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A
promising strategy to encode infor-
mation inmolecular units is provided
by single-moleculemagnets (SMMs),1,2

chemically identical nanoscale clusters of
exchange-coupled transitionmetalor rareearth
ions and associated ligands. SMMs have been
used to study quantum tunneling of magne-
tization and topological quantum phase
interference3 and may find applications in
quantum information processing.4�6 The as-
sembly of these systems on surfaces is cur-
rently investigated,7�18 as this represents a
necessary prerequisite for their technological
applications.However, neither theeffect of the
surface on the magnetic properties of indivi-
dual SMMs nor that of reduced dimensionality
is well understood. One of the most investi-
gatedSMMs is TbPc2 (Tb(C32H16N8)2 3CH2Cl2 in
bulk), whose chemical robustness enables
thermal evaporation on surfaces19�24 and in-
clusion in nanogaps, allowing the electronic
readout of a single nuclear spin.25

As far as the magnetic properties are
concerned, the ground spin state manifold,
J = 6, of TbPc2 is split by a strong crystal field
at the single Tb3þ ion, which results in a
separation between the ground state, Jz =
(6, and the first excited state, Jz = (5, on
the order of a few hundred Kelvin.26,27 The
exceptionally large anisotropy of TbPc2, as
well as the long correlation time of its
molecular spin fluctuations, makes the sys-

tem a promising candidate for applications
in quantum computation.28 In the crystal-
line phase, TbPc2 is characterized by a low-
temperature butterfly-shaped hysteresis,
which opens at temperatures as high as

15 K. In contrast, submonolayers of TbPc2 on
Au(111) do not show a similarly high block-
ing temperature.20 Recently, deposition on

ferromagnetic substrates revealed an anti-
ferromagnetic interaction with the sub-
strate,21 most likely mediated by the phtha-
locyanine (Pc) molecules,29 but the observed
magnetic bistability is reminiscent of that of
the substrate. The weak hysteresis in sub-
monolayers on various conducting surfaces
may be due to the effects of the substrate on
the magnetization dynamics or possibly varia-
tion in the intermolecular interactionsbetween
neighboring TbPc2 . However, the exact de-
tails of how and why the low-temperature
dynamics are affected are still not clear. There-
fore, a better understanding of the phenom-
enon ismandatory if these types ofmolecules
are to be used in spintronic devices. Here
we use the muon spin relaxation (μSR, see
Methods) technique tomeasure the local spin
dynamics of TbPc2 and its depth dependence
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ABSTRACT We present measurements of the

magnetic properties of thin film TbPc2 single-molecule

magnets evaporated on a gold substrate and compare

them to those in bulk. Zero-field muon spin relaxation

measurements were used to determine the molecular

spin fluctuation rate of TbPc2 as a function of tem-

perature. At low temperature, we find that the

fluctuations in films are much faster than in bulk

and depend strongly on the distance between the

molecules and the Au substrate. We measure a

molecular spin correlation time that varies between

1.4 μs near the substrate and 6.6 μs far away from it. We attribute this behavior to differences in

the packing of themagnetic cores, which change gradually on the scale of∼10�20 nm away from

the TbPc2/Au interface.
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in thin films evaporated on a Au surface. In these
experiments, fully spin-polarized muons are implanted
into the sample and used as a local probe to detect
dipolar fields from their neighboring molecules (see
Figure 1). Thus, they provide a direct observation of the
spin dynamics of individual SMMs. This resolution,
coupledwith the unique sensitivity to fluctuation times
in the range ∼10�11 to 10�4 s, makes this technique
very suitable for studies of SMMs, both in the bulk and
at the nanoscale. We show that the TbPc2 relaxation of
the magnetization in films is faster than in bulk crystal-
line powder. Contrary to what is expected, we con-
clude that this effect is not substrate induced but is
rather related to the packing of the TbPc2 molecules.
The reported measurements are a first example of
application for Low Energy Muon Spin Relaxation
(LE-μSR) in molecular magnetic nanostructures.

