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ABSTRACT: The search for molecular or colloidal building units
capable of autonomously organized configurations has been a long-
standing endeavor that has resulted in the development of |
innovative material categories, such as metal—organic and covalent
organic or long-range molecular networks. In particular, the
possibility of using molecules on surfaces to create specific
architectures, for example, those containing nanostructures of S =
1/2 molecular spin, can enable versatile quantum materials and the
exploration of future quantum devices. Transition-metal phthalo-
cyanines are particularly attractive candidates as they are stable
molecules that can host spin-bearing transition-metal ions in a
planar conjugated ring. Here, we use density functional theory
calculations to systematically study electronic and magnetic properties and hyperfine parameters for the whole series of 3d transition-
metal atoms. We perform transport simulations of selected qubit candidates to further elucidate their suitability for molecular spin
qubits on a surface.

1. INTRODUCTION electron configuration with an effective electron spin of S = 1/
22930 Similarly, for pentacene deposited on the same
substrate, the entire molecule becomes singly negatively
charged, giving rise to a SUMO/SOMO (singly unoccupied/

The design of building blocks of molecular spins for assembly
into complex szrstems has been a goal for quantum-coherent
nanoscience.' ~> Metal phthalocyanines (MPc, M = metal; Pc =

[Cs H, N,],) have found widespread use in chemistry,’ occupied molecular orbital) type of system.’"**

physics,7’8 biology,9 and others.'” Their structural flexibility We note that insulating layers are not the only approach to
and delocalized 7 electrons create stable molecular frameworks achieving a controlled charge transfer between molecules and
with rich electronic behavior.'"'*> By manipulation of their metallic substrates. Molecular packing,™ chemical ligand
molecular structure, it becomes feasible to prepare a robust modification,” and the use of heterogeneous molecular
environment for electron spins and drive an assembly of large bilayers” have also been demonstrated as viable routes.
numbers of qubits into atomically precise spin architec- Among these, the use of thin insulating layers is particularly
tures.'”>™"” The use of scanning tunneling microscopy advantageous as it decouples the charge transfer mechanism
(STM) coupled with scanning tunneling spectroscopy (STS) from the molecules. This allows for the construction of both
allows the probing of single molecular spins at atomic diffuse and densely packed molecular structures with well-
resolution.””™** Since the STM and STS techniques require defined charge transfer properties. A systematic study across
a conducting substrate, the adsorbed molecule can interact the entire range of 3d transition-metal phthalocyanines
strongly with the substrate through electron—electron (TMPcs) on Ag/MgO is, however, still lacking.

scattering.”” This process leads to a short lifetime of spins, This work presents a first-principles study of the electronic

which makes it difficult to determine the spin properties. To and magnetic properties of TMPc for the whole 3d transition-
study the intrinsic properties of the molecule, it is essential to metal row deposited on 2 monolayers (ML) of MgO on a

decouple the adsorbed species from the metallic substrate. This Ag(100) substrate. We provide insight into the design of
is commonly achieved by inserting a thin insulating layer

between the metal substrate and the adsorbate.”® In addition,
thin dielectric layers on metal surfaces can alter the work
function of the underlying metal substrate, therefore
. . 27,28 .
promoting or suppressing charge transfer. In particular,
experiments have shown that FePc becomes negatively charged
when deposited on thin layers of magnesium oxide (MgO)
deposited on silver (Ag), resulting in a 3d’ (eg)4(bzg)2(a1g)1
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Figure 1. Properties of TMPc molecules in a vacuum: (a) Energy-level alignment model for TMPc molecules. The work function D, of Ag(100)
is reduced to @ after the deposition of 2 ML of MgO by a shift A of the vacuum level (E,). Shown are the HOMO and LUMO, solid blue and red
lines, respectively, of a Pc molecule and the schematic transformation to a TMPc molecule by H, — TM exchange. (b) Energy-level alignment
diagram from ASCEF calculations of the TMPc molecules in the gas phase. IP = ionization potential and EA = electron affinity, their differences
being the fundamental gap E,. The green dashed line refers to the vacuum level. (c) Energy difference AE between possible spin configurations of
each TMPc in a vacuum. The spin configurations with the lowest energy are taken as a reference. (d) Hyperfine coupling constants in GHz/p for
each TMPc in vacuum. The bars indicate the maximum and minimum values of the hyperfine tensor by summing isotropic (black dots) and dipolar

contributions.

molecules on surfaces for spin-based qubits and the interplay
between the metal substrate, insulating layer, and adsor-
bate.**"** Finally, we study the quantum-coherent properties
of selected molecular spin qubits through nonequilibrium
transport simulations.

