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Single-molecule magnets exhibit magnetic ordering due to
exchange coupling between localized spin components that
makes them primary candidates as nanometric spintronic
elements. Here we manipulate exchange interactions within a
single-molecule magnet by nanometric structural confinement,
exemplified with single-wall carbon nanotubes that encapsulate
trimetric nickel(n) acetylacetonate hosting three frustrated spins. It
is revealed from bulk and Ni 3d orbital magnetic susceptibility
measurements that the carbon tubular confinement allows a
unique one-dimensional arrangement of the trimer in which the
nearest-neighbour exchange is reversed from ferromagnetic to
antiferromagnetic, resulting in quenched frustration as well as the
Pauli paramagnetism is enhanced. The exchange reversal and
enhanced spin delocalisation demonstrate the means of mechani-
cally and electrically manipulating molecular magnetism at the
nanoscale for nano-mechatronics and spintronics.

The development of novel magnetic materials is of vital impor-
tance to advances in nanotechnology, high-density data
storage applications and quantum computing. Since the field
of molecular magnetism emerged in the 1980s," scientists
have pursued the development of novel magnetic materials
beyond inorganic three-dimensional (3D) solids. Single mole-
cule and single chain magnets (SMM and SCM) are fundamen-
tally different from traditional bulk magnets since the mag-
netic interaction predominantly takes place within the mole-
cule itself in which the magnetic centers are exchange coupled
via the ligands.”> The surroundings of molecular magnets
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become relevant at low temperature as intermolecular inter-
actions emerge® while at room temperature some samples
degrade over time in the presence of oxygen and water.
Single-wall carbon nanotubes (SWCNT) have been inten-
sively studied not only due to their advanced fundamental
properties,”” but also due to their enormous potential for
technological applications. One of their unprecedented abil-
ities is to encapsulate®” or confine®® foreign substances that
makes SWCNTs robust skeletons for atoms and molecules to
be arranged in a one-dimensional (1D) structure while being
protected from environmental factors.'® The present work
focuses on a trimetric nickel(n) acetylacetonate (Ni(acac),)
molecular magnet (see Fig. 1) in which three nickel ions are
superexchange coupled via the oxo ligands.'' 1D arrays of
Ni(acac), (1D-Ni(acac),) are formed successfully inside the
SWCNTs, as revealed by X-ray diffraction (XRD). Their mag-
netic properties are investigated using the superconducting
quantum interference device (SQUID) and X-ray magnetic
circular diachromism (XMCD) at various magnetic fields and
temperatures. The net magnetisation of 1D-Ni(acac), is sub-
stantially reduced as compared with that of the bulk
Ni(acac),(3D-Ni(acac),), which is attributed to the changes in

Fig. 1 The trimer structure of nickel(i) acetylacetonate (Ni(acac),).'? The
spins of nickel ions are superexchange coupled via the oxygen ligands
with exchange constant Ji, 3 between the nearest-neighbour spins and
Jiz between the terminal spins. Hydrogen atoms are not shown.
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superexchange interactions within the trimer. A detailed ana-
lysis of the magnetic susceptibility data reveals anisotropic
quenching of exchange couplings among the trimetric spins.
The present work demonstrates that the superexchange
coupling within the molecular magnet can be controllably
quenched by the uniaxial stress inside the SWCNT that paves
the way towards reversible magnetic switching within nano-
metric scales for spintronics.

In the present work, we study the magnetic properties of
Ni(acac),-filled SWCNTs with mean diameters of 1.3(+0.1)nm
and 2.1(+0.1)nm, referred to as 1D-Ni(acac),@NT1.3 and
1D-Ni(acac),@NT2.1, respectively, in comparison to a pristine
SWCNT sample with an intermediate mean diameter of
1.7 nm (NT 1.7) and Ni(acac), in powder form (3D-Ni(acac),).
XMCD measurements have been carried out on the Ni(acac),-
filled SWCNT with an intermediate mean diameter of 1.7(+0.1)
nm (1D-Ni(acac),@NT1.7). The encapsulation of Ni(acac),
inside SWCNTs has been confirmed by Raman spectroscopy
according to the literature'®™*™'° (see the ESI, section 27 for
more details).

