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Abstract

We investigate the magnetic properties of Fe Phthalocyanines (FePc) that are ex-
perimentally arranged in quasi one-dimensional chains when they are grown in thin
films or powders. By means of DFT calculations we reproduce the structural pa-
rameters found in experiments, and then we build a generalized Heisenberg magnetic
model with single ion anisotropy, and calculate its parameters. The results show a
anisotropic exchange interaction J between FePc molecules, and an easy plane single
ion anisotropy D. By means of Monte Carlo simulations, with this model, we found an
explanation to the non-saturation of the magnetization found at high fields, which we
interpret is due to the anisotropic exchange interaction J. Finally, we also investigate
the presence of magnetic solitons versus temperature and magnetic field. This results
provide additional evidence that FePc is a soliton bearing molecular compound, with

solitons easily excited mainly in the molecular xy plane.



Introduction

Over the past decade, significant progress has been made in the field of organic materi-

als due to their potential applications as nanoscale spintronics,* organic photovoltaics,

9 and electrochemical devices.” Organic materials

transistors,*® light-emitting diodes,™
constructed with one-dimensional building blocks, in particular, have become a subject of
great interest because they serve as excellent model systems for studying and applying low
dimensional magnetic phenomena. It is important, then, to understand the underlying prin-
ciples of their magnetic properties. Among the building blocks for organic materials, metal
phthalocyanines (MPcs) are one of the most extensively used.™

The MPc molecule is composed of a conjugated planar macrocycle, MNgC3sH;4, with M
being a central metal atom that is 4-coordinated to the N isoindole or pyrrole N atoms, N,,.
The macrocycle is made up of four isoindole units linked by a ring of four N atoms (Npidge ),
as shown in Fig.(a). Depending on the growth conditions, MPc crystallizes into a range of
polymorphs, that have been observed in powders, thin films (TF), and nanowires systems."
The building blocks of these crystalline forms are one dimensional (1D) columns, composed of
MPc molecules, with the metal atom M at the center serving as the column axis, or the stack
axis (see Figlld)). The stacking columnar structures differ in the tilting angles (¢) between
the stacking axis and the molecular plane, and the interplanar distance (d) between two
neighboring molecular planes along the column, resulting in different Pc crystal structures
(see Fig(c)).“’17 Modifying the magnetic center of MPc introduces an additional degree
of freedom to the properties of its polymorphs, since it impacts the magnetic properties of
the molecule and hence of the crystals formed by them.

Two different arrangements have been proposed to describe the stacking geometry of MPc
molecules. The first one is referred to as the herringbone structure, where the molecules stack
with opposite angles between adjacent columns."® In the second one, the MPc molecules stack
3

in the same orientation in each column, forming the so-called brickstack structure."

Particularly, iron phthalocyanines (FePc) are a class of MPc molecules that have garnered



significant attention. In bulk arrangements, FePc exhibits two polymorphs, a and 3, with
stacking angles of 26.5° and 44.8°, respectively. Previous studies of the § phase have shown
that it behaves paramagnetically.*” However, in the o phase found in powder systems, FePc
shows ferromagnetic correlations below approximately 10 K.*¥ The evidence in powders
points to an arrangement of the herringbone type.?Y On the other hand, in thin films (TF),
FePc molecules adopt a brickstack structure when grown on a variety of substrates. 1241021
The polymorphism found in TF has been called o "™ (but it has also been directly called
a*t or TFYY), since, besides the brickstack arrangement, it is different from the bulk o phase
from the way each molecule is shifted with respect to the one in the upper/lower molecular
plane (see section Stacking Geometry below for more detail). In this work we will refer to
this polymorphism as a,. FePc thin films have been reported to become ferromagnetically
correlated at temperatures below 20 K4 and exhibit a ferromagnetic transition at 4.5 K,
very similar to the transition temperature in powders at 5 K.12

In order to explain the magnetic phenomena observed in experiments, both in powders
and in TF, different model Hamiltonians have been proposed. Moreover, even the same pa-
rameters have very different proposed values in different works (see section Magnetic Model
below for more details). On the experimental side, magnetization measurements made in
powders and also also in TF show that at relatively high magnetic fields, the magnetization
does not saturate. ™ In the case of powders, this non saturation has been attributed to the
herringbone arrangement, due to the canting of the adjacent columns of FePc molecules.™
However, in thin films the arrangement is of the brickstack type,?” so that other mechanism
must be also contributing to the non saturation of the magnetization as well. Finally, in a
recent work, experimental evidence of magnetic solitons has been found.™ Since FePc has
gained attention partly because of their electrical and magnetic properties, it is important
to study how magnetic solitons are developed in this system. In order to shed light on these
issues, a theoretical study beginning from first principles calculations ending in a magnetic

model was carried out, to help to understand this and related systems further.