2. COMPUTATIONAL METHODS

The calculations were perfomed using ab initio density
functional theory (DFT) implemented in the Quantum
Espresso package (version 7.1 or newer).””* We used
GBRV pseudopotentials,41 and kinetic energy cutoffs for the
wave functions and charge density were selected within a range
of 70 to 140 Ry, depending on each transition metal (TM).
The projector augmented wave (PAW) pseudopotentials from
the PSLibrary*” were used for the hyperfine calculations
(details about the choice of pseuodopotentials can be found in
the Supporting Information). All calculations used the
generalized gradient approximation of Perdew—Burke—Ern-
zerhof (GGA-PBE)."” Integration of the Brillouin zone was
performed by using only the gamma point, which was found to
be sufficient to describe the system after convergence tests.
Two types of systems were considered: TMPc in the gas
phase, for which we place the molecule in a large vacuum box,
and TMPc adsorbed on Ag(100)/MgO. For the Ag(100)/
MgO system, we consider a 5*$ lateral supercell of 2 ML of
MgO and 2 ML of Ag(100). All cells were built by creating
suitable lateral supercells of the relaxed simple unit cells and
with 20 A of vacuum in the out-of-plane z-direction. During
the geometry optimization, the atomic positions of the
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molecular layer, the dielectric interlayer, and the first two
metallic layers were allowed to relax. Van der Waals
interactions were treated using the revised VV10 (rVV10)
functional. We used rVVI10 as it is the most dependable
dispersion correction for systems featuring mixed bonding
environments.”* For hyperfine calculations, we used the
GIPAW formalism and X-ray absorption spectra were
calculated using the XSpectra code, both implemented in
Quantum Espresso.*~*

ASCEF calculations were performed by calculating the total
energy of the neutral N-electron molecule and the total energy
of the N + 1 (or N — 1) anionic (cationic) molecule. This
difference is the total energy when adding (or removing) an
electron and is therefore the electron affinity (EA = Ey — Ey,,)
or ionization energy (IP = Ey — Ey_,). This method is applied
to the geometry of the neutral molecule.

For nonequilibrium transport simulations of electron-spin
resonance spectra and open quantum system dynamics, we
used a Green’s function formalism. The model consists of a
single-orbital Anderson impurity coupled to a left and right
lead via time-dependent hopping operators. If one of the
electrodes is polarized, then the time-dependent hopping in
resonance with the Zeeman-split spin states leads to coherent
Rabi oscillations and decoherence.” >

3. RESULTS

Before discussing the effects of adsorption on the electronic
and magnetic molecular structure, we briefly present the
chemical configuration of TMPc in the gas phase as well as the

https://doi.org/10.1021/acs.jpca.4c07627
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Table 1. Ionization Potential (IP), Electron Affinity (EA), Transport Gap (Eg'

TMPc Series (in eV)*“

Sc Ti Vv Cr Mn
P 4.08 433 4.65 5.13 5.04(4.5)
EA 2.71 3.05(3.55) 3.16 2.78 3.05
EfF 1.37 1.28 1.49 235 1.99
EgF 1.8" NA NA 1.80%° 1.2%°

IP — EA), and Optical Gap (Eg*") for the

Fe Co Ni Cu Zn
5.01(5.1) 5.05(4.4) 5.08(5.1) 5.08(5.0) 5.08(5.1)
3.17 3.40 2.50 2.55 2.56
1.84 1.65 2.58 2.53 2.52
1.2% 1.60°! 1.68%* 1.64% 1.74%*

