperature regime similar to that observed in Nij, where A is constant.

An example spectrum is shown in figure 11(a). Spectra were best fitted with an expression
of the form

A(t) = Ay CXp(—)Lll)+A2 CXp(—)Lzl)+Abg. (16)

The presence of two separate field dependent relaxation rates suggests two distinct muon sites
in this material. In the saturation regime, we obtain A; = 39(5) MHz, A, = 2.7(6) MHz
and A;/A; = 2.9(5). To obtain the field dependent behaviour, A; and A, were fixed and
Ay, allowed to vary with field for the reasons discussed in section 4.3.1. Since fields up to
15000 G did not cause repolarization, we conclude that the observed relaxation is due to
dynamic processes.

Figure 11(c) shows the behaviour of the two relaxation rates as a function of B-field at
20 mK. Again we note that the relaxation rates increase below 100 G, before their expected
monotonic decrease at higher fields. Fitting the high field data to equation (15) yields, for A,
v = 190(20) MHz, A /y, = 570(90) G and Aseq = 17(1) MHz, while for A, we obtain
v = 73(20) MHz, A /y,, = 100(30) G and Aofgser = 1.7(1) MHz.

Data were also taken at ISIS on Mng at temperatures up to 80 K. While the relaxation is
too large (as compared with the ISIS time window) to fit with any confidence over most of the
temperature range, we may extract the initial asymmetry A (r = 0), as shown in figure 11(d).
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Figure 12. (a) The ZF spectrum for Fej4, measured at 0.67 K. (b) The relaxation rate A for
Fej4 at B = 0 and 2500 G as a function of temperature. (c) The molecular structure of
[Fei4(bta)sO6(OMe)13Clg .

We observe an increase in initial asymmetry as temperature is increased corresponding to a
reduction in relaxation rate due to temperature induced fluctuations. From the figure, we can
infer that the saturation temperature is 1.1 < Ty, < 20 K.

4.3.3. A tetradecametallic iron cluster. The compound [Fe;4(bta)s(O)s(OMe);3Clg]
(hereafter Fej4), where bta = benzotriazole, is a hexacapped hexagonal bipyramid with the
caps on alternate faces [39] (see figure 12(c)). It is the first example of an Fej4 cluster.
Magnetization measurements [39] suggest an S > 23 ground state with D ~ 0.12 K. This
material is not, therefore, a SMM, since the positive value of D favours an m = 0 ground state.

Measurements were made on a powder sample of Fe4 (synthesized as described in [39])
using a sorption cryostat on the MuSR beamline at ISIS. An example spectrum, measured at
0.67 K, is shown in figure 12(a). Applied LF fields suggest that the relaxation is dynamic
across the measured temperature range. The measured spectra were fitted to the functional
form of equation (13) with Ao, Ay and Ay, fixed across the temperature range.

The temperature dependence of the relaxation rate is shown in figure 12(b) for zero field
and a field of 2500 G. As with «*SR measurements on Nij, and on Fe g [32] the general trend is
an increase in the relaxation rate with decreasing temperature, with the rate (roughly) saturating
below Ty, &~ 2 K. Fitting to equation (14) yields V = 5.53) K, 1/C = 1.8(1) MHz~! and
1/ho = 0.142(3) MHz ' at B = 0 G and gives V = 7.1(6) K, 1/C = 1.2(1) MHz"! and
1/A0 = 0.25(6) MHz ™! for B = 2500 G.
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Table 1. Summary of the temperature dependent behaviour probed using ZF p*SR and fitted to
equation (14).

Material S D (K)  Ubarier K)  V (K) 1/4 (MHz™') 1/C (MHz™!)
CrNig [31] 152 0 0 632)  ~0.15 86(12)
CrMng [31]  27/2 0 0 73(7)  ~0.05 1.5(4)
Feyo [32] 312 —0.05 15.7 T4(4) 0.050(3) 3.5(5)
Nijs 12 —0.067 9.65 13.4(4)  0.177(4) 5.6(3)
Fey4 >23 0.115  >60.8 5.5(3)  0.142(3) 1.8(1)

Table 2. Summary of the low temperature (i.e. T < Tg) dynamic behaviour probed using LF
1SR and fitted to equation (15).