Figure 1: (a) FePc molecule view from top. The four Nitrogen closer and farthest to the Fe
atom are the pyrrole (N,,) and the bridging (Ny,i44) nitrogen atoms, respectively. Fe, N,
Npridge, C and H are indicated by red, cyan, blue, gray and white balls, respectively. (b)
and (c) Stacking geometry of FePc-film. d is the distance between the molecular planes and
@ is the angle between the stacking axis u3 and a vector perpendicular to the molecular
plane. (d) The cell parameters for a supercell containing 1 molecule are |u;| =13.24 A,

Ty| =13.43 A, |73 =3.60 A, (1), T2)=85°, (W, Us)=63.6°, (Ty, Us) =74.1°. It is important
to take into account that for the magnetic model, we employed a cell size that is doubled in
the w3 direction and contains two molecules per cell.

In this work we theoretically study the a phase of FePc chains, by means of density
functional theory (DFT) and classical Monte Carlo. With DFT calculations, we first obtain
structural parameters, comparing with available experimental data, and then proceed to
calculate the parameters of a generalized Heisenberg model with single ion anisotropy. We
obtain a anisotropic Heisenberg model, with an easy plane single ion magnetic anisotropy

D and negligible E. Afterwards, we study this model in an array of weakly coupled FePc
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chains, by means of classical Monte Carlo simulations. We were able to explain the lack of
saturation observed in magnetization experiments. Finally, we investigate the magnetic ex-

citations of this system, focusing on exploring the existence of solitons in the phase diagram.

Methods

Computational Details

DFT calculations were performed with the VASP code®™“® within the slab-supercell ap-
proach and using the projector augmented-wave (PAW) method.*"Wave functions were ex-
panded using a plane wave basis set with an energy cut-off of 550 eV. Different schemes were
tested in order to improve the description of vdW interaction: the PBE+D3%" approach and
the optB86b-vdW, optB88-vdW, optPBE-vdW, vdW-DF2 non-local correlation function-
als.®¥ From test calculations for the bulk-like FePc structure, we conclude that the optb86b
scheme is the one that gives the best interplanar distance with respect to the experimental
value, therefore, it is used for the structural determination of bulk structures. However, when
calculating the parameters of the magnetic model, in particular the anisotropy parameters
D and E, which require spin-orbit interaction turned on, opt86b is not suitable, and the
PBE+D3 scheme is used instead (see section magnetic model). Exchange coupling parame-
ters J,, Jy, and J, are also calculated within this PBE+D3 scheme. For testing purposes, in
an isotropic Heisenberg model the exchange coupling J has no appreciable difference when
calculated with PBE+D3 or with opth86b.

The Hubbard U correction is considered with the DFT+U approximation® to deal at
DFT level with the Fe d-electrons. U.sf = U — J = 3eV was chosen, since this value has
also been used in previous studies in FePc molecules. 5253

The FePc ay polymorphism was studied. For testing purposes, results for the gas phase

of FePc are also presented here. Gas phase calculations were carried out at I' point. For the



o phase, the k-point grid was 2x2x15. Calculation without and with spin-orbit coupling
(SOC) have been performed. Calculations with SOC were carried out at fixed geometry. In
all cases, k point convergences were achieved. All geometry optimizations were carried out
until the forces on every mobile atom were smaller than 0.02 eV /A, and all calculations were

spin polarized.