RESULTS AND DISCUSSION

In our study we compared zero magnetic field (ZF)
μSR measurements performed on three samples of
TbPc2: (1) a bulk powder sample and (2) a thick (∼1 μm)
and (3) a thin (∼100 nm) film sample evaporated onto
200 nm polycrystalline gold films grown on freshly
cleaved Muscovite mica substrates. The TbPc2 eva-
poration was performed in ultrahigh vacuum (UHV)
using a home-built evaporator, which was heated to
690 K. While in the thin film the whole thickness can be
probed bymuons, in the thick film the thickness largely
exceeds the muons' penetration depth. The thickness
of deposit was estimated by atomic force microscopy
(AFM) with the standard scratch method and verified
by magnetometry measurements.11

Example muon spin relaxation curves measured in
ZF in the bulk and thick film samples are presented

in Figure 2a and b, respectively. The measurements in
both samples exhibit a striking qualitative similarity in
the whole temperature range. Note that at low tem-
peratures the asymmetry in both samples exhibits a
dip at early times (insets of Figure 2), followed by a
recovery and then relaxation at longer times. In con-
trast, at high temperature the asymmetry relaxes in an
exponential-like manner from its initial value to zero.
The low-temperature relaxation curves, with slowly
relaxing tail, indicate that the internal magnetic field
experienced by the implanted muons in TbPc2 con-
tains two contributions: a static component and a
dynamic component. Here, the terms dynamic and
static are relative to the ratio ν/(γδ), where ν is the
fluctuation rate of the dynamic magnetic fields, γ/2π =
135.5 MHz/T is the muon's gyromagnetic ratio, and δ is
the width of static magnetic field distribution sensed
by the muon. The static case is approached when the
ratio is ,1, while the fast fluctuation limit is ap-
proached when the ratio is .1.
When muons experience a distribution of static mag-

netic fields with an additional dynamic component, the
muon spin relaxation curve can be described by the
phenomenological static Kubo�Toyabe function, multi-
plied by a suitable dynamic relaxation.30,31 The form of
the Kubo�Toyabe function depends on the distribution
of static fields sensed by the implanted muons, e.g.,
Gaussian or Lorentzian. In our case, the asymmetry
measured in TbPc2 at all temperatures was found to fit
best to a Lorentzian Kubo�Toyabe multiplied by a
square root exponential relaxation,

A(t) ¼ A0

3
[1þ 2(1 � γδt)e�γδt]e�

ffiffiffi
λt

p
(1)

Figure 1. Schematic of a typical LE-μSR experiment. Fully
spin-polarizedmuons (along z) are implanted with energy E
into a thin film of TbPc2 and sense the dipolar magnetic
fields frommoments of neighboring SMMs. Themuonmean
implantation depth is proportional to E.

Figure 2. Typicalmuon spin relaxation curves in the (a) bulk
and (b) thick film samples measured in ZF and various
temperatures. The insets show the early time relaxation,
where the dip in the relaxation can be clearly seen at low
temperatures. The lines are fits to eq 1.
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where A0 is the initial asymmetry, γ is the muon's
gyromagnetic ratio, δ is the half-width at half-maximum
of the static field distribution, and λ is the relaxation rate,
containing information regarding the dynamics of the
local field. The square root exponential relaxation re-
flects the averaging of the relaxation behavior ofmuons
stopping in many inequivalent sites.32�37 The param-
eters λ and δ obtained from fits to eq 1, which is suit-
able for describing the data in bulk as well as thin films,
are shown in Figure 3. Note that our bulk results are
consistent with previous μSR measurements.37 The
qualitative similarity between bulk and thin film behav-
ior is a strong indication that the SMM nature of TbPc2
in the films is maintained. The static and dynamic
behavior in all three samples are in fact characterized
by three different temperature regimes. At high tem-
peratures λ is small and δ ≈ 0. As the temperature is
decreased λ increases sharply while δ remains zero. At
∼100 K, λ peaks and δ becomes nonzero. Finally, below
∼50 K both λ and δ saturate and become temperature
independent. However, quantitative differences are ob-
served at low temperature between the bulk and the
films; for example, the saturation values of δ are ∼42
and∼24mT in the bulk and film samples, respectively. It
is important to point out here that δ is equal in both film
samples throughout the whole temperature range and
is even independent of themuons' implantation energy,
E, which is proportional to the implantation depth. At
high temperatures,λ, which is directly related to the spin
dynamics, is also equal in both films and is E indepen-
dent. However, at low temperatures, and only in the thin
film, it depends strongly on E.
We consider first the static magnetic field compo-

nent experienced bymuons. At high temperatures, δ≈ 0
reflects the absence of static fields as a consequence

of fast thermal fluctuations between the ground (Jz =
(6) and first excited (Jz = (5) spin states, whereas the
temperature-independent saturation of δ at low tem-
peratures indicates thatmuons experience a temperature-
independent distribution of static fields. In fact, at this
temperature we expect all molecules to reside in the
ground state, since the energy gap to the next excited
state is more than ∼650 K (see below).
Information regarding the dynamics of the local field

