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Introduction

The positive muon, which is used as a probe in this study, is
a transient particle with a lifetime of 2.2 ms. Chemically it re-
sembles a proton with almost a ninth of the mass. On im-
plantation into matter, the muon may exist as the positive
ion, mimicking a proton or pick up an electron to form an
isotopic analogue of the hydrogen atom, muonium. The
muonium thus formed may add to an unsaturated centre in
the molecules that compose the material to give radical spe-
cies. Analogous to the proton, the muon also has a spin of
one half; at the end of its life it decays to give a positron
which is emitted preferentially along the spin direction at
the moment of decay. Because it is possible to produce
almost 100 % spin polarised muon beams, detection of the
direction of emission of the decay positrons allows the study
of the evolution of the muon spin within the implanted
sample. This provides information on the magnetic fields
local to the muon site.

The study of muonium addition to organic compounds is
well developed.[1] We have initiated a study of muonium ad-
dition to organometallics, mainly for the following reasons.

The dynamics of organic ligands attached to metal centres
are important for catalysis. For example, “…metallocene
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catalysts are now replacing Ziegler–Natta catalysts, making
it possible to engineer the properties of polymers by design
at a molecular level…”.[2] The importance of metallocene
ring dynamics to polymer engineering has been beautifully
illustrated by Waymouth and Coates.[3] However, the ring
rotation rates of these metallocenes used in the latter hy-
pothesis were measured only very recently, but at low tem-
peratures which are not directly relevant to the catalytic
process.[4] The latter paper also provides a good description
of the reasons for the difficulties in measuring these rates
which are too fast for the conventional techniques. The rates
of metallocene ring reorientation at the temperatures of in-
terest happen to fall within the microsecond to picosecond
time window, which bridges the accessible timescales of nu-
clear magnetic resonance (NMR) and quasielastic neutron
scattering (QENS) with more overlap with the latter. Of the
techniques applicable to this time window, Mçssbauer spec-
troscopy is limited to very few metals. EPR, on the other
hand, depends on the presence of molecules with unpaired
electrons, and some of these may be EPR-silent. The lower
end of this time window could be accessed using deuterium
NMR, and the range could be extended by an order of mag-
nitude using fully deuteriated samples. mSR has the potential
to be a versatile technique for this time window, being appli-
cable to all unsaturated systems. It is the open shell radical
species that is studied in mSR, not the closed shell parent.
However, as illustrated in this study, it appears that there
are situations, such as the occupation of a nonbonding orbi-
tal, where the extra electron does not significantly change
some of the important dynamics of the molecule.

It is not possible to use NMR to study the dynamics of
molecules or groups when next to a conducting material
such as in polymer composites with graphite or metals, or
molecules on metal surfaces in heterogeneous catalysis.
QENS experiments may be used for this purpose but re-
quires samples with large surface areas in order to have suf-
ficient material on the surface, which is not often possible.
With the advent of the “slow muon beams”, which are cur-
rently being developed at some muon facilities, it is already
possible to study thin films; surfaces may be accessible in
the future. Therefore the development of mSR as a method
to probe the dynamics of species on metal surfaces is likely
to produce uniquely important information on heterogene-
ous catalysis. A study in the literature of relevance to this is
the investigation of the dynamics of benzene molecules on
finely divided silica by Reid et al.[5] Another study of rele-
vance to catalysis is the mSR assisted deduction of the
reason for increased reactivity of ferrocene when encapsu-
lated within a zeolite.[6]

Muon implantation studies are in essence a method to
make novel organometallic hydride analogues, using the ac-
cepted analogy of muonium as a lighter isotope of hydro-
gen,[1] and studying their properties in a rather convenient
way. If found to have interesting and useful properties, the
hydrides corresponding to these adducts might then be pre-
pared by suitably designed syntheses. Such adducts for ex-
ample, are postulated to be responsible for the termination

of catalytic activity in the metallocene catalysis of polyprop-
ylene formation.[7]

A number of theoretical treatments of protonation of fer-
rocene can be found in the literature,[8] but none on the ad-
dition of hydrogen atoms to metallocenes. Macrae[9] has re-
cently attempted to calculate the addition of muonium to
ferrocene. He reported on the energy minimum structures
for three likely adducts, one to the metal and two to the cy-
clopentadienyl ring, Figure 1. However, the methods used
(including DFT) does not provide a satisfactory way of deal-
ing with the spin-orbit coupling that is clearly expected to
be significant with transition metals.[11] Therefore we have
taken a well proven approach, similar to that of Ammeter
and Swalen[12] to deal with this problem as described later in
this paper.

Herein we report a detailed study of the addition of muo-
nium, the lightest isotope of hydrogen, to ferrocene, an as-
signment of the resulting spectral features and an evaluation
of the corresponding hyperfine parameters.[10] From this ex-
ample it is clear that muoniated systems present very inter-
esting theoretical problems that are complex but solvable,
thus opening the way for the study of hydrogen atom addi-
tions to metallocenes using the elegant method of muon im-
plantation.