Fig. 2 shows the X-ray diffraction (XRD) profiles of 3D-Ni
(acac),, NT1.7, 1D-Ni(acac),@NT2.1 and 1D-Ni(acac),@NT1.3.
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The XRD profile for the 3D-Ni(acac), verifies the ortho-
rhombic structure of the trimer that matches well with the
diffraction lines simulated with the FullProf software package
(wavelength: 1 = 0.154 nm, crystal parameters: space group
Pca2, a = 2.32 nm, b = 0.96 nm, ¢ = 1.57 nm)."?> The pristine
NT1.7 exhibits a bundle peak at around 26 = 4.5° which stems
from the hexagonal arrangement of bundled SWCNTs. The
complete quenching of this peak is typical of molecule-filled
SWCNTs with a high filling degree®® and is due to a change in
the form factor. The broad peak centered around 26 = 22° can
be assigned to carbon (002).>" After filling, the X-ray diffraction
pattern is fundamentally altered as all but one peak are not
observed, indicating a change from the orthorhombic struc-
ture of 3D-Ni(acac), to the 1D structure of Ni(acac), inside
SWCNTs. For both 1D-Ni(acac),@NT2.1 and 1D-Ni

(acac),@NT1.3, one prominent peak is located at a diffraction
angle of 2 = 9.2° corresponding to a periodic spacing of 9.6 A,
slightly below the first peak of the orthorhombic 3D-Ni(acac),
at 20 = 9.4° (9.4 A)."> The periodic spacing of 1D-Ni(acac), is
summarized in Table 1. d., — 2d,qw is the diameter available
for filling molecules, where d,qw is the van der Waals distance
towards the walls and d..,, is the nanotube diameter.

Intensity
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Fig. 2 XRD profiles of 1D-Ni(acac),@NT2.1 and 1D-Ni(acac),@NT1.3, together with those of NT1.7 and 3D-Ni(acac),. The vertical lines are the diffr-
action lines reproduced from the literature lattice parameters.'? The inset illustrates a 1D stacking geometry of 1D-Ni(acac), in (13, 12) carbon nano-

tubes with a diameter of 1.7 nm.
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Table 1 The 1D periodic molecular spacing as measured in XRD is
listed for 1D-Ni(acac),@NT2.1 and 1D-Ni(acac),@NT1.3

dent Aent — 2dyaw 1D spacing Ni/C
1.3 nm 6.2A 9.61 A 4.3%,,
2.1 nm 14.2 A 9.56 A 1.5%p¢

In the Ni(acac), trimer three nickel ions are superexchange
coupled via the oxygen ligands'' (see Fig. 1). The spin only
state of the nickel 3d shell has two unpaired electrons (S = 1),
giving rise to a theoretical ground state magnetisation per
nickel of 2.83up. The superexchange interaction can be
described by considering the exchange coupling between the
neighboring ions (J = Ji, »3) and between the two terminal ions
(J13)- J can be expected to be ferromagnetic and J;; anti-ferro-
magnetic. The former is readily anticipated according to the
Goodenough-Kanamori-Anderson rules®*® as discussed
later. In Fig. 3(a), the magnetisation data at 5 K for 3D-Ni
(acac),, 1D-Ni(acac),@NT2.1 and 1D-Ni(acac),@NT1.3 are
plotted against a field/temperature up to 0.2 T K~ (magnetic
field up to 1 T) after subtraction of SWCNT magnetism (see
the ESI, section 31 for more details). The magnetisation per
nickel atom has been evaluated by taking the nickel atomic
concentration derived from the XPS data into account (see ESI,
section 47).>” The magnetisation curves are linear at magnetic
fields up to 0.7 T for 3D-Ni(acac),, +0.8 T for 1D-Ni
(acac),@NT2.1 and +0.9 T for 1D-Ni(acac),@NT1.3 so that
according to the Curie law we can calculate the effective

3kgTM

B

magnetic moment p = , where kg is the Boltzmann

constant, yp is the Bohr magneton, T is the temperature, B is
the field and M is the magnetisation.}
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pege evaluated for 3D-Ni(acac), is 3.15 in units of g, in
agreement with a previously reported experimental value of
3.23," that is reduced to 2.68 (85% of 3.15) for 1D-Ni
(acac),@NT2.1, and further to 2.27 (72% of 3.15) for 1D-Ni
(acac),@NT1.3. The reduction is larger for 1D-Ni(acac), in the
smaller-diameter SWCNT and is therefore attributed to the
structural confinement.