can be extracted from λ. The exponential increase as the
temperature is decreased in the high-temperature re-
gime demonstrates the slowing spin dynamics. This is
due to the reduced probability of spin-phonon-mediated
transitions between different spin states.33,38,39 The small
difference in λ between bulk and films in this tempera-
tures regime implies that the energy gap between the
ground and first excited states does not change sig-
nificantly. This is direct evidence that there is almost
no change in the crystal field of the Tb ions between
bulk and films. In contrast to this behavior, the satura-
tion of λ at low temperature is a consequence of
persistent spin dynamics at temperatures far below
the energy gap. This is attributed to quantum tunnel-
ing between the two quasi-degenerate Jz =(6 ground
states,36,37 which is particularly efficient in zero applied
magnetic field, corresponding to the condition of our
experiment. Interestingly, in Figure 3 one can observe a
clear difference in the saturation value of λ depending
on the sample: bulk, thick or thin film. Moreover, in the
thin film it also depends on the muons' implantation
energy/depth. In what follows we extract the correla-
tion time of the molecular spin dynamics as a function
of temperature.
At low temperatures where γδ > λ, A(t) is almost

identical to the well-known dynamic Lorentzian Kubo�
Toyabe function, and hence λ = (2/3τ),40,32 where τ is
the correlation time of the local magnetic field experi-
enced by the muon,31 which in our case is that
generated by the TbPc2 SMM. However, at high tem-
peratures, where δ ≈ 0, the relaxation rate can be
written as λ = 2τ(γδ0)

2,32,40 where δ0 is the size of the
fluctuating field at the measured temperature. Note
that the SMMs are in their ground J = 6 manifold

Figure 3. λ (top) and δ (bottom) as a function of tempera-
ture in both the bulk and thin film samples obtained from
fits of the relaxation curves to eq 1. The lines are a guide to
the eye.

Figure 4. Correlation time as a function of temperature
measured in bulk and TbPc2 films. The lines are fits to eq 3.
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throughout the measured temperature range. There-
fore, δ0 can be evaluated from the low-temperature
saturation value, δ0 = δ(Tf 0), which reflects the size of
the dipolar field from the magnetic moment of a single
TbPc2 molecule. Thus, we can readily extract τ as a func-
tion of temperature in the high- and low-temperature
ranges, as shown in Figure 4. The probability (or inverse
correlation time) of phonon-induced transitions be-
tween the Jz = (6 and Jz = (5 states is33,38,39

1
τsp

¼ CΔ3 exp
Δ

T

� �
(2)

where C is a temperature-independent parameter that
represents the spin-phonon coupling strength and Δ is
the energy gap between the spin states. This accounts
for the observed high-temperature dependence of τ,
but given the exponential dependence and the large
value of Δ, no spin dynamics is expected at low
temperatures. However, in the low-temperature regime
of our μSR data we find that τ is finite and temperature-
independent. In order to model these results, we add a
phenomenological constant contribution at low tem-
peratures, τq, which reflects the contribution of quan-
tum tunneling between Jz =(6 states to the correlation
time. Thus, the full probability for transitions between
different sublevels of the J = 6 manifold is39

1
τ
¼ 1

τq
þ 1
τsp

(3)

A fit of the μSR results to this model provides the values
forΔ, C, and τq given in Table 1. We find thatΔ is similar
in all samples and exhibits no implantation energy
dependence, as expected from the similar high-
temperature behavior in τ. This confirms that the crystal
field experienced by the Tb ions does not depend on
sample or depth in the films. The values of C vary
significantly between the different samples. This is to
be expected between bulk and films, given the reduced/
two-dimensional geometry, as well as the loss of solvent
molecules in the films.41 These effects modify the pho-
non spectrum dramatically and, therefore, affect the
value of C. However, the difference between the thick
and thin film is surprising, but may also be due to the
effect of film thickness on the phonon spectrumwhen it
is decreased from themicrometer to thenanoscale.Most
importantly, we note that only in the thin film dowe find
a clear E/depth dependence of τq, as shown in Figure 5.
This effect is attributed to a depth-dependent packing of
the SMMs as we discuss in more detail below.