Results and Discussion

The field of organometallic chemistry was transformed in
1952[13] by the discovery of the “sandwich” structure of what
has become the most famous member of this family of com-
pounds, dicyclopentadienyl iron or ferrocene. A wealth of
knowledge now exists on its structure and dynamics, includ-
ing NMR spectroscopy[14] and QENS[15] studies. For that
reason ferrocene was chosen for this investigation to deter-
mine the suitability of mSR for the study of organometallic
compounds. Ferrocene undergoes a phase transition at
163.9 K.[16] During the present series of studies this phase
change was observed to show substantial hysteresis.[17] X-ray
crystal structure determinations at 295 and 173 K[18] show
the high temperature phase (HT) to be monoclinic, space
group P21/a with Z=2. This phase is also found to possess
rotational disorder.

Of relevance to this investigation is the present under-
standing of the molecular orbital energy levels of ferrocene,
particularly the frontier orbitals. Many calculations of the
molecular orbitals of ferrocene[19,20] are to be found in the
literature. There is a general consensus on the energy order-
ing of the molecular orbitals up to the HOMO. However,
the precise ordering of the LUMO and higher levels is still
uncertain; recent work having assigned the antibonding e1g

(xz,yz pair) as the LUMO,[18,19] closely followed by the non-
bonding e2u pair localised within the cyclopentadienyl rings.

The reason for the difficulty in the assignment of the
LUMO orbital becomes clear when one considers the pho-
toelectron spectroscopic work on ferrocene by Evans
et al.[21] Particularly the plot of the ioinisation energies of
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the isoelectronic metallocenes [(C6H6)2Cr], [(C6H6)Mn-
ACHTUNGTRENNUNG(C5H5)] and [(C5H5)2Fe] (see Figure 6 in ref. [20]). There is a
clear cross over in energy of the two candidate states for the
HOMO, 2A1g and 2E2g, close to the position of the element
Fe when moving across the 1st transition metal series. Fur-
ther the change in ionisation energies of the configuration
2A1g closely resembles those of the d orbitals of the isolated
metal atoms consistent with the nonbonding nature of the
a’1g (3dz

2) orbital.[22] It is therefore reasonable to expect a
similar cross over in energy between the candidates for the
LUMO, that is, the antibonding e1g (xz,yz) which has an ad-
mixture of metal and ligand character, and the nonbonding
e2u pair confined to the cyclopentadienyl ring. Discussion of
the mSR data to follow is based on this picture of the bond-
ing in ferrocene as the starting point.

Muon spin relaxation and ALC measurements on ferro-
cene were made spanning the temperature range from
about 300 to 18 K; the features observed are summarised in
Table 1.

The observation of avoided level crossing resonances is
dependent on a static or time averaged interaction which
mixes the crossing levels, whereas the muon spin relaxation
in these systems is caused by transitions induced by fluctua-
tions of the muonQs magnetic environment due, for example,
to librations of groups of atoms within the molecule or vi-
brations and rotations of the molecule as a whole.

There are three possible adducts of muonium[9,10] to ferro-
cene, resulting in the radicals shown in Figure 1. All three
radical species are needed to rationalise the results present-
ed in this paper (see below). Data are first presented with
assignments to the appropriate radicals, and this is followed
by the theoretical treatments that justify these assignments.

The field dependence of the muon spin relaxation rate for
muons implanted into polycrystalline ferrocene was mea-
sured from 2.5–400 mT at 300 K on the EMU spectrometer
at the ISIS-RAL facility. At least two exponential functions
were needed for good fits to the data (see Figure 2), in addi-

tion to the non-relaxing diamagnetic background. At low
fields, the fast-relaxing component appears to become too
fast to be measured at ISIS-RAL while the slow-relaxing
component was easily measured due to the low background
of the pulsed source. Although the coupled muon–electron
spin states provide a multilevel system, the manner in which
LF-mSR picks out the muon polarization via the asymmetry
in the muon decay should lead to a relaxation curve which
is effectively a single exponential.[23] The observation of two
exponential components therefore implies the participation
of at least two distinct chemical species.

The plot of initial asymmetry against the applied field for
the slow-relaxing component showed a repolarization field
of about 20 mT, a value close to that observed for muoniat-
ed benzene,[1,23] which would suggest assignment to a cyclo-
pentadienyl ring adduct. At an applied field of 200 mT the
temperature dependence of the LF-mSR relaxation rate of
this slower relaxing component has a maximum around
225 K. This was shown[17] to be due to an Arrhenius process
with an activation energy of about 5.39 kJ mol�1 and an at-
tempt frequency of 1.03 R 1012 s�1. This process is assigned by
comparison with NMR[14] and QENS[15] data to the cyclo-
pentadienyl ring rotation of ferrocene in the room tempera-
ture phase (see Table 2).

These measurements were repeated during the present
study (Figure 3) also investigating the temperature depend-
ence of the LF-mSR relaxation rate of the fast-relaxing com-

Table 1. Summary of experimental data for muon–FeCp2 adducts.[a]

Metal adduct Observed resonances/mT
Phase T/K Time differential

measurements
(Figure 10)

Time integral
measurements
ACHTUNGTRENNUNG(Figure 7)

HT 295 106.3 490.6
HT 250 64.3 –
HT 200 37.4 659.4
HT 180 27.6 699.1
phase transition 164[b]

LT 100 – 838.1
LT 60 – 897.7
LT 18 – 1165.8

ring adducts Observed bands/mT

LT (m-endo) 18 – 1190; 2040
LT (m-exo) 18 – 2440; 3260

[a] Note that 1) The field-dependence of muon spin relaxation data indi-
cate that there are two or more different radical species present in the
sample following muon implantation. 2) The assignments of the various
experimental features to particular radical species are justified in the the-
oretical section. 3) Peak positions were determined by using derivative
spectra. [b] Phase transition temperature as reported by Edwards et al.[16]

However, the present study showed that fast heating and cooling shows
this transition to show significant hysteresis.