“IP, EA, and E¥ were obtained from the ASCF calculations with literature values where available in parentheses.65 The E‘g’Pt' was obtained from data

available in the experimental literature. NA = no data available.
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Figure 2. Magnetic properties of TMPc on Ag/MgO: (a) Schematic of a TMPc molecule adsorbing on 2 ML of MgO and undergoing charge
transfer (charge difference is shown with iso = 0.07). (b) Final spin state of each TMPc after adsorption. (c) Energy difference AE between
possible spin configurations of each [TMPc]™" in vacuum and their lowest-energy state. Red lines indicate the spin state assumed in panel (b). (d)
Hyperfine coupling constants in GHz/puy for each TMPc on Ag/MgO. The bars indicate the maximum and minimum values of the hyperfine

tensor by summing isotropic (black dots) and dipolar contributions.

spin state and the value of the hyperfine constant that we will
refer to as the vacuum states later as reference.

3.1. Properties of Neutral TMPc Molecules in
Vacuum. Phthalocyanines ([Cg H, N,], H,) are flat
molecules in which two hydrogen atoms are surrounded by
an organic ligand. This molecule can be easily modified by
exchanging the central H, with a 3d transition metal, with the
resulting molecule referred to as TMPc in the following. In
TMPc, the central TM ion is coordinated with four nitrogen
atoms, exhibiting D,, symmetry, as shown in Figure 1(a),
which formally gives the TM atom a 2+ chemical oxidation
state. Figure 1(a) also shows the alignment of the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of a Pc molecule with the Fermi
level of the Ag(100) substrate capped by 2 ML of MgO. Upon
depositing 2 ML of MgO on Ag(100), the work function of
Ag(100) is reduced by A due to a shift in the vacuum level.
This brings the Fermi level of the substrate closer to the
LUMO of the Pc molecule.

We performed ASCF calculations for the entire series of
TMPcs to determine their respective ionization potential (IP)
and electron affinity (EA). The results of the ASCF calculation
shown in Figure 1(b) anticipate that all molecules are likely to
undergo charge transfer from the substrate to the LUMO upon
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adsorption on Ag/MgO. When the EA or the IP lies close to
the work function of Ag/MgO, the molecule can change its
charge state by forming an anion or cation. We note that this
model does not capture all possible contributions that lead to
charge transfer;>">>** however, based on this simple model,
VPc¢, FePc, and CoPc are the most likely to undergo charge
transfer by forming VPc™!, FePc™!, and CoPc™?, followed by
the other TMPcs. As we will show later, all TMPc molecules
with the exception of ZnPc (3d") do eventually become
anionic once deposited on Ag/MgO. We note that the small
variation of the IP is in line with previous experimental
studies.>® In Table 1, we summarize the results of our
calculations related to IP, EA, and the transport gap Eg' =1IP —
EA. We include literature values for the optical gap of each
TMPc (where available) since the optical gap is widely
available in the experimental literature. Due to the exciton
binding energy E,, of typically less than 1 eV, the optical gap
Egpt' = E;r' — E., is a useful reference for the lower bound of the
transport gap.57’58

Molecular spin qubits can utilize electron
coupled electron—nuclear®”’’ spin systems. First, we discuss
the electron-spin states S of TMPc in vacuum. Figure 1(c)
shows the spin ground state as well as the excited spin states
with their respective energies for the neutral TMPc molecule.