The encapsulation of Ni(acac), in conductive SWCNTSs
makes them much more stable not only under ultra-high
vacuum conditions but also under exposure to X-ray radiation
that enables more demanding spectroscopy experiments such
as X-ray magnetic circular dichroism (XMCD) that provides the
element and orbital selective information on spin and orbital
magnetic moments.**7*

Fig. 3(b) shows the X-ray absorption spectra over the Ni L, ;
edge, u" (red) and u~ (blue), for 1D-Ni(acac),@NT1.7 (an inter-
mediate mean tube diameter of 1.7 nm) measured at 4 K with
soft X-ray synchrotron radiation with circular polarisations par-
allel (¢") and anti-parallel (u7) to the magnetic field of up to 6
T. All spectral features are characteristic of Ni** in the octa-
hedral ligand geometry as demonstrated in the ESI, section 5,
Fig. 9.1 The XMCD spectra y'—u~ at magnetic fields up to 6 T
are plotted in the lower part of Fig. 3(b). Using the XMCD sum
rules (see the ESI, section 51) we can estimate the Ni 3d spin
and orbital magnetic moments. Both increase linearly with
increasing magnetic field up to 6 T as plotted together with
the linear fit in Fig. 3(a), giving rise to an orbital-to-spin ratio
of 0.2. Interestingly, the Ni 3d magnetisation shows no appar-
ent saturation and reaches only 0.42up per nickel at 6 T
(~1.44 T K'). This points towards the presence of non 3d
magnetisation that is not probed by XMCD at the Ni 3d
absorption edge, possibly of delocalized nature as the oxygen
orbital is non-magnetic. The corresponding orbital effective
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(a) The bulk magnetisation per nickel at 5 K plotted against the temperature over applied magnetic field (up to 1 T) for 3D-Ni(acac),, 1D-Ni

(acac),@NT2.1 and 1D-Ni(acac),@NTL1.3, as well as the spin and orbital Ni 3d magnetic moments evaluated from the XMCD spectra. (b) The XMCD
spectra of 1D-Ni(acac),@NTL1.7 recorded across the Lz absorption edge at a temperature of 4 K and fields up to 6 T. The data are offset one another

by 0.1 for better visibility.
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magnetic moment is 9P = 0.49 in units of ug and the spin
effective magnetic moment is #*h" = 1.01. The total effective mag-
netic moment is ' = 1.12, much lower than those evaluated
from the SQUID data (2.68 for 1D-Ni(acac),@NT2.1 and 2.27 for
1D-Ni(acac),@NT1.3). The orbital component is smaller by a
factor of 2 than the spin component, meaning that the quenching
of the orbital magnetic moment is significant enough so that we
can conditionally assume a pure spin Ni 3d state in the following
analysis that focuses on changes with regard to the exchange
coupling energy due to the nano-confinement.

The spin Hamiltonian for the superexchange-coupled tri-
metric nickel spins can be given as H = —2[/15(5152) + J23(5253)
+ J31(8351)].%* In the case of Ni** (3d®) in the octahedral ligand
geomerty, six electrons fully occupy the t,, orbital and two
electrons are left unpaired in the e, orbital, giving rise to a
total spin magnetic moment of S = 1 for which the following
analytical formula for the magnetic susceptibility per atom in
units of the Bohr magneton up can be derived from the
Hamiltonian.'"*?

