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Abstract. We present calculations of the dipolar field distribution acting on a single molecule
magnet due to its neighbours in thin films. The calculations are presented for different
packing/configuration scenarios, with different easy axis orientations. The potential for
controlling the molecular spin dynamics by tuning the molecule-substrate interaction and its
competition with intra-molecular interactions is discussed. We argue that by altering the
configuration of the molecular moments, and thus their dipolar interactions, one can enhance
or slow down their spin dynamics.

1. Introduction

Single molecule magnets (SMMs) [1] have attracted considerable attention in the last decade due
to their fascinating magnetic properties [1, 2, 3]. They have also been considered for applications
in quantum information processing [4, 5, 6]. As a result, a considerable focus in this field has
shifted to the production and engineering of nano-structures of SMMs, e.g. deposition of thin
films and monolayers on different substrates [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18]. New and
novel techniques have proven successful for characterizing the magnetic properties of SMMs in
these nano-structures [11, 12, 18, 19]. Depending on the type of studied SMM, some reports show
that the bulk magnetic properties may be altered in a thin film or a monolayer due to its intra-
molecular or molecule-substrate interactions. However, these studies have mostly focused on the
static magnetic and low temperature properties of SMMs. Recent developments in low energy
muon spin relaxation (LE-uSR) [20, 21] provide the possibility for depth-resolved investigations
of magnetic properties in thin films [22, 23]. Since the time scale sensitivity of the uSR technique
matches well the spin dynamics of SMMs [24, 25, 26], LE-uSR provides a perfect tool for studies
of spin dynamics in thin film SMMs and the effect of the substrate on them. The depth resolved
capability enables one to follow these gradually from the SMM /substrate interface to the surface
of the film. However, in order to interpret results of such experiments, it becomes important to
take into account effects of the substrate and the resulting SMM packing/configuration of the
film.

In this paper, we present simulations of the dipolar field distribution acting on a single
SMM, produced by its neighbours. We calculate the variation in the distribution as a function
of the packing of SMMs and their proximity to the substrate, and discuss their effect on the
molecular spin dynamics. Note that due to the strong correlation between the geometric SMM
structure and its magnetic easy axis orientation, a change in the packing of molecules could
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drastically alter the dipolar field distribution. As a guiding example, we take thin films of
TbPco, a prototypical SMM, where a competition between molecule-molecule and molecule-
substrate interactions results in a clear variation of the SMM packing/configuration as a function
of proximity to the SMM /substrate interface [27]. In these films the easy axis orientation of
the TbPcy changes from pointing out of plane near the interface to in plane away from it. Our
dipolar field calculations show that a lower fluctuation rate is expected in the region near the
substrate, while enhanced dynamics are expected far away from it. This difference is mainly due
to the local magnetic field distribution along and perpendicular to the easy axis of the SMM,
which in turn influence the probability of transition between spin states due to mixing. We point
out here that SMMs may be influenced by other factors as well, which we do not consider here.
However, we expect that the ability to control the configuration of SMMs in thin films, e.g. by
changing the substrate material, may open a new avenue for controlling and tuning their spin
dynamics.

2. Simulations
In what follows, we consider as an example the case of a film of TbPcy deposited

on a gold substrate.  Near the substrate the molecular easy axis points along the
z-direction (normal to the substrate) due to interactions with the substrate (Fig. 1,
scenario I) [27]. Away from the substrate, where intermolecular interactions dominate,

the easy axes of the molecules are randomly oriented within the zy plane (Fig. 1,
scenario II). We calculate the dipolar magnetic field distributions, acting on a single
SMM in the layer, along and perpendicular to its easy axis for both scenarios.
For these calculations we assume that the
SMMs are arranged in a two-dimensional
square or triangular lattices, both with a
lattice constant a and a magnetic moment per
molecule of p = gupS, where S is the total
spin. We also discuss the effect of random
disorder in the layer on the field distribution.