66—68
as well as

https://doi.org/10.1021/acs.jpca.4c07627
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We observed that for complexes with TM from Ti to Fe, the
high-spin configuration is preferred, while those formed with
Co and Ni favor the low-spin configuration. As expected, Sc
(3d'4s°) and Cu (3d°4s") prefer the low-spin S 1/2
configuration. Second, we assess the possibility of measuring
the nuclear spin states I via electronic spin by calculating the
hyperfine tensor A. The hyperfine tensor consists of isotropic
and dipolar contributions, A = A;, + T. The dipolar part has an
anisotropic spatial dependence. To visualize both in a rather
simple way, we plotted the minimum and maximum of A. The
magnitude of the hyperfine interactions is important for
efficiently coupling the electron and nuclear spins. The larger
the hyperfine coupling, the more efficiently the nuclear spin
can be controlled through the electron spin. Further, larger
hyperfine coupling constants also lead to wider spacing in the
ESR spectrum, which allows addressing of each transition at
the experimentally set ESR line width. Figure 1(d) presents the
values obtained for the hyperfine coupling constants in GHz/
piy for TMPc in vacuum. In magnitude, for V, Cr, Mn, and Fe
the values are nearly identical. Similarly, Sc, Co, and Cu also
exhibit comparable values, though these values are significantly
lower. This discrepancy can likely be attributed to variations in
s-orbital occupation. Combining Figure 1(c and d) suggests
that CoPc would make an excellent candidate for an S = 1/2
spin qubit with strong hyperfine coupling. *’Co also has a
nuclear spin of I = 7/2, making it an electron—nuclear-coupled
spin-qudit candidate with a large Hilbert space. Last we note
that, to the best of our knowledge, TiPc has not been
synthesized; however, its oxidized variant titanyl phthalocya-
nine (TiOPc) is widely discussed in the literature.”"

3.2. Properties of TMPc Adsorbed on 2 ML MgO/
Ag(001). To study the properties of spins deposited on
surfaces, a thin dielectric layer is inserted between the
conductive metal substrate and the spin to reduce scattering
from the substrate and therefore increase the lifetime and
coherence time of the adsorbed spin. Here, we consider a
substrate of silver(100) capped by two layers of MgO. This
system is well understood and used in several studies.”>** It
has been shown by calculations and experiments that MgO
reduces the work function of bare Ag(100) (® = 4.7 V) by 1
eV for the first layer of MgO and by 1.3 eV for the second
layer, after which it remains approximately constant.”>”® This
reduction of the work function brings the LUMO of all TMPcs
close to the Fermi level of the substrate system, which enables
charge transfer from the silver to the molecules.

In Figure 2, we study the effect that adsorption on Ag/MgO
has on the magnetic properties of TMPc molecules. Figure
2(a) shows a schematic of charge transfer from the Ag
substrate to the TMPc molecule upon adsorption. The
resulting spin state is shown in Figure 2(b). The change in
spin state with respect to Figure 1(c) indicates that all
molecules, with the exception of ZnPc, undergo charge transfer
and form their singly charged anionic form [TMPc]~". This is
confirmed by calculations of the anionic species [TMPc] ™"
molecule in a vacuum as shown in Figure 2(c), which shows
the lowest and excited spin states for all anionic TMPcs.

Focusing on S = 1/2 from Figure 2(b and c¢) [FePc]™" and
[NiPc]™" are candidates for S = 1/2 molecular spin qubits.
Higher spin systems are also available in the TMPc series, with
S =1 VPc, CrP¢, and MnPc, while our calculations suggest a
quenched spin ground state on ScPc, TiPc, CoPc, NiPc, and
ZnPc. For all quenched moment, TMPc magnetic excited
states exist due to the fact that they have non-zero 3d
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occupancy; however, the competition between electron—
electron repulsion the square-planar crystal field can lead to
a nonmagnetic ground state. As shown in Figure 2(c), not all
ionic species obtain the same spin ground state in a vacuum
compared to the adsorbed TMPc. We confirmed that this is
not driven by distortions of internal degrees of freedom of the
molecule, which remain very small throughout the entire
TMPc series (Figures S2 and $4). To focus on an example, we
can discuss [ScPc]’, [ScPc] ™!, and ScPc/Ag/MgO. [ScPc]® has
an electron configuration of 3d'4s°L° with a ground state of S =
1/2. When in its anionic state, [ScPc]™" becomes 3d°4s°L°,
with its ground state being S = 0 and its excited state S = 1
lying roughly 5 meV higher. This excited-state splitting should
be relevant for inelastic spin excitation spectroscopy and could
be used to identify the spin ground and excited states in the
experiment.”* When adsorbed on Ag/MgO, ScPc is to good
approximation 3d’4s°L’, i.e., the same as [ScPc]™". According
to Figure 1(b), NiPc, CuPc, and ZnPc are less likely to
undergo charge transfer; however, the resulting ground states
of the respective NiPc and CuPc on Ag/MgO reflect the
TMPc anionic molecules of Figure 2(c) and only ZnPc
remains neutral and assumes the spin configuration of Figure
1(c). We now turn to FePc and CoPc, which should undergo
charge transfer based on their EA position relative to the Fermi
level of the substrate. FePc, which is the best studied of the
TMPcs considered here, does undergo a charge transfer of
3d%4s°L° (S = 1) — 3d74s°L° (S = 1/2) in agreement with the
experiment. CoPc is an analogous case with a nonmagnetic
ground state on Ag/MgO akin to its [CoPc] ™" state.