Figure 1. Metal–Mu and ring–Mu adducts of muoniated ferrocene.

Figure 2. Field dependence of slow and fast relaxing components at
300 K.
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ponent at an applied field of 200 mT. The latter showed a
maximum around 175 K with the relaxation dropping to a
minimum around 250 K and then steadily rising at higher
temperatures. A treatment of the relaxation peak at 175 K,
similar to that reported for the slow-relaxing component
again showed an Arrhenius process, but with an activation
energy of about 3.41 ACHTUNGTRENNUNG(0.42) kJ mol�1 and an attempt frequen-
cy of 6.3 (1.7) R 1011 s�1 (see Figure 4a). Interestingly the
value for the activation energy in this case is almost half
that reported for the slow relaxing component.[17] The
steady rise in relaxation beyond 250 K is due to the influ-
ence of the other more energetic dynamic processes of the

molecule. Similar shaped curves are reported for other spin
relaxation measurements, for an example see the work done
by Nakagawa et al.[25] with EPR of chromium(V) com-
pounds. Figure 4b shows the repeated analysis of the slow
relaxing component that gives the values of about 5.85-
ACHTUNGTRENNUNG(0.40) kJ mol�1 and 1.13 ACHTUNGTRENNUNG(0.40) R 1012 s�1 for the activation
energy and the attempt frequency, respectively, in good
agreement with the original report.[17] Note that the phase
transition assigned to a temperature of about 164 K is found
to show a large hysteresis thus making it possible to obtain
measurements of the high temperature phase to much lower
temperatures.

The radical species, which results from the addition of
muonium to the closed-shell compound, has been investigat-
ed by mSR. In studies of molecular, “whole body”, dynamics
where the muon appears to be an almost passive observer, it
is the very light mass of the muon which allows the observa-
tion of properties; these are almost identical to those of the
parent molecule. There are a number of such studies of or-
ganic systems.[1] mSR studies of the dynamics of fullerenes
C60 and C70 are particularly interesting examples of such
whole body motions where the change in the moment of in-
ertia due to the added muonium is negligible.[26] However,
the use of mSR to study intramolecular dynamics presents at
least two distinct scenarios.

1) The radical electron may have a passive role with regards
to the dynamic process that is investigated. This is based
on the fact that this electron will occupy an orbital such
as a non-bonding molecular orbital, which plays no role

Table 2. Activation energies (Ea) and attempt frequencies (A) for ferro-
cene ring rotation as estimated by all the methods reported in the litera-
ture compared with those from the present investigation.

Method Phase Ea [kJ mol�1] [s�1] Ref.

NMR solid < 164 K 5.4ACHTUNGTRENNUNG(0.5) 2.2 R 1012 [14]

NMR[a] solid 150–300 K 5.3ACHTUNGTRENNUNG(0.5) [14]

QENS solid >164 K 4.4ACHTUNGTRENNUNG(0.5) 0.8 R 1012 [15]

mSR[b] solid ca. 300 K 5.39 1.03 R 1012 [17]

mSR
solid ca. 300 K 5.85 (0.40) 1.13 (0.40) R 1012 [c]

3.41ACHTUNGTRENNUNG(0.42) 6.3 (1.7) R 1011 [d]

[a] Results for the monoclinic phase as used for the mSR studies.
[b] Slow-relaxing component. [c] Slow relaxing component in the pres-
ent investigation. [d] Fast relaxing component in the present investiga-
tion.

Figure 3. Temperature dependence of the two relaxing components at an
applied field of 200 mT. a) Fast relaxing Fe–Mu radical. b) slow relaxing
C–Mu radicals. The lines are the expected variations from the estimated
Arrhenius parameters from Figure 4.

Figure 4. Arrhenius plots of the two relaxing components a) fast; the
linear fit is; [ln ACHTUNGTRENNUNG(1/t)=27.17 ACHTUNGTRENNUNG(�0.33)�0.41ACHTUNGTRENNUNG(�0.05). ACHTUNGTRENNUNG(1000/T)]. b) Slow; the
linear fit is; [ln ACHTUNGTRENNUNG(1/t)=27.76 ACHTUNGTRENNUNG(�0.33)�0.70 ACHTUNGTRENNUNG(�0.06). ACHTUNGTRENNUNG(1000/T)]. t is the corre-
lation time as estimated from the muon experiment.
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in bonding with respect to the bonds directly involved in
this dynamic process.
or

2) The radical electron may have an active role with regards
to the dynamic process that is investigated. This may be
achieved by this electron occupying either a bonding or
an anti-bonding molecular orbital with respect to the
bonds directly involved in this dynamic process.