Generally, for SMMs with a total ground
spin state S and easy axis along z, the two spin
ground states |5, S,) = |S, £5) are degenerate
in zero applied magnetic field. In order to
simulate this degeneracy, each molecule is
randomly assigned a spin value S, = +S5 or
—5, i.e. we assume a very low temperature
limit, 7" — 0. Since different spin values and
orientation lead to different magnetic fields, Figure 1. Illustration of two different scenarios
we average the magnetic fields, B, for different for SMM packing, these are similar to the case
SMM configurations for each scenario. of TbPcs thin films. The dipolar fields are

The dipolar magnetic field of one SMM calculated at the site of the marked SMM.
moment p; produced on another amounts to,

Scenario (IT)

3r;(p; - vi) — pyr?
BZ(I'Z) — % Z(I’Ll T’g) ul I3 , (1)
)

where r; is the spacing vector between them. The resulting field of all contributing moments
on a single SMM can be obtained by summing the fields from the individual moments. It is
sufficient to take into consideration only a few neighbouring moments within a distance p from
it [28]. Typically, the calculated field distribution converges for p = 5a. Note that here, since
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the average magnetization per unit area is zero in both scenarios, the contribution of moments
outside p is zero [28]. For all the calculations performed here we use |pu| = 1up (S = 1/2) with
all distances normalized by a in A, giving the normalized dipolar fields in units of A3T (to be
divided by a® to obtain the actual field).

3. Results

3.1. Near the substrate

We start by considering a layer of molecules which lie directly on the substrate. Assuming their
easy axis is normal of the surface, the magnetic moment has only a component along the z-
direction. Therefore, the magnetic field these molecules produce on an individual molecule in the
same layer (highlighted red in Fig. 1) does not have components perpendicular to its easy axis.
The results of the calculation described above for a triangular and a square lattice are shown in
Fig. 2(a) and (b), respectively. In what follows, we distinguish between field components along
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Figure 2. The dipolar field distribution calculated for scenario I, in the case of a (a) triangular
and (b) square lattice. The solid and dashed lines represent B and B, respectively.

the SMM easy axis (B)) and perpendicular to it (B1). Note, for both lattices, the probability
for zero field is large. In the triangular lattice, there are also notable peaks at magnetic fields
of B = 2np A3T (where 8 = popp/4ma® and n = 0, +1, +2 and 43). These are due to
the six nearest neighbours and all their possible spin up/down configurations. For example,
the zero field is experienced if three spins are assigned S, = +5 and three are assigned —S.
The probability for B = 0 reflects the number of possible configurations of three spins up and
three down, i.e. p(B = 0) = (g)(zgzo (Z))_1 = 31.25%. Magnetic moments further away,
will broaden the distribution and a finite probability for intermediate magnetic fields emerge. In
contrast, in the square lattice, each SMM has four nearest neighbours, but also four next-nearest
neighbours with only slightly bigger distance. Therefore, the maxima are expected at B = 2n/3
(with n = 0, £1 and +2). However, the strong contribution of the next-nearest neighbours
produces high probability for intermediate fields as well.

Additional contributions from molecules lying above this first layer also contribute to the
magnetic field distribution. Taking these into account produces some broadening of the
probability distribution as shown in Fig. 2. Only the first two layers have a visible effect on
the calculated field distribution. This is due to the %3 dependence of the dipolar field. More
importantly, the contribution of additional layers broadens the distributions of both B and B
components, as shown in Fig. 2. Here we assumed that the layers of molecules stack directly
on top of each other with spacing a between them. However, different stacking does not change
our general conclusions.
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3.2. Far from the substrate

Next we consider a layer of molecules far away from the substrate, where we assume, as in
the case of ThPcy, that their easy axis is randomly oriented in the plane. We calculate the
magnetic field distribution on an individual SMM, highlighted red in Fig. 1. Since the easy
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Figure 3. The dipolar field distribution calculated for scenario IT, in the case of a (a) triangular
and (b) square lattice. B, and B) components are identical.

axes of the molecules are not parallel to one another, the produced dipolar magnetic fields
may point in random directions. Therefore, the probability for one molecule to experience
magnetic field components perpendicular to its own easy axis is larger compared to scenario I.
Moreover, the distributions of both B and B, are identical (Fig. 3). The distributions for
both components/lattices are almost Gaussian and featureless since the moments are randomly
aligned in the plane. It also remains unchanged when neighbouring layers are also considered.

3.83. Random lattice

The above calculations are based on the
assumption of SMMs which are ordered on 5

a regular lattice. In reality, the arrangement e
can be highly disordered in SMM thin films, 4 e
especially far from the substrate. To take _
this into consideration, we introduce as small %
(< a) and random displacement of all SMMs =
from their lattice sites along the x and y

directions,

-10 -5 0 5 10
r +— x4+ Rcos(¢) By [#T]

— Y+ Rsin(¢). (2)
Figure 4. The effect of lattice randomization
Here, = and y denote the coordinates on B” distribution calculated for scenario I.
of a lattice site, R is random (uniform
distribution) displacement magnitude and ¢ a
random angle € (0,27) which determines the
direction of the displacement. In Fig. 4, we plot as an example the magnetic field distribution,
By, calculated for a triangular lattice in scenario I for various values of R. In fact, the effect of
disorder is almost equivalent to a convolution of the ordered lattice distribution with a function
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that mimics the randomization of the lattice,

f<B>={ LBl A () (3)

0 otherwise

The features mentioned above, due to the nearest neighbours, gradually disappear for larger
R. We point out here that other random (non-uniform) displacements will naturally result in a
different form of f(B), e.g. a Gaussian distribution leads to a f(B) with a Gaussian form, etc..