We calculated the adsorption height and adsorption energy
of TMPc adsorbed on the O-top site of MgO and with the
characteristic (2, 1) rotation of the ligand found in the
experiment.”” The adsorption height h,4, = TM, — O, denotes
the vertical distance between the z-coordinate of the TM and
the closest oxygen atom which falls between 2 and 3 A and
seems to be shorter for the beginning of the 3d TM row
compared to the end. (See Figure S2 and Table S2 for details.)
A similar trend is observed for the adsorption energy (E,4 =
Eial = Eagmgo — Ermpc), which falls between 4 and 7 eV
(Figure S2), which is generally in line with values measured for
TMPc on a metallic surface.”” This indicates that the
interaction of Ti and V with the underlying O is stronger
compared to that of the later TM ions, in line with the stron§
tendency of Ti and V to form titanyl and vanadyl groups.”*~’
We note that experiments have shown that FePc diffuses or
rotates on the surface with a much lower activation energy
(<0.5 eV) than the adsorption energy; ie., the structurally
limiting energy scale is not set by the adsorption energy.””””
To experimentally identify the adsorbed species and the spin
states, we provide simulated X-ray absorption spectra for the
K-edge and L,-edge for each TMPc (Figures S8 and §9). %849
Finally, we calculated the hyperfine coupling for the adsorbed
molecules, as shown in Figure 2(d), to explore the possibility
of combined electron-spin nuclear-spin quantum bits. Here,
[FePc]™" emerges as a candidate for the S = 1/2 and I = 1/2
electron—nuclear qudit, while [TiPc]™ and [NiPc]™" (both S
= 1/2) have vanishing electron—nuclear coupling strength.

3.3. Nuclear Spin—Electron Spin Combined Qudits.
We now assess the possibility of creating molecular qudits by
combining the nuclear spin I with an electron spin S = 1/2
system using the hyperfine tensor A which couples S and I by
H = S-A-L In such a system, the nuclear spin represents the
quantum bit while the electron spin can be used to drive and

https://doi.org/10.1021/acs.jpca.4c07627
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Figure 3. Density of states of adsorbed TMPc molecules. Each panel corresponds to the DOS plot for a TMPc molecule adsorbed on Ag/MgO
with the individual contributions color coded for the TM ion (s and d orbitals) and the macrocycle (ligand).

read-out the quantum state of the nucleus. We will focus here
on systems with § = 1/2, but the same logic applies to larger
spin systems. Further, we will focus on systems where the
hyperfine coupling strength A exceeds the typical line width of
the ESR signal of about I' = 30 MHz,% at least along some
direction of the anisotropic hyperfine coupling tensor. The
results of hyperfine calculations of TMPc on Ag/MgO are
shown in Figure 2(d). Immediately four systems stand out for
having large hyperfine coupling: VP¢, CrPc, MnPc, and FePc.
Out of these, only FePc is S = 1/2 (cf. Figure 2(b)). Fe has
several stable isotopes with the following nuclear spins: **Fe (I
=0+), *’Fe (I = 1/2—), *Fe (I = 0+), which allows the design
of an S = 1/2, I = 1/2 qubit by utilizing isotopically purified
3’Fe since the natural abundance of this isotope is only around
2%. With a nuclear gyromagnetic factor of g & 0.18,%" a
splitting of the nuclear spin states of df ~ 1100 MHz can be
expected, which is well within the typical bandwidth of an
ESR-STM.