In looking for the assignments for the dynamic processes
measured in these mSR experiments, it is important to note
that the cyclopentadienyl ring rotation is the low energy dy-
namic process which has the largest amplitudes of motion.[27]

Therefore the relaxation maxima observed for both the slow
and fast relaxing components are assigned to this same dy-
namic process but in at least two different radical species.

A comparison with the literature reports on this dynamic
process in the closed-shell compound shows that these two
radicals are examples of the two types of radicals mentioned
above, where either a passive or an active role is played by
the radical electron.

The hyperfine interaction estimated by the muon repolari-
sation data justifies the assignment of the slow relaxing com-
ponent to a ring adduct (Figure 1).[17] We assign an approxi-
mate molecular orbital energy level diagram for this radical
to be one with the radical electron occupying the non-bond-
ing e2u pair of orbitals localised within the cyclopentadienyl
rings, thus playing a passive role with respect to the dynamic
process that is monitored, Figure 5. This then explains the
close agreement between the activation parameters mea-
sured with mSR with those of NMR and QENS. In contrast
the fast relaxing radical with only about half the activation
energy for this dynamic process is an example of the radical
electron playing an active role in reducing the bonding be-
tween the cyclopentadienyl rings and the iron atom. An ap-
proximate molecular orbital energy level diagram for this
radical would therefore be one with the radical electron oc-
cupying the anti-bonding e1g (xz,yz) orbitals (Figure 6).
Note that the unpaired electron in the latter case is also as-
sociated with the heavy atom, iron, thus making spin-orbit
coupling effects important for this radical. It is now possible
to show that these assignments do provide an explanation of
the rest of the mSR data. The near degeneracy of these two
orbitals in ferrocene[21] makes these assignments reasonable.

Figure 7 shows the results of a high longitudinal-field-time
integral measurement, carried out at PSI where several
ALC or “avoided level crossing” resonances were observed.

A polycrystalline sample was used, and five broad features
were observed, most clearly at 18 K, the lowest temperature
of the experiment. The temperature dependence segregates
these peaks into two sets. The high field peaks at about 3.26,
2.44, 2.04 and 1.19 T all show exceptional broadening with
increase of temperature, accompanied by a slight shift to-
wards higher fields. These resonances are broadened beyond
recognition well before approaching the phase transition
temperature. In marked contrast, the lowest field peak at
about 1.1658 T (at 18 K) broadens less and shifts significant-
ly to lower fields with rise in temperature. These field shifts
with temperature are shown in Figure 8.

Figure 5. Postulated molecular orbital energy-level diagram for ring C–
muon adduct radicals.

Figure 6. Postulated molecular orbital energy-level diagram for Fe–muon
adduct radical.

Figure 7. High-field time integral spectra (ALC) at different tempera-
tures. The errors in polarisation measurements are within the width of
the trace. The lines are guide to the eye.
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The comparison of the LF-time integral measurements of
a ferrocene sample with that where all hydrogen atoms are
replaced by deuterium is shown in Figure 9. This compound,
Fe ACHTUNGTRENNUNG(C5D5)2, has the strong feature at about 1.1658 T remain-
ing almost unchanged by deuterium substitution, while the
higher field polarisation losses appear significantly reduced
in intensity.

This is what one would expect with the H/D replacement,
when only the DM=1 transitions are expected to remain,
but shifted slightly up field, to about 1.5 T and about 2.5 T,
due to the replacement of H by D in the methylene posi-
tion.[28,29] The metal–Mu radical where there are no protons
in a methylene position should have the DM=1 resonance
almost unchanged with H/D substitution.

In another experiment, the field dependence of the muon
spin relaxation rate in a longitudinal field was measured at
the PSI, where the continuous muon source makes it possi-
ble to measure shorter relaxation times than with a pulsed
source, thus making faster relaxation rates accessible. How-
ever, continuous sources tend to have higher background
levels. This resulted in an adequate modelling of the relaxa-
tions by a single exponential corresponding to the faster re-

laxing component in the ISIS data. The relaxation data for
temperatures from about 300 to 100 K, where one finds the
high temperature phase, are shown in Figure 10. For this fast
relaxing radical a temperature-dependent relaxation peak
which shifts from about 110 mT at 295 K to almost zero field
at the phase transition temperature is observed (see
Figure 8).

All data on the high temperature phase of ferrocene,
which were collected at the continuous muon source at the
PSI and including both time differential and time integral
measurements, show detectable broad (solid state) features
assignable to the muonium-to-metal adduct radical that is
postulated. Their resonance fields are plotted with tempera-
ture in Figure 8. We now present a theoretical treatment of
this adduct that explains these variations and justifies the as-
signments and interpretations of all observations that were
made up to now.

Muonium–iron radical of ferrocene : To our knowledge the
present measurements constitute the first observation of this
type of muonium adduct, where a muon is bonded directly
to a heavy atom such as iron. For the interpretation of the
results we need to consider a plethora of interactions such
as spin-orbit coupling, crystal-field splitting and quenching
of orbital angular momentum. Accordingly, a number of ap-
proximations have been made in order to make the problem
tractable and facilitate the analysis of the data. In particular,
we have assumed that:

1) A molecular orbital description[19–21] of metallocenes is
applicable and the electronic configuration of the muoni-
um–metal adduct is similar to that of “cobaltocene” in
which the unpaired electron occupies one of a pair of de-
generate orbitals designated e1g in D5d symmetry

Figure 8. Temperature dependence of the high field ALC resonance (*)
and the low field relaxation (~) peak position of the Fe–Mu radical.