Material S D) v(MHz) A/y,(G)
CrNig [31] 15/2 0 100(10) 214(4)
CrMng [31]  27/2 0 120(30) 389(21)
Feg [32] 31/2  —0.05 114(6) 390(10)
Nijp 12 —0.067 46(1) 115(4)
Mng (A1) 1772 —-0.42 190(20) 570(90)

Mng (A2) 172 —0.42 73200 100(30)

4.3.4. Discussion. Table 1 summarizes the temperature dependent behaviour of high spin
systems studied with ©*SR and fitted with equation (14) (including those considered here
along with previous studies [31, 32]). Table 2 summarizes the information extracted from LF
1SR using equation (15). In all cases considered in tables 1 and 2, the relaxation processes
are dynamic down to dilution refrigerator temperatures. This has been demonstrated through
the application of longitudinal magnetic fields as described above.

In zero applied field, the temperature dependence of the relaxation rate is characterized by
a temperature independent part at 7 < T, and a monotonic decrease at higher temperatures,
which may be described by a temperature activated relaxation rate. In Nij, and Fejg, Tyy
occurs at ~2 K, whereas in CrNig, CrMng [31] and Fe 9 [32] it occurs at ~10 K. When fitted
to equation (14), the activation temperature parameter V shows no correlation with Uparrier,
the anisotropy energy barrier. The observed behaviour, therefore, is unlikely to be due to
fluctuations caused by excitations of the HSM system over the energy barrier. The presence
of a temperature independent component at low temperatures prevents modelling of the level
lifetimes in equation (11) in terms of a simple spin—phonon interaction [33, 28], making a
complete quantum mechanical description of these results problematic.

The magnetic field dependent behaviour allows the extraction of parameters relating to
fluctuation rates and field widths. Again, no obvious correlations between these parameters
and the parameters from the Hamiltonian in equation (4) present themselves. The failure of
the phenomenological functional form in equation (15) to describe the low field data may be
attributable to polycrystalline averaging effects discussed in section 4.2. There is also the
complication of a possible contributions to the relaxation from static nuclear moments and
multiple muon sites. We are unable, therefore, to unambiguously account for this feature at
present.

No enhancement of the relaxation rate A is observed at the level crossings given
by equation (5). This is probably to be expected, since the samples measured were in
polycrystalline form and, as seen in section 4.2, the direction of the easy axis of a HSM
with respect to the applied magnetic field is highly significant in determining the measured
relaxation. Any features in A for a particular orientation are likely to be unresolvable once
combined with the signal from each of the other crystallites at different orientations.
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Each data point in, for example, figures 10(c) or (d) results from a muon spectrum recorded
over ~20 min, at fixed field, whereas steps in the magnetization are only observed for a constant
sweep rate, in the case of Nij, for example, of >20 G s~ [36].

In order to relate the ;*SR results to the quantum properties of the HSM system, large
single-crystal samples are highly desirable. The significant complication of polycrystalline
averaging is then eliminated, allowing the measurement of the angle dependence of the
relaxation rate A. Samples of this kind will be measured in the near future.

5. Conclusions

We have made p*SR measurements on quasi-1D Cu-based chain compounds CuX;(pyz)
(where X = Br, CI, NCS). In both CuBr;(pyz-ds) and CuCl,(pyz), oscillations in the
asymmetry characteristic of a quasistatic magnetic field at two distinct muon sites provide
evidence of a magnetically ordered phase below Ty = 3.6(1) K for CuBr,(pyz-d4) and
Tn = 3.2(2) K for CuCl, (pyz). In contrast, Cu(NCS),(pyz) shows no evidence of a magnetic
phase transition down to 0.35 K. In the halide materials, the Cu—halide—Cu chains are subject to
the dominant exchange interaction while the Cu—(pyz)—Cu exchange is smaller. The situation
is reversed for Cu(NCS); (pyz).

A theoretical approach to the u*SR of HSMs shows that an enhancement of the measured
relaxation is expected at the energy level crossings of the system. It predicts a strong
dependence on the angle between the applied magnetic field and the easy axis of the HSM.

Measurements have been made on the HSM systems Nij, (S = 12), Mng (S = 17/2)
and Fejs (S > 23). Spectra measured in applied longitudinal magnetic fields at dilution
refrigerator temperatures strongly suggest that dynamic local field fluctuations are responsible
for the relaxation of the muon spin ensemble. The relaxation rate is seen to increase with
decreasing temperature, saturating below a temperature Ty, and LF measurements allow a
parametrization of fluctuation rates in these materials. No correlation between the extracted
parameters and the quantum mechanical parameters S and D is found. Future work will include
measurements on large single-crystal HSM samples where the complication of polycrystalline
averaging is eliminated. This should allow a direct comparison with the theoretical results of
section 4.2. It is hoped that these single-crystal samples will allow the quantum properties of
these systems to be more effectively probed with the muon.
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