~ 9kgT |B

(1)

28% g [A
Xat = £ ’

where

A= 4262(2x+y) 4 15620’7") + 1562(x—y) + 3ez(yfsx) + 3872(”3’)
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B = 723 4 502070 4 50200) 4 3020730 4 30-2(x4) 4 30—
+ e*Z(ZX‘Fy)’

and

x:]/kBT yzjlg/kBT,

where J;; and J are the exchange energies between the terminal
and neighboring nickel ions, respectively, T is the temperature
and g is the Landé g-factor.§

Fig. 4 shows the temperature-dependent magnetisation
data measured by SQUID at 1 T for 3D-Ni(acac), and 1D-Ni
(acac),@NT1.3 after subtraction of the SWCNT magnetism
(see ESI, section 31). No difference is observed between the
data recorded at the zero-field cooling (solid circles/triangles)
and field cooling (open circles/triangles). It is noticeable that
1D-Ni(acac), exhibits much enhanced constant Pauli paramag-
netism as compared with 3D-Ni(acac),. Fitting the data to
eqn (1) plus Pauli term M, (see the ESI, section 61 for more
details), we get Pauli paramagnetism values of M, ~ 0.001up
per nickel for 3D-Ni(acac), and 0.01up per nickel for 1D-Ni
(acac),@NT1.3. This enhancement can be attributed to the
delocalisation of the spin polarisation as a result of the inter-
actions between 1D-Ni(acac), and the conduction band of the
SWCNT, in line with the presence of non 3d magnetism
suggested to explain the difference between the XMCD and
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(@) The magnetisation per nickel atom versus temperature in the range between 2 K and 300 K measured under a magnetic field of 1 T for

3D-Ni(acac); (circles) and 1D-Ni(acac),@NT1.3 (triangles). The solid and open circles/triangles are measured upon zero field (ZFC) and field cooling,
respectively. The solid curves are the results of fitting the data with eqn (1) at temperatures above 5 K. The paramagnetic curve (dashed), eqn (1) with
J =0, Ji3 = 0, is also plotted. The inset shows the inverse magnetisation data and fitting curves after the subtraction of constant magnetisation
offset M.. The dashed lines are linear extrapolation of the fitting curves in the range of 150-300 K for 3D-Ni(acac), (green) and 1D-Ni(acac),@NT1.3
(orange). Schematics of (b) 3D-Ni(acac), trimer where ferromagnetic exchange between the nearest-neighbour spins and antiferromagnetic
exchange between the terminal spins lead to spin frustration and (c) 1D-Ni(acac), with nearest-neighbour antiferromagnetic exchange.
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SQUID results. The data below 5 K have been excluded from
the fitting as the saturation dominates at 1 T, as seen in the
field dependent data at 2 K (see the ESI, section 3, Fig. S67).
The corresponding fitting curves are inverse-plotted after sub-
traction of M. in the inset in Fig. 4, alongside with the dashed
black curve with zero exchange couplings, J = 0 and J;3 = 0,
that follows the Curie law. For 3D-Ni(acac),, we get exchange
values J = 1.49 meV and J;3 = —0.89 meV, resulting in a ferro-
magnetic offset at high temperatures in the inverse plot.
Fig. 4(b) shows a diagram of exchange coupling among the
trimetric spins exhibiting spin frustration. The corresponding
Weiss temperature evaluated from the Curie-Weiss fitting line
(dashed green line) derived from the data in the temperature
range between 150 and 300 K is Ty = 14.8 K. For 1D-Ni
(acac),@NT1.3 (panel c), J turns negative and J,3 is totally
quenched. There is no spin frustration in this spin geometry

a) Ferromagnetic (O, o = 90°)

Ni2+ 3d, (oky
o AL _| Al A| A
eV V¥ 5225 28 7
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whe Ay (5
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as illustrated in Fig. 4(c). The corresponding Weiss tempera-
ture is —3.7 K.