Figure 9. A comparison between the high-field time integral spectra
(ALC) of ferrocene and perdeuteroferrocene.

Figure 10. Muon spin relaxation dependence on field at different temper-
atures of the fast relaxing radical. The lines are guide to the eye.
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(Figure 6). This pair of orbitals is derived from the
atomic 3d orbitals which have ml values of �1 and may
be expected to retain their orbital angular momentum
under conditions of high axial symmetry.

2) The above electronic orbital angular momentum may be
partially quenched by bonding, and this is allowed for in
the present treatment by the introduction of a parameter
g ; 0.0�g�1.0, where g=1.0 represents the unquenched
situation.

3) The degeneracy of the 3d orbitals having ml=�1 may
be lifted by forces in the solid state or by the formation
of the muonium adduct. Following Ammeter and
Swalen,[12] we allow for this fact by introducing off-diago-
nal matrix elements � iV (where i=

ffiffiffiffiffiffiffi
�1

p
) between states

having ml=++1 and those with ml=�1 into the energy
matrix. V is a crystal or ligand field parameter.

4) Significant spin-orbit coupling (spin-orbit coupling con-
stant z) must also be assumed. The effects of the param-
eters V, g and z upon the electronic structure of the mol-
ecule have been discussed by Ammeter and Swalen,[12] in
their detailed study of the electron paramagnetic reso-
nance of cobaltocene. In this work we also observe a
subtle interplay between them.

5) The system may be adequately described by a basis of
eight microstates (jml(e), ms(e), ms(m)i) consisting of two
possible values of the z component of the electronic or-
bital angular momentum, two possible spin orientations
each of the unpaired electron and the muon. For a com-
plete treatment many more states would be required
since spin-orbit coupling connects microstates with ml=

�1 with others having ml=0 and �2.
6) The magnetic interactions can be generated (in frequen-

cy units) using the Hamiltonian:

Ĥ ¼ g j l̂ � Ŝ þ Am Î � Ŝ þ B½ð1=2 ĝlz þ ŜzÞne � Îmznm 


where, l̂, l̂z, Ŝ, Ŝz, Îm and &mz are the operators for the orbi-
tal and spin angular momenta of the unpaired electron
and the muon spin respectively; each followed by its z
component. Am is the muon coupling constant and V, g

and z have been defined above. The Hamiltonian has
been formulated so that all Larmor frequencies are posi-
tive, namely: ne=++ 8.0 GHz T�1, nm=++135.5 MHz T�1

and np=++42.6 MHz T�1. np is the Larmor frequency of
the proton which we introduce here for use below. The
matrix of Ĥ for the eight basis microstates, jml(e), ms(e),
ms(m)i, blocks out into two 2 R 2 and one 4 R 4 matrices.
When B=0 these matrices can be diagonalised algebrai-
cally giving the following eight eigenvalues. These matri-
ces and the detailed calculations are shown in Appendix
SI, in the Supporting Information.

From the two 2 R 2 matrices:

E ¼ ðAm=4Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fgz=2Þ2 þ V2g

p

two of each, four eigenvalues in total.
From the 4 R 4 matrix:

E ¼ �ðAm=4Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fgz=2Þ2 þ ðAm=2 � VÞ2g

q

all four sign combinations.

In order to visualise the way in which the energy changes
with spin-orbit coupling and crystal field, it is easier to first
consider the two extreme cases of gz=0 and V=0.

At gz=0 we have two sets of energy levels with their en-
ergetic centres of gravity separated by 2V. Each set compris-
es a threefold degenerate level at V +0.25Am (or �V
+0.25Am) and a single level at V �0.75Am (or �V �0.75Am).

At V=0, there are four degenerate pairs of energy levels.
An upper set of two pairs at 0.25Am + 0.5gz and �0.25Am

+ 0.5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fðg zÞ2 þ Am

2g
p

and a lower set of two pairs at 0.25Am

� 0.5gz and �0.25Am � 0.5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fg zÞ2 þ Am

2g
p

.
A diagram such as depicted in Figure 11 may be drawn in

terms of the parameter V/gz in order to correlate these two
extremes. The lower four energy levels only are plotted, the

higher four show the same behaviour. Therefore Figure 11
illustrates the predicted variation of zero-field splitting de-
pending on the interplay between the spin-orbit coupling
and the crystal field. A vertical line on the diagram is the
starting position from which the levels diverge/converge
when an increasing external magnetic field is applied (see
Figure 12), which is predicted to result in two level crossings
at fields of Ba and Bb. It is to be noted that the level of ap-
proximation used in this analysis results in these being true
level crossings. However, the use of a more realistic Hamil-
tonian or coupling of the states involved via an energetically
distant energy level will result in the lifting of the degenera-
cy at these crossings as observed for many other systems.[1]

The assignment of these level crossings to the experimental-
ly observed ALCs is therefore based on this realistic expect-
ation.