Other TMPcs that could be S > 1/2 qudit candidates are
MnPc with S = 1 (**Mn, I = §/2) or CrPc with § = 3/2 (**Cr, I
= 3/2). However, their larger electron spins might make these
systems less suitable for pilot studies as they massively increase
the complexity of driving and detecting the ESR signal.
Simulated hyperfine spectra for all TMPc molecules with non-
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zero electron spin and stable isotopes with non-zero nuclear
spin can be found in Figure S10 with values from Table SS.

The trend in the Fermi contact contribution of the hyperfine
coupling strength can be related to the 4s polarization.”” To
analyze this, we calculated the density of states (DOS)
projected onto the s, d, and ligand manifolds of the molecule.
The data is shown in Figure 3, and the individual contributions
are also listed in Table S4. By contrasting the DOS of the
adsorbed molecule and the neutral (Figure SS) and anionic
(Figure S6) TMPcs in vacuum, we can further confirm that all
TMPcs with the exception of ZnPc undergo charge transfer
when adsorbed on Ag/MgO. Further, the DOS emphasizes the
different possible contributions to the total spin of the
molecule. In most cases, the majority of the polarization is
localized on the central TM ion, which is in line with STS
studies on FePc on Ag/ MgO.29 MnPc and FePc are interesting
cases, as they both acquire ligand polarizations that make them
antiferromagnetically coupled to the d-shell, therefore reducing
the overall spin of the molecule to $ = 1 and S = 1/2,
respectively. NiPc also results in § = 1/2, but its polarization is
predominantly on the ligand, highlighting the distinct
distribution of spin density between these two systems (Figure
S7).

3.4. Simulated ESR Spectra. Finally, we turn to the
question of quantum-coherent properties of TMPc molecules
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Figure 4. Transport properties of TMPc molecules on Ag/MgO. (a) SAIM as utilized in our simulations, indicating the charging energies € and &
+U and the chemical potential of the right electrode yiz = 0. (b) Values for ionization energy ¢ and charging energy U obtained from ASCF
calculations of the TMPcs in their anionic states and (c) simulated ESR spectra shown as 2D color maps for FePc on Ag/MgO as a function of the
DC bias. (d) Spin-qubit figure of merit QT as a function of the DC bias. Other parameters used in the calculation: g = 2 isotropic, B = 0.6 (sin 6, 0,
cos 0) T,0=20° T=14K,y, =yg =5 pueV, A, = 0.5 and P, = 0.6, and Ay, Py = 0.

Table 2. Impurity Parameters £ and U of TMPc Series (in eV)“

Sc Ti v Cr Mn
€ —1.078 —-0.416 —0.410 —0.659 —0.447
U 1.487 1.443 1.681 1.342 1.879

“Given are the values that enter the transport simulation.

Fe Co Ni Cu Zn
—0.425 —0.841 —0.152 —0.758 —0.575
1.703 3.134 1.302 1.342 1.329

adsorbed on Ag/MgO. In the following, we will address the
question of the suitability of these molecules as S = 1/2 qubits.
Of particular interest are the achievable Rabi rate Q, the
coherence time T,, and the signal intensity, which we take as
on-resonant current divided by the background current or off-
resonance current (AIFS®/Ic = (IFSR — Ic)/Ipc), where DC
denotes the background current. To model the transport, we
use the single Anderson impurity model (SAIM) connected to
aleft (L) and right (R) electrode with chemical potentials yi; »
via hoppings that are harmonically modulated on resonance
with an ESR transition, as a consequence of the modulation of
the chemical potential of the leads or a barrier modu-
lation.’”®~*> This model has been used previously to
successfully simulate ESR in single-atom ESR on Ti on Ag/
MgOSl’SZ’86 and FePc adsorbed on Ag/MgO.87 To character-
ize the impurity, we map the results of another ASCF
calculations, namely, the IP and EA on the SAIM. This is
possible due to the fact that IP (EA) corresponds to the energy
to remove (add) one electron to the [TMPc]™" molecule. In
Figure 4(a), in contrast to the ASCF calculations in Figure
1(b), the reference state is the singly charged molecule
[TMPc]™!, and the charge states that entered the ASCF
calculations are [TMPc]® and [TMPc]™% We use the work
function of bare silver reduced by the capping layer of 2 ML of
MgO as used previously and fix the O-charge state (empty
state) of the SAIM to the Fermi level, which is also the
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chemical potential of the right electrode yp, set to zero in the
model.