Gas Phase calculations

Despite the numerous theoretical and experimental studies there is still no definite consensus
about the ground state of the molecule. However, there is a broad consensus that the FePc
molecule in gas phase has spin S = 1. DFT studies have predicted * Ay, [(d'3) (dll ,.) (d5t)]*

wzyz
,3Ey(a) [(dl) (diY,) (dEH)]P%8 and By, [(d],) (dl¥h.) (df,)]®" as possible ground states and
the prediction actually depends on the choice of the exchange-correlation (XC) functionals.=®
The same conclusion has been established by a recent work based on a diffusion Monte Carlo
study where they obtain mainly 3A,,, but also *Bsy, and even ®*F, depending on XC.* A
recent theoretical work employing numerous and sofisticated methodologies has concluded
that the ground state of the molecule is * Ay, %"

Within our calculation, we obtained *E,(a) as the ground state (GS), a ®A,, state at 36
meV and 3By, at 279 meV higher energy in line with the results obtained by Ichiba et al.*? for
DFT+U calculations with U=4eV, and also with Ref.*! However, as mentioned earlier, in the
isolated molecule, numerous configurations appear to be closely competitive. For instance,
in our case, the energy difference between *F,(a) and ® Ay, is merely 36 meV. Sophisticated
methods like those of Refs.**% need to be employed to obtain a definite answer to the GS of
the isolated molecule. Our focus will be on FePc chains on TF, where the situation seems to

be different (see below). Finally, for all electronic configurations, the spin magnetic moment

of the molecule is close to 2, concentrated in the Fe center.



Figure 2: Directions were the total energy was computed in DFT calculations including
SOC. Perpendicular to the molecular plane (001) and two in plane orthogonal directions
(100 and 010), respectively.

o, phase. Stacking Geometry

In FePc TF grown on different substrates, molecules stack layer by layer almost parallel
(with a tilting angle of 7 or 9 degrees) to the substrate surface. T 72U In this ”flat-lying”
configuration, two adjacent molecular layers are shifted a distance A (see Fig. [I[c)) apart
from one another along the Fe-N,, bond direction indicated by the a, or alternatively the
b, axis in Fig.(a). As a result, the Fe atom in a molecule is close to the center of a N,
atom in the molecule beneath it™7 (see Fig[l(b)). In this stacking geometry Fe atoms form
parallel unidimensional chains that deviate from the normal to the molecular plane by an
angle ¢ (see. Figll|c)). In the case of the herringbone arrangement found in powders, apart
from the two-sublattice canted structure the other difference is that the shift between FePc
molecules occurs along the Fe-Np,;qqc bond.T In the case of a FePc TF grown on Au(lll),'m
a structural refinement based on XLPA simulations gives A=1.48 A, which is very close
to the estimated value from STM images, A=(1.0 & 0.3) A. The distance between adjacent
molecular planes is d, = 3.25 A, and molecules within the molecular plane form a square
lattice with a lattice parameter of 13.0 4+ 0.2 A7 (see Fig.(d)).

The estimated experimental values for FePc TF grown on PTCDA/Si(100)™ are d, =

3.42 A and a distance dp._p. = 3.77 A between the nearest Fe atoms within a chain.



In the case of FePc TF grown Au-coated sapphire, d.= 3 A and the lateral separation
between chains is about 13 A2 Similar values, with slightly varying, thickness-dependent,
stacking angles, have been found in a recent study of FePc films in different substrates.*? The
similarities in structural data reported for FePc-TF in the "flat-lying” configuration suggest
that once layer-by-layer growth is initiated due to the templating effect of the substrate,*?
intermolecular interactions seem to drive the film structure. This leads to performing DFT
structural calculations without including the substrate.

We have performed DFT calculations for bulk-like structures with one molecule per unit
cell, simultaneously optimizing the unit cell and the molecular degrees of freedom, with the
aim of reproducing to the most FePc-TF structure. For the obtained lowest energy structure,
the shift of two adjacent layers runs along Fe-N,,, bond aXi, with a distance of A = 1.61 A.
The distance between molecular planes, the stacking angle of the Fe chain and Fe-Fe distance
within a chain are, respectively, d, = 3.22 A, ¢ = 26.6° and dp._r. = 3.60 A. Furthermore,
the dimensions of the unit cell vectors u; and u, and the angle among them are 13.2 A, 13.4
A and 85°, respectively. Because the molecular plane is close to the defined plane by u; and
U, [ their dimensions can be compared to the lateral distance between chains experimentally
measured. Overall, all parameters agree well with the previously described experimental
data, lending support to the DFT calculations for the oy phase. For this stacking geometry,
the calculations show that each molecule is in a E,(a) configuration ((d;’) (dltl,.) (diy)).