Figure 11. Energy level dependence on the interplay between spin-orbit
coupling and crystal field effects at zero applied field. ++, ��, +� and
�+ represent the spin functions of the electron and the muon in the
wave functions.
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The results depicted in Figures 11 and 12 predict the
crossings Ba and Bb to change with temperature due to the
variation of the quantity V/gz. Such a change is experimen-
tally observed for the two unique resonances for the high
temperature phase as shown in Figures 7 and 9 and is illus-
trated in Figure 8.

Though there may be some uncertainty as to the value of
V (see below), z for the iron atom is certainly in the order
of 107 MHz[11] and is the order of energy separation to be ex-
pected between the two sets of four energy levels at the V=

0 extreme. Thus, the model presented here provides a rea-
sonable explanation for the two resonances, Ba and Bb (Ba

< Bb; see also Table 1), in terms of the lower group of four
energy levels; these resonances are therefore assigned to the
metal–Mu radical.

The problem is made rather complicated by the presence
of the parameters V, z and g and our inability to diagonalise
the matrices algebraically when B ¼6 0. However, explicit
diagonalisation of matrices generated with a range of pa-
rameters shows that the dependence of the lower four levels
upon magnetic field is effectively linear above 250 mT
(Figure 12) and that the simple relationship Am=2 Bbnm, as
explained in Appendix II (Supporting Information), gives
values of Am in good agreement with the results of full
matrix diagonalisation with g=1.0. If the value of Am is
fixed in this way for a particular Bb then pairs of values of g
and V can be determined by full diagonalisation which gives
an ALC at Ba and a new predicted Bb which is found to

differ by less than 1 % from the experimental value used to
determine Am. Agreement was further improved by refining
the value of Am to reduce the rms difference between the ex-
perimental and calculated ALC resonance fields to a mini-
mum (see Table 3).

The results in Table 3 only include entries for g=1.0 since
it was found that the ALC values at 295 K cannot be repro-
duced with a g value lower that 0.98 while the data at 200
and 180 K are incompatible with values of g below �0.9.
For the data at 180 K, a range of seven paired g and V
values can be determined for 1.0�g�0.88. It is found that
V and g are linearly related according to the following equa-
tion:

V � 10�5 ¼ ð434:7g�369:0Þ MHz

with a correlation coefficient of 0.978. There is a similar
linear relationship between V and g for other temperatures,
though the range of g values is much smaller and the gradi-
ent becomes somewhat steeper as the temperature rises.
The linear relationship between V and g confirms the intui-
tive feeling that both parameters reflect essentially the same
phenomenon in slightly different ways. Any loss of the de-
generacy, that is, an increase of V, of the ml=�1 levels will
decrease the orbital angular momentum which can be repre-
sented by a decrease in the value of g.

At the present state of refinement of the model it there-
fore appears possible to view the changes in the positions of
the ALCQs as being the result of changes of V and/or g.
Studies of other metallocenes which have been performed
in an attempt to clarify the position are in progress. Muon
spectroscopy may therefore offer a novel way of investigat-
ing the quenching of orbital angular momentum.

The analysis in this paper provides clear assignments of
the state of the system to positions on the horizontal axis of
Figure 11 for the four temperatures at which both Ba and Bb

measurements were made. Our model also allows us to
make tentative predictions concerning the relative ability of
each ALC to bring about a muon spin-flip relaxation, that is
the possible mixing of the states via the above-mentioned
mechanisms or the intensity of the ALC signals (see Appen-
dix SII in the Supporting Information for further discus-
sion). Electron g factors for this system at different tempera-
tures are also estimated as illustrated in Appendix SIII (see
Supporting Information). It is worth exploring the possibility
of finding a parameter based on the model of spin-orbit cou-
pling developed here to explain the mSR data as a measure
of spin-orbit coupling in different metallocenes. A plot of
the estimated values of the ratio V/gx (see Table 3) against
the natural logarithm of the correlation times for the ring
dynamics of the Fe–Mu radical—as estimated based on the
Arrhenius plot given in Figure 4a—is shown in Figure 13a.
There is a good linear correlation between these quantities,
giving a value of about 3.2�0.1 ps for t at zero crystal field.
It is interesting to compare this value with t8 of about 1.6 ps
obtained with the Arrhenius plot from the spin lattice relax-
ation data alone (see Figure 4) and reported as 2.2(7) ps for

Figure 12. Theoretical level crossings for metal–m adduct in ferrocene.

Table 3. Calculated values of metal-adduct parameters with g fixed and
z=2.6R 107 MHz.

T/K 295 250 200 180

Ba [mT] exptl 106 64 37 28
Bb [mT] exptl 491 571* 659 699
g calcd 1.0 1.0 1.0 1.0
VR 105 [MHz] calcd 27.5 38.0 53.1 63.2
Am [MHz] calcd 134 156 180 191
Ba [mT] calcd 106 64 37 28
Bb [mT] calcd 489 569 657 697
rel. intensities Bb/Ba calcd 6.0 4.1 3.0 2.6
V/gx calcd 0.11 0.15 0.20 0.24

[*] Estimated by interpolation.
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the Fe–Mu radical by Kaiser et al.[32] using a limited data
set. Now if one were to use the correlation time of 3.2 ps, it
is possible to estimate the temperature at which this value is
reached for this particular radical using the Arrhenius plot
given in Figure 4. This value of about 584 K corresponds to
the left-hand end of Figure 11 where one would observe the
maximum manifestation of the spin-orbit interaction as a
zero-field splitting.