To establish a clear relation between the muons'
implantation energy and theirmean/rootmean squared
(rms) stopping depth in the TbPc2 film (Figure 5), we use
Trim.SP simulations42 to model experimental measure-
ments. First, we determine the fraction of the asymme-
try from muons stopping in the gold substrate as a
function of E. For this purpose, we measure A(t) in a
magnetic field, B, applied transverse to the initial spin of
the muons. At 5 K muons stopping in the TbPc2 film
depolarize very rapidly due to the large internal fields,
while muons stopping in nonmagnetic gold experience
predominantly the applied transverse field and, there-
fore, precesses at the Larmor frequency, γB. The normal-
ized fraction of precessing signal as a function of E is
plotted in Figure 6. Next, we simulate the muon stop-
ping depth profile in a TbPc2 film of density F ≈ 1.5 (
0.1 g/cm3 (Malavolti, L.; et al., unpublished). We further

TABLE 1. Summary of Parameters from Fits of τ as a

Function of T to eq 3

parameter bulk thick film (∼1 μm) thin film (∼100 nm)

C [10�14/μs 3 K
3] 6.2 ( 2.5 1.1 ( 0.2 0.51 ( 0.22

Δ [K] 877 ( 30 790 ( 10 640 ( 30
τq [μs] 31.2 ( 1.6 6.6 ( 0.2 see Figure 5

Figure 5. τq as a functionof E (and correspondingmean/rms
implantation depth) obtained from fits of τ as a function of
temperature to eq 3. The solid-shaded and hatched areas
represent the values (and uncertainty) in the bulk and the
thick film samples, respectively.

Figure 6. Normalized fraction of muons stopping in the Au
substrate as a function of E. The solid line is the estimated
value from Trim.SP simulations using a TbPc2 film with a
nominal thickness of∼100 nm and a cross-section profile as
illustrated in the inset.
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assume that our muon beam (radius ∼1 cm) impinges
on a film with thickness cross-section profile as illus-
trated in the inset of Figure 6, which is suggested by
AFMmeasurements. Best fit to the experimental data is
obtained using a film with a nominal thickness of
∼100 nm, which falls gradually to∼50 nm at the edges
of the beam spot. Note, this method of implantation
depth estimate has many potential systematic uncer-
tainties due to the nonuniform thickness profile and
density of the film. However, it gives a rough idea of the
depth dependence of τq as reported in Figure 5. Here,
the values of τq are essentially aweighted average of the
correlation time of the TbPc2 molecules over the full
stopping depth distribution of the implanted muons,
which provide qualitative information regarding its
depth dependence. Interestingly we notice that the
depth dependence extends to a scale of 10's nm away
from the gold surface. We would like to stress here that
this information is accessible thanks to the uniquedepth
sensitivity of the LE-μSR technique.
It is useful to compare our results with recent X-ray

magnetic circular dichorism (XMCD)measurements on
TbPc2 films20 and monolayers (ML). These measure-
ments reveal that the magnetic hysteresis in the
monolayer deposits disappears.20 This could be, in
principle, associated with an electronic effect induced
by the substrate, similar to that observed in phthalo-
cyanine- and porphyrine-based complexes of 3d ions.43

However, froma comparisonbetweena thin (monolayer)
and a thick (∼200 nm) film of TbPc2 on Au, it was
concluded that the packing of the molecules was differ-
ent in the two films. In the monolayer, the Pc molecules
lie flat on the substrate, resulting in the TbPc2 easy axes
pointing out of plane, while in the thick film the mol-
ecules are in a standing configuration with an in-plane
easy axes. The differencewas attributed to a competition
between molecule�substrate and molecule�molecule
interactions.44 XMCD is sensitive only to the top few ML,
and it does not provide details of the depth dependence
of the TbPc2 reorientation. Our μSR measurements com-
plement this picture by revealing a significant depth
dependence of the molecular spin dynamics which
may be correlated to a gradual variation of themolecular
packing. In particular, τq is small for high E, i.e., near the
interface, and becomes larger as we probe molecules
further away from the interface, gradually approaching
thevaluemeasured in the thickfilmwhere allmuons stop
far from the substrate (few 100's nm away).
The TbPc2 reorientation is not fully unexpected. For

simple copper-phthalocyanine (CoPc) complexes, syn-
chrotron-based investigations using near-edge X-ray
absorption fine structure spectroscopy and surface-
sensitive X-ray photoemission spectroscopy experi-
ments revealed that these flat molecules start to lose
their lying orientation on Au(111) substrates after 3 ML
and that the standing orientation is fully retrieved
after ca. 10 ML.45 In the case of our experiment the

relaxation time starts to deviate significantly from that
found at the Au interface after ca. 30�40ML. However,
without performingmeasurements on a series of TbPc2
films of different thickness (e.g., using synchrotron-
based experiments), it is not possible to determine
the length scale of the reorientation process in TbPc2
films (compared to CuPc). Such information can then
be correlated with the observed changes in the mag-
netization dynamics.
A priori, onemay suggest that the observed effect on

the spin dynamics is due to the different dipolar
interactions between the TbPc2 moments as a result
of the different packing. Assuming a configuration as
revealed by the XMCD results, one can model the
distribution of dipolar fields, p(B), on a single molecule
from its neighbors at very low temperatures (T = 0).46