This result coincides with previous constrained DFT calculations*! and with experimental

2043 altough other works predict a ground state in TF that is a superposition of

evidence,
3A2973B29 and 3E9.44
Finally, the calculated spin magnetic moment in the Fe atom is mg(Fe) = 2.021pu,

corresponding to S = 1, the same than in the gas phase.

I'The deviation is less than 2°
2The angular deviation is ~4°



Results and discussion

Magnetic model

On the basis of experimental evidence, several magnetic models have been proposed for
the bulk phase o and for the TF «, of FePc. There is consensus that the molecule has

= 1, and also that there is a positive single ion magnetic anisotropy D, aside from the
ferromagnetic exchange J. Working with powders of FePc molecules, Evangelisti et. al'
observed that the magnetization did not saturate even at high magnetic fields, and this was
interpreted in terms of the above mentioned herringbone arrangement, a canted structure
between two different magnetic sublattices originally proposed for MnPc. An effective Ising

f.20 However, it

S = 1/2 model was proposed. This Ising model was later backed up in Re
was not considered as appropriate to account for the observed behaviour in TF in Ref.,"# and
an isotropic Heisenberg model with single ion anisotropy was proposed instead. As for the
mechanism for the magnetic exchange, in Ref.™ the direct Fe-Fe interaction was proposed,
which renders the interaction ferromagnetic in character. However, the value proposed for
the exchange parameter J/kp or J,/kp varies significantly. In a Ising model written as
—2J, 3,55, 41 for powder samples, it was estimated to have the value of 25.7K in Ref.™”
and 76K in Ref.?Y | In isotropic Heisenberg models —.J > SiSiy1, J/kp was estimated to be
20K in Ref™ and 13K in Ref.,** these last two working on TF. On the other hand, while
there is a consensus that the magnetic anisotropy D is positive, indicative of an easy plane
situation, its value has been estimated from experiments, varying from D = 92 K in Ref.*"
to D = 53K in Ref'4

Spin orbit interaction energy is important in FePc molecules, since they present a high
unquenched orbital moment.”%43 In this case, it is well known that an effective spin hamil-
tonian can be derived, which contains terms of the form DS? 4+ E(S; + S}), being the

parameters D and E matrix elements proportional to the orbital magnetic moment. The

Dy, symmetry present in isolated FePc molecules is broken when the chains are formed in
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the bulk or thin film structure, since the stacking axis is not perpendicular to the molec-
ular plane. This suggests the idea that the Heisenberg exchange term may in principle
be anisotropic. An extreme case of this is precisely the Ising model considered in Ref.”
However, most recent works in FePc bulk structures or TF have considered the isotropic
Heisenberg model only. 14246 On the other hand, the interchain exchange is expected to be
relatively small, due to relatively large lateral distances between Fe centers, as confirmed
by calculations done in CrPc chains.#” These considerations render FePc thin films to be
treated, as DF'T calculations are concerned, as one dimensional chains of FePc molecules,
geometrically arranged as described in section Stacking Geometry, with the possibility of
anisotropic magnetic exchange and with other spin-orbit derived interactions present, such
as single ion magnetic anisotropy terms. On the other hand, regarding the Dzyaloshinskii-
Moriya (DM) anisotropic exchange, it’s important to consider that its order of magnitude is
given by Dpy ~ (A(g)/g)J.* With the most recent estimation of g in TF, g = 2.16™ the
magnitude can be estimated in Dpys ~ 0.08.J. Consequently, this interaction has not been

considered significant in this work.