Figure 13b shows the relationship between the correlation
times and the quantity gz/V, where the simplest linear rela-
tionship is between 1/t and gz/V. Interestingly, this plot
gives a negative intercept on the 1/t axis, with the intercept
on the gz/V axis at 0.71�0.46. Therefore a vertical line
through this value of gz/V in Figure 11 gives the zero-field
splittings to be expected at the extreme case of static cyclo-
pentadienyl rings. This is reasonable as an orbital contribu-
tion would be expected to be present even when the cyclo-
pentadienyl rings are static. Since the zero-field splitting for
ferrocene is predicted to have reached a maximum at 584 K,
this may be used to characterise ferrocene and thus be used
as a mSR measure of the interplay between the intramolecu-
lar dynamics and spin-orbit coupling in the Fe–Mu radical,
and would be a useful parameter for comparison between
different metallocenes.

As a final comment upon our interpretation of the muoni-
um–metal adduct spectra we emphasise again that our ap-
proach contains several parameters, and the values that
these should take in this particular model, are difficult to
determine by alternative methods. Indeed, the model itself

must, at this stage, be regarded as tentative and in need of
further applications to other organometallic–muonium ad-
ducts to test its viability.

Muonium addition to the cyclopentadienyl ring of ferro-
cene : To interpret the ALCQs of the ring adducts we have
followed the approach of Roduner and his co-workers[5,30]

closely. The notation for the proton is analogous to that
used for the muon m being replaced by p so that we formu-
late the Hamiltonian as:

Ĥ ¼ Am Î � Ŝ þ Ap Îp � Ŝ þ

B ½Ŝzne � Îpznp � Îmznm


As shown by Reid et al.,[5] very good estimates of the fields
at which the high-field ALCs occur may be obtained as fol-
lows:

For the proton-muon spin flip–flop where DM=0

B0 ¼ j
Am �Ap

2ðnm � npÞ
j

and for the muon spin flip where DM=1

B1 ¼ jAm
2nm

j

Though these equations may be refined,[29] we find that the
resulting values for B0 and B1 are in good agreement with
full matrix diagonalisation. The values of Am and Ap found
using the above equations provide the starting point for our
attempts to interpret the four peaks in the region between 1
and 4 T, where the ALCQs of the ring adduct are expected.
The presence of four rather than two peaks in the high-field
region suggests the presence of two muonium–cyclopenta-
dienyl ring-adduct radicals. We believe that the two radicals
are distinguished by the relative positions of the muon and
proton bound to the, approximately tetrahedral, carbon
atom carrying the former. We call the adduct with the muon
on the same side of the ring as the iron atom the endo-
muon species and that with the proton closer to the iron
atom the exo-muon (see Figure 1). This interpretation re-
ceives strong support from recent studies of the benzene–
muon radical in NaY zeolites by Fleming et al.[30] who found
four ALCQs between 1.5 and 3 T. They attributed the two
bands at lower fields, for which they found Am=430 and
Ap=70 MHz, to an adduct with the muon on the same side
of the benzene ring as the cation and the two bands at
higher fields (Am=606 and Ap=108 MHz) to an adduct with
the muon on the other side of the ring, remote from the
cation. Our task therefore is to assign our experimental fea-
tures to the B0 and B1 ALCQs of the two possible ring ad-
ducts.

Examination of all possible assignments leads to the con-
clusion that for one species B0=2.04 and B1=1.19 T yield
Am=322 and Ap=�57 MHz, while for the second species

Figure 13. Relationship between the correlation times obtained from the
spin-lattice relaxation data and the ratio between the crystal field split-
ting parameter V and the spin-orbit coupling constant z. Fits: a) ln t=

6.61 ACHTUNGTRENNUNG(0.14) (V/gz�26.48 ACHTUNGTRENNUNG(0.03)and b) 1/t=2.07 ACHTUNGTRENNUNG(0.17) R 1010
ACHTUNGTRENNUNG(gz/V)�1.47-

ACHTUNGTRENNUNG(0.95) R 1010.
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B0=3.26 and B1=2.44 T yield Am=661 and Ap=55 MHz.
Where we have also assumed, in the light of earlier re-
sults,[31] that Am is always positive in systems of this type (see
Table 4).