Near the TbPc2/Au interface, we assume an ideal case
where all spins are arranged (anti)parallel to the normal
of the substrate. A key feature of p(B) in this case is that
the dipolar field is always pointing along the easy axis
of the molecule. Therefore, if sufficiently large, it
removes the degeneracy between up and down spin
states and prohibits tunneling, thus increasing τq
(Hofmann, A.; et al., unpublished). Far from the inter-
face, we assume a scenario where all spins are ran-
domly oriented in the plane, which results in a dipolar
field distribution that may have parallel as well as
perpendicular components to the easy axis of the
molecule. Hence, their effect to prohibit tunneling is
reduced, and in fact, the perpendicular components
may even promote tunneling due to mixing of spin
states, leading to a shorter τq away from the interface.
Note, however, that this model gives contradicting
results to our observation. Therefore, we conclude that
dipolar fields from neighboringmolecules as a result of
different packing cannot explain our measurements.
We must instead take into account the exchange
interactions, mediated by the free electrons on the Pc
molecules, which can also affect the magnetization
dynamics. Such behavior was observed in cobalt
phthalocyanine (CoPc) thin films,43 which were found
to form one-dimensional antiferromagnetic chains in
thin films. Similar phenomena were observed in the
isostructural YPc2 molecules, carrying one unpaired
electron on the organic shell, which exhibit one-
dimensional organic ferromagnetism due to a signifi-
cant overlap ofπ orbitals,41 which depends strongly on
the packing of the molecules. In our films, the gradual
change in crystal packing moving from the substrate
surface toward the top of the molecular film reflects in
a gradual change of the magnetization dynamics.

CONCLUSION

We find that the SMM properties of TbPc2 are clearly
maintained in thin films. Nevertheless, the molecular
spin dynamics are significantly enhanced with prox-
imity of the molecules to the TbPc2/Au substrate
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interface. This is consistent with the disappearance of
hysteresis in the monolayer observed with XMCD.
Thanks to the unique capabilities of the low-energy
muon spin relaxation technique in the investigation of
magnetic nanostructures, we have however detected a
gradual increase of the correlation time from 1.4( 0.1 μs
near the interface to 6.6( 0.2 μs far from it (thick film).
This unambiguously proves that other mechanisms,
beyond a possible direct interactionwith the substrate,
are responsible for the disappearance of the hysteresis.
It appears to be a characteristic effect of TbPc2 SMMs
and their strong sensitivity to their crystalline envi-
ronment and magnetic dilution (Malavolti, L.; et al.,
unpublished). A possible explanation is that the
depth-dependent packing alters the superexchange

interaction between neighboring Pc molecules and in
turn the molecular spin dynamics. However, further
experiments on isotropic or diamagnetic MPc2 deriva-
tives are necessary to characterizeweak intermolecular
interactions. We also find that the correlation time
measured in films is much shorter than in the bulk,
31.2 ( 1.6 μs. Nevertheless, the time range of a few μs
makes the TbPc2 system a possible candidate for
applications in quantum computation even in thin
films. Finally, these measurements provide an interest-
ing possibility of controlling the spin dynamics of
SMMs by controlling their packing, e.g., by a different
choice of substrate or different deposition conditions.
This may prove useful for tuning the correlation time of
SMMs to match it with a specific potential application.

METHODS
In μSR experiments 100% polarized (along z) positive muons

are implanted in the sample. Each implanted muon decays
(lifetime τμ = 2.2 μs) emitting a positron preferentially in the
direction of the muon polarization at the time of decay. Using
appropriately positioned detectors, onemeasures the asymme-
try of themuon decay along z as a function of time, A(t), which is
proportional to the time evolution of the muon spin polariza-
tion. A(t) depends on the distribution of internal magnetic fields
and their temporal fluctuations. Further details on the μSR
technique may be found in ref 47. In contrast to conventional
bulk μSR, in low-energy μSR (LE-μSR) experiments, the muons'
implantation energy (E) can be varied between 1 and 32 keV,
corresponding to a typical average implantation depth of 5 to
300 nm, allowing depth-resolved measurements in thin
films48,49 (see Figure 1). The μSR measurements on the bulk
sample were performed on the GPS spectrometer, while the
thin film measurements were performed on the LE-μSR48,49

spectrometer, both at the Paul Scherrer Institute in Switzerland.
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