With all this considered, the proposed model Hamiltonian for the one dimensional chains

of FePc molecules in the o, polymorphism is:

1 z z 1 €T X
_§ZJZ(Si'Sj)_§ZJfE(Si - 55) (1)
<ij> <iyj>

1
—5 D H(SS))

<,j>

where the sum over i runs over all Fe atoms in the supercell and the notation < i, 7 > repre-
sents first neighbor atoms. The factor 1/2 is introduced to avoid double counting. The first

term in the Hamiltonian describes the uniaxial anisotropy as we choose z as the off-plane

11



direction. The second term describes the in-plane anisotropy. The anisotropic exchange

interaction is considered in the last three terms.

We now proceed to compute the magnitude of the parameters of the model Hamiltonian
with DFT calculations, by means of the widely used method of energy mapping.“**% To
do so, the energy difference between classical configurations, described in Ec. has been

computed.

EfM =2ES* — 2,5 + E,
EM =2ES? +2J,8% + E,
EJM = —2ES* — 27,57 + E
EM = —2ES* +2J,5% + By
EfM =2DS? —2J.5% + E,

EAY =2DS? +2J.5% + E,

Such calculations were performed for a chain defined by two molecules per unit cell. For

each configuration the directions x, y, z are defined as in Figure In each line of Eq. [2]

EFM/AFM

Girertion 15 defined, where F'M means that the magnetic moments of both molecules are

parallel and AFM, antiparallel. For determining the parameters J,, J,, J,, D and E we
used the ground state energy obtained from our DFT calculations for each configuration in

equation [2] Then, the parameters expressed as function of the ground states energies were

EAT — EfM

Ji = 14—32 (3)
_Lrrm E;M + EJY Jo + Jy
D= [BM - ; 2(J: = =) (4)
1
FE = Z[EfM—E5M+2(Jx—Jy)} (5)
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where the index ¢ runs for x,y, 2.

The obtained results for the Heisenberg exchange were J, = 1.77 meV, J, = 2.31 meV
and J, = 2.07 meV. The precision of the DFT calculations in VASP was more than enough
to assure the last digit. While the mean value of the exchange is very similar to the proposed
J values in isotropic models, our calculations show that it is anisotropic, with an important
amount of exchange anisotropy J,/J, = 1.31. It is important to note that the positive
value of the Heisenberg exchange means a ferromagnetic coupling, in line with previous
experimental results.**¥ The type and value of the exchange coupling in MPCs is strongly
influeced by the stacking angle, hence by the A value.*”

The calculated single ion anisotropy is D = 0.65 meV, which is equivalent to ~ 7.5K, a
value much lower than the estimations from experiments previously mentioned. Neverthe-
less, it is important to note that the calculated value agrees with earlier theoretical findings
in which the preferred in plane magnetization direction was also identified.*! The easy plane
anisotropy obtained is due to the spin-orbit interaction trying to align the spin with the
orbital magnetic moment, this being the result of the orbital motions of the Fe electrons.
Our results show an orbital magnetic moment greater in the molecular plane, with values
of 0.118, 0.140, and 0.039 up along the z, y, and z directions, respectively. However, these
values are likely underestimated, as suggested by previous research.*s DFT calculations tend
to underestimate the orbital magnetic moment when electron correlation effects are impor-
tant,?2 and it is expected that the actual value of D is higher than in our calculations.
Finally, the calculations showed than E is very small compared to the other parameters of

the model, and consequently it will be disregarded from now on.

To this one-dimensional model for FePc chains we add interchain interactions J;,;., that
are expected to be one order of magnitude smaller than the intrachain ones, due to the large
interchain Fe-Fe distance compared with the intrachain one.*#4” Although the DFT calcu-

lations were made for the particular geometry of the a+ phase found in TF, we expect the
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model to account for the physics of other polymorphisms as well. Our results are summarized

in table [Tl

Table 1: DFT calculated parameters for the magnetic model of FePc TF o,
phase.

ay T | J, | D E
(meV) | 1.77 | 2.31 | 2.07 | 0.65 | 0.04
(K) | 205 | 268 | 240 | 75 | 05

Monte Carlo calculations.