These data elucidate the following important findings. The
two exchange coupling constants exhibit anisotropic quench-
ing upon encapsulation of Ni(acac), in the SWCNT. The
nearest-neighbour exchange J, which is positive in 3D-Ni
(acac),, turns negative in 1D-Ni(acac), in the small-diameter
SWCNTs, while the J;; between the terminal spins, positive in
3D-Ni(acac),, is quenched in 1D-Ni(acac),. Both demonstrate
that the superexchange coupling among the trimetric spins
sees the nano-confinement forcing Ni(acac), into the 1D
arrangement (as depicted in the inset in Fig. 2) where the
trimers are being stretched and the 1D unit cell enlarged as
compared with the 3D lattice, as observed in the XRD profile in
Fig. 2. The ferromagnetic-to-antiferromagnetic transition of the
nearest-neighbour exchange can be accompanied by the enlar-

b) Antiferromagnetic (0y;.o.n = 180°)

Kinetic exchange

X

Ni2* 3d, 2 Ni2* 3d,

NEI G
L

2P 2Py 28 tZg%%%

2p, 3d,

TP X0t

Fig. 5 Diagrams for superexchange coupling between the nearest-neighbour Ni 3d orbitals (Ni?*; 3d® in octahedral geometry) via oxygen 2p
ligands (O2~; 2p®). (a) In the case of Oni—o-ni = 90°, the electron sharing occurs in a way to satisfy Hund's second rule that ensures the maximum spin
multiplicity of the oxygen 2p orbitals. The resulting ferromagnetic potential exchange between the two orthogonal oxygen 2p orbitals (2py,) leads
to a ferromagnetic exchange between the nearest-neighbour nickel ions. (b) In the case of Oyi—o-ni = 180°, the kinetic exchange due to overlapping
nickel and oxygen orbitals (3d(,) and 2p,(,) leads to an antiferromagnetic coupling between the nearest-neighbour nickel ions. (c) The geometry of

Ni, O and C within 3D-Ni(acac),.
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gement of the angle between the three oxi-ligands (M-O-M) in
the stretched trimer as the superexchange coupling strongly
depends on the ligand geometry according to the Goodenough-
Kanamori-Anderson rule**%*? (see Fig. 5) Also, lattice distor-
tions of the ligand geometry can lift the orbital degeneracy
between the 3d;,._,» and 3d,._y. of the e,. This leads to an unoc-
cupied 3dz,._,2 or 3d,._. orbital that doesn’t change the sign of
exchange coupling, but can reduce the exchange energy, which
is in line with the reduced net magnetism.

Note that the spin frustration observed in 3D-Ni(acac), is
absent in the 1D case, see the diagram in Fig. 4b and c. This
points towards the distorted octahedral geometry leading to a
1D trimetric spin system favouring the antiferromagnetic
ground state.

In conclusion, the spin-frustrated trimetic Ni(acac), mole-
cular magnet has been uniquely arranged in one dimension
inside SWCNTs. The effective magnetic moment per nickel is
reduced from 3.14uy for 3D-Ni(acac), down to 2.27ug for 1D-Ni
(acac),. The superexchange interactions among the trimetric
spins evaluated from the magnetic susceptibility data exhibit
the anisotropic quenching due to the structural confinement.
The nearest-neighbour ferromagnetic exchange J sees a stron-
ger reduction than the anti-ferromagnetic exchange J;;
between the terminal spins and it turns antiferromagnetic in
the small-diameter nanotubes. A likely explanation for this
ferromagnetic-to-antiferromagnetic transition is a change in
the angle between the three oxo ligands (M-O-M) as it is
known to be a crucial parameter within the framework of the
Goodenough-Kanamori-Anderson rules.

The present work demonstrates that the nanometric structural
confinement can flip the exchange coupling within the molecular
magnet so as to release the spin frustration. Although a more
elaborated theoretical study shall be required, the present work is
an important step forward in understanding the superexchange
coupling in a distorted ligand geometry, which is central for
many advanced materials such as superconducting cuprates®*
and their strain engineering.>> Furthermore, the enhanced Pauli
paramagnetism in 1D-Ni(acac), suggests enhanced electron
delocalisation, in line with the reduced local Ni 3d magnetism as
evidenced by XMCD measurements, possibly the spin polarisation
of the SWCNT’s conduction state induced by the magnetic proxi-
mity effect. This might be useful as an interconnect to the mole-
cular spins to be switched via both mechanical stress and spin
current, providing the basis for nanometric switching devices for
storing and manipulating quantum information.
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