The energy needed to remove one electron from the
impurity level to the Fermi energy of the electrode is IP — E;
and yields € = IP — Ep + A while the energy to put two
electrons in the SAIM is 2& +U = Er — A — EA. A summary of
the impurity energy levels can be found in Figure 4(b) and
Table 2. For the actual ESR simulation, we focus on the
effective S = 1/2 FePc that could be used as molecular spin
qubits. FePc is characterized by & = —0.425 eV and U = 1.703
eV, which are generally in agreement with values obtained
from recent experiments.

A representative spectrum as a function of the DC bias eV
= py — pg = py is shown in Figure 4(c) for FePc. The ESR
spectrum shows a nonlinear shift in resonance frequency f as
the magnitude of Vp. is increased. Close to the charging
energies (—1, 1 + U/e in units of &), the shifting increases
logarithmically, and then the signal vanishes when the DC bias
crosses the charging thresholds. This behavior is yielded by the
qubit quality factor QT, as shown in Figure 4(d). Within the
charging window, the transport operates in the so-called
Coulomb blockade regime of SAIM, where the spin can exhibit
quality factors of as high as nearly 5. However, outside this
charging window, the quality factor drastically drops to values
close to zero as the system transitions to the sequential regime.
In sequential transport and under the right conditions, the
model still yields a measurable ESR signal; however, the spin
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consistently displays overdamped behavior in this regime
(Figure Sll).52

The quality factor depends on charging energy values,
couplings, and the lifetime of energy levels as well as
polarization P, and driving amplitude A,, where @ = L and
R denotes the left and right electrodes, respectively. Although
the actual dependence of the decoherence time T) is strongly
influenced by the transport regime, whether sequential or co-
tunneling, the Rabi flip-flop rate behavior remains unchanged,
as it depends solely on the charging energies for a given
coupling and driving and golarization of the tip on top of the
magnetic direction.”®™** Therefore, when focusing on
enhancing the quality factor for a given impurity, the primary
goal is to improve the spin-qubit’s coherence time, assuming
that the Rabi rate has been maximized. Due to the low value of
e for NiPc, it is not easily possible to achieve a large quality
factor, making it a less promising candidate for a molecular
spin qubit.

4. CONCLUSIONS

We investigated the behavior of transition-metal phthalocya-
nines adsorbed on a 2 ML MgO/Ag(001) substrate. The
charge transfer from the substrate to the TMPc leads to the
formation of charged anionic species [TMPc] ™', altering the
spin states and suggesting the viability of certain TMPcs such
as TiPc and FePc as candidates for S = 1/2 molecular spin
qubits. NiPc, on the other hand, with § = 1/2, is most likely
less viable due to its low ionization energy. VPc, CrPc, MnPc,
and CuPc all exhibit S > 1/2, which allows building more
complex spin systems or molecular electron-spin qudits. If one
considers the nuclear spin degree of freedom, then FePc
emerges as an ideal prototypical § = 1/2, I = 1/2 with large
hyperfine splitting. NiPc stands out, with the unpaired spin
being located almost entirely on the ligand. This could
enhance the ligand-mediated coupling of molecular complexes
including NiPc as an intermediate between two magnetic spin
centers. ScPc, CoPc, and ZnPc are non-magnetic, which makes
them ideal iso-structural spacers to decouple spin-breaking
phthalocyanine molecules. In summary, we have provided a
comprehensive overview of the magnetic, electronic, and
hyperfine properties of TMPcs for the 3d series. Our work
demonstrates the potential of TMPc molecules as building
blocks for molecular spin qubits and electron—nuclear spin
qudits and highlights the dual role of the substrate to decouple
the spin from the conduction electrons and to facilitate charge
transfer to achieve a desired spin state. By proper selection of
the substrate and adsorbate, a wide range of spin states can be
engineered using TMPcs on surfaces. We believe our findings
can help guide the selection of appropriate building blocks for
quantum spin systems on surfaces.
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