Taking into account the ferromagnetic ground state of weakly coupled FePc chains, with
individual molecules having spin S = 1, classical Monte Carlo is a suitable method to
study its magnetic properties. All the Monte Carlo simulations presented in this work were
performed on periodic FePc chains within a 3x3x1000 supercell. In such an arrange each
spin, representing the Fe magnetic moment, interacts with 2 nearest neighbors within its
chain and with 4 nearest neighbors belonging to different chains located along the directions
of the x and y axes. The model Hamiltonian is the one described in Eq. [T with the derived
parameters: Ji, = 1.76 meV, J;, = 2.31 meV, J;, = 2.07 meV (equivalent to 20.5,27 and
24 Kelvin, respectively), magnetic anisotropy D = 0.65 meV with the addition of interchain
interactions of Jjner, which were shown to be relatively small but not negligible.14#47 The
chosen value is Jiuer = 0.01 meV, since for this value the transition temperature (i.e. the
temperature at which there is a peak in susceptibility or specific heat curves, not shown) is

of around 5 Kelvin, a value very similar to that reported in experiments.

Magnetization.

In magnetization experiments both in powders and thin films, the results showed that even
at high fields of several Tesla, the magnetization per molecule did not saturate to the ex-

pected value for S = 1, that is 2gup. In FePc powders, this was interpreted in terms of
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the herringbone structure (see above), due to the canting of the sublattices.™ On the other
hand, in thin films, there is evidence that the structure is of the brickstack type,* so that
no canted two sublattice structure is present. All the same, the magnetization in thin films
does not saturate at high fields. This suggests that another mechanism could be playing a

role in this observed behaviour.

Concretely in Ref.,** working with TF, it is shown that even at the lowest temperatures

reached, of 2K:

e For the field in the molecular plane (Fig. 4 d, e, templated films), the magnetization

did not saturate for fields as high as 7 Tesla, reaching 1.8 at this value of the field.

e For the field perpendicular to the molecular plane (Fig. 4 a, b, non-templated films),
the magnetization is lower than that corresponding to the same value of B for B in

the molecular plane (M < lup for B < 6 Tesla).

In the experiments in thin films, grains are formed, so that when the field is in the
molecular plane, it can in principle form any angle with the molecular "y’ axis defined above.
To simulate this, we have performed Monte Carlo simulations with the magnetic field B at
varying angles with the y axis of the molecule, and we have averaged the magnetization, in
the direction of the field, for all the directions of B between 0 and 90 degrees. This gives

the results showed in table 2] all for a T' = 2 Kelvin, the lowest reported in the experiments.

Table 2: Average magnetization (in Bohr magnetons) for different values of B,
being the field in the molecular plane always. The Monte Carlo calculations
correspond to T'=2 K.

B (T) 1 [ 23] 4]5 67
Mayg(pp) | 130 | 1.39 | 1.47 | 1.54 | 1.61 | 1.66 | 1.73
Mapg/Maar | 0.65 | 0.70 | 0.73 | 0.77 | 0.80 | 0.83 | 0.86

The results are in very good agreement with those presented in Ref.™* For fields below 3

Tesla, the magnetization is below 1,5 up, i.e. 75% of the saturation vale, and for a field of
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magnitude 7 Tesla, we obtain a magnetization of 1,73 up = 86%M,,;, close to the 1,8 up
reported in experiments that represented 83% of the saturation value. Thus, in the frame
of our model, the magnetization does not saturate even at fields of 7 Tesla, due to the

anisotropy of the exchange J. E|

With our model, the non saturation of magnetization within the molecular plane can be
explained as a consequence of the spatial anisotropy in the exchange J, since the difference
between J, and J, is of ~ 0.5 meV. This can explain why the magnetization does not sat-
urate with a field of several Tesla, since a field of 1 Tesla involves an energy of gupB ~ 0.1

meV for S = 1.

For a field perpendicular to the molecular plane, that is, in the z direction, the Monte
Carlo results show that the magnetization is always lower, for any value of B, than the
average magnetization for B in the molecular plane. Although the results show that |J,| <
| T < |Jy|, with J, =1.77 meV, J, =2.07 meV and J, =2.31 meV, which would indicate
that it is more favourable for the magnetic moment to move in the yz plane, if positive value
of D = 0.65 meV is taken into account, the final result is that it is energetically more fa-
vorable for the magnetic moment to remain in the molecular plane. This explains the result

mentioned above.