4. Discussion
In first approximation, the Hamiltonian of a magnetic molecule with easy axis along z is given
by

H =-DS. +gupB -8, (4)

where D is the axial anisotropy, S, the spin operator along the easy axis and B, S are the field
and spin vector operators, respectively. In zero field (ZF), the eigenstates are |S, Mg), where
S denotes the total spin quantum number and Mg is the azimuthal spin quantum number
(=S < Mg < S). In the absence of magnetic fields, the ground state is twofold degenerate,
E(Mg=4S) = —DM%. If a field B = BZ is applied along the easy axis, then the energy levels
of the spin states are E(Mg) = —DM%:tguBBMS, with the same eigenvectors as in the ZF case.
However, the ground state degeneracy is removed and quantum tunnelling is prohibited, i.e. no
transition between different spin states is possible. In contrast, a field applied perpendicular
to the easy axis causes a change (mixing) of eigenstates. For example, if the magnetic field
B = Bz, then the Hamiltonian can be written as

H = —DS.2 + gupBS, = —DS.2 + WTBB(S+ +5.) (5)

where S and S_ are the raising and lowering operators, S+ = S, £iS,. Consequently, the
eigenstates are a mixture of states with different quantum spin numbers Mg. The first order
mixing can be calculated using first order perturbation theory. A system, which is initially
prepared in the ZF ground spin state, ¥ g, = %(|S, S) +1S5,—5)), has a finite probability for a

transition to the first excited states, ¥q = \% (15, —=1)+|5,-S+1)),

2 B2 S
p(Wys — V1) = ZM?/;ZTI)Q (6)
which can be understood as an enhancement in the spin dynamics.

From these simple quantum mechanical considerations, we expect that fields along the easy
axis reduce tunnelling and slow spin dynamics at low temperatures, while fields perpendicular
to it enhance spin dynamics. With this in mind, we compare spin dynamics in the two scenarios
I and IT. In scenario I, high probability for non-zero B| is observed, while the distribution of B
is narrow (it fits to a Gaussian of width o ~ 2.509A43T). On the other hand, in scenario IT the
distribution of both, B and B, are identical with a Gaussian of width o ~ 6.799A3T. Note,
the width of By in scenario II is smaller than I, while the width of B, is larger. Therefore, the
spin dynamics in scenario I should be slower than that in II. Finally, we note that these general
conclusions do not change with the type of lattice or the amount of random disorder. This is
due to the fact that the field distribution is primarily affected by the relative orientation of the
neighbouring spins rather than their geometric configuration.



13th International Conference on Muon Spin Rotation, Relaxation and Resonance IOP Publishing
Journal of Physics: Conference Series 551 (2014) 012055 doi:10.1088/1742-6596/551/1/012055

5. Conclusion

In conclusion, we have modelled the dipolar field distribution experienced by an individual SMM
in a film, along and perpendicular to its easy axis. We have also investigated the dependence of
the calculated distribution on the arrangement of the SMMs in the films. We find that different
molecular configuration could alter significantly the molecular spin fluctuation rate of the SMM,
due to the change in distribution of dipolar fields. Assuming a system similar to TbPcy, where
the packing changes as a function of proximity to the substrate, we expect the spin dynamics
to change as a function of depth. In particular, the dynamics are slower in the layers near
the substrate interface, but they are enhanced gradually as the SMMs are further away from
it. These results point to a potential tweaking mechanism for tuning SMM spin dynamics by
manipulating the packing of SMMs in a thin film, e.g. by the choice of a substrate. We expect
that such considerations could provide a new avenue for the design of new tunable SMM nano-
structures. Finally, it is important to point out here that in these calculations we consider only
dipolar interactions with neighbouring SMMs. In practice, however, other interactions of SMMs
with their environment may be present, and may lead to different effects on spin dynamics. In
fact, recent LE-uSR measurements on thin films of ThPcy have revealed an opposite substrate
proximity effect to what is expected from dipolar interactions alone [29]. This is due to the
special case of TbPcy, which has an unpaired electron on its organic shell which introduces
additional interactions between the SMMs themselves as well as the substrate.
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