A comparison of the features observed for the fully H
and fully D species (Figure 8) shows the retention of the
features assigned to the DM=1 transitions albeit with some
shifts thus confirming these assignments. Shifts in the field
positions of about 20 mT with deuteriation are as expect-
ed.[28, 29]

Conclusions

Muon spin relaxation and avoided level crossing experi-
ments have been made on polycrystalline samples of ferro-
cene both in its high temperature and low temperature
phases. Also reported are the measurements of a fully deu-
terium substituted sample. The observations have been ra-
tionalised by assuming the formation of all three radical spe-
cies, two muonium adducts to the cyclopentadienyl ring and
one to the metal. The ring adduct data are interpreted with
the theoretical treatments already in the literature for addi-
tion to organic ring systems. Molecular orbital energy level
diagrams for these radicals have been postulated and theo-
retical models, including spin-orbit coupling and crystal field
effects, developed in order to account especially for the un-
usual temperature variations of the resonances due to the
metal–Mu adduct, a novel radical species. It is found that
when the value of the quenching of the orbital motion g is
assumed to be 1, a value justified in the discussion, the ratio
of crystal field to spin orbit coupling V/gx (Table 3) is
unique for a particular set of the level crossings Ba and Bb,
and therefore is fixed for a given temperature. This there-
fore uniquely defines the state of the zero-field splittings for
this system at a particular temperature; the positions are in-
dicated in Table 3. This Table also gives the theoretically es-
timated ratio of the intensities of the polarisation dips ex-
pected for the two level crossings at Ba and Bb, estimated
for DM=1 only from the contributions of the different spin
states of the muon to the two states at the field value of the
crossing and hence independent of the mechanism responsi-
ble for the anticrossing. These ratios explain why the first

crossing is difficult to detect in the LF-time integral mode
experiment where the background repolarisation at low
fields is prominent. However this crossing is clearly seen as
a relaxation peak in the LF-time differential experiment
(see Figure 9), due to the contribution of molecular dynam-
ics to the mechanism of the ALC signal.

Finally it is possible to define a temperature of 584 K
characteristic of ferrocene, as a mSR measure of the extent
of spin-orbit interaction that is present in the Mu–metal
adduct. Future experiments with other metallocenes will
help to illucidate this aspect of the work.

Experimental Section

A sample of ferrocene purchased from Avocado Research Chemicals and
further purified by sublimation was used for most of the experiments. A
polycrystalline sample densely packed into a 2 mm deep and 40 mm di-
ameter recess in an aluminium plate and covered with a thin mylar film
was used for the muon spin relaxation experiments. These experiments
were carried out using the EMU spectrometer at the ISIS muon facility,
Rutherford Appleton Laboratory (RAL), UK. A similar sample arrange-
ment, but with a backing plate of pure copper, was used for the time dif-
ferential and time integral experiments at higher magnetic fields at the
Paul Scherrer Institut (PSI), Switzerland. The spectrum of pure copper
was used as a background (A slowly changing signal due to the effect of
the change in magnetic field on the paths taken by the positrons from
sample to detector.) for spectral subtraction in the ALC experiments.

Details of the mSR spectroscopic techniques are given in reference [1].
The dominant magnetic interaction in the case of muonium or of a muo-
niated radical was that between the muon and the radical electron. The
evolution of the energy levels of such a hyperfine interaction was given
by the well known Breit–Rabi diagram. An example of such a diagram
with splitting of the triplet state due to spin-orbit coupling is shown in
Figure 12. Longitudinal field muon spin relaxation in a four level system
was treated by Cox and Sivia,[23] where they show that the muon relaxa-
tion function in the case of one radical species was in practice indistin-
guishable from a single exponential, allowing an effective relaxation rate
l=T1

�1 to be extracted from a simulation.

Descriptions of the ALC technique are given by Roduner in several pub-
lications.[1] The energy levels shown in Figure 12 may not strictly cross if
the following three conditions are satisfied. i) There should be an element
in the Hamiltonian that leads to a mixing of the two states; ii) its magni-
tude should be large enough to cause an oscillation with a frequency nr,
such that the time nr

�1h/DE is comparable to or shorter than the muon
lifetime; and iii) one of the eigenstates must belong to muon spin a, the
other one to muon spin b. Two types of avoided crossings are possible de-
pending on either the off diagonal element in the energy matrix mixing
the two states directly or indirectly via coupling of both states to a
common, energetically remote state. The signals thus observed are called
avoided level crossing resonances (ALC), and sometime these are also
referred to as anticrossing resonances or simply as level crossing resonan-
ces. There are three selection rules for the observation of ALC resonan-
ces where the total spin quantum number, M, can either change by 0, 1
or 2 units. jDM j=1 corresponds to a transition where only the muon
spin flips. jDM j=0 corresponds to the situation where another spin 1=2

nucleus such as that of a hydrogen atom in also involved. The latter
would then be a muon–proton spin flip–flop transition. jDM j=2 gives a
very much weaker and sharper signal, and it is due to a transition consist-
ing of muon–proton spin flip–flip. The latter transitions are not often ob-
served. Conventionally, these avoided level crossings are observed by
monitoring the muon polarisation as a function of the applied longitudi-
nal magnetic field, when any mixing gives rise to a polarisation loss. The
field positions and band shapes of these polarisation dips may be used to
evaluate the properties of the muoniated radical that is studied. The

Table 4. Comparison of the experimental values of the ALCs with those
calculated from estimates of Am and Ap for the ring adducts.

Ap [MHz] Am [MHz] B1 [T] B0 [T]

muon-endo
1.19 (exptl) 2.04 (exptl)

�57 324 1.19 2.04
�25 335 1.230 1.93

muon-exo
2.44 (exptl) 3.26 (exptl)

57 665 2.44 3.26
19 645 2.37 3.35
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spectra reported in this study are of polycrystalline samples, and these
therefore give powder averaged spectra that in general show broad fea-
tures.
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