The previous results are in line with magnetization measurements in the zy and z di-

4 and can also explain why in the non-templated films,** in which the molecules

rection,
are perpendicular to the substrate, when a field parallel to the substrate is applied, the
magnetization is always lower than for the templated films, in which the field is always in

the molecular plane. This is because in non-templated films, for some grains, the field is, or

3Within our model, saturation is indeed reached at much larger fields, and the non-saturation of the
magnetization in FePc powders at B = 20 Tesla reported in Ref.™ has to be explained adding the canting
of the FePc sublattices found in the herringbone phase.
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almost is, perpendicular to the molecular plane, while for some others it is in the molecular
plane, with intermediate situations for other grains, so that the average magnetization can
be simulated as an average of the in plane magnetization with the out of plane one.

All in all, our model gives an explanation that can, at least partly, account for the
reported results for the non-saturation of the magnetization in FePc thin films. It can be

expected that this results also contribute to understand the experiments in FePc powders.

Magnetic Solitons

Ferromagnetic one dimensional systems have magnetic solitons as natural excitations above
the ground state.* 3 Solitons possess special properties like stability, mobility without loos-
ing their shape, and energy efficiency, making them promising candidates for various appli-
cations in the field of spintronics or information processing. For example, magnetic solitons
have been proposed as a mechanism for remotely manipulating single gbits.”* Besides, the
density of magnetic solitons influences experimental measurements of specific heat,”® neu-
tron scattering experiments,”® Mossbauer spectra®’ and dynamic structure factor.”®Several
studies in similar model Hamiltonians®***% have found this type of excitations. They have
also been reported in experimental studies of cuasi 1D compounds, being CsNiF5°¥9% the
paradigmatic ferromagnetic soliton bearing compound, and also others like quasi 1D anti-
ferromagnets Lis MngosFegooFs and NasMngggFeg oo F5.20 In relation to FePc chains, in
Ref.?Y Mossbauer and a.c. susceptibility measurements, and in Ref."# susceptibility mea-
surements, were interpreted in terms of magnetic solitons, but with different models, or by
means of an equation for the energy of the solitons derived from a renormalized Sine-Gordon
theory.” Here, in the context of our first-principles derived model Hamiltonian, we study
their existence, type and density, in particular as a function of temperature and magnetic

field.

In figure |3| the three components of the spins along a segment of 200 sites of our model
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is plotted, for T'= 8K and a magnetic field of 0.25 Tesla in the 'y’ direction. 27 solitons can
be visualized. The observed solitons are predominantly of the xy type, i.e. the spins remain
mostly in the plane of the molecule, but a certain amount of z component is also present. We
have also made calculations with D 10 times higher, and checked that the number of solitons
changes little but their z component decreases much further. In ferromagnetic isotropic
Heisenberg models with single ion anisotropy, solitons are expected to be purely of the xy
type for temperatures much lower than T = (JD)'/2/kp, which amounts to between 12 and
14 K for the parameters of this model, but ~ 40 K for D 10 times higher, and this is the
reason why we observe a certain amount of z component in the solitons for the parameters
of our model, but almost none for D enhanced by a factor of 10.

In order to calculate the density of magnetic solitons, the following quantitative criterion

is established, following similar criteria established in previous works:5%61

Figure 3: Snapshot of the spins along a selected segment of 200 sites (out of a total of 1000
sites per chain), representing the 1D arrangement of FePC molecules, for T'= 8 K and a
magnetic field of B = 0,25 Tesla. Several magnetic solitons, marked with circles, can be
observed.

1. For a given temperature T we average the y components of all the sites and and obtain

S,

2. A soliton is counted if S, > 0.4 x S (in our case S=1) and at a certain site i S¥ <
—0.4 x gy, and this remains valid for at least 3 more sites, i.e, the soliton width is

larger than 3 sites. Thus we obtain n.
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3. We then average the n, values by repeating 2) every 106 MC steps out of a total of 10?

steps.

Besides, for low fields, like in Fig. we can roughly count the number of solitons per
100 sites visually, as is sketched in that figure. The criterion above gives the same number
as the visual count. With this criterion, the density of magnetic solitons is plotted in Fig. 4],
together with a fit by an Arrhenius equation.” We have tested that across the full range of
temperatures and magnetic field strengths investigated, the statistical error associated with

our results remained below 1.1072 and decreases as ns decreases.

ns = (A/T) exp(=E,/T) (6)

)
n

9]
T

Solitons per 1000 spins
N
T

0 g 10 125
Temperature [K]

Figure 4: Density of magnetic solitons as a function of temperature for several magnetic
fields. The lines are fittings with eq. @ The error bars are covered by the symbols.

We can see that the density of solitons increases exponentially as a function of temper-
ature up to the transition temperature. From this temperature on, magnetic solitons decay
abruptly to zero (not shown), and this occurs naturally because the magnetic order disap-
pears. The fitting with the Arrhenius equation gives excellent results. Soliton energies are
shown in Fig. [5| as a function of the magnetic field. For low magnetic fields, the energy is
around 73 K, and grows linearly with the field. This energy is much higher than any of the

J, and this is in line with what was found in antiferromagnetic Heisenberg models, where it
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was shown that a small amount of anisotropic exchange leads to the formation of solitons,?”
of energy much higher than J. The value obtained for the soliton energy has a very good
agreement with what was obtained from Mossbauer/a.c. susceptibility experiments, >V i.e.
72 K with B = 0.08 Tesla. It is also in between the energy values from the classical domain
wall theory Ey, = 2 7 v/ JD ~ 90K and the Sine-Gordon theory E, = 4 v/ JD ~ 60K°7 for
an isotropic Heisenberg model with single ion anisotropy D, adopting for J the value of J,

for our model.

160

140 |- -

120 — -~ —

100 — P —

80 - .- -

Soliton Energy [K]
\

60 — —

g
0

3 4 5 6 I 7
B field [Tesla]

Figure 5: Energy of magnetic solitons as a function of magnetic field according to the
fitting done with eq. @ A linear regression is depicted by a dashed line.

Finally, in Fig. [6] we plot a colour map for the density of mangetic solitons as a function
of magnetic field and temperature. It can be clearly observed how magnetic solitons are
excited with temperature and magnetic field up to the transition to the paramagnetic phase.
The magnetic field increases the transition temperature (for example at B = 1 Tesla the
transition temperature is ~ 12K and for B = 4 Tesla is ~ 20K) and consequently solitons
are excited up to higher temperatures as the field increases, but at the same time the soliton
density reaches lower values. The highest solitons densities are reached for fields below 2

Tesla at temperatures between 8 and 12 K.

All in all, Monte Carlo simulations show the existence of magnetic solitons in the model
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Figure 6: Density of magnetic solitons as a function of temperature for several magnetic

fields.

proposed for a; FePc in thin films, which are thermally activated in the ferromagnetic phase
and increase their energy with the application of a magnetic field, which renders them more

difficult to be thermally excitated.

Conclusions.

In this work we have theoretically studied o, polymorphism of FePc Phthalocyanines that
is found in thin films, consisting of quasi one dimensional chains of FePc molecules. By
means of DFT calculations, after reproducing the structural properties of the phase, we
have calculated the parameters of a Heisenberg model with single ion anisotropy, finding
that due to the spin-orbit interaction the magnetic exchange interaction is anisotropic, i.e.
that J, # J, # J., with J, = 1.77 meV, J, = 2.31 meV, and J, = 2.07 meV. Calculations
also show a single ion anisotropy D of 0.65 meV and negligible £. Adding to this one di-
mensional model a small interchain hopping, as estimated from experiments and theory, 47
with classical Monte Carlo calculations we calculated the magnetization at low temperatures,
finding that the non saturation found in thin films at fields up to 7 Tesla can be explained by

the model. However, in FePc powders, the non-saturation of the magnetization extends to
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much higher fields, as a consequence of the canted structure of the herringbone arrangement.
We have also found that our model is consistent with the existence of magnetic solitons in
FePc TF. The solitons observed in MC calculations are of the 27 or double kink type. It
is found that there is a non-negligible density of solitons even at zero magnetic field, and
that the soliton energy for zero magnetic field is around 73 K, in line with Mossbauer and
a.c. susceptibility experiments. Their energy increases linearly with magnetic field, and
the thermal energy window in which they are exited is at higher temperatures as the field

increases, but at the same time their density also